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This paper reports world averages of measurements of b-hadron, c-hadron, and τ-lepton properties
obtained by the Heavy Flavor Averaging Group using results available before April 2021. In rare cases,
significant results obtained several months later are also used. For the averaging, common input parameters
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used in the various analyses are adjusted (rescaled) to common values, and known correlations are taken into
account. The averages include branching fractions, lifetimes, neutralmesonmixing parameters,CP violation
parameters, parameters of semileptonic decays, and Cabibbo-Kobayashi-Maskawa matrix elements.
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I. EXECUTIVE SUMMARY

This paper provides updated world averages of mea-
surements of b-hadron, c-hadron, and τ-lepton properties
using results available by March 2021. In a few cases,
important results that appeared later are included and are
clearly labeled as such. While new measurements since the
previous version of this paper [1] have been dominated by
the LHCb and the BESIII experiments, there are new
results from other experiments as well, and the older results
from previous generations of experiments are still very
important and contribute to the averages that we report.
Significant results are expected in the near future, with the
notable addition of measurements from the Belle II experi-
ment which started taking data in 2019.
Since the previous version of the paper, the b-hadron

lifetime and mixing averages have progressed only in the
B0
s sector, but with significant improvements both in

precision and in the averaging procedures. In total, new
B0
s results from 9 publications (of which 1 from ATLAS, 2

from CMS and 6 from LHCb) have been incorporated in
these averages. The lifetime hierarchy for the most abun-
dant weakly decaying b-hadron species is well established,
with a precision below 10 fs for all meson and Λ0

b-baryon
lifetimes, and compatible with the expectations from the
heavy quark expansion. However, small sample sizes still
limit the precision for b baryons heavier than Λ0

b (Ξ−
b , Ξ0

b,
Ωb, and all other yet-to-be-discovered b baryons). A sizable
value of the decay width difference in the B0

s–B̄0
s system is

measured with a relative precision of 6% and is well
predicted by the Standard Model (SM). In contrast, the
experimental results for the decay width difference in the
B0–B̄0 system are not yet precise enough to distinguish the
small (expected) value from zero. The mass differences in
both the B0–B̄0 and B0

s–B̄0
s systems are known very

accurately at the Oð10−3Þ and Oð10−4Þ level, respectively.
On the other hand, CP violation in the mixing of either
system has not been observed yet, with asymmetries known
within a couple per mil but still consistent both with zero
and their SM predictions. A similar conclusion holds for
the CP violation induced by B0

s mixing in the b → cc̄s
transition, although in this case the experimental uncer-
tainty on the corresponding weak phase is an order of
magnitude larger, but now twice smaller than the SM
central value. Many measurements are still dominated by
statistical uncertainties and will improve once new results
from the LHC Run 2 become available, and later from LHC
Run 3 and Belle II.
The measurement of sin 2β ≡ sin 2ϕ1 from b → cc̄s

transitions such as B0 → J=ψK0
S has reached better

than 2.5% precision: sin 2β ≡ sin 2ϕ1 ¼ 0.699� 0.017.
Measurements of the same parameter using different
quark-level processes provide a consistency test of the
SM and allow insight into possible beyond the Standard
Model effects. All results among hadronic b → s penguin
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dominated decays of B0 mesons are currently consistent
with the SM expectations. Measurements of CP violation
parameters in B0

s → ϕϕ and B0
s → K�0K̄�0 enable similar

comparisons to the value of ϕcc̄s
s , where results are again

consistent with the small SM expectation. Among mea-
surements related to the unitarity triangle angle α ≡ ϕ2,
results from B decays to ππ, ρπ and ρρ are combined to
obtain a world average value of ð85.2þ4.8

−4.3Þ∘. Knowledge of
the third angle γ ≡ ϕ3 also continues to improve, with the
current world average being ð66.2þ3.4

−3.6Þ∘. The world average
for γ has changed significantly since the previous HFLAV
report [1], due mainly to new LHCb measurements which
also improve the overall consistency of the combination.
The constraints on the angles of the unitarity triangle are
summarized in Fig. 48.
In exclusive semileptonic b hadron decays, determina-

tions of the CKM elements jVcbj and jVubj are now

available from the decays B → Dð�Þlν, Bs → Dð�Þ
s μν,

B → πlν, Bs → Kμν and Λb → pμν. A global fit to all
exclusive results yields jVcbj ¼ ð39.10� 0.50Þ × 10−3 and
jVubj ¼ ð3.51� 0.12Þ × 10−3. The tension with the deter-
minations from inclusive B meson decays is thus 3.3σ for
both jVcbj and jVubj. The numerical values of RðD�Þ and
RðDÞ, characterizing semitauonic decays B → Dð�Þτντ,
have been stable since the last update. With respect to
the most recent theory calculations, the combined tension
with the SM expectation is 3.3σ.
The most important new measurements of rare b-hadron

decays are coming from the LHC and new results are
provided by Belle II. Precision measurements of B0

s decays
are noteworthy, including several measurements of the
longitudinal polarization fraction from LHCb. CMS and
LHCb have updated their measurements of the branching
fractions of B0

ðsÞ → μþμ− decays with additional data from

Run II of the LHC, improving the sensitivity. There are
more and more measurements of observables related to
b → sll transitions, and the so called “anomalies” pre-
viously observed persist with the new data. Global fits of
Wilson coefficients performed with the measured observ-
ables yield inconsistencies at the typical level of 3 standard
deviations from the standard model predictions. Improved
measurements from LHCb and other experiments are
keenly anticipated. The anomalies in tests of lepton flavor
universality, for instance in the measurement of the ratio of
branching fractions of Bþ → Kþμþμ− and Bþ → Kþeþe−
decays (RK) from LHCb, with Run II data have also been
confirmed. In the low squared dilepton mass region, it
differs from the SM prediction by 3.1σ. In addition, more
and more stringent limits on lepton flavor violating modes
are being established. Among the CP violating observables
in rare decays, the “Kπ CP puzzle” persists, and important
new results have appeared in two- and three-body decays.
LHCb has produced many other results on a wide variety of
decays, including b-baryon and Bþ

c -meson decays. Among

the first results from Belle II, it is worth mentioning the
limit on the branching fraction of Bþ → Kþνν̄
(<41 × 10−6 at 90% confidence level). With a dataset of
63 fb−1 this limit is getting close to that obtained by the
first-generation B factories, BABAR and Belle.
More than 800 b to charm results from BABAR, Belle,

CDF, D0, LHCb, CMS, and ATLAS reported in approx-
imately 300 papers are compiled in a list of about 500
averages. The large samples of b hadrons that are available
in contemporary experiments allows measurements of
decays to states with open or hidden charm content with
unprecedented precision. In addition to improvements in
precision for branching fractions of B0 and Bþ mesons,
many new decay modes have been discovered. In addition,

TABLE 1. Selected world averages. Where two uncertainties
are given the first is statistical and the second is systematic.

b-hadron lifetimes
τðB0Þ 1.519� 0.004 ps
τðBþÞ 1.638� 0.004 ps
τðB0

sÞ ¼ 1=Γs 1.520� 0.005 ps
τðB0

SLÞ 1.429� 0.007 ps
τðB0

sHÞ 1.624� 0.009 ps
τðBþ

c Þ 0.510� 0.009 ps
τðΛ0

bÞ 1.471� 0.009 ps
τðΞ−

b Þ 1.572� 0.040 ps
τðΞ0

bÞ 1.480� 0.030 ps
τðΩ−

b Þ 1.64þ0.18−0.17 ps
B0 and B0

s mixing & CP violation
Δmd 0.5065� 0.0019 ps−1

ΔΓd=Γd 0.001� 0.010
jqd=pdj 1.0010� 0.0008
Δms 17.765� 0.006 ps−1

ΔΓs þ0.084� 0.005 ps−1

jqs=psj 1.0003� 0.0014
ϕcc̄s
s −0.049� 0.019 rad

Unitarity-triangle angle parameters
sin 2β ≡ sin 2ϕ1 0.699� 0.017
β ≡ ϕ1 ð22.2� 0.7Þ°
−ηSϕK0

S
0.74þ0.11

−0.13
−ηSη0K0 0.63� 0.06
−ηSK0

SK
0
SK

0
S

0.83� 0.17
ϕsðϕϕÞ −0.073� 0.115� 0.027 rad
ðSB0

s→KþK− ; CB0
s→KþK−Þ ð0.14� 0.03; 0.17� 0.03Þ

−ηSJ=ψπ0 0.86� 0.14
−ηSDþD− 0.84� 0.12
−ηSJ=ψρ0 0.66þ0.12

−0.13
þ0.03
−0.09

SK�γ −0.16� 0.22
ðSπþπ− ; Cπþπ−Þ ð−0.666� 0.029;−0.311� 0.030Þ
ðSρþρ− ; Cρþρ−Þ ð−0.14� 0.13; 0.00� 0.09Þ
α ≡ ϕ2 ð85.2þ4.8

−4.3 Þ∘
aðD∓π�Þ, aðD�∓π�Þ −0.038� 0.013, −0.039� 0.010
ACPðBþ → DCPþKþÞ 0.139� 0.009
AADSðBþ → DKπKþÞ −0.453� 0.026
γ ≡ ϕ3 ð66.2þ3.4

−3.6 Þ∘
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the set of measurements available for B0
s and Bþ

c mesons as
well as for b baryon decays is rapidly increasing. The
averaging method is improved to take into account and
determine correlations between averages.
In the charm sector, the main highlight is the LHCb

observation of dispersive mixing, i.e., the mixing parameter
x ≡ ΔM=Γ̄ ≠ 0. The statistical significance of this obser-
vation is 8.2σ, which is much greater than the previous
significance of 3.1σ. The measurement of x, along with
measurements of 48 other observables by the E791,
FOCUS, Belle, BABAR, CLEO-c, BESIII, CDF, and
LHCb experiments, is input into a global fit for 9–10
(depending on theoretical assumptions for subleading
amplitudes) mixing and CP violation parameters. From

this fit, the no-mixing hypothesis is excluded at a con-
fidence level above 11.5σ. The precision on x is improved
by a factor of two from that of previous HFLAV fits. The
mixing parameter y ≡ ΔΓ=Γ̄ ≠ 0 with a statistical signifi-
cance greater than 11.4σ. The world average value for the
observable yCP is positive, indicating that the CP-even state
is shorter-lived, as in the K0–K̄0 system. However, x > 0
and thus the CP-even state is the heavier one, which differs
from the K0–K̄0 system. The CP violation parameters
jq=pj and ϕ are compatible with CP symmetry at the level
of 1.6σ; thus there is no evidence for indirect CP violation,
i.e., that arising from mixing (jq=pj ≠ 1) or from a phase
difference between the mixing amplitude and a direct decay
amplitude (ϕ ≠ 0). A separate fit to time-integrated

TABLE 2. Selected world averages. Where two uncertainties are given the first is statistical and the second is
systematic.

Semileptonic b-hadron decay parameters
BðB̄0 → D�þl−ν̄lÞ ð4.97� 0.12Þ%
BðB− → D�0l−ν̄lÞ ð5.58� 0.22Þ%
BðB̄0 → Dþl−ν̄lÞ ð2.24� 0.09Þ%
BðB− → D0l−ν̄lÞ ð2.30� 0.09Þ%
BðB̄0 → πþl−ν̄lÞ ð1.50� 0.06Þ × 10−4

jVcbj from exclusive B, Bs and Λb decays ð39.10� 0.50Þ × 10−3

jVubj from exclusive B, Bs and Λb decays ð3.51� 0.12Þ × 10−3

BðB̄ → Xcl−ν̄lÞ ð10.65� 0.16Þ%
BðB̄ → Xl−ν̄lÞ ð10.84� 0.16Þ%
jVcbj from inclusive B decays ð42.19� 0.78Þ × 10−3

jVubj from inclusive B decays ð4.19� 0.17Þ × 10−3

RðDÞ ¼ BðB → DτντÞ=BðB → DlνlÞ 0.339� 0.030
RðD�Þ ¼ BðB → D�τντÞ=BðB → D�lνlÞ 0.295� 0.014
b-hadron decays to charmed hadrons
BðB0 → D−πþÞ ð2.56� 0.13Þ × 10−3

BðBþ → D̄0πþÞ ð4.67� 0.14Þ × 10−3

BðB0
s → D−

s π
þÞ ð2.85� 0.18Þ × 10−3

BðΛ0
b → Λþ

c π
−Þ ð4.45� 0.25Þ × 10−3

BðB0 → J=ψK0Þ ð0.864� 0.029Þ × 10−3

BðBþ → J=ψKþÞ ð1.006� 0.026Þ × 10−3

BðB0
s → J=ψϕÞ ð1.061� 0.090Þ × 10−3

BðΛ0
b → J=ψΛ0Þ ð0.47� 0.29Þ × 10−3

BðBþ
c → J=ψDþ

s Þ=BðBþ
c → J=ψπþÞ 3.09� 0.55

b-hadron decays to charmless final states
BðB0

s → μþμ−Þ ð2.95� 0.41Þ × 10−9

BðB0 → μþμ−Þ <0.21 × 10−9 ðCL ¼ 90%Þ
BðB0 → eþe−Þ <2.5 × 10−9 ðCL ¼ 90%Þ
BðB → XsγÞ (Eγ > 1.6 GeV) ð3.49� 0.19Þ × 10−4

RK ¼ BðBþ → Kþμþμ−Þ=BðBþ → Kþeþe−Þ
in 1.1<m2

lþl− < 6.0 GeV2=c4 (LHCb) 0.846þ0.042þ0.013
−0.039−0.012

RK� ¼ BðBþ → K�0μþμ−Þ=BðBþ → K�0eþe−Þ
in 1.1<m2

lþl− < 6.0 GeV2=c4
0.72þ0.12

−0.09

ACPðB0 → Kþπ−Þ −0.0836� 0.0032
ACPðBþ → Kþπ0Þ 0.027� 0.013
ACPðB0

s → K−πþÞ 0.224� 0.012
BðB0 → μþτ− þ c:c:Þ <12 × 10−6 ðCL ¼ 90%Þ
Observables in B0 → K�0μþμ− decays in bins of q2 ¼ m2ðμþμ−Þ See Sec. IX F
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measurements of D0 → KþK−=πþπ− decays gives
ΔadirCP ¼ ð−0.161� 0.028Þ%, which, like the previous
HFLAV fit, establishes direct CP violation in singly
Cabibbo-suppressed decays. The contribution of indirect
CP violation in this fit is consistent with zero, as expected.
The world’s most precise measurements of jVcdj and

jVcsj are obtained from leptonic Dþ → μþν and Dþ
s →

μþν=τþν decays, respectively. These measurements have
theoretical uncertainties arising from decay constants.
However, calculations of decay constants within lattice
QCD have improved such that the theory error is below
∼20% of the experimental uncertainties of the measure-
ments. Measurements of the branching fractions for had-
ronic decays such as D0 → K∓π� are at a precision where
final state radiation must be treated correctly and consis-
tently across the measurements for the accuracy of the
averages to match the precision; the required informed
averages are performed.

The τ branching fraction fit has become more similar to
the PDG τ branching fraction fit (also produced by
HFLAV) by abandoning some custom elaborations of
experimental results that were used in the previous reports.
For some lepton universality tests and some jVusj calcu-
lations this edition uses recent new estimations of the
radiative corrections for the theory predictions of the τ
branching fractions. The central values are close to the
previous calculations and the uncertainties are larger but
considerably more reliable. When updating the external
inputs corresponding to the physical fundamental constants
for the jVusj determination from the τ branching fractions,
an accidental transcription error has been fixed, which
caused in the previous report an incorrect shift of about
þ0.5σ in jVusj computed from Bðτ → KνÞ. Recent updates
on the radiative corrections used in the procedure to extract
jVudj from experimental data have shifted the jVudj world
average, resulting in a significant violation of the unitarity
of the first row of the CKM matrix. Like the jVusj
calculations that rely on kaon decay measurements, the
jVusj measurements with τ decays (less precise than the
ones obtained from kaon decays) are smaller than the jVusj
value that would be required by unitarity and the measured
jVudj and jVubj values.
A small selection of highlights of the results described in

Secs. V–XII are given in Tables 1–3.

II. INTRODUCTION

Flavor dynamics plays an important role in elementary
particle interactions. The accurate knowledge of properties
of heavy flavor hadrons, especially b hadrons, plays an
essential role in determination of the elements of the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [2,3]. The operation of the Belle and BABAR
eþe− B factory experiments led to a large increase in
the size of available B-meson, D-hadron and τ-lepton
samples, enabling dramatic improvement in the accuracies
of related measurements. The CDF and D0 experiments at
the Fermilab Tevatron have also provided important results
in heavy flavor physics, most notably in the B0

s sector. In
the D-meson sector, the dedicated eþe− charm factory
experiments CLEO-c and BESIII have made significant
contributions. Run I and Run II of the CERN Large Hadron
Collider delivered high luminosity, enabling the collection
of even larger samples of b and c hadrons, and thus a
further leap in precision in many areas, at the ATLAS,
CMS, and (especially) LHCb experiments. With ongoing
analyses of the LHC Run II data, further improvements are
anticipated.
The Heavy Flavor Averaging Group (HFLAV)1 was

formed in 2002 to continue the activities of the LEP

TABLE 3. Selected world averages. Where two uncertainties
are given the first is statistical and the second is systematic.

D0 mixing and CP violation
x ð0.41� 0.05Þ%
y ð0.62� 0.06Þ%
δKπ ð7.2þ7.9

−9.2 Þ∘
AD ð−0.70� 0.36Þ%
jq=pj 0.995� 0.016
ϕ ð−2.5� 1.2Þ∘
x12 (no direct CP violation) ð0.41� 0.05Þ%
y12 (no direct CP violation) ð0.60� 0.06Þ%
ϕ12 (no direct CP violation) ð0.58� 0.91Þ∘
aindCP ð−0.010� 0.012Þ%
ΔadirCP ð−0.161� 0.028Þ%
Charm meson (semi)leptonic decays
fD ð205.1� 4.4Þ MeV
fDs

ð252.2� 2.5Þ MeV
jVcdj 0.2208� 0.0040
jVcsj 0.9701� 0.0081
Charm meson hadronic decays

BðD0 → K−πþÞ ð3.999� 0.006� 0.031
� 0.032FSRÞ%

BðD0 → Kþπ−Þ=BðD0 → K−πþÞ ð0.343� 0.002Þ%
τ parameters, lepton universality, and jVusj
gτ=gμ 1.0009� 0.0014
gτ=ge 1.0027� 0.0014
gμ=ge 1.0019� 0.0014
Buni
e ð17.812� 0.022Þ%

Rhad 3.6343� 0.0082
jVusj from Bðτ− → XsντÞ 0.2184� 0.0021
jVus=Vudj from Bðτ− → XsντÞ 0.2243� 0.0022
jVusj from
Bðτ− → K−ντÞ=Bðτ− → π−ντÞ 0.2229� 0.0019

jVusj=jVudj from
Bðτ− → K−ντÞ=Bðτ− → π−ντÞ 0.2289� 0.0019

jVusj from Bðτ− → K−ντÞ 0.2219� 0.0017
jVusj τ average 0.2207� 0.0014

1The group was originally known by the acronym “HFAG.”
Following feedback from the community, this was changed to
HFLAV in 2017.
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Heavy Flavor Steering Group [4], which was responsible
for calculating averages of measurements of b-flavor
related quantities. HFLAV has evolved since its inception
and currently consists of seven subgroups:

(i) the “B lifetime and oscillations” subgroup provides
averages for b-hadron lifetimes and various param-
eters governing B0–B̄0 and B0

s–B̄0
s mixing and CP

violation;
(ii) the “unitarity triangle angles” subgroup provides

averages for parameters associated with time-
dependent CP asymmetries and B → DK decays,
and resulting determinations of the angles of the
CKM unitarity triangle;

(iii) the “semileptonic B decays” subgroup provides
averages for inclusive and exclusive measurements
of B-decay branching fractions, and subsequent
determinations of the CKM matrix element magni-
tudes jVcbj and jVubj;

(iv) the “B to charm decays” subgroup provides averages
of branching fractions for b-hadron decays to final
states involving open charm or charmonium mesons,
as well as branching fractions for b-hadron produc-
tion in ϒð4SÞ and ϒð5SÞ decays;

(v) the “rare b decays” subgroup provides averages of
branching fractions, CP asymmetries and other
observables for charmless, radiative, leptonic, and
baryonic B-meson and b-baryon decays;

(vi) the “charm CP violation and oscillations” subgroup
provides averages of mixing, CP-, and T-violation
parameters in the D0–D̄0 system;

(vii) the “charm decays” subgroup provides averages
of charm-hadron branching fractions, properties of
excited D�� and DsJ mesons, properties of charm
baryons, and the Dþ and Dþ

s decay constants fD
and fDs

;
(viii) the “tau physics” subgroup provides averages for τ

branching fractions using a global fit, elaborates on
the results to test lepton universality and to deter-
mine the CKM matrix element magnitude jVusj, and
lists and combines branching-fraction upper limits
for τ lepton-flavor-violating decays.

Subgroups consist of representatives from experiments
producing relevant results in that area, i.e., representatives
from BABAR, Belle, Belle II, BESIII, CLEO(c), CDF, D0,
LHCb, ATLAS, and CMS.
This article is an update of the last HFLAV publication,

which used results available by September 2018 [1].
Here we report world averages using results available by
March 2021. In some cases, important new results made
available later are included where possible. In general, we
use all publicly available results, including preliminary
results that are supported by written documentation, such as
conference proceedings or publicly available reports from
the collaborations. However, we do not use preliminary
results that remain unpublished for an extended period of

time, or for which no publication is planned. Since HFLAV
members are also members of the different collaborations,
we exploit our close contact with analyzers to ensure that
the results are prepared in a form suitable for combinations.
Section III describes the methodology used for calculat-

ing averages. In the averaging procedure, common input
parameters used in the various analyses are adjusted
(rescaled) to common values, and, where possible, known
correlations are taken into account. Sections V–XII present
world average values from each of the subgroups listed
above. A complete listing of the averages and plots,
including updates since this document was prepared, is
available on the HFLAV web site [5].

III. AVERAGING METHODOLOGY

The main task of HFLAV is to combine independent but
possibly correlated measurements of a parameter to obtain
the world’s best estimate of that parameter’s value and
uncertainty. These measurements are typically made by
different experiments, or by the same experiment using
different datasets, or by the same experiment using the
same data but with different analysis methods. In this
section, the general approach adopted by HFLAV is out-
lined. The software used to provide this is either the
COMBOS package [6], the HFLAVAVERAGING package [7]
or dedicated tools for some averages.
Our methodology focuses on the problem of combining

measurements obtained with different assumptions about
external (or “nuisance”) parameters and with potentially
correlated systematic uncertainties. Unless otherwise
noted, we assume for our combinations that the quantities
measured by experiments were performed in the asymptotic
regime (large data samples), so that the measured estimates
have a (one- or multidimensional) Gaussian likelihood
function. We use x to represent a set of n parameters and xi
to denote the ith set of measurements of those parameters.
The covariance matrix for the measurement is Vi. In all fits,
we ensure that x and xi do not contain redundant informa-
tion, i.e., they are vectors with n elements that represents
exactly n parameters. A χ2 statistic is constructed as

χ2ðxÞ ¼
XN
i

ðxi − xÞTV−1
i ðxi − xÞ; ð1Þ

where the sum is over the N independent determinations of
the quantities x, typically coming from different experi-
ments. This is the best linear unbiased estimator with
minimum variance [8] The results of the average are the
central values x̂, which are the values of x at the minimum
of χ2ðxÞ, and their covariance matrix

V̂−1 ¼
XN
i

V−1
i ; ð2Þ
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which is a generalization of the one-dimensional esti-
mate σ−2 ¼ P

i σ
−2
i .

The value of χ2ðx̂Þ provides a measure of the consistency
of the independent measurements of x after accounting for
the number of degrees of freedom (dof), which is the
difference N − n between the number of measurements and
the number of fitted parameters. The values of χ2ðx̂Þ and
dof are typically converted to a p-value and reported
together with the averages. Unlike the Particle Data
Group [9], when χ2=dof > 1 we do not by default scale
the resulting uncertainty. Rather, we examine the system-
atic uncertainties of each measurement to better understand
potential sources of the discrepancy.
In many cases, publications do not quote a direct

measurement of a parameter of interest, but of a quantity
that is a function of multiple parameters. An example is the
measurement of a ratio of branching fractions, from which
a branching fraction of interest is determined using pre-
vious (and usually more precise) knowledge of the branch-
ing fraction of a “normalization mode.” This leads to a
correlation between the determinations of the two branch-
ing fractions that appear in the ratio. In addition, if the same
normalization mode is used for measurements of different
branching fraction ratios, they too become correlated.
These correlations can be evaluated by performing a
simultaneous fit to all averages involved. This is done
by generalizing Eq. (1) to the form

χ2ðpÞ ¼
XN
i

ðf iðpÞ − xiÞTV−1
i ðf iðpÞ − xiÞ; ð3Þ

where p are the fit parameters, including the quantities
whose averages we want to determine, xi is the set of ith
measurements (e.g., of branching fractions and branching-
fraction ratios), and f i is the dependence of the measured
quantities xi on the parameters p. This procedure is used for
branching-fraction and related averages in Secs. VIII
and IX. An alternative approach, used in Sec. XII A, is
to construct the χ2 as in Eq. (1) and minimize it subject to a
list of constraints implemented with Lagrange multipliers.
The two approaches are essentially identical, except that the
covariance matrix is given in terms of p in the former and in
terms of xi in the latter.
If a special treatment is necessary in order to calculate an

average, or if an approximation used in the calculation
might not be sufficiently accurate (e.g., assuming Gaussian
uncertainties when the likelihood function exhibits non-
Gaussian behavior), we point this out. Further modifica-
tions to the averaging procedures for non-Gaussian
situations are discussed in Sec. III C.

A. Treatment of correlated systematic uncertainties

Consider two hypothetical measurements of a parameter
x, which can be summarized as

x1 � δx1 � Δx1;1 � Δx1;2…

x2 � δx2 � Δx2;1 � Δx2;2…;

where the δxk are statistical uncertainties and the Δxk;i are
contributions to the systematic uncertainty. The simplest
approach is to combine statistical and systematic uncer-
tainties in quadrature

x1 � ðδx1 ⊕ Δx1;1 ⊕ Δx1;2 ⊕ …Þ
x2 � ðδx2 ⊕ Δx2;1 ⊕ Δx2;2 ⊕ …Þ;

and then perform a weighted average of x1 and x2 using
their combined uncertainties, treating the measurements as
independent. This approach suffers from two potential
problems that we try to address. First, the values xk may
have been obtained using different assumptions for nui-
sance parameters; e.g., different values of the B0 lifetime
may have been used for different measurements of the
oscillation frequencyΔmd. The second potential problem is
that some systematic uncertainties may be correlated
between measurements. For example, different measure-
ments of Δmd may depend on the same branching fraction
used to model a common background.
The above two problems are related. We can represent

the systematic uncertainties as a set of nuisance parameters
yi upon which xk depends. The uncertainty Δyi, which is
the uncertainty on yi coming from external measurements,
contributes Δxk;i to the systematic uncertainty on xi. We
thus use the values of yi and Δyi assumed by each
measurement in our averaging. To properly treat correlated
systematic uncertainties among measurements, requires
decomposing the overall systematic uncertainties into
correlated and uncorrelated components. Correlated sys-
tematic uncertainties are those that depend on a shared
nuisance parameter, e.g., a lifetime as mentioned above;
uncorrelated systematic uncertainties do not share a nui-
sance parameter, e.g., the statistical uncertainty resulting
from independent limited size simulations of background
components. As different measurements often quote differ-
ent types of systematic uncertainties, achieving consistent
definitions in order to properly treat correlations requires
close coordination between HFLAVand the experiments. In
some cases, a group of systematic uncertainties must be
combined into a coarser description in order to obtain an
average that is consistent among measurements. Systematic
uncertainties that are uncorrelated with any other source of
uncertainty are combined together with the statistical
uncertainty, so that the only systematic uncertainties treated
explicitly are those that are correlated with at least one other
measurement via a consistently defined external param-
eter yi.
The fact that a measurement of x is sensitive to yi

indicates that, in principle, the data used to measure x could
also be used for a simultaneous measurement of x and yi.
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This is illustrated by the large contour in Fig. 1. However,
there often exists an external measurement of yi with
uncertainty Δyi [represented by the horizontal band in
Fig. 1(a)] that is more precise than the constraint σðyiÞ from
the x data alone. In this case, the results presented in a
publication can be from a simultaneous fit to x and yi,
including the external measurement as a constraint, and
obtain the filled ðx; yÞ contour and dashed one-dimensional
estimate of x shown in Fig. 1. We call the fit without the
external measurement unconstrained, and the fit that
include the external measurement is referred to as
constrained.
To combine two or more measurements that share a

systematic uncertainty due to the same external parameter(s)
yi, the optimal solution is to take the unconstrained results
from the publications and perform a constrained simulta-
neous fit of all measurements to obtain values of x and yi.
Let us consider two statistically independent measurements,
x1�ðδx1⊕Δx1;iÞ and x2�ðδx2⊕Δx2;iÞ, of the quantity x
as shown in Figs. 2(a) and 2(b). For simplicity we consider
only one correlated systematic uncertainty for each external
parameter yi. Since the publications were made, our knowl-
edge of yi will often have improved, causing the measure-
ments of x to shift to different central values and have
different uncertainties.
If the unconstrained likelihoods Lkðx; y1; y2;…Þ for

each of the measurements are available, the exact method
is to minimize the simultaneous likelihood

Lcombðx; y1; y2;…Þ ≡
Y
k

Lkðx; y1; y2;…Þ
Y
i

LiðyiÞ; ð4Þ

with an independent Gaussian constraint

LiðyiÞ ¼ exp

�
−
1

2

�
yi − y0i
Δy0i

�
2
�

ð5Þ

for each yi.
However, most publications do not include the full

likelihood, in which case we use an approximate method
instead. The first step of our procedure is to adjust the
values of each measurement to reflect the current best
knowledge of the external parameters y0i and their ranges
Δy0i, as illustrated in Figs. 2(c) and 2(d). We adjust the
central values xk and correlated systematic uncertainties
Δxk;i linearly for each measurement (indexed by k) and
each external parameter (indexed by i):

x0k ¼ xk þ
X
i

Δxk;i
Δyk;i

ðy0i − yk;iÞ ð6Þ

Δx0k;i ¼ Δxk;i
Δy0i
Δyk;i

: ð7Þ

This procedure is exact in the limit that the unconstrained
likelihood of each measurement is Gaussian and the linear
relationships in Eqs. (6)) and (7) are valid.
The second step is to combine the adjusted measure-

ments, x0k � ðδxk ⊕ Δx0k;1 ⊕ Δx0k;2 ⊕ …Þ by constructing
the goodness-of-fit statistic

χ2combðx;y1;y2;…Þ

≡
X
k

1

δx2k

�
x0k−

�
xþ

X
i

ðyi−y0iÞ
Δx0k;i
Δy0i

��
2

þ
X
i

�
yi−y0i
Δy0i

�
2

:

ð8Þ

We minimize this χ2 to obtain the best values of x and yi
and their uncertainties, as shown in Fig. 3. Although this
method determines new values for the yi, we typically do
not report them as the Δxi;k reported by each experiment
are generally not intended for this purpose (for example,
they may represent a conservative upper limit rather than a
true reflection of a 68% confidence level).
The results of the approximate method agree with the

exact method when the Lk are Gaussian, Δy0i ≪ σðyiÞ and
the linear assumption for the approximate method is valid.
For averages where common sources of systematic

uncertainty are important, central values and uncertainties
are rescaled to a common set of input parameters following
the prescription above. We use the most up-to-date values
for common inputs, taking values for experimental con-
straints from within HFLAV or from the Particle Data

FIG. 1. Illustration of the possible dependence of a measured
quantity x on a nuisance parameter yi. The plot compares the
68% confidence level contours of a hypothetical measurement’s
unconstrained (large ellipse) and constrained (filled ellipse)
likelihoods, using the Gaussian constraint on yi represented by
the horizontal band. The solid error bars represent the statistical
uncertainties σðxÞ and σðyiÞ of the unconstrained likelihood. The
dashed error bar shows the statistical uncertainty on x from a
constrained simultaneous fit to x and yi.
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Group when possible, and updated values of theoretical
parameters from their publications.

B. Treatment of unknown correlations

Another issue that needs careful treatment is that of
unknown correlations among measurements, e.g., due to
use of the same decay model for intermediate states to
calculate acceptances. A common practice is to set the
correlation coefficient to unity to indicate full correlation.
However, this is not necessarily conservative and can result
in an underestimated uncertainty on the average. The most
conservative choice of correlation coefficient between two
measurements i and j is that which maximizes the
uncertainty on x̂ due to the pair of measurements,

σ2x̂ði;jÞ ¼
σ2i σ

2
jð1 − ρ2ijÞ

σ2i þ σ2j − 2ρijσiσj
; ð9Þ

with

ρij ¼ min

�
σi
σj

;
σj
σi

�
: ð10Þ

This corresponds to setting σ2x̂ði;jÞ ¼ minðσ2i ; σ2jÞ. Setting
ρij ¼ 1 when σi ≠ σj can lead to a significant under-
estimate of the uncertainty on x̂, as can be seen from
Eq. (9). In the absence of better information on the
correlation, we always use Eq. (9).

C. Treatment of asymmetric uncertainties

For measurements with no correlation between them and
with Gaussian uncertainties, the usual estimator for the
average of a set of measurements is obtained by minimizing

(a) (b)

(c) (d)

FIG. 2. Illustration of the HFLAV combination procedure for correlated systematic uncertainties. Upper plots (a) and (b) show
examples of two individual measurements to be combined. The large (filled) ellipses represent their unconstrained (constrained) iso-
likelihood contours, while horizontal bands indicate the different assumptions about the value and uncertainty of yi used by each
measurement. The error bars show the results of the method described in the text for obtaining x by performing fits with yi fixed to
different values. Lower plots (c) and (d) illustrate the adjustments to accommodate updated and consistent knowledge of yi. Open circles
mark the central values of the unadjusted fits to x with y fixed; these determine the dashed line used to obtain the adjusted values.
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χ2ðxÞ ¼
XN
k

ðxk − xÞ2
σ2k

; ð11Þ

where xk is the kth measured value of x and σ2k is the
variance of the distribution from which xk was drawn. The
value x̂ at minimum χ2 is the estimate for the parameter x.
The true σk are unknown but typically the uncertainty as
assigned by the experiment σrawk is used as an estimator for
it. However, caution is advised when σrawk depends on the
measured value xk. Examples of this are multiplicative
systematic uncertainties such as those due to acceptance, or
the

ffiffiffiffi
N

p
dependence of Poisson statistics for which xk ∝ N

and σk ∝
ffiffiffiffi
N

p
. Failing to account for this type of depend-

ence when averaging leads to a biased average. Such biases
can be minimized

χ2ðxÞ ¼
XN
k

ðxk − xÞ2
σ2kðx̂Þ

; ð12Þ

where σkðx̂Þ is the uncertainty on xk that includes the
dependence of the uncertainty on the value measured. As an
example, consider the uncertainty due to detector accep-
tance, for which σkðx̂Þ ¼ ðx̂=xkÞ × σrawk . Inserting this into
Eq. (12) leads to the solution

x̂ ¼
P

N
k x3k=ðσrawk Þ2P
N
k x2k=ðσrawk Þ2 ;

which is the correct behavior, i.e., every measurement is
weighted by the inverse square of the fractional uncertainty
σrawk =xk. When it is not possible to assess the dependence of
σrawk on x̂ from the uncertainties quoted by the experiments,
this dependence is ignored.
Another example of a non-Gaussian likelihood function

is when a measurement is given with asymmetric uncer-
tainties. In general we symmetrize them by taking their
linear average, however for branching fractions and asym-
metries, we take asymmetric uncertainties into account
through the use of Eq. (1) with a variable value for the kth
diagonal element Vkk of the covariance matrix for the
measurement (dropping the measurement index i for
simplicity). We take Vkk ¼ ðσk−Þ2 for fkðpÞ − xk < −σk−
and Vkk ¼ ðσkþÞ2 for fkðpÞ − xk > σkþ, where σk− (σkþ) are
the left- (right-side) uncertainty quoted on the measurement
of xk, and fk is the kth element of f . Between these regions,
Vkk is interpolated linearly. While this will not fully recover
the likelihood, it is the optimal solution when no further
information is provided [10].

D. Splitting uncertainty for an average into components

We carefully consider the various uncertainties contrib-
uting to the overall uncertainty of an average. The covari-
ance matrix describing the uncertainties of different
measurements and their correlations is constructed, i.e.,
V ¼ Vstat þ Vsys þ Vtheory. If the measurements are from
independent data samples, then Vstat is diagonal, but Vsys

and Vtheory may contain correlations. The variance on the
average x̂ can be written as

σ2x̂ ¼
1P

i;j V
−1
ij

¼
P

i;j ðV−1VV−1Þij
ðPi;j V

−1
ij Þ2

ð13Þ

¼
P

i;j ðV−1½Vstat þ Vsys þ Vtheory�V−1Þij
ðPi;j V

−1
ij Þ2

¼ σ2stat þ σ2sys þ σ2th: ð14Þ

To calculate σ2stat in the last step, the calculation is repeated
without including Vstat in V and this is then subtracted from
the total. The same is done for the other two components.
This breakdown of uncertainties is provided in certain
cases, but usually only a single, total uncertainty is quoted
for an average.

IV. b-HADRON PRODUCTION FRACTIONS

We consider here the relative fractions of the different
b-hadron species produced in a specific process. These
fractions are needed for characterizing the signal

FIG. 3. Illustration of the combination of two hypothetical
measurements of x using the method described in the text. The
ellipses represent the unconstrained likelihoods of each meas-
urement, and the horizontal band represents the latest knowledge
about yi that is used to adjust the individual measurements. The
filled small ellipse shows the result of the exact method using
Lcomb, and the hollow small ellipse and dot show the result of the
approximate method using χ2comb.
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composition in inclusive b-hadron analyses, predicting the
background composition in exclusive analyses, and con-
verting observed event yields (or event yield ratios) into
branching fraction (or branching fraction ratio) measure-
ments. We distinguish here the following three b-hadron
production processes: ϒð4SÞ decays, ϒð5SÞ decays, and
high-energy collisions (including Z0 decays).

A. b-hadron production fractions in ϒð4SÞ decays
Only the two lightest (charged and neutral) B-meson

species can be pair-produced in ϒð4SÞ decays. Therefore,
only the following two branching fractions must be
considered:

fþ− ¼ Γðϒð4SÞ → BþB−Þ
Γtotðϒð4SÞÞ

; ð15Þ

f00 ¼ Γðϒð4SÞ → B0B̄0Þ
Γtotðϒð4SÞÞ

: ð16Þ

In practice, most analyses measure their ratio

Rþ−=00 ¼ fþ−

f00
¼ Γðϒð4SÞ → BþB−Þ

Γðϒð4SÞ → B0B̄0Þ ; ð17Þ

which is easier to access experimentally. An inclusive (but
separate) reconstruction of Bþ and B0 is difficult.
Therefore, Rþ−=00 is measured with exclusive decays
Bþ → fþ and B0 → f0 to specific final states fþ and f0

that are related by isospin symmetry. Under the assumption
that ΓðBþ → fþÞ ¼ ΓðB0 → f0Þ, i.e., that isospin invari-
ance holds in relating these B decays, the ratio of the
number of reconstructed Bþ → fþ and B0 → f0 mesons,
after correcting for efficiency, is equal to

fþ−BðBþ → fþÞ
f00BðB0 → f0Þ ¼ fþ−ΓðBþ → fþÞτðBþÞ

f00ΓðB0 → f0ÞτðB0Þ ¼ fþ−

f00
τðBþÞ
τðB0Þ ;

ð18Þ

where τðBþÞ and τðB0Þ are the Bþ and B0 lifetimes,
respectively. Hence the primary quantity measured in these
analyses is Rþ−=00τðBþÞ=τðB0Þ, and the extraction of

Rþ−=00 with this method therefore requires the knowledge
of the τðBþÞ=τðB0Þ lifetime ratio.
The published measurements of Rþ−=00 are listed2 in

Table 4 together with the corresponding values of
τðBþÞ=τðB0Þ assumed in each measurement. All measure-
ments are based on the above-mentioned method, except
the one from Belle, which is a by-product of the B0 mixing
frequency analysis using dilepton events (but note that it
too assumes isospin invariance, namely ΓðBþ → lþXÞ ¼
ΓðB0 → lþXÞ). The latter is therefore treated in a slightly
different manner in the following procedure used to
combine these measurements:

(i) each published value of Rþ−=00 from CLEO and
BABAR is first converted back to the original
measurement of Rþ−=00τðBþÞ=τðB0Þ, using the
value of the lifetime ratio assumed in the corre-
sponding analysis;

(ii) a simple weighted average of these original mea-
surements of Rþ−=00τðBþÞ=τðB0Þ from CLEO and
BABAR is then computed, assuming no statistical or
systematic correlations between them;

(iii) the weighted average of Rþ−=00τðBþÞ=τðB0Þ is
converted into a value of Rþ−=00, using the latest
average of the lifetime ratios, τðBþÞ=τðB0Þ ¼
1.076� 0.004 (see Sec. VA 2);

(iv) the Belle measurement of Rþ−=00 is adjusted to the
current values of τðB0Þ ¼ 1.519� 0.004 ps and
τðBþÞ=τðB0Þ ¼ 1.076� 0.004 (see Sec. VA 2), us-
ing the procedure described in Sec. III A;

(v) the combined value of Rþ−=00 from CLEO and
BABAR is averaged with the adjusted value of
Rþ−=00 from Belle, assuming a 100% correlation
of the systematic uncertainty due to the limited
knowledge on τðBþÞ=τðB0Þ; no other correlation is
considered.

The resulting global average,

Rþ−=00 ¼ fþ−

f00
¼ 1.059� 0.027; ð19Þ

TABLE 4. Published measurements of the Bþ=B0 production ratio in ϒð4SÞ decays, together with their average
(see text). Systematic uncertainties due to the imperfect knowledge of τðBþÞ=τðB0Þ are included.

Experiment, year References
Decay modes
or method

Published value of
Rþ−=00 ¼ fþ−=f00

Assumed value
of τðBþÞ=τðB0Þ

CLEO, 2001 [11] J=ψKð�Þ 1.04� 0.07� 0.04 1.066� 0.024
CLEO, 2002 [12] D�lν 1.058� 0.084� 0.136 1.074� 0.028
Belle, 2003 [13] Dilepton events 1.01� 0.03� 0.09 1.083� 0.017
BABAR, 2005 [14] ðcc̄ÞKð�Þ 1.06� 0.02� 0.03 1.086� 0.017

Average 1.059� 0.027 (tot) 1.076� 0.004

2An old and imprecise R measurement from CLEO [15] is
included in neither Table 4 nor the average.
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is consistent with equal production rate of charged and
neutral B mesons, although only at the 2.2σ level.
On the other hand, the BABAR collaboration has per-

formed a direct measurement of the f00 fraction using a
method that neither relies on isospin symmetry nor requires
knowledge of τðBþÞ=τðB0Þ. Rather, the method is based on
comparing the number of events where a single B0 →
D�−lþν decay is reconstructed to the number of events
where two such decays are reconstructed. The result of this
measurement is [16]

f00 ¼ 0.487� 0.010ðstatÞ � 0.008ðsystÞ: ð20Þ

The results of Eqs. (19) and (20) are obtained with very
different methods and are completely independent of each
other. Their product yields fþ− ¼ 0.516� 0.019, and
combining them into the sum of the charged and neutral
fractions gives fþ− þ f00 ¼ 1.003� 0.029.
To improve the accuracy in fþ− and f00, we use the

relation fþ− þ f00 þ fB ¼ 1, where fB is the fraction of
non-BB̄ events. The non-BB̄ events are primarily transi-
tions to lower bottomonia with emission of light hadrons,
while the contribution of decays to lepton pairs is negli-
gibly small. BABAR and Belle have observed transitions to
five final states: ϒð1SÞπþπ−, ϒð1SÞη, ϒð1SÞη0, hbð1PÞη
and ϒð2SÞπþπ− [17–20]. Their total fraction is

fB ¼ 0.00264� 0.00021; ð21Þ

where the channels with π0π0 are included using isospin
relations. The rates of the above transitions are higher then
expected for the bottomonium states; the enhancement
could be due to a “molecular” admixture of the on-shell BB̄
pairs in the ϒð4SÞ wave function (for a review see, for
example, [21]). Quantitative understanding of the enhance-
ment pattern has not been reached yet. In particular, it
remains puzzling why the branching fraction of ϒð4SÞ →
hbð1PÞη is 10 times higher than that of any other decay to a
bottomonium state. Since many transitions remain unex-
plored, we consider the fB value in Eq. (21) as a lower
limit. We perform a fit to Rþ−=00 in Eq. (19), f00 in Eq. (20)
and fB in Eq. (21) with the constraint fþ− þ f00 þ fB ¼ 1.
The positive error of fB is set to infinity. The results of the
fit are

f00 ¼ 0.485þ0.006
−0.011 ; fþ− ¼ 0.512þ0.006

−0.016 ;

fB ¼ 0.00264þ0.025
−0.00021;

fþ−

f00
¼ 1.057þ0.024

−0.025 : ð22Þ

The latter ratio differs from unity by 2.2σ.

B. b-hadron production fractions at the ϒð5SÞ energy
Hadronic events produced in eþe− collisions at the

ϒð5SÞ [also known as ϒð10860Þ] energy can be classified

into three categories: light-quark (u, d, s, c) continuum
events, bb̄ continuum events (including bb̄γ, etc., with
initial-state-radiation photons), and ϒð5SÞ events. The
latter two cannot be distinguished and are referred to as
bb̄ events in the following. These bb̄ events can hadronize

into different final states. We define fϒð5SÞu;d to be the fraction
of bb̄ events with a pair of nonstrange bottom mesons,
namely, BB̄, BB̄�, B�B̄, B�B̄�, BB̄π, BB̄�π, B�B̄π, B�B̄�π,
and BB̄ππ, where B denotes a B0 or Bþ meson and B̄

denotes a B̄0 or B− meson. Similarly, we define fϒð5SÞs to be
the fraction of bb̄ events that hadronize into a pair of
strange bottom mesons (B0

sB̄0
s , B0

sB̄�0
s , B�0

s B̄0
s , and B�0

s B̄�0
s ).

Note that the excited bottom-meson states decay via

B� → Bγ and B�0
s → B0

sγ. Lastly, f
ϒð5SÞ
B is defined to be

the fraction of bb̄ events without open-bottom mesons in
the final state (which includes production of light botto-
monium). By construction, these fractions satisfy

fϒð5SÞu;d þ fϒð5SÞs þ fϒð5SÞB ¼ 1: ð23Þ

The CLEO and Belle collaborations have published
measurements of the inclusive ϒð5SÞ branching fractions
Bðϒð5SÞ→DsXÞ, Bðϒð5SÞ→ϕXÞ and Bðϒð5SÞ→D0XÞ,
from which they extracted the model-dependent estimates

of fϒð5SÞs reported in Table 5. This extraction was performed

under the implicit assumption fϒð5SÞB ¼ 0 in the relation

1

2
Bðϒð5SÞ → DsXÞ

¼ fϒð5SÞs × BðB0
s → DsXÞ

þ ð1 − fϒð5SÞs − fϒð5SÞB Þ × BðB → DsXÞ; ð24Þ

and similar relations for Bðϒð5SÞ → D0XÞ and
Bðϒð5SÞ → ϕXÞ.
However, the assumption fϒð5SÞB ¼ 0 is known to be

incorrect, given the observed production in eþe− collisions
at the ϒð5SÞ energy of the final states ϒð1S; 2S; 3SÞπþπ−,
ϒð1S; 2S; 3SÞπ0π0, ϒð1SÞKþK−, hbð1P; 2PÞπþπ−,
χb1;2ð1PÞπþπ−π0, ϒJð1DÞη and ϒð2SÞη [26–30]. The
sum of the visible (i.e., uncorrected for initial-state radi-
ation) cross sections into these final states, plus those of the
unmeasured final states ϒð1SÞK0K̄0 and hbð1P; 2PÞπ0π0,
which are obtained by assuming isospin conservation,
amounts to

σvisðeþe− → ðbb̄ÞXÞ ¼ 16.1� 1.5 pb;

where ðbb̄Þ ¼ ϒð1S; 2S; 3SÞ, ϒJð1DÞ, hbð1P; 2PÞ, χb1;2,
and X ¼ ππ, πþπ−π0, KK, η. We divide this by the bb̄
production cross section, σðeþe− → bb̄XÞ ¼ 340� 16 pb
[31], to obtain
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fðbb̄ÞX ¼ 0.0473� 0.0048:

This should be taken as a lower bound for fϒð5SÞB .
To simultaneously extract the fractions under the exact

constraints of Eqs. (23) and (24) and the one-sided

Gaussian constraint fϒð5SÞB ≥ fðbb̄ÞX, we perform a simulta-
neous χ2 fit to the measurements of Refs. [22–24] taking
into account all known correlations. The details of the fit
are described in Ref. [32]. The latest Belle measurement of

fϒð5SÞs [31] lacks the information needed for the averaging,
and is therefore not included. Taking the inputs of Table 6,
the best fit values are

fϒð5SÞu;d ¼ 0.755þ0.027
−0.038 ; ð25Þ

fϒð5SÞs ¼ 0.198þ0.030
−0.029 ; ð26Þ

fϒð5SÞB ¼ 0.047þ0.043
−0.005 ; ð27Þ

where the strongly asymmetric uncertainty on fϒð5SÞB is due
to the one-sided constraint from the observed ðbb̄ÞX
decays. These results, together with their correlations,
imply

fϒð5SÞs =fϒð5SÞu;d ¼ 0.261þ0.051
−0.043 : ð28Þ

This is in fair agreement with BABAR results [33], obtained
as a function of center-of-mass energy and as a by-product
of another measurement, and which are not used in our
average due to insufficient information.
The production of B0

s mesons at the ϒð5SÞ is observed to
be dominated by the B�0

s B̄�0
s channel, with σðeþe− →

B�0
s B̄�0

s Þ=σðeþe− → Bð�Þ0
s B̄ð�Þ0

s Þ ¼ ð87.0� 1.7Þ% [34]
measured as described in Ref. [35]. The proportions of
the various production channels for nonstrange B mesons
have also been measured [22].

C. b-hadron production fractions at high energy

At high energy, all species of weakly decaying b hadrons
may be produced, either directly or in strong and electro-
magnetic decays of excited b hadrons. Before 2010, it was
assumed that the fractions of different species in unbiased
samples of high-pT b-hadron jets where independent of
whether they originated from Z decays, pp̄ collisions at the
Tevatron, or pp collisions at the LHC. This hypothesis was
plausible under the condition Q2 ≫ Λ2

QCD, namely, that the
square of the momentum transfer to the produced b quarks
is large compared with the square of the hadronization
energy scale. This hypothesis is correct in the limit

TABLE 5. Published measurements of fϒð5SÞs , obtained assuming fϒð5SÞB ¼ 0. The results are quoted as in the

original publications, except for the 2010 Belle measurement, which is quoted as 1 − fϒð5SÞu;d with fϒð5SÞu;d from
Ref. [22].

Experiment, year, dataset Decay mode or method Value of fϒð5SÞs

CLEO, 2006, 0.42 fb−1 [23] ϒð5SÞ → DsX 0.168� 0.026þ0.067
−0.034

ϒð5SÞ → ϕX 0.246� 0.029þ0.110
−0.053

ϒð5SÞ → BB̄X 0.411� 0.100� 0.092
CLEO average of above 3 0.21þ0.06

−0.03

Belle, 2006, 1.86 fb−1 [24] ϒð5SÞ → DsX 0.179� 0.014� 0.041
ϒð5SÞ → D0X 0.181� 0.036� 0.075
Belle average of above 2 0.180� 0.013� 0.032

Belle, 2010, 23.6 fb−1 [22] ϒð5SÞ → BB̄X 0.263� 0.032� 0.051

TABLE 6. External inputs on which the fϒð5SÞs averages are based.

Branching fraction Value Explanation and references

BðB → DsXÞ × BðDs → ϕπÞ 0.00374� 0.00014 Derived from [9]
BðB0

s → DsXÞ 0.92� 0.11 Model-dependent estimate [25]
BðDs → ϕπÞ 0.045� 0.004 [9]
BðB → D0XÞ × BðD0 → KπÞ 0.02429� 0.00113 Derived from [9]
BðB0

s → D0XÞ 0.08� 0.07 Model-dependent estimate [24,25]
BðD0 → KπÞ 0.03965� 0.00031 [9]
BðB → ϕXÞ 0.0343� 0.0012 [9]
BðB0

s → ϕXÞ 0.161� 0.024 Model-dependent estimate [23]
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pT → ∞, in which the production mechanism of a b hadron
is completely described by the fragmentation of the b
quark. For finite pT , however, there are interference effects
of the production mechanism of the b quark and its
hadronization. While formally suppressed by inverse
powers of pT , these effects may be sizable, especially
when the fragmentation probabilities are small as, e.g., in
the case of b baryons. In fact, the available data show that
the fractions depend on the kinematics of the produced b
hadron. Both CDF and LHCb reported a pT dependence of
the fractions, with the fraction of Λ0

b baryons observed at
low pT being enhanced with respect to that seen at LEP at
higher pT.
In our previous publication [1], we presented two sets of

averages, one including only measurements performed at
LEP, and another including only measurements performed
by CDF at the Tevatron.3 While the first set is well defined
and is basically related to branching fractions of inclusive Z
decays, the other set is somewhat ill defined, since it
depends on the geometrical and kinematical acceptance of
the experiments over which the measurements are inte-
grated. With the ever increasing precision in heavy flavor
measurements, the b-hadron fraction averages provided by
HFLAV for high-energy hadron collisions are no longer of
interest, since they are not directly transferable from one
experiment to the other. We have therefore decided to no
longer maintain these averages. The interested reader
should refer to Sec. 4.1.3 of our previous publication [1].
The relative fractions of b-hadron types produced in Z

decays are universal and therefore still of interest. Since the
averages we have reported in Ref. [1] have remained stable
over the last decade and new data are not expected until a
future new electron-positron collider operates again at the Z
pole, they are not reported here.

V. LIFETIMES AND MIXING PARAMETERS
OF b HADRONS

Quantities such as b-hadron production fractions,
b-hadron lifetimes, and neutral B-meson oscillation
frequencies were studied in the 1990s at LEP and SLC,
at DORIS II and CESR, as well as at the Tevatron. This was
followed by precise measurements of the B0 and Bþ
mesons performed at the asymmetric B factories, KEKB
and PEPII, as well as measurements related to the other b
hadrons, in particular B0

s, Bþ
c and Λ0

b, performed at the
upgraded Tevatron. Currently, the most precise measure-
ments are coming from the ATLAS, CMS and LHCb
experiments at the LHC.
In many cases, these basic quantities, in addition to being

interesting by themselves, are necessary ingredients for
more refined measurements, for example decay-time-

dependent CP-violating asymmetries. Hence, some of
the averages presented in this section are used as input
for the results given in subsequent sections. In the past,
many b-hadron lifetime and mixing measurements had a
significant dependence on the b-hadron production frac-
tions, which themselves depended on the lifetime and
mixing measurements. This circular coupling had to be
dealt with carefully whenever inclusive or semiexclusive
measurements of b-hadron lifetime and mixing parameters
were considered. In the past decade, this dependence has
reduced to a negligible level, with increasingly precise
exclusive measurements becoming available and dominat-
ing practically all averages.
In addition to lifetimes and oscillation frequencies, this

section also deals with CP violation in the B0 and B0
s

mixing amplitudes, as well as the phase ϕcc̄s
s that describes

CP violation in the interference between B0
s mixing and

decay in b → cc̄s transitions. In the absence of new physics
and subleading penguin contributions, this phase is equal to
−2βs ¼ − arg ½ðVtsV�

tbÞ2=ðVcsV�
cbÞ2�. The angle β, which is

the equivalent of βs for the B0 system, is discussed
in Sec. VI.
Throughout this section, published results that have been

superseded by subsequent publications are ignored (i.e.,
excluded from the averages) and are only referred to if
necessary.

A. b-hadron lifetimes

Lifetime calculations are performed in the framework of
the Heavy Quark Expansion (HQE) [36–38]. In these
calculations, the total decay rate of a hadron Hb is
expressed as a series of expectation values of operators
of increasing dimension,

ΓHb
¼ jCKMj2

X
n;k

cnk
mn

b
hHbjOnkjHbi; ð29Þ

where jCKMj2 is the relevant combination of CKM matrix
elements. The coefficients cnk are calculated perturbatively
[39], i.e., as a series in αsðmbÞ. The nonperturbative
QCD effects are comprised in the matrix elements
hHbjOnkjHbi ∝ Λn

QCD of the operators Onk. For a given
dimension n, there are usually several operators, indicated
by the index k. Hence the HQE predicts ΓHb

in the form of
an expansion in both ΛQCD=mb and αsðmbÞ. The leading
term in Eq. (29) corresponds to the weak decay of a free b
quark. At this order all b-flavored hadrons have the same
lifetime. The concept of the HQE and first calculations of
valence quark effects emerged in 1986 [36]. In the early
1990s experiments became sensitive enough to detect
lifetime differences among various Hb species. The pos-
sible existence of exponential contributions to ΓHb

, referred
to as violation of quark-hadron duality, is not captured by
the power series of the HQE [40,41]. The sizes of such

3The LHC production fractions results were still incomplete,
lacking measurements of the production of weakly decaying
baryons heavier than Λ0

b.
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terms can only be determined experimentally, by con-
fronting the HQE predictions with data. Possible violation
of quark-hadron duality has been shown to be severely
constrained by experimental results [42]. The matrix
elements can be calculated using lattice QCD or QCD
sum rules. In some cases they can also be related to those
appearing in other observables by utilizing symmetries of
QCD. One may reasonably expect that powers of
ΛQCD=mb ∼ 0.1 provide enough suppression that only
the first terms of the sum in Eq. (29) matter.
Importantly, starting from the third power the coefficients
are enhanced by a factor of 16π2. The dominant contribu-
tion to lifetime differences stems from these terms of order
16π2ðΛQCD=mbÞ3 [43]. State-of-the-art calculations of first-
order corrections to these predictions exist in terms of both
ΛQCD=mb [44,45] and αsðmbÞ [46–50], with all subsequent
theory papers using these results.
Theoretical predictions are usually made for the ratios

of the lifetimes (with τðB0Þ often chosen as the common
denominator) rather than for the individual lifetimes, since
this leads to cancellation of several uncertainties. The
precision of the HQE calculations (see Refs. [47,48,51–54],
and Refs. [55,56] for the latest updates) is in some instances
already surpassed by the measurements, e.g., in the case of
τðBþÞ=τðB0Þ. Improvement in the precision of calculations
requires progress along two lines. First, better nonperturba-
tive matrix elements are needed. One expects precise
calculations, especially from lattice QCD where significant
advances have been made in the past decade. Second, the
coefficients cnk must be calculated to higher orders of αs.
In particular, the α2s and αsΛQCD=mb contributions to the
lifetime differences are needed to keep up with the exper-
imental precision.
The following important conclusions, which are in

agreement with experimental observation, can be drawn
from the HQE, even in its present state:

(i) The larger the mass of the heavy quark, the smaller
the variation in the lifetimes among different ha-
drons containing this quark. This is illustrated by the
fact that lifetimes are rather similar in the b sector,
while they differ by large factors in the charm sector.

(ii) First corrections to the spectator model occur at
order Λ2

QCD=m
2
b, leading to lifetime differences

around one percent.
(iii) The dominant contribution to the lifetime splittings

is of order 16π2ðΛQCD=mbÞ3 and typically amounts
to several percent.

1. Overview of lifetime measurements

This section gives an overview of the types of b-hadron
lifetime measurements, with details given in subsequent
sections. In most cases, the decay time of an Hb state is
estimated by measuring its flight distance and dividing it by
the relativistic factor βγc. Methods of accessing lifetime

information can roughly be divided into the following five
categories:
(1) Inclusive (flavor-blind) measurements. Early, low-

statistics measurements were aimed at extracting the
lifetime from a mixture of b-hadron decays, without
distinguishing the decaying species. Often, the exact
Hb composition was ill defined and analysis-
dependent. Monte Carlo simulation was used for
estimating the βγ factor, because the decaying ha-
drons were not fully reconstructed. In the 1990s,
these were the largest-statistics b-hadron lifetime
measurements accessible to a given experiment,
and could therefore serve as an important perfor-
mance benchmark. Nowadays, the average b-hadron
lifetime, which is certainly less fundamental than the
precisely measured lifetimes of the individual spe-
cies, is of very little interest. As a result, we no longer
review the inclusive b-hadron lifetime measure-
ments, the latest of which was published in 2004
[57]. The interested reader can refer to our previous
publication [1].

(2) Measurements in semileptonic decays of a specific
Hb. The virtual W boson from b → Wc produces a
lνl pair (l ¼ e, μ) in about 21% of the cases. The
electron or muon from such decays provides a clean
and efficient trigger signature. The cquark and theHb
spectator quark(s) combine into a charm hadron Hc,
which is reconstructed in one ormore exclusive decay
channels. Identification of theHc species allows one
to separate, at least statistically, differentHb species.
The advantage of thesemeasurements is in the sample
size, which is usually larger than in the case of
exclusively reconstructed hadronic Hb decays (de-
scribed next). The main disadvantages are related to
the difficulty of estimating the leptonþ charm sam-
ple composition and to the reliance on Monte Carlo
for the momentum (and hence βγ factor) estimate.

(3) Measurements in exclusively reconstructed had-
ronic decays. These have the advantage of complete
reconstruction of the decaying Hb state, which
allows one to infer the decaying species, as well
as to perform precise measurement of the βγ factor.
Both lead to generally smaller systematic uncertain-
ties than in the above two categories. The downsides
are smaller branching fractions and larger combi-
natorial backgrounds when the signal channel in-
volves multihadron decays, such as Hb → HcπðππÞ
with multibody Hc decays. This problem is often
more serious in a hadron collider environment,
which has many hadrons and a nontrivial underlying
event. Decays of the type Hb → J=ψHs are often
used, as they are relatively clean and easy to trigger
on due to the J=ψ → lþl− signature.

(4) Measurements at asymmetric B factories. In the
ϒð4SÞ → BB̄ decay, the B mesons (Bþ or B0) are
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essentially at rest in the ϒð4SÞ frame. This makes
direct lifetime measurements impossible in experi-
ments at symmetric-energy colliders, which produce
the ϒð4SÞ at rest. At asymmetric B factories the
ϒð4SÞ meson is boosted, resulting in the B and B̄
moving nearly parallel to each other with similar
boosts. The decay time is inferred from the distance
Δz separating the B and B̄ decay vertices along the
boost axis and from theϒð4SÞ boost, which is known
from the beam energies. This boost was βγ ≈ 0.55
(0.43) in the BABAR (Belle) experiment, resulting
in an average B decay length of approximately
250 ð190Þ μm.
While oneB0 orBþ meson is fully reconstructed in

a semileptonic or hadronic decaymode, the otherB in
the event is typically not fully reconstructed, in order

to avoid loss of efficiency. Rather, only the position of
its decay vertex is determined from the remaining
tracks in the event. These measurements benefit
from large sample sizes, but suffer from poor
proper time resolution, comparable to the B lifetime
itself. The resolution is dominated by the uncertainty
on the decay-vertex positions, which is typically
50 ð100Þ μm for a fully (partially) reconstructed B
meson. With much larger samples in the future, the
resolution and purity could be improved (and hence
the systematics reduced) by fully reconstructing both
B mesons in the event. Finally, the better vertex
precision of the Belle II experiment will also con-
tribute to the resolution improvement.

(5) Measurement of lifetime ratios. This method, ini-
tially applied in the measurement of τðBþÞ=τðB0Þ, is
now also used for other b-hadron species at the LHC.

TABLE 7. Measurements of the B0 lifetime with exclusive (excl.) or inclusive (incl.) decays, B charge
determination from the secondary vertex (sec. vtx), or partial reconstruction. See Sec. VA for a detailed
explanation of the method.

Experiment Method Data set τðB0Þ (ps) References

ALEPH Dð�Þl 91–95 1.518� 0.053� 0.034 [58]
ALEPH Exclusive 91–94 1.25þ0.15

−0.13 � 0.05 [59]
ALEPH Partial rec. πþπ− 91–94 1.49þ0.17þ0.08

−0.15−0.06 [59]
DELPHI Dð�Þl 91–93 1.61þ0.14

−0.13 � 0.08 [60]
DELPHI Charge sec. vtx 91–93 1.63� 0.14� 0.13 [61]
DELPHI Inclusive D�l 91–93 1.532� 0.041� 0.040 [62]
DELPHI Charge sec. vtx 94–95 1.531� 0.021� 0.031 [57]
L3 Charge sec. vtx 94–95 1.52� 0.06� 0.04 [63]
OPAL Dð�Þl 91–93 1.53� 0.12� 0.08 [64]
OPAL Charge sec. vtx 93–95 1.523� 0.057� 0.053 [65]
OPAL Inclusive D�l 91–00 1.541� 0.028� 0.023 [66]
SLD Charge sec. vtx l 93–95 1.56þ0.14

−0.13 � 0.10 [67]a

SLD Charge sec. vtx 93–95 1.66� 0.08� 0.08 [67]a

CDF1 Dð�Þl 92–95 1.474� 0.039þ0.052
−0.051 [68]

CDF1 Excl. J=ψK�0 92–95 1.497� 0.073� 0.032 [69]
CDF2 Excl. J=ψK0

S, J=ψK
�0 02–09 1.507� 0.010� 0.008 [70]

D0 Excl. J=ψK�0 03–07 1.414� 0.018� 0.034 [71]
D0 Excl. J=ψK0

S 02–11 1.508� 0.025� 0.043 [72]
D0 Inclusive D−μþ 02–11 1.534� 0.019� 0.021 [73]
BABAR Exclusive 99–00 1.546� 0.032� 0.022 [74]
BABAR Inclusive D�l 99–01 1.529� 0.012� 0.029 [75]
BABAR Exclusive D�l 99–02 1.523þ0.024

−0.023 � 0.022 [76]
BABAR Incl. D�π, D�ρ 99–01 1.533� 0.034� 0.038 [77]
BABAR Inclusive D�l 99–04 1.504� 0.013þ0.018

−0.013 [78]
Belle Exclusive 00–03 1.534� 0.008� 0.010 [79]
ATLAS Excl. J=ψK0

S 2011 1.509� 0.012� 0.018 [80]
CMS Excl. J=ψK�0 2012 1.511� 0.005� 0.006 [81]b

CMS Excl. J=ψK0
S 2012 1.527� 0.009� 0.009 [81]b

LHCb Excl. J=ψK�0 2011 1.524� 0.006� 0.004 [82]
LHCb Excl. J=ψK0

S 2011 1.499� 0.013� 0.005 [82]
LHCb Kþπ− 2011 1.524� 0.011� 0.004 [83]

Average �0.004
aThe combined SLD result quoted in Ref. [67] is 1.64� 0.08� 0.08 ps.
bThe combined CMS result quoted in Ref. [81] is 1.515� 0.005� 0.006 ps.
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The ratio of the lifetimes is extracted from the proper-
time dependence of the ratio of the observed yields of
two different b-hadron species, both reconstructed in
decay modes with similar topologies. The advantage
of this method is that subtle efficiency effects and
systematic uncertainties (partially) cancel in the ratio.

In some analyses, measurements of two [e.g., τðBþÞ and
τðBþÞ=τðB0Þ] or three (e.g., τðBþÞ, τðBþÞ=τðB0Þ, and
Δmd) quantities are combined. This introduces correlations
among measurements. Another source of correlations
among the measurements is systematic effects, which could
be common to a number of measurements in the same
experiment or to an analysis technique across different
experiments. When calculating the averages presented
below, such known correlations are taken into account.

2. B0 and B+ lifetimes and their ratio

After a number of years of dominating the B0 and Bþ
lifetime averages, the LEP experiments yielded the scene to
the asymmetric B factories and the Tevatron experiments.
The B factories have been very successful in utilizing their
potential—in only a few years of running, BABAR and, to a
greater extent, Belle, have struck a balance between the
statistical and the systematic uncertainties, with both being
close to (or even better than) an impressive 1% level.
Meanwhile, CDF and D0 emerged as significant contrib-
utors to the field as the Tevatron Run II data flowed in.
More recently, the LHC experiments came into play,
matching the precision and, in case of LHCb and CMS,
even improving it by a further factor of ∼2.

At the present time, we have three sets of measurements
(from LEP/SLC, the B factories and Tevatron/LHC)
performed in different environments, obtained using sub-
stantially different techniques, and precise enough for
cross-checking and comparison.
The τðBþÞ, τðB0Þ and τðBþÞ=τðB0Þ measurements, and

their averages, are summarized in Tables 7, 8, and 9. For the
average of τðBþÞ=τðB0Þ we use only direct measurements
of this ratio and not separate measurements of τðBþÞ and
τðB0Þ. The following sources of systematic uncertainties
that are correlated within each experiment/machine are
considered in the averaging:

(i) for the SLC and LEP measurements—D�� branching
fraction uncertainties [4], estimation of themomentum
of b mesons produced in Z0 decays (b-quark frag-
mentation parameter hXEi ¼ 0.702� 0.008 [4]), B0

s
andb-baryon lifetimes (seeSecs.VA 3andVA 5),and
b-hadron production fractions at high energy [1];

(ii) for the B-factory measurements—detector align-
ment and length scale, machine boost, and sample
composition (where applicable);

(iii) for the Tevatron and LHC measurements—detector
alignment, length scale and reconstruction effects.

The resultant averages are

τðB0Þ ¼ 1.519� 0.004 ps; ð30Þ

τðBþÞ ¼ 1.638� 0.004 ps; ð31Þ

τðBþÞ=τðB0Þ ¼ 1.076� 0.004: ð32Þ

TABLE 8. Measurements of the Bþ lifetime with exclusive (excl.) or inclusive (incl.) decays or with B charge
determination from the secondary vertex (sec. vtx). See Sec. VA for a detailed explanation of the method.

Experiment Method Dataset τðBþÞ (ps) References

ALEPH Dð�Þl 91–95 1.648� 0.049� 0.035 [58]
ALEPH Exclusive 91–94 1.58þ0.21þ0.04

−0.18−0.03 [59]
DELPHI Dð�Þl 91–93 1.61� 0.16� 0.12 [60]a

DELPHI Charge sec. vtx 91–93 1.72� 0.08� 0.06 [61]a

DELPHI Charge sec. vtx 94–95 1.624� 0.014� 0.018 [57]
L3 Charge sec. vtx 94–95 1.66� 0.06� 0.03 [63]
OPAL Dð�Þl 91–93 1.52� 0.14� 0.09 [64]
OPAL Charge sec. vtx 93–95 1.643� 0.037� 0.025 [65]
SLD Charge sec. vtx l 93–95 1.61þ0.13

−0.12 � 0.07 [67]b

SLD Charge sec. vtx 93–95 1.67� 0.07� 0.06 [67]b

CDF1 Dð�Þl 92–95 1.637� 0.058þ0.045
−0.043 [68]

CDF1 Excl. J=ψK 92–95 1.636� 0.058� 0.025 [69]
CDF2 Excl. J=ψK 02–09 1.639� 0.009� 0.009 [70]
CDF2 Excl. D0π 02–06 1.663� 0.023� 0.015 [84]
BABAR Exclusive 99–00 1.673� 0.032� 0.023 [74]
Belle Exclusive 00–03 1.635� 0.011� 0.011 [79]
LHCb Excl. J=ψK 2011 1.637� 0.004� 0.003 [82]

Average 1.638� 0.004
aThe combined DELPHI result quoted in [61] is 1.70� 0.09 ps.
bThe combined SLD result quoted in [67] is 1.66� 0.06� 0.05 ps.
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3. B0
s lifetimes

Like neutral kaons, neutral B mesons contain short- and
long-lived components, since the light (L) and heavy (H)
eigenstates differ not only in their masses but also in their
total decay widths. While in the B0 system the decay width
difference ΔΓd can be neglected, the B0

s system exhibits a
significant value of the width difference ΔΓs ¼ ΓsL − ΓsH,
where ΓsL and ΓsH are the total decay widths of the light
eigenstate B0

sL and the heavy eigenstate B0
sH, respectively.

The sign ofΔΓs is measured to be positive [86], i.e., B0
sH has

a longer lifetime than B0
sL. Specific measurements of ΔΓs

and Γs ¼ ðΓsL þ ΓsHÞ=2, which are more involved than
simple lifetime measurements, are explained and averaged in
Sec. V B 2, but the resulting averages for 1=ΓsL ¼
1=ðΓs þ ΔΓs=2Þ, 1=ΓsH ¼ 1=ðΓs − ΔΓs=2Þ and the mean
B0
s lifetime, defined as τðB0

sÞ ¼ 1=Γs are also quoted at the
end of this section. Neglecting CP violation in B0

s − B̄0
s

mixing, which is expected to be very small [42,49,50,87–89]
(see also Sec. V B 3), the mass eigenstates are also CP
eigenstates, with the short-lived (light) state being CP-even
and the long-lived (heavy) state being CP-odd [86].
Many B0

s lifetime analyses, in particular the early ones
performed before the nonzero value of ΔΓs was firmly
established, ignore ΔΓs and fit the proper time distribution
of a sample of B0

s candidates reconstructed in a certain final
state f with a model containing a single exponential
function for the signal. Such effective lifetime measure-
ments, which we denote as τsingleðB0

s → fÞ, are estimates of
the expectation value

R
∞
0 tΓðBsðtÞ → fÞdt= R∞

0 ΓðBsðtÞ →
fÞdt of the total untagged time-dependent decay rate

ΓðBsðtÞ → fÞ [90–92]. This expectation value may lie
a priori anywhere between 1=ΓsL and 1=ΓsH, depending
on the proportion of B0

sL and B0
sH in the final state f. More

recent determinations of effective lifetimes may be inter-
preted as measurements of the relative composition of B0

sL
and B0

sH decaying to the final state f. Table 10 summarizes
the effective lifetime measurements.
Averaging measurements of τsingleðB0

s → fÞ over several
final states f would yield a result corresponding to an ill-
defined observable when the proportions of B0

sL and B0
sH

differ. Therefore, the effective B0
s lifetime measurements are

broken down into the following categories and averaged
separately.

(i) B0
s → D∓

s X decays include mostly flavor-specific
decays but also decays with an unknown mixture
of light and heavy components. Measurements
performed with such inclusive states are no longer
used in our averages.

(ii) Decays to flavor-specific final states, i.e., decays to
final states f with decay amplitudes satisfying
AðB0

s → fÞ ≠ 0, AðB̄0
s → f̄Þ ≠ 0, AðB0

s → f̄Þ ¼ 0

and AðB̄0
s → fÞ ¼ 0. Since there are equal fractions

of B0
sL and B0

sH at production time (t ¼ 0), the
corresponding effective lifetime, called the flavor-
specific lifetime, is equal to [90]

τsingleðB0
s → flavor specificÞ

¼ 1=Γ2
sL þ 1=Γ2

sH

1=ΓsL þ 1=ΓsH
¼ 1

Γs

1þ ðΔΓs
2Γs

Þ2
1 − ðΔΓs

2Γs
Þ2 : ð33Þ

TABLE 9. Measurements of the ratio τðBþÞ=τðB0Þ from exclusive (excl.) decays modes or with B charge
determination from the secondary vertex (sec. vtx). See Sec. VA for a detailed explanation of the method.

Experiment Method Dataset Ratio τðBþÞ=τðB0Þ References

ALEPH Dð�Þl 91–95 1.085� 0.059� 0.018 [58]
ALEPH Exclusive 91–94 1.27þ0.23þ0.03

−0.19−0.02 [59]
DELPHI Dð�Þl 91–93 1.00þ0.17

−0.15 � 0.10 [60]
DELPHI Charge sec. vtx 91–93 1.06þ0.13

−0.11 � 0.10 [61]
DELPHI Charge sec. vtx 94–95 1.060� 0.021� 0.024 [57]
L3 Charge sec. vtx 94–95 1.09� 0.07� 0.03 [63]
OPAL Dð�Þl 91–93 0.99� 0.14þ0.05

−0.04 [64]
OPAL Charge sec. vtx 93–95 1.079� 0.064� 0.041 [65]
SLD Charge sec. vtx l 93–95 1.03þ0.16

−0.14 � 0.09 [67]a

SLD Charge sec. vtx 93–95 1.01þ0.09
−0.08 � 0.05 [67]a

CDF1 Dð�Þl 92–95 1.110� 0.056þ0.033
−0.030 [68]

CDF1 Excl. J=ψK 92–95 1.093� 0.066� 0.028 [69]
CDF2 Excl. J=ψKð�Þ 02–09 1.088� 0.009� 0.004 [70]
D0 D�þμD0μ ratio 02–04 1.080� 0.016� 0.014 [85]
BABAR Exclusive 99–00 1.082� 0.026� 0.012 [74]
Belle Exclusive 00–03 1.066� 0.008� 0.008 [79]
LHCb Excl. J=ψKð�Þ 2011 1.074� 0.005� 0.003 [82]

Average 1.076� 0.004
aThe combined SLD result quoted in [67] is 1.01� 0.07� 0.06.
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Because of the fast B0
s − B̄0

s oscillations, possible
biases of the flavor-specific lifetime due to a
combination of B0

s=B̄0
s production asymmetry, CP

violation in the decay amplitudes (jAðB0
s → fÞj ≠

jAðB̄0
s → f̄Þj), and CP violation in B0

s − B̄0
s mixing

(jqs=psj ≠ 1, see Sec. V B) are strongly suppressed,
by a factor ∼x2s [where the definition of xs is given in
Eq. (48) and its value in Eq. (67)]. The B0

s=B̄0
s

production asymmetry at LHCb and the CP

asymmetry due to mixing have been measured to
be compatible with zero with a precision below 3%
[116] and 0.3% [see Eq. (75)], respectively. The
corresponding effects on the flavor-specific lifetime,
which therefore have a relative size of the order of
10−5 or smaller, can be neglected at the current level
of experimental precision. Under the assumption of
no production asymmetry and no CP violation in
mixing, Eq. (33) is exact even for a flavor-specific

TABLE 10. Measurements of the effective B0
s lifetimes obtained from single exponential fits (except for the J=ψπþπ− result of

Ref. [93], obtained from a time-dependent amplitude analysis).

Experiment Final state f Dataset τsingleðB0
s → fÞ (ps) References

ALEPH Dsh Ill-defined 91–95 1.47� 0.14� 0.08 [94]
DELPHI Dsh Ill-defined 91–95 1.53þ0.16

−0.15 � 0.07 [95]
OPAL Ds incl. Ill-defined 90–95 1.72þ0.20þ0.18

−0.19−0.17 [96]

ALEPH D−
s lþ Flavor-specific 91–95 1.54þ0.14

−0.13 � 0.04 [97]
CDF1 D−

s lþ Flavor-specific 92–96 1.36� 0.09þ0.06
−0.05 [98]

DELPHI D−
s lþ Flavor-specific 92–95 1.42þ0.14

−0.13 � 0.03 [99]
OPAL D−

s lþ Flavor-specific 90–95 1.50þ0.16
−0.15 � 0.04 [100]

D0 D−
s μ

þX Flavor-specific 02–11 10.4 fb−1 1.479� 0.010� 0.021 [73]
CDF2 D−

s π
þðXÞ Flavor-specific 02–06 1.3 fb−1 1.518� 0.041� 0.027 [101]

LHCb D−
s Dþ Flavor-specific 11–12 3 fb−1 1.52� 0.15� 0.01 [102]

LHCb D−
s π

þ Flavor-specific 2011 1 fb−1 1.535� 0.015� 0.014 [103]
LHCb πþK− Flavor-specific 2011 1.0 fb−1 1.60� 0.06� 0.01 [83]
LHCb Dð�Þ−

s μþνμ Flavor-specific 11–12 3.0 fb−1 1.547� 0.013� 0.011 [104]
Average of above 10 flavor-specific lifetime measurements 1.527� 0.011

CDF1 J=ψϕ CP evenþ odd 92–95 1.34þ0.23
−0.19 � 0.05 [105]

D0 J=ψϕ CP evenþ odd 02–04 1.444þ0.098
−0.090 � 0.02 [106]

LHCb J=ψϕ CP evenþ odd 2011 1 fb−1 1.480� 0.011� 0.005 [82]
CMS J=ψϕ CP evenþ odd 2012 19.7 fb−1 1.481� 0.007� 0.005 [81]
Average of above 4J=ψϕ lifetime measurements 1.480� 0.007

LHCb μþμ− CP evenþ odd 11–18 8.7 fb−1 2.07� 0.29� 0.03 [107]
CMS μþμ− CP evenþ odd 11–16 61 fb−1 1.70þ0.61

−0.44 [108]
Average of above 2 μþμ− lifetime measurements 2.00þ0.27−0.26
ALEPH Dð�Þþ

s Dð�Þ−
s mostly CP even 91–95 1.27� 0.33� 0.08 [109]

LHCb KþK− CP-even 2010 0.037 fb−1 1.440� 0.096� 0.009 [110]
LHCb KþK− CP-even 2011 1.0 fb−1 1.407� 0.016� 0.007 [83]
Average of above 2 KþK− lifetime measurements 1.408� 0.017

LHCb Dþ
s D−

s CP-even 11–12 3 fb−1 1.379� 0.026� 0.017 [102]
LHCb J=ψη CP-even 11–12 3 fb−1 1.479� 0.034� 0.011 [111]
Average of above 2 measurements of 1=ΓsL 1.422� 0.023

LHCb J=ψK0
S CP-odd 2011 1.0 fb−1 1.75� 0.12� 0.07 [112]

CDF2 J=ψf0ð980Þ CP-odd 02–08 3.8 fb−1 1.70þ0.12
−0.11 � 0.03 [113]

D0 J=ψf0ð980Þ CP-odd 02–11 10.4 fb−1 1.70� 0.14� 0.05 [114]
LHCb J=ψπþπ− CP-odd 2011 1.0 fb−1 1.652� 0.024� 0.024 [115]
CMS J=ψπþπ− CP-odd 2012 19.7 fb−1 1.677� 0.034� 0.011 [81]
LHCb J=ψπþπ− CP-odd 15–16 1.9 fb−1 1.645� 0.011� 0.012 [93]
Average of above 5 measurements of 1=ΓsH 1.650� 0.013
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decay with CP violation in the decay amplitudes.
Hence any flavor-specific decay mode can be used to
measure the flavor-specific lifetime.
The average of all flavor-specific B0

s lifetime
measurements [73,83,97–104] is

τsingleðB0
s → flavor specificÞ ¼ 1.527� 0.011 ps:

ð34Þ

(iii) The B0
s → J=ψϕ decay contains a well-measured

mixture of CP-even and CP-odd states. The pub-
lished B0

s → J=ψϕ effective lifetime measurements
[81,82,105,106] are combined into the average
τsingleðB0

s → J=ψϕÞ ¼ 1.480� 0.007 ps. Analyses
that separate the CP-even and CP-odd components
in this decay through a full angular study, outlined in
Sec. V B 2, provide directly precise measurements
of 1=Γs and ΔΓs (see Table 21).

(iv) The B0
s → μþμ− decay is predicted to be CP-odd in

the Standard Model, but the mixture of CP-even and
CP-odd states has not been determined experimen-
tally. Effective lifetime measurements have been
published by LHCb [107] and CMS [108].

(v) Decays to CP eigenstates have also been measured.

These include the CP-even modes B0
s → Dð�Þþ

s Dð�Þ−
s

by ALEPH [109], B0
s → KþK− by LHCb [83,110],

B0
s → Dþ

s D−
s by LHCb [102] and B0

s → J=ψη by
LHCb [111], as well as the CP-odd modes B0

s →
J=ψf0ð980Þ by CDF [113] and D0 [114], B0

s →
J=ψπþπ− by LHCb4 [93,115] and CMS [81], and
B0
s → J=ψK0

S by LHCb [112]. If these decays are
dominated by a single weak phase and if CP
violation can be neglected, then τsingleðB0

s →
CP-evenÞ ¼ 1=ΓsL and τsingleðB0

s → CP-oddÞ ¼
1=ΓsH (see Eqs. (62) and (63) for approximate
relations in the presence of mixing-induced CP
violation). However, not all these modes are pure
CP eigenstates: a small CP-odd component is
present in B0

s → J=ψπþπ− decays and most prob-

ably also in B0
s → Dð�Þþ

s Dð�Þ−
s decays. Furthermore,

the decays B0
s → KþK− and B0

s → J=ψK0
S may

suffer from direct CP violation due to interfering
tree and loop amplitudes. The averages for the
effective lifetimes obtained for decays to the (nearly)

pure CP-even (Dþ
s D−

s , J=ψη) and CP-odd
(J=ψf0ð980Þ, J=ψπþπ−) final states, where CP
conservation can be assumed, are

τsingleðB0
s → CP-evenÞ ¼ 1.422� 0.023 ps; ð35Þ

τsingleðB0
s → CP-oddÞ ¼ 1.650� 0.013 ps: ð36Þ

As described in Sec. V B 2, the effective lifetime
averages of Eqs. (34), (35), and (36) are used as constraints
to improve the determination of 1=Γs and ΔΓs obtained
from the full angular analyses of B0

s → J=ψϕ, B0
s →

ψð2SÞϕ and B0
s → J=ψKþK− decays. The resulting world

averages for the B0
s lifetimes are

τðB0
sLÞ ¼

1

ΓsL
¼ 1

Γs þ ΔΓs=2
¼ 1.429� 0.007 ps; ð37Þ

τðB0
sHÞ ¼

1

ΓsH
¼ 1

Γs − ΔΓs=2
¼ 1.624� 0.009 ps; ð38Þ

τðB0
sÞ ¼

1

Γs
¼ 2

ΓsL þ ΓsH
¼ 1.520� 0.005 ps: ð39Þ

4. B+
c lifetime

Early measurements of the Bþ
c meson lifetime, from

CDF [117,118] and D0 [119], use the semileptonic decay
mode Bþ

c → J=ψlþν and are based on a simultaneous fit to
the mass and lifetime using the vertex formed with the
leptons from the decay of the J=ψ and the third lepton.
Correction factors are used to estimate the boost, which
cannot be measured directly due to the invisible neutrino.
Systematic uncertainties that are correlated among the
measurements include the impact of the uncertainty of
the Bþ

c transverse-momentum spectrum on the correction
factors, the level of feed-down from ψð2SÞ decays,
Monte Carlo modeling of the decay (estimated by varying
the decay model from phase space to the ISGWmodel), and
uncertainties in the Bþ

c mass. With more statistics, CDF2
was able to perform the first Bþ

c lifetime based on fully
reconstructed Bþ

c → J=ψπþ decays [120], which does not
suffer from a missing neutrino. More recent measurements
at the LHC, both with Bþ

c → J=ψμþν decays from LHCb
[121] and Bþ

c → J=ψπþ decays from LHCb [122] and
CMS [81], achieve the highest level of precision. Two of
them [81,122] are made relative to the Bþ lifetime. Before
averaging, they are scaled to our latest Bþ lifetime average,
and the induced correlation is taken into account.
All the measurements are summarized in Table 11. The

world average, dominated by the LHCb measurements, is
determined to be

τðBþ
c Þ ¼ 0.510� 0.009 ps: ð40Þ

4The result of Ref. [93] for the B0
s → J=ψπþπ− lifetime is not

obtained through a single exponential fit of the lifetime distri-
bution, but through a full time-dependent amplitude analysis,
which concludes that the CP-odd fraction is greater than 97% at
95% C.L. and yields ΓsH − Γd ¼ −0.050� 0.004� 0.004 ps−1,
where 1=Γd is the B0 lifetime. Before being averaged with other
determinations of the B0

s → J=ψπþπ− effective lifetime, this
result is converted to a measurement of 1=ΓsH using the latest
average of the B0 lifetime.
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5. Λ0
b and other b-baryon lifetimes

The first measurements of b-baryon lifetimes, performed
at LEP, originate from two classes of partially reconstructed
decays. In the first class, decays with a fully reconstructed
Λþ
c baryon and a lepton of opposite charge are used. These

products are likely to occur in the decay of Λ0
b baryons. In

the second class, more inclusive final states with a baryon
(p, p̄, Λ, or Λ̄) and a lepton have been used, and these final
states can generally arise from any b baryon. With the large
b-hadron samples available at the Tevatron and the LHC,
the most precise measurements of b baryons now come
from fully reconstructed exclusive decays.
The following sources of correlated systematic uncer-

tainties have been accounted for when averaging these
measurements: experimental time resolution within a
given experiment, b-quark fragmentation distribution into
weakly decaying b baryons, Λ0

b polarization, decay model,
and evaluation of the b-baryon purity in the selected event
samples. In computing the averages, the central values
of the masses are scaled to MðΛ0

bÞ ¼ 5619.60�
0.17 MeV=c2 [9].
For measurements with partially reconstructed decays,

the meaning of the decay model systematic uncertainties
and the correlation of these uncertainties between mea-
surements are not always clear. Uncertainties related to the
decay model are dominated by assumptions on the fraction
of n-body semileptonic decays. To be conservative, it is
assumed that these are 100% correlated whenever given as
an uncertainty. DELPHI varies the fraction of four-body
decays from 0.0 to 0.3. In computing the average, the
DELPHI result is scaled to a value of 0.2� 0.2 for this
fraction. Furthermore, the semileptonic decay results from
LEP are scaled to a Λ0

b polarization of −0.45þ0.19
−0.17 [4] and a

b fragmentation parameter hxEib ¼ 0.702� 0.008 [123].
The list of all measurements are given in Table 12. We do

not attempt to average measurements performed with pl or
Λl combinations, which select unknown mixtures of b
baryons. Measurements performed with Λþ

c l or Λlþl−

combinations can be assumed to correspond to semilep-
tonic Λ0

b decays. Their average (1.247þ0.071−0.069 ps) is

significantly different from the average using only mea-
surements performed with exclusively reconstructed had-
ronic Λ0

b decays (1.471� 0.009 ps). The latter is much
more precise and less prone to potential biases than the
former. The discrepancy between the two averages is at the
level of 3.1σ and assumed to be due to a systematic effect in
the semileptonic measurements, where the Λ0

b momentum
is not determined directly, or to a rare statistical fluctuation.
The best estimate of the Λ0

b lifetime is therefore taken as the
average of the exclusive measurements only. The CDF
Λ0
b → J=ψΛ lifetime result [131] is larger than the average

of all other exclusive measurements by 2.4σ. It is none-
theless kept in the average without adjustment of input
uncertainties. The world average Λ0

b lifetime is then

τðΛ0
bÞ ¼ 1.471� 0.009 ps: ð41Þ

For the strange b baryons, we do not include the
measurements based on inclusive Ξ∓l∓ final states, which
consist of a mixture of Ξ−

b and Ξ0
b baryons. Rather, we only

average results obtained with fully reconstructed Ξ−
b , Ξ0

b
and Ω−

b baryons, and obtain

τðΞ−
b Þ ¼ 1.572� 0.040 ps; ð42Þ

τðΞ0
bÞ ¼ 1.480� 0.030 ps; ð43Þ

τðΩ−
b Þ ¼ 1.64þ0.18

−0.17 ps: ð44Þ

It should be noted that several b-baryon lifetime measure-
ments from LHCb [133,138–140] were made with respect
to the lifetime of another b hadron (i.e., the original
measurement is that of a decay width difference). Before
these measurements are included in the averages quoted
above, we rescale them according to our latest lifetime
average of that reference b hadron. This introduces corre-
lations between our averages, in particular between the
Ξ−
b and Ξ0

b lifetimes. Taking this correlation into account
leads to

τðΞ0
bÞ=τðΞ−

b Þ ¼ 0.929� 0.028: ð45Þ

TABLE 11. Measurements of the Bþ
c lifetime.

Experiment Method Dataset τðBþ
c Þ (ps) References

CDF1 J=ψl 92–95 0.11 fb−1 0.46þ0.18
−0.16 � 0.03 [117]

CDF2 J=ψe 02–04 0.36 fb−1 0.463þ0.073
−0.065 � 0.036 [118]

D0 J=ψμ 02–06 1.3 fb−1 0.448þ0.038
−0.036 � 0.032 [119]

CDF2 J=ψπ 6.7 fb−1 0.452� 0.048� 0.027 [120]
LHCb J=ψμ 2012 2 fb−1 0.509� 0.008� 0.012 [121]
LHCb J=ψπ 11–12 3 fb−1 0.5134� 0.0110� 0.0057 [122]
CMS J=ψπ 2012 19.7 fb−1 0.541� 0.026� 0.014 [81]

Average 0.510� 0.009
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6. Summary and comparison with theoretical predictions

Averages of lifetimes of specific b-hadron species are
collected in Table 13. As described in the introduction to
Sec. VA, the HQE can be employed to explain the
hierarchy τðBþ

c Þ ≪ τðΛ0
bÞ< τðB0

sÞ ≈ τðB0Þ < τðBþÞ, and
to predict the ratios between lifetimes. Recent predictions
are compared to the measured lifetime ratios in Table 14,
where the experimental values of τðB0

sÞ=τðB0Þ and
τðΛ0

bÞ=τðB0Þ have been computed as the ratio of our
averages of the individual lifetimes.

The predictions of the ratio between the Bþ and B0

lifetimes, 1.082þ0.022
−0.026 [56], is in good agreement with

experiment.
The total widths of the B0

s and B0 mesons are expected to
be very close and to differ by at most 1% [44,54–56,141].
This prediction is consistent with the experimental ratio
τðB0

sÞ=τðB0Þ, which is smaller than 1 by ð−0.1� 0.4Þ%.
The authors of Refs. [42,88] predict τðB0

sÞ=τðB0Þ ¼
1.00050� 0.00108� 0.0225 × δ, where δ quantifies a
possible breaking of the quark-hadron duality. In this

TABLE 12. Measurements of the b-baryon lifetimes.

Experiment Method Dataset Lifetime (ps) References

ALEPH Λl 91–95 1.20� 0.08� 0.06 [124]
DELPHI Λlπ vtx 91–94 1.16� 0.20� 0.08 [125]b

DELPHI Λμ i.p. 91–94 1.10þ0.19
−0.17 � 0.09 [126]b

DELPHI pl 91–94 1.19� 0.14� 0.07 [125]b

OPAL Λl i.p. 90–94 1.21þ0.15
−0.13 � 0.10 [127]c

OPAL Λl vtx 90–94 1.15� 0.12� 0.06 [127]c

ALEPH Λþ
c l 91–95 1.18þ0.13

−0.12 � 0.03 [124]a

ALEPH Λl−lþ 91–95 1.30þ0.26
−0.21 � 0.04 [124]a

DELPHI Λþ
c l 91–94 1.11þ0.19

−0.18 � 0.05 [125]b

OPAL Λþ
c l, Λl−lþ 90–95 1.29þ0.24

−0.22 � 0.06 [100]
CDF1 Λþ

c l 91–95 1.32� 0.15� 0.07 [128]
D0 Λþ

c μ 02–06 1.290þ0.119þ0.087
−0.110−0.091 [129]

Average of above 6 1.247þ0.071−0.069
CDF2 Λþ

c π 02–06 1.401� 0.046� 0.035 [130]
CDF2 J=ψΛ 01–11 1.565� 0.035� 0.020 [131]
D0 J=ψΛ 02–11 1.303� 0.075� 0.035 [72]
ATLAS J=ψΛ 2011 1.449� 0.036� 0.017 [80]
CMS J=ψΛ 2011 1.503� 0.052� 0.031 [132]
CMS J=ψΛ 2012 1.477� 0.027� 0.009 [81]
LHCb J=ψΛ 2011 1.415� 0.027� 0.006 [82]
LHCb J=ψpK (w.r.t. B0) 11–12 1.479� 0.009� 0.010 [133]
Average of above 8: Λ0

b lifetime ¼ 1.471� 0.009

ALEPH Ξ−l−X 90–95 1.35þ0.37þ0.15
−0.28−0.17 [134]

DELPHI Ξ−l−X 91–93 1.5þ0.7
−0.4 � 0.3 [135]d

DELPHI Ξ−l−X 92–95 1.45þ0.55
−0.43 � 0.13 [136]d

CDF2 J=ψΞ− 01–11 1.32� 0.14� 0.02 [131]
LHCb J=ψΞ− 11–12 1.55þ0.10

−0.09 � 0.03 [137]
LHCb Ξ0

cπ
− (w.r.t. Λ0

b) 11–12 1.599� 0.041� 0.022 [138]
Average of above 3: Ξ−

b lifetime ¼ 1.572� 0.040

LHCb Ξþ
c π

− (w.r.t. Λ0
b) 11–12 1.477� 0.026� 0.019 [139]

Average of above 1: Ξ0
b lifetime ¼ 1.480� 0.030

CDF2 J=ψΩ− 01–11 1.66þ0.53
−0.40 � 0.02 [131]

LHCb J=ψΩ− 11–12 1.54þ0.26
−0.21 � 0.05 [137]

LHCb Ω0
cπ

− (w.r.t. Ξ−
b ) 11–12 1.78� 0.26� 0.05� 0.06 [140]

Average of above 3: Ω−
b lifetime ¼ 1.64þ0.18−0.17

aThe combined ALEPH result quoted in [124] is 1.21� 0.11 ps.
bThe combined DELPHI result quoted in [125] is 1.14� 0.08� 0.04 ps.
cThe combined OPAL result quoted in [127] is 1.16� 0.11� 0.06 ps.
dThe combined DELPHI result quoted in [136] is 1.48þ0.40

−0.31 � 0.12 ps.
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context, they propose to interpret any difference between
theory and experiment as being due to either new physics or
a sizable duality violation. The key message is that
improved experimental precision on this ratio will be
beneficial.
The ratio τðΛ0

bÞ=τðB0Þ in particular has been the source
of theoretical scrutiny, since earlier calculations using the
HQE [36–38,43] predicted a value larger than 0.90, almost
2σ above the world average at the time. Many predictions
cluster around a most likely central value of 0.94 [142].
Calculations of this ratio that include higher-order effects
predict a smaller value [48] and reduced this difference.
Since then, the experimental average has settled at a value

significantly larger than initially, in agreement with the
latest theoretical predictions. A review [55] concludes that
the long-standingΛ0

b lifetime puzzle is resolved, with a nice
agreement between the precise experimental determination
of τðΛ0

bÞ=τðB0Þ and the less precise HQE prediction, which
needs new lattice calculations. There is also good agree-
ment for the τðΞ0

bÞ=τðΞ−
b Þ ratio, for which the prediction is

based on the next-to-leading-order calculation of Ref. [47].

B. Neutral B-meson mixing

The B0 − B̄0 and B0
s − B̄0

s systems both exhibit the
phenomenon of particle-antiparticle mixing. For each of
them, there are two mass eigenstates which are linear
combinations of the two flavor states, B0

q and B̄0
q,

jB0
qLi ¼ pqjB0

qi þ qqjB̄0
qi; ð46Þ

jB0
qHi ¼ pqjB0

qi − qqjB̄0
qi; ð47Þ

where the subscript q ¼ d is used for the B0
d (¼ B0) meson

and q ¼ s for the B0
s meson. The heavier (lighter) of these

mass states is denoted B0
qH (B0

qL), with massmqH (mqL) and
total decay width ΓqH (ΓqL). We define

Δmq ¼ mqH −mqL; xq ¼ Δmq=Γq; ð48Þ

ΔΓq ¼ ΓqL − ΓqH; yq ¼ ΔΓq=ð2ΓqÞ; ð49Þ

where Γq ¼ ðΓqH þ ΓqLÞ=2 ¼ 1=τ̄ðB0
qÞ is the average

decay width. Δmq is positive by definition, and ΔΓq is
expected to be positive within the Standard Model.5

Four different time-dependent probabilities are needed to
describe the evolution of a neutral Bmeson that is produced
as a flavor state and decays without CP violation to a
flavor-specific final state. If CPT is conserved (which will
be assumed throughout), they can be written as

8>>>>>>>>>>><
>>>>>>>>>>>:

PðB0
q → B0

qÞ ¼ 1
2
e−Γqt

�
cosh

�
1
2
ΔΓqt

�
þ cos ðΔmqtÞ

�

PðB0
q → B̄0

qÞ ¼ 1
2
e−Γqt

�
cosh

�
1
2
ΔΓqt

�
− cos ðΔmqtÞ

�
jqq=pqj2

PðB̄0
q → B0

qÞ ¼ 1
2
e−Γqt

�
cosh

�
1
2
ΔΓqt

�
− cos ðΔmqtÞ

�
jpq=qqj2

PðB̄0
q → B̄0

qÞ ¼ 1
2
e−Γqt

�
cosh

�
1
2
ΔΓqt

�
þ cos ðΔmqtÞ

�
; ð50Þ

TABLE 13. Summary of the lifetime averages for the different
b-hadron species.

b-hadron species Measured lifetime

Bþ 1.638� 0.004 ps
B0 1.519� 0.004 ps
B0
s 1=Γs ¼ 1.520� 0.005 ps
B0
sL 1=ΓsL ¼ 1.429� 0.007 ps

B0
sH 1=ΓsH ¼ 1.624� 0.009 ps

Bþ
c 0.510� 0.009 ps

Λ0
b 1.471� 0.009 ps

Ξ−
b 1.572� 0.040 ps

Ξ0
b 1.480� 0.030 ps

Ω−
b 1.64þ0.18−0.17 ps

TABLE 14. Experimental averages of b-hadron lifetime ratios
and heavy-quark expansion (HQE) predictions.

Lifetime ratio Experimental average HQE prediction

τðBþÞ=τðB0Þ 1.076� 0.004 1.082þ0.022
−0.026 [56]

τðB0
sÞ=τðB0Þ 1.001� 0.004 1.0007� 0.0025 [56]

τðΛ0
bÞ=τðB0Þ 0.969� 0.006 0.935� 0.054 [55]

τðΞ0
bÞ=τðΞ−

b Þ 0.929� 0.028 0.95� 0.06 [55]

5For reasons of symmetry in Eqs. (48) and (49), ΔΓ is sometimes defined with the opposite sign. The definition adopted in Eq. (49) is
the one used in most experimental papers and many phenomenology papers on B physics.
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where t is the proper time of the system (i.e., the time
interval between the production and the decay in the rest
frame of the B meson). At the B factories, only the proper-
time difference Δt between the decays of the two neutral B
mesons from the ϒð4SÞ can be determined. However, since
the two B mesons evolve coherently (keeping opposite
flavors as long as neither of them has decayed), the above
formulas remain valid if t is replaced with Δt and the
production flavor is replaced by the flavor at the time of the
decay of the accompanying B meson into a flavor-specific
state. As can be seen in the above expressions, the mixing
probabilities depend on three mixing observables: Δmq,
ΔΓq, and jqq=pqj2. In particular, CP violation in mixing
exists if jqq=pqj2 ≠ 1. Another (nonindependent) observ-
able often used to characterizeCP violation in the mixing is
the so-called semileptonic asymmetry, defined as

Aq
SL ¼ jpq=qqj2 − jqq=pqj2

jpq=qqj2 þ jqq=pqj2
: ð51Þ

All mixing observables depend on two complex numbers,
Mq

12 and Γq
12, which are the off-diagonal elements of the

2 × 2 mass and decay matrices describing the evolution of
the B0

q − B̄0
q system. In the Standard Model the quantity

jΓq
12=M

q
12j is small, of the order of ðmb=mtÞ2, wheremb and

mt are the bottom and top quark masses. The following
relations hold to first order in jΓq

12=M
q
12j:

Δmq ¼ 2jMq
12j½1þOðjΓq

12=M
q
12j2Þ�; ð52Þ

ΔΓq ¼ 2jΓq
12j cosϕq

12½1þOðjΓq
12=M

q
12j2Þ�; ð53Þ

Aq
SL ¼ ImðΓq

12=M
q
12Þ þOðjΓq

12=M
q
12j2Þ

¼ ΔΓq

Δmq
tanϕq

12 þOðjΓq
12=M

q
12j2Þ; ð54Þ

where

ϕq
12 ¼ arg ð−Mq

12=Γ
q
12Þ ð55Þ

is the observable phase difference between −Mq
12 and Γq

12

(often called the mixing phase). It should be noted that the
theoretical predictions for Γq

12 are based on the same HQE
as the lifetime predictions.
In the next sections we review in turn the experimental

knowledge on the B0 decay-width and mass differences, the
B0
s decay-width and mass differences, CP violation in B0

and B0
s mixing, and mixing-induced CP violation in B0

s
decays.

1. B0 mixing parameters ΔΓd and Δmd

A large number of time-dependent B0–B̄0 oscillation
analyses have been performed in the past 20 years by the

ALEPH, DELPHI, L3, OPAL, CDF, D0, BABAR, Belle,
and LHCb collaborations. The corresponding measure-
ments of Δmd are summarized in Table 15. It is notable
that the systematic uncertainties are comparable to the
statistical uncertainties; they are often dominated by sample
composition, mistag probability, or b-hadron lifetime con-
tributions. Before being combined, the measurements are
adjusted to a common set of input values, including the
averages of the b-hadron fractions and lifetimes given in
this report (see Secs. IV and VA). Some measurements are
statistically correlated. Systematic correlations arise both
from common physics sources (fractions, lifetimes, branch-
ing fractions of b hadrons), and from purely experimental
or algorithmic effects (efficiency, resolution, flavor tagging,
background description). Combining all published mea-
surements listed in Table 15 and accounting for all
identified correlations as described in Ref. [4] yields
Δmd ¼ 0.5065� 0.0016� 0.0011 ps−1.
In addition, ARGUS and CLEO have published mea-

surements of the time-integrated mixing probability χd
[162] [163,164], which average to χd ¼ 0.182� 0.015.
Following Ref. [164], the decay width difference ΔΓd
could in principle be extracted from the measured value of
Γd ¼ 1=τðB0Þ and the above averages for Δmd and χd
(provided that ΔΓd has a negligible impact on the Δmd and
τðB0Þ analyses that have assumed ΔΓd ¼ 0), using the
relation

χd ¼
x2d þ y2d
2ðx2d þ 1Þ : ð56Þ

However, ΔΓd=Γd is too small and the knowledge of χd too
imprecise to provide useful sensitivity on ΔΓd=Γd. Direct
time-dependent studies provide much stronger constraints:
jΔΓdj=Γd < 18% at 95% CL from DELPHI [145],
−6.8%< signðReλCPÞΔΓd=Γd < 8.4% at 90% CL from
BABAR [165], and signðReλCPÞΔΓd=Γd ¼ ð1.7� 1.8�
1.1Þ% [166] from Belle, where λCP ¼ ðqd=pdÞAðB̄0 →
fCPÞ=AðB0 → fCPÞ with A the denoting decays amplitudes
to a CP-even final state. The sensitivity to the overall sign
of ReλCPΔΓd=Γd comes from the use of B0 decays to CP
eigenstates. In addition, LHCb has obtained ΔΓd=Γd ¼
ð−4.4� 2.5� 1.1Þ% [82] by comparing measurements of
the lifetime for B0 → J=ψK�0 and B0 → J=ψK0

S decays,
following the method of Ref. [167]. Using a similar
method, ATLAS and CMS have measured ΔΓd=Γd ¼
ð−0.1� 1.1� 0.9Þ% [168] and ΔΓd=Γd ¼ ðþ3.4� 2.3�
2.4Þ% [81], respectively. Assuming ReλCP > 0, as
expected from the global fits of the unitarity triangle within
the Standard Model [169], a combination of these six
results (after adjusting the DELPHI and BABAR results to
1=Γd ¼ τðB0Þ ¼ 0.001� 0.004 ps) yields

ΔΓd=Γd ¼ 0.001� 0.010: ð57Þ

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-26



This average is consistent with zero and with the latest
Standard Model prediction of ð3.97� 0.90Þ × 10−3 [88].
An independent result, ΔΓd=Γd ¼ ð0.50� 1.38Þ% [170],
was obtained by the D0 collaboration from their measure-
ments of the single muon and same-sign dimuon charge
asymmetries, under the interpretation that the observed
asymmetries are due to CP violation in neutral B-meson
mixing and interference. This indirect determination was
called into question [171] and is therefore not included in
the above average, as explained in Sec. V B 3.

Assuming ΔΓd ¼ 0 and using 1=Γd ¼ τðB0Þ ¼
1.519� 0.004 ps, the Δmd and χd results are combined
through Eq. (56) to yield the world average

Δmd ¼ 0.5065� 0.0019 ps−1; ð58Þ

or, equivalently,

xd ¼ 0.769� 0.004 and χd ¼ 0.1858� 0.0011: ð59Þ

TABLE 15. Time-dependent measurements included in the Δmd average. The results obtained from multidimensional fits involving
also the B0 (and Bþ) lifetime(s) as free parameter(s) [76,78,79] have been converted into one-dimensional measurements of Δmd. All
measurements have then been adjusted to a common set of physics parameters before being combined.

Method

Experiment and references rec. tag Δmd in ps−1 before adjustment Δmd in ps−1 after adjustment

ALEPH [143] l Qjet 0.404� 0.045� 0.027
ALEPH [143] l l 0.452� 0.039� 0.044
ALEPH [143] Above two combined 0.422� 0.032� 0.026 0.440� 0.032 þ0.020

−0.019
ALEPH [143] D� l; Qjet 0.482� 0.044� 0.024 0.482� 0.044� 0.024
DELPHI [144] l Qjet 0.493� 0.042� 0.027 0.499� 0.042� 0.024
DELPHI [144] π�l Qjet 0.499� 0.053� 0.015 0.500� 0.053� 0.015
DELPHI [144] l l 0.480� 0.040� 0.051 0.495� 0.040 þ0.042

−0.040
DELPHI [144] D� Qjet 0.523� 0.072� 0.043 0.518� 0.072� 0.043
DELPHI [145] vtx comb 0.531� 0.025� 0.007 0.525� 0.025� 0.006
L3 [146] l l 0.458� 0.046� 0.032 0.468� 0.046� 0.028
L3 [146] l Qjet 0.427� 0.044� 0.044 0.439� 0.044� 0.042
L3 [146] l lðIPÞ 0.462� 0.063� 0.053 0.472� 0.063� 0.044
OPAL [147] l l 0.430� 0.043 þ0.028

−0.030 0.467� 0.043 þ0.017
−0.016

OPAL [148] l Qjet 0.444� 0.029 þ0.020
−0.017 0.482� 0.029� 0.013

OPAL [149] D�l Qjet 0.539� 0.060� 0.024 0.544� 0.060� 0.023
OPAL [149] D� l 0.567� 0.089 þ0.029

−0.023 0.572� 0.089 þ0.028
−0.022

OPAL [66] π�l Qjet 0.497� 0.024� 0.025 0.496� 0.024� 0.025
CDF1 [150] Dl SST 0.471 þ0.078

−0.068
þ0.033
−0.034 0.470 þ0.078

−0.068
þ0.033
−0.034

CDF1 [151] μ μ 0.503� 0.064� 0.071 0.514� 0.064 þ0.070
−0.069

CDF1 [152] l l; Qjet 0.500� 0.052� 0.043 0.545� 0.052� 0.036
CDF1 [153] D�l l 0.516� 0.099 þ0.029

−0.035 0.523� 0.099 −0.035
þ0.028

D0 [154] Dð�Þμ OST 0.506� 0.020� 0.016 0.506� 0.020� 0.016
BABAR [155] B0 l; K;NN 0.516� 0.016� 0.010 0.521� 0.016� 0.008
BABAR [156] l l 0.493� 0.012� 0.009 0.487� 0.012� 0.006
BABAR [76] D�lν l; K;NN 0.492� 0.018� 0.014 0.493� 0.018� 0.013
BABAR [78] D�lνðpartÞ l 0.511� 0.007� 0.007 0.513� 0.007� 0.007
Belle [79] B0; D�lν comb 0.511� 0.005� 0.006 0.514� 0.005� 0.006
Belle [157] D�πðpartÞ l 0.509� 0.017� 0.020 0.514� 0.017� 0.019
Belle [13] l l 0.503� 0.008� 0.010 0.506� 0.008� 0.008
LHCb [158] B0 OST 0.499� 0.032� 0.003 0.499� 0.032� 0.003
LHCb [159] B0 OST,SST 0.5156� 0.0051� 0.0033 0.5156� 0.0051� 0.0033
LHCb [160] Dμ OST,SST 0.503� 0.011� 0.013 0.503� 0.011� 0.013
LHCb [161] Dð�Þμ OST 0.5050� 0.0021� 0.0010 0.5050� 0.0021� 0.0010

World average (all above measurements included): 0.5065� 0.0016� 0.0011
—ALEPH, DELPHI, L3 and OPAL only: 0.494� 0.011� 0.009
—CDF and D0 only: 0.509� 0.017� 0.013
—BABAR and Belle only: 0.509� 0.003� 0.003
—LHCb only: 0.5063� 0.0019� 0.0010
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Figure 4 compares theΔmd values obtained by the different
experiments.
The B0 mixing averages given in Eqs. (58) and (59) and

the b-hadron fractions of Ref. [1] have been obtained in a
fully consistent way, taking into account the fact that the
fractions are computed using the χd value of Eq. (59) and
that many individual measurements of Δmd at high energy
depend on the assumed values for the b-hadron fractions.
Furthermore, this set of averages is consistent with the
lifetime averages of Sec. VA.

2. B0
s mixing parameters ΔΓs and Δms

The best sensitivity to ΔΓs is currently achieved by the
recent time-dependent measurements of the B0

s → J=ψϕ
(or more generally B0

s → ðcc̄ÞKþK−) decay rates per-
formed at CDF [172], D0 [173], ATLAS [174–176]
CMS [177,178] and LHCb [179–183], where the CP-even
and CP-odd amplitudes are statistically separated through a
full angular analysis. These studies use both untagged and
tagged B0

s candidates and are optimized for the measure-
ment of the CP-violating phase ϕcc̄s

s , defined later in
Sec. V B 4. The LHCb collaboration analyzed the B0

s →
J=ψKþK− decay, considering that the KþK− system can
be in a P-wave or S-wave state, and measured the
dependence of the strong phase difference between the
P-wave and S-wave amplitudes as a function of the KþK−

invariant mass [86]. This allowed, for the first time, the
unambiguous determination of the sign of ΔΓs, which was
found to be positive at the 4.7σ level. The following

0.4 0.45 0.5 0.55

�md (ps-1)

World average
PDG 2022

0.5065 �0.0019 ps-1

CLEO+ARGUS
(�d measurements)

0.498 �0.032 ps-1

Average of above
after adjustments

0.5065 �0.0019 ps-1

LHCb *

(4 analyses)
0.5062 �0.0019 �0.0010 ps-1

BELLE *

(3 analyses)
0.509 �0.004 �0.005 ps-1

BABAR *

(4 analyses)
0.506 �0.006 �0.004 ps-1

D0
(1 analysis)

0.506 �0.020 �0.016 ps-1

CDF1 *

(4 analyses)
0.495 �0.033 �0.027 ps-1

OPAL
(5 analyses)

0.479 �0.018 �0.015 ps-1

L3
(3 analyses)

0.444 �0.028 �0.028 ps-1

DELPHI *

(5 analyses)
0.519 �0.018 �0.011 ps-1

ALEPH
(3 analyses)

0.446 �0.026 �0.019 ps-1

* HFLAV average
   without adjustments

FIG. 4. The B0–B̄0 oscillation frequency Δmd as measured by
the different experiments. The averages quoted for ALEPH, L3
and OPAL are taken from the original publications, while the
ones for DELPHI, CDF, BABAR, Belle and LHCb are computed
from the individual results listed in Table 15 without performing
any adjustments. The time-integrated measurements of χd from
the symmetric B factory experiments ARGUS and CLEO are
converted to a Δmd value using τðB0Þ ¼ 1.519� 0.004 ps. The
two global averages are obtained after adjustments of all the
individual Δmd results of Table 15 (see text).

TABLE 16. Measurements of ΔΓs and Γs using B0
s → J=ψϕ, B0

s → J=ψKþK− and B0
s → ψð2SÞϕ decays. Only the solution with

ΔΓs > 0 is shown, since the two-fold ambiguity has been resolved in Ref. [86]. The first error is due to statistics, the second one to
systematics. The last line gives our average.

Experiment Mode Dataset ΔΓs (ps−1) Γs (ps−1) References

CDF J=ψϕ 9.6 fb−1 þ0.068� 0.026� 0.009 0.654� 0.008� 0.004 [172]
D0 J=ψϕ 8.0 fb−1 þ0.163þ0.065

−0.064 0.693þ0.018
−0.017 [173]

ATLAS J=ψϕ 4.9 fb−1 þ0.053� 0.021� 0.010 0.677� 0.007� 0.004 [174]
ATLAS J=ψϕ 14.3 fb−1 þ0.101� 0.013� 0.007 0.676� 0.004� 0.004 [175]
ATLAS J=ψϕ 80.5 fb−1 þ0.0607� 0.0047� 0.0043 0.6687� 0.0015� 0.0022 [176]
ATLAS above 3 combined þ0.0657� 0.0043� 0.0037 0.6703� 0.0014� 0.0018 [176]
CMS J=ψϕ 19.7 fb−1 þ0.095� 0.013� 0.007 0.6704� 0.0043� 0.0055 [177]
CMS J=ψϕ 96.4 fb−1 þ0.114� 0.014� 0.007 0.6531� 0.0042� 0.0026 [178]
CMS above 2 combined þ0.1032� 0.0095� 0.0048 0.6590� 0.0032� 0.0023 [178]
LHCb J=ψKþK− 3.0 fb−1 þ0.0805� 0.0091� 0.0032 0.6603� 0.0027� 0.0015 [179]
LHCb J=ψKþK−a

3.0 fb−1 þ0.066� 0.018� 0.010 0.650� 0.006� 0.004 [180]
LHCb Above 2 combined þ0.0813� 0.0073� 0.0036 0.6588� 0.0022� 0.0015 [180]
LHCb J=ψKþK− 1.9 fb−1 þ0.077� 0.008� 0.003 −0.0041� 0.0024� 0.0015b [183]
LHCb J=ψKþK−c

3.0 fb−1 þ0.115� 0.045� 0.011 0.608� 0.018� 0.012 [182]
LHCb ψð2SÞϕ 3.0 fb−1 þ0.066þ0.041

−0.044 � 0.007 0.668� 0.011� 0.006 [181]

All combined þ0.074� 0.006 0.6627� 0.0036
amðKþK−Þ > 1.05GeV=c2.
bΓs − Γd.
cJ=ψ → eþe−.

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-28



averages present only the ΔΓs > 0 solutions. Two degen-
erate solutions, differing in the values of two of the
measured strong phases, δ⊥ and δk, were found in the
ATLAS Run 2 analysis [176]. These show minor
differences in the B0

s lifetime and mixing parameters, so
for simplicity, the following averages only use solution (a)
of Ref. [176].
The published results [172–183] are shown in Table 16.

They are combined in a fit that includes all measured
parameters and their correlations. These are ϕcc̄s

s , the direct
CP violation parameter jλj ¼ jðqs=psÞĀ=Aj (Ā and A being
the B̄0

s and B0
s decay amplitudes, respectively), Δms,

polarization fractions and strong phases. As detailed further
in Sec. V B 4, the B0

s → J=ψϕ measurements of ATLAS
[175,176], CMS [177,178] and LHCb [179,183] are in
tension at the level of approximately 3σ, driven by the time
and angular parameters. To address this, the total uncer-
tainty for each parameter in each B0

s → J=ψϕ set of results
by ATLAS, CDF, D0, CMS and LHCb is scaled up in a way
that results in an agreement of 1σ. For the parameters
already in agreement (i.e., the ϕs and S-wave parameters),
the uncertainties are not scaled. The covariance matrix is
recomputed to preserve the correlations between the
parameters. The resulting scale factors for Γs and ΔΓs
are 2.56 and 1.72. The results, displayed as the red contours
labeled “B0

s → ðcc̄ÞKK” in the plots of Fig. 5, are given in
the first column of numbers of Table 17.
An alternative approach, which is directly sensitive to

first order in ΔΓs=Γs, is to determine the effective lifetime

of untagged B0
s candidates decaying to pureCP eigenstates;

we use here measurements with B0
s → Dþ

s D−
s [102], B0

s →
J=ψη [111], B0

s → J=ψf0ð980Þ [113,114] and B0
s →

J=ψπþπ− [93,115] decays. The precise extraction of
1=Γs and ΔΓs from such measurements, discussed in detail
in Refs. [90–92], requires additional information in the
form of theoretical assumptions or external inputs on weak
phases and hadronic parameters. If f denotes a final state
into which both B0

s and B̄0
s can decay, the ratio of the

effective B0
s → f lifetime τsingle, found by fitting the decay-

time distribution to a single exponential, relative to the
mean B0

s lifetime is [92]6

τsingleðB0
s → fÞ

τðB0
sÞ

¼ 1

1 − y2s

�
1 − 2AΔΓ

f ys þ y2s
1 − AΔΓ

f ys

�
; ð60Þ

where

AΔΓ
f ¼ −

2ReðλfÞ
1þ jλfj2

: ð61Þ

To include the measurements of the effective B0
s → Dþ

s D−
s

(CP-even), B0
s → J=ψη (CP-even), B0

s → J=ψf0ð980Þ
(CP-odd) and B0

s → J=ψπþπ− (CP-odd) lifetimes as

FIG. 5. Contours of Δ lnL ¼ 0.5 (39% CL for the enclosed 2D regions, 68% CL for the bands) shown in the ðΓs;ΔΓsÞ plane on the
left and in the ð1=ΓsL; 1=ΓsHÞ plane on the right. The average of all the B0

s → J=ψϕ, B0
s → J=ψKþK− and B0

s → ψð2SÞϕ results is
shown as the red contour, where Γs and ΔΓs are scaled by factors 2.56 and 1.72. The constraints given by the effective lifetime
measurements of B0

s to flavor-specific, pure CP-odd and pure CP-even final states are shown as the blue, green and purple bands,
respectively. The average taking all constraints into account is shown as the dark-filled contour. The light-gray bands are theory
predictions. The horizontal band is ΔΓs ¼ þ0.091� 0.013 ps−1 [42,45,87,88] that assumes no new physics in B0

s mixing. The vertical
Γs band is calculated from Ref. [56] assuming the experimental world average for the B0 lifetime, 1.519� 0.004 ps.

6The definition of AΔΓ
f given in Eq. (61) has the sign opposite

to that given in Ref. [92].

AVERAGES OF b-HADRON, c-HADRON, AND τ- … PHYS. REV. D 107, 052008 (2023)

052008-29



constraints in the ΔΓs fit,
7 we neglect subleading penguin

contributions and possible direct CP violation. Explicitly,
in Eq. (60), we set AΔΓ

CP-even ¼ cosϕcc̄s
s and AΔΓ

CP-odd ¼
− cosϕcc̄s

s . Given the small value of ϕcc̄s
s , we have, to first

order in ys:

τsingleðB0
s → CP-evenÞ ≈ 1

ΓsL

�
1þ ðϕcc̄s

s Þ2ys
2

�
; ð62Þ

τsingleðB0
s → CP-oddÞ ≈ 1

ΓsH

�
1 −

ðϕcc̄s
s Þ2ys
2

�
: ð63Þ

The numerical inputs are taken from Eqs. (35) and (36), and
the resulting averages, combined with the B0

s → J=ψKþK−

information, are indicated in the second column of numbers
of Table 17.
Information onΔΓs is also obtained from the study of the

proper time distribution of untagged samples of flavor-
specific B0

s decays [90], e.g., semileptonic B0
s decays,

where the flavor (i.e., B0
s or B̄0

s) at the time of decay is
determined by the decay products. Since there is an equal
mix of the heavy and light mass eigenstates at production
time (t ¼ 0), the proper time distribution is a superposition
of two exponential functions with decay constants ΓsL and
ΓsH. This provides sensitivity to both 1=Γs and ðΔΓs=ΓsÞ2.
IgnoringΔΓs and fitting for a single exponential leads to an
estimate of Γs with a relative bias proportional to
ðΔΓs=ΓsÞ2, as shown in Eq. (33). Including the constraint
from the world-average flavor-specific B0

s lifetime, given in
Eq. (34), leads to the results shown in the last column
of Table 17. These world averages are displayed as the
dark-filled contours labeled “Combined” in the plots of
Fig. 5. They correspond to the lifetime averages
1=Γs ¼ 1.520� 0.005 ps, 1=ΓsL ¼ 1.429� 0.007 ps,

1=ΓsH ¼ 1.624� 0.009 ps, and to the decay-width
difference

ΔΓs ¼ þ0.084� 0.005 ps−1 and

ΔΓs=Γs ¼ þ0.128� 0.007: ð64Þ
The good agreement with the Standard Model prediction
ΔΓs ¼ þ0.091� 0.013 ps−1 [42,45,87,88] excludes sig-
nificant quark-hadron duality violation in the HQE [184].
Estimates of ΔΓs=Γs obtained from measurements of the

B0
s → Dð�Þþ

s Dð�Þ−
s branching fraction [109,185–188] are not

used in the average, since they are based on the question-
able [45] assumption that these decays account for all
CP-even final states. The results of early lifetime analyses
that attempted to measure ΔΓs=Γs [63,95,99,105] are not
used either.
The probability of B0

s mixing has been known to be
large for more than 20 years. Indeed the time-integrated
measurements of the flavor blind measurement
χ̄ ¼ f0dχd þ f0sχs, where f0d and f0s are the fractions of
B0 and B0

s hadrons in a sample of semileptonic b-hadron
decays,8 when compared to our knowledge of χd and
the b-hadron fractions, indicated that χs should be close
to its maximal possible value of 1=2. Many searches of the
time dependence of this mixing have been performed by
ALEPH [189], DELPHI [95,99,145,190], OPAL
[191,192], SLD [193,194], CDF (Run I) [195] and D0
[196] but did not have enough statistical power and proper
time resolution to resolve the small period of the B0

s
oscillations.
B0
s oscillations were observed for the first time in 2006

by the CDF collaboration [197], based on samples of
flavor-tagged hadronic and semileptonic B0

s decays in
flavor-specific final states, partially or fully reconstructed
in 1 fb−1 of data collected during Tevatron’s Run II. Since
then, the LHCb collaboration obtained the most precise

TABLE 17. Averages of ΔΓs, Γs and related quantities, obtained from B0
s → J=ψϕ, B0

s → J=ψKþK− and B0
s →

ψð2SÞϕ alone (first column), adding the constraints from the effective lifetimes measured in pure CP modes
B0
s → Dþ

s D−
s ; J=ψη and B0

s → J=ψf0ð980Þ; J=ψπþπ− (second column), and adding the constraint from the
effective lifetime measured in flavor-specific modes B0

s → D−
s lþνX;D−

s π
þ; D−

s Dþ (third column, recommended
world averages).

B0
s → ðcc̄ÞKþK− modes
only (see Table 16)

B0
s → ðcc̄ÞKþK− modes
þ pure CP modes

B0
s → ðcc̄ÞKþK− modes þ pure

CP modes þ flavor-specific modes

Γs 0.6627� 0.0036 ps−1 0.6570� 0.0027 ps−1 0.6578� 0.0024 ps−1

1=Γs 1.509� 0.008 ps 1.522� 0.006 ps 1.520� 0.005 ps
1=ΓsL 1.429� 0.008 ps 1.430� 0.008 ps 1.429� 0.007 ps
1=ΓsH 1.598� 0.014 ps 1.626� 0.010 ps 1.624� 0.009 ps
ΔΓs þ0.074� 0.006 ps−1 þ0.084� 0.005 ps−1 þ0.084� 0.005 ps−1

ΔΓs=Γs þ0.112� 0.010 þ0.128� 0.008 þ0.128� 0.007
ρðΓs;ΔΓsÞ −0.30 0.00 þ0.09

7The effective lifetimes measured in B0
s → KþK− (mostly CP-

even) and B0
s → J=ψK0

S (mostly CP-odd) are not used because
we cannot quantify the penguin contributions in those modes. 8See Sec. IV. 1. 3 of our previous publication [1].
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results using fully reconstructed B0
s → D−

s π
þ and

B0
s → D−

s π
þπ−πþ decays [198–201]. LHCb has also

observed B0
s oscillations with semileptonic B0

s → D−
s μ

þX
decays [160]. In addition, measurements with nonflavor-
specific final states have been performed by LHCb with
B0
s → J=ψKþK− decays [179,183] and CMS with B0

s →
J=ψϕ decays [178]. The measurements of Δms are
summarized in Table 18.
An average of all the published CDF, LHCb and CMS

results yields

Δms ¼ 17.765� 0.004� 0.004 ps−1 ð65Þ

and is illustrated in Fig. 6. The systematic uncertainties of
the LHCb results due to the length scale (affecting all
modes), the momentum scale (B0

s → D−
s π

þ Run 1 and Run
2, B0

s → D−
s π

þπ−πþ Run 1 and B0
s → J=ψKþK−), the fit

bias (B0
s → D−

s π
þ Run 1 and B0

s → D−
s π

þπ−πþ Run 1) and
the decay-time bias (B0

s → D−
s π

þ Run 1 and Run 2) are

considered to be 100% correlated. Furthermore, the CMS
and LHCb measurements of Δms in B0

s → J=ψKþK−

decays are averaged using the measured central values
and uncertainties of the full set of observables determined
in these studies (ϕs, ΔΓs, Γs, jλj, strong phases and
polarization fractions) in order to account for their corre-
lations with Δms.
The Standard Model prediction Δms ¼ 18.77�

0.86 ps−1 [87] is consistent with the experimental value,
but has a much larger uncertainty, dominated by the
uncertainty on the hadronic matrix elements recently
determined in [56,202–207]. The ratio ΔΓs=Δms can be
predicted more accurately to be 0.00482� 0.00065
[45,87,88,208], in good agreement with the experimental
determination of

ΔΓs=Δms ¼ 0.00472� 0.00028: ð66Þ

Multiplying the Δms result of Eq. (68) by the mean B0
s

lifetime of Eq. (39), 1=Γs ¼ 1.520� 0.005 ps, yields

xs ¼ 27.01� 0.10: ð67Þ

With 2ys ¼ þ0.128� 0.007 [see Eq. (64)] and under the
assumption of no CP violation in B0

s mixing, this corre-
sponds to

χs ¼
x2s þ y2s
2ðx2s þ 1Þ ¼ 0.499318� 0.000005: ð68Þ

The ratio

Δmd

Δms
¼ 0.02851� 0.00011; ð69Þ

of the B0 and B0
s oscillation frequencies, obtained from

Eqs. (58) and (65), can be used to extract the following
magnitude of the ratio of CKM matrix elements,

TABLE 18. Measurements of Δms.

Experiment Method Dataset Δms (ps−1) References

CDF2 Dð�Þ−
s lþν, Dð�Þ−

s πþ, D−
s ρ

þ 1 fb−1 17.77� 0.10� 0.07 [197]
LHCb D−

s π
þ, D−

s π
þπ−πþ 2010 0.036 fb−1 17.63� 0.11� 0.02 [198]

LHCb D−
s μ

þX 2011 1.0 fb−1 17.93� 0.22� 0.15 [160]
LHCb D−

s π
þ 2011 1.0 fb−1 17.768� 0.023� 0.006 [199]

LHCb J=ψKþK− 2011–2012 3.0 fb−1 17.711 þ0.055
−0.057 � 0.011 [179]

LHCb J=ψKþK− 2015–2016 1.9 fb−1 17.703� 0.059� 0.018 [183]
LHCb above 2 combined 2011–2016 4.9 fb−1 17.694� 0.041� 0.011 [183]
CMS J=ψϕ 2017–2018 96.4 fb−1 17.51 þ0.10

−0.09 � 0.03 [178]
LHCb D−

s π
þπ−πþ 2011–2018 9 fb−1 17.757� 0.007� 0.008 [200]

LHCb D−
s π

þ 2015–2018 6 fb−1 17.768� 0.005� 0.003 [201]

Average 17.765� 0.004� 0.004

17.4 17.6 17.8 18 18.2

�ms (ps-1)

Average 17.765 � 0.006 ps-1

LHCb D�
s�

�

(6 fb�� Run 2)
17.768 � 0.005 � 0.003 ps-1

LHCb D�
s�

�����

(9 fb�� Runs 1+2)
17.757 � 0.007 � 0.008 ps-1

CMS J/	

(96.4 fb�� Run 2)

17.51 + 0.10 � 0.03 ps-117.51 - 0.09

LHCb J/	K+K-

(3.0+1.9 fb�� Runs 1+2)
17.694 � 0.041 � 0.011 ps-1

LHCb D�
s�

�

(1.0 fb�� Run 1)
17.768 � 0.023 � 0.006 ps-1

LHCb D�
s�

�X
(1.0 fb�� Run 1)

17.93 � 0.22 � 0.15 ps-1

LHCb D�
s�

�,D�
s�

�����

(0.036 fb�� 2010)
17.63 � 0.11 � 0.02 ps-1

CDF2 hadr+semilept
(1 fb��)

17.77 � 0.10 � 0.07 ps-1

Heavy Flavour
Averaging Group

FIG. 6. Measurements of Δms, together with their average.
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				Vtd

Vts

				¼ ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δmd

Δms

mðB0
sÞ

mðB0Þ

s

¼


0.2053�0.0004�0.0029 ðlatticeQCDÞ
0.2045�0.0004þ0.0011

−0.0012 ðsum rulesÞ : ð70Þ

The first uncertainty is from experimental uncertainties
(with the masses mðB0

sÞ and mðB0Þ taken from Ref. [9]).
The second uncertainty arises from theoretical uncertainties
in the estimation of the SU(3) flavor-symmetry breaking
factor ξ ¼ 1.206� 0.017 [209], which is an average of
three-flavor lattice QCD calculations dominated by the
results of Ref. [203], or ξ ¼ 1.201þ0.006−0.007 [206] obtained
from sum rules. Note that Eq. (70) assumes that Δms and
Δmd only receive Standard Model contributions.

3. CP violation in B0 and B0
s mixing

Evidence for CP violation in B0 mixing has been
searched for, both with flavor-specific and inclusive B0

decays, in samples where the initial flavor state is tagged. In
the case of semileptonic (or other flavor-specific) decays,
where the final state tag is also available, the asymmetry

Ad
SL ¼ NðB̄0ðtÞ → lþνlXÞ − NðB0ðtÞ → l−ν̄lXÞ

NðB̄0ðtÞ → lþνlXÞ þ NðB0ðtÞ → l−ν̄lXÞ
ð71Þ

has been measured, either in decay-time-integrated analy-
ses at CLEO [164,210], BABAR [211], CDF [212] and D0
[170], or in decay-time-dependent analyses at OPAL [148],
ALEPH [213], BABAR [165,214,215] and Belle [216].
Note that the asymmetry of time-dependent decay rates in
Eq. (71) is related to jqd=pdj through Eq. (51) and is
therefore time-independent. In the inclusive case, also
investigated and published by ALEPH [213] and OPAL
[65], no final state tag is used, and the asymmetry [217]

NðB0ðtÞ → allÞ − NðB̄0ðtÞ → allÞ
NðB0ðtÞ → allÞ þ NðB̄0ðtÞ → allÞ

≃Ad
SL

�
Δmd

2Γd
sinðΔmdtÞ − sin2

�
Δmdt
2

��
ð72Þ

must be measured as a function of the proper time to extract
information on CP violation. Furthermore, D0 [218] and
LHCb [219] have studied the time-dependence of the
charge asymmetry of B0 → Dð�Þ−μþνμX decays without
tagging the initial state, which would be equal to

NðDð�Þ−μþνμXÞ − NðDð�Þþμ−ν̄μXÞ
NðDð�Þ−μþνμXÞ þ NðDð�Þþμ−ν̄μXÞ

¼ Ad
SL

1 − cosðΔmdtÞ
2

ð73Þ

TABLE 19. Measurements 9 of CP violation in B0 mixing and their average in terms of both Ad
SL and jqd=pdj. The individual results

are listed as quoted in the original publications, or converted 11 to anAd
SL value. The ALEPH and OPAL results assume no CP violation

in B0
s mixing.

Experiment and references Method Measured Ad
SL Measured jqd=pdj

CLEO [164] Partial hadronic rec. þ0.017� 0.070� 0.014
CLEO [210] Dileptons þ0.013� 0.050� 0.005
CLEO [210] Average of above two þ0.014� 0.041� 0.006
BABAR [165] Full hadronic rec. 1.029� 0.013� 0.011
BABAR [214] Partial rec. D�Xlν þ0.0006� 0.0017þ0.0038

−0.0032 0.99971� 0.00084� 0.00175
BABAR [211] Dileptons −0.0039� 0.0035� 0.0019
Belle [216] Dileptons −0.0011� 0.0079� 0.0085 1.0005� 0.0040� 0.0043
Average of above 6 B-factory results −0.0019� 0.0027 (tot) 1.0009� 0.0013 (tot)

D0 [218] B0 → Dð�Þ−μþνX þ0.0068� 0.0045� 0.0014
LHCb [219] B0 → Dð�Þ−μþνX −0.0002� 0.0019� 0.0030
Average of above 8 pure B0 results þ0.0001� 0.0020 (tot) 1.0000� 0.0010 (tot)

D0 [170] Muons and dimuons −0.0062� 0.0043 (tot)
Average of above 9 direct measurements −0.0010� 0.0018 (tot) 1.0005� 0.0009 (tot)

OPAL [148] Leptons þ0.008� 0.028� 0.012
OPAL [65] Inclusive [Eq. (72)] þ0.005� 0.055� 0.013
ALEPH [213] Leptons −0.037� 0.032� 0.007
ALEPH [213] Inclusive [Eq. (72)] þ0.016� 0.034� 0.009
ALEPH [213] Average of above two −0.013� 0.026 (tot)
Average of above 13 results −0.0010� 0.0018 (tot) 1.0005� 0.0009 (tot)

Best fit value from 2D combination
of Ad

SL and As
SL results [see Eq. (74)]

−0.0021� 0.0017 (tot) 1.0010� 0.0008 (tot)
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in absence of detection and production asymmetries. Note
that Eqs. (72) and (73) assume ΔΓd ¼ 0.
Table 19 summarizes the different measurements9

of Ad
SL and jqd=pdj. In all cases asymmetries compatible

with zero have been found. A simple average of all
measurements performed at the B factories
[164,165,210,211,214,216] yields Ad

SL ¼ −0.0019�
0.0027. Adding also the D0 [218] and LHCb [219]
measurements obtained with reconstructed semileptonic
B0 decays yields Ad

SL ¼ þ0.0001� 0.0020. As discussed
in more detail later in this section, the D0 analysis with
single muons and like-sign dimuons [170] separates the B0

and B0
s contributions by exploiting the dependence on the

muon impact parameter cut; including this Ad
SL result from

D0 in the average yields Ad
SL ¼ −0.0010� 0.0018.

All the other B0 analyses performed at high energy,
either at LEP or at the Tevatron, did not separate the
contributions from the B0 and B0

s mesons. Under the
assumption of no CP violation in B0

s mixing (As
SL ¼ 0),

a number of these early analyses [65,148,213,220] report a
measurement of Ad

SL or jqd=pdj for the B0 meson.
However, although we include them in Table 19, these
imprecise determinations no longer improve the world
average of Ad

SL. Furthermore, the assumption makes sense
within the Standard Model, since As

SL is predicted to be
about a factor 20 smaller than Ad

SL [87], but may not be
suitable in the presence of new physics.
The Tevatron experiments have measured linear combi-

nations of Ad
SL and As

SL using inclusive semileptonic
decays of b hadrons. CDF (Run I) findsAb

SL ¼ þ0.0015�
0.0038ðstatÞ � 0.0020ðsystÞ [212], and D0 obtains Ab

SL ¼
−0.00496� 0.00153ðstatÞ � 0.00072ðsystÞ [170]. While
the imprecise CDF result is compatible with no CP
violation, the D0 result, obtained by measuring the single
muon and like-sign dimuon charge asymmetries, differs by
2.8 standard deviations from the Standard Model expect-
ation of Ab;SM

SL ¼ ð−2.3� 0.4Þ × 10−4 [45,170]. With a

more sophisticated analysis in bins of the muon impact
parameters, D0 conclude that the overall deviation of their
measurements from the SM is at the level of 3.6σ.
Interpreting the observed asymmetries in bins of the muon
impact parameters in terms of CP violation in B-meson
mixing and in interference, and using the mixing param-
eters and the world-average b-hadron production fractions
of Ref. [221], the D0 collaboration extracts [170] values for
Ad

SL andA
s
SL and their correlation coefficient,

10 as shown in
Table 20. However, the various contributions to the total
quoted uncertainties from this analysis and from the
external inputs are not given, so the adjustment of these
results to different or more recent values of the external
inputs cannot (easily) be done.
Finally, direct determinations of As

SL, also shown in
Table 20, have been obtained by D0 [222] and LHCb [223]
from the time-integrated charge asymmetry of untagged
B0
s → D−

s μ
þνX decays.

Using a two-dimensional fit, all measurements of Ad
SL

and As
SL obtained by D0 and LHCb are combined with the

B-factory average of Table 19. Correlations are taken into
account as shown in Table 20. The results, displayed
graphically in Fig. 7, are

Ad
SL ¼ −0.0021� 0.0017 ⇔ jqd=pdj ¼ 1.0010� 0.0008;

ð74Þ

TABLE 20. Measurements of CP violation in B0 and B0
s mixing, together with their correlations ρðAs

SL;A
d
SLÞ and their two-

dimensional average. Only total errors are quoted.

Experiment and references Method Measured Ad
SL Measured As

SL ρðAd
SL;A

s
SLÞ

B-factory average of Table 19 −0.0019� 0.0027

D0 [218,222] B0
ðsÞ → Dð�Þ−

ðsÞ μþνX þ0.0068� 0.0047 −0.0112� 0.0076 þ0.

LHCb [219,223] B0
ðsÞ → Dð�Þ−

ðsÞ μþνX −0.0002� 0.0036 þ0.0039� 0.0033 þ0.13

Average of above þ0.0000� 0.0019 þ0.0016� 0.0030 þ0.066
D0 [170] Muons and dimuons −0.0062� 0.0043 −0.0082� 0.0099 −0.61

Average of all above −0.0021� 0.0017 −0.0006� 0.0028 −0.054

9A low-statistics result published by CDF using the Run I data
[212] is not included in our averages, nor in Table 19.

10In each impact parameter bin i the measured same-sign
dimuon asymmetry is interpreted as Ai ¼ Ks

iA
s
SL þ Kd

iA
d
SLþ

λKint
i ΔΓd=Γd, where the factors Ks

i , K
d
i and Kint

i are obtained by
D0 from Monte Carlo simulation. The D0 publication [170]
assumes λ ¼ 1, but it has been demonstrated subsequently that
λ ≤ 0.49 [171]. This particular point invalidates the ΔΓd=Γd
result published by D0, but not theAd

SL andA
s
SL results. As stated

by D0, theirAd
SL andA

s
SL results assume the above expression for

Ai, i.e., that the observed asymmetries are due to CP violation in
B mixing. As long as this assumption is not shown to be wrong
(or withdrawn by D0), we include the Ad

SL and As
SL results in our

world average.
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As
SL ¼ −0.0006� 0.0028 ⇔ jqs=psj ¼ 1.0003� 0.0014;

ð75Þ

ρðAd
SL;A

s
SLÞ ¼ −0.054; ð76Þ

where ρðAd
SL;A

s
SLÞ is the correlation coefficient between

the two measured parameters, and the relation betweenAq
SL

and jqq=pqj is given in Eq. (51).11 However, the fit χ2

probability is only 4.5%. This is mostly due to an overall
discrepancy between the D0 and LHCb averages at the
level of 2.2σ. Since the assumptions underlying the
inclusion of the D0 muon results in the average 10 are
somewhat controversial [224], we also provide in Table 20
an average excluding these results.
The above averages show no evidence of CP violation in

B0 or B0
s mixing. They deviate by 0.5σ from the very

small predictions of the Standard Model (SM), Ad;SM
SL ¼

−ð4.73� 0.42Þ × 10−4 and As;SM
SL ¼ þð2.06� 0.18Þ ×

10−5 [87]. Given the current experimental uncertainties,
there is still significant room for a possible new physics
contribution, in particular in the B0

s system. In this respect,
the deviation of the D0 dimuon asymmetry [170] from

expectation has generated significant interest. However, the
recent As

SL and Ad
SL results from LHCb are not precise

enough yet to settle the issue. It has been pointed out [225]
that the D0 dimuon result can be reconciled with the SM
expectations ofAs

SL andA
d
SL if there are non-SM sources of

CP violation in the semileptonic decays of the b and c
quarks. A Run 1 ATLAS study [226] of charge asymme-
tries in muonþ jets tt̄ events, in which a b-hadron decays
semileptonically to a soft muon, yields results with limited
statistical precision, compatible both with the D0 dimuon
asymmetry and with the SM predictions.
At the more fundamental level, CP violation in B0

s
mixing is caused by the weak phase difference ϕs

12 defined
in Eq. (55). The SM prediction for this phase is tiny [42,88],

ϕs;SM
12 ¼ 0.0046� 0.0012: ð77Þ

However, new physics in B0
s mixing could change the

observed phase to

ϕs
12 ¼ ϕs;SM

12 þ ϕs;NP
12 : ð78Þ

Using Eq. (54), the current knowledge of As
SL, ΔΓs and

Δms, given in Eqs. (75), (64), and (65) respectively, yields
an experimental determination of ϕs

12,

tanϕs
12 ¼ As

SL
Δms

ΔΓs
¼ −0.1� 0.6; ð79Þ

which represents only a very weak constraint.

4. Mixing-induced CP violation in B0
s decays

CP violation arising in the interference between B0
s − B̄0

s
mixing and decay is a very active field in which large
experimental progress has been achieved in the last decade.
The main observable is the phase ϕcc̄s

s , which describes CP
violation in the interference between B0

s mixing and decay
in b → cc̄s transitions.
The golden mode for such studies is B0

s → J=ψϕ,
followed by J=ψ → μþμ− and ϕ → KþK−, for which a
full angular analysis of the decay products is performed to
statistically separate the CP-even and CP-odd contribu-
tions in the final state. As already mentioned in Sec. V B 2,
CDF [172], D0 [173], ATLAS [174–176], CMS [177,178]
and LHCb [179–183] have used both untagged and tagged
B0
s → J=ψϕ (and more generally B0

s → ðcc̄ÞKþK−) decays
for the measurement of ϕcc̄s

s . LHCb [93,227] has used
B0
s → J=ψπþπ− events, analyzed with a full amplitude

model including several πþπ− resonances (e.g., f0ð980Þ),
although the J=ψπþπ− final state had already been shown
to have a CP-odd fraction larger than 0.977 at 95% CL
[228]. In addition, LHCb has used the B0

s → Dþ
s D−

s
channel [229] to measure ϕcc̄s

s .

)0(BSLA
-0.02 -0.01 0 0.01 0.02

) s0
(B
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A

-0.02
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HFLAV
PDG 2020
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average
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X�(*)

(s) D0
(s)B

0D
X�(*)

(s) D0
(s)B

0D
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0D
average

 10�Theory

World average

 = 12��

FIG. 7. Measurements of Ad
SL and As

SL listed in Table 20
(B-factory average as the gray band, D0 measurements as the
green ellipses, LHCb measurements as the blue ellipse) together
with their two-dimensional average (red hatched ellipse). The red
point close to (0, 0) is the Standard Model prediction of Ref. [87]
with error bars multiplied by 10. The prediction and the
experimental world average deviate from each other by 0.5σ.

11Early analyses and the PDG use the complex parameter ϵB ¼
ðpq − qqÞ=ðpq þ qqÞ for the B0; if CP violation in the mixing is
small, Ad

SL ≅ 4ReðϵBÞ=ð1þ jϵBj2Þ and the average of Eq. (74)
corresponds to ReðϵBÞ=ð1þ jϵBj2Þ ¼ −0.0005� 0.0004.
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All CDF, D0, ATLAS and CMS analyses provide
two mirror solutions related by the transformation
ðΔΓs;ϕcc̄s

s Þ → ð−ΔΓs; π − ϕcc̄s
s Þ. However, the LHCb

analysis of B0
s → J=ψKþK− resolves this ambiguity and

rules out the solution with negative ΔΓs [86], a result in
agreement with the Standard Model expectation. Therefore,
in what follows, we only consider the solution with
ΔΓs > 0.
In the B0

s → J=ψϕ and B0
s → J=ψKþK− analyses, ϕcc̄s

s
and ΔΓs come from a simultaneous fit that determines also
the B0

s lifetime, the longitudinal and perpendicular ϕ
polarization amplitudes jA0j2 and jA⊥j2, the S-wave ampli-
tude jASj2, and the strong phases. While the correlation
between ϕcc̄s

s and all other parameters is small, the corre-
lations between ΔΓs, Γs and the polarization amplitudes are
sizeable. Therefore the full set of parameters provided by the
measurements are combined in a multidimensional fit that
considers the correlations between them. The combination
uses the single-experiment averages provided by ATLAS
[176], CMS [178] and LHCb [183].
As second-order loop processes could have different

contributions to ϕcc̄s
s , we perform two combinations. In the

first one, we perform a combination of all the CDF [172],
D0 [173], ATLAS [174–176], CMS [177,178] and LHCb
[93,179–183,227,229] results listed in Table 21. The

second one uses only the B0
s → J=ψϕ measurements

[172–179,182,183].
ATLAS [176] measures two solutions for the strong

phases δ⊥ and δk. Using one or the other only leads to
minor differences in the main parameters of interest, ϕcc̄s

s ,
ΔΓs and Γs. For simplicity, in this average, only solution
(a) is used. As some analyses fix or constrain Δms, in this
average it is fixed to 17.757 ps−1 [1], which is the value
used in most measurements. Furthermore, jλj is considered
an independent observable in each decay mode, and is fixed
to 1 for B0

s → J=ψϕ. As the different B0
s → J=ψϕ analyses

use different mðKþK−Þ regions, the S-wave amplitude
phases and fractions in the measurements that report them
are mapped to the mðKþK−Þ region used by CMS
[177,178], by arbitrary choice. The mapping is introduced
as a transformation of the S-wave fractions of ATLAS and
LHCb, assuming that the S wave component is the f0
resonance and the P wave component is the ϕ resonance.
While the ϕ presence is very clear and its shape is well
measured, the shape of the S wave is not known well.
Therefore, the impact of the S-wave on the average of the
parameters of interest, ϕcc̄s

s , Γs, ΔΓs, is studied assuming
different S-wave mass shapes, such as a constant, and with
variations to the parameters of the P- and S-wave ampli-
tudes. The effect is found to be negligible in all cases.

TABLE 21. Direct experimental measurements of ϕcc̄s
s , ΔΓs and Γs using B0

s → J=ψϕ, J=ψKþK−, ψð2SÞϕ, J=ψπþπ− and Dþ
s D−

s
decays. The first error is due to statistics, the second one to systematics. The last (last but one) line gives our averages, where the ΔΓs

uncertainties have been multiplied by 1.78 (1.72) to account for inconsistencies between the B0
s → J=ψϕ measurements. Only solution

(a) of Ref. [176] is used.

Experiment Mode Dataset ϕcc̄s
s ΔΓs (ps−1) References

CDF J=ψϕ 9.6 fb−1 ½−0.60;þ0.12�, 68% CL þ0.068� 0.026� 0.009 [172]
D0 J=ψϕ 8.0 fb−1 −0.55þ0.38

−0.36 þ0.163þ0.065
−0.064 [173]

ATLAS J=ψϕ 4.9 fb−1 þ0.12� 0.25� 0.05 þ0.053� 0.021� 0.010 [174]
ATLAS J=ψϕ 14.3 fb−1 −0.110� 0.082� 0.042 þ0.101� 0.013� 0.007 [175]
ATLAS J=ψϕ 80.5 fb−1 −0.081� 0.041� 0.022 þ0.0607� 0.0047� 0.0043 [176]
ATLAS Above 3 combined −0.087� 0.036� 0.021 þ0.0657� 0.0043� 0.0037 [176]
CMS J=ψϕ 19.7 fb−1 −0.075� 0.097� 0.031 þ0.095� 0.013� 0.007 [177]
CMS J=ψϕ 96.4 fb−1 −0.011� 0.050� 0.010 þ0.114� 0.0014� 0.0007 [178]
CMS Above 2 combined −0.021� 0.044� 0.010 þ0.1032� 0.0095� 0.0048 [178]
LHCb J=ψϕ 3.0 fb−1 −0.058� 0.049� 0.006 þ0.0805� 0.0091� 0.0032 [179]
LHCb J=ψπþπ− 3.0 fb−1 þ0.070� 0.068� 0.008 � � � [227]
LHCb J=ψKþK−a

3.0 fb−1 þ0.119� 0.107� 0.034 þ0.066� 0.018� 0.010 [180]
LHCb ψð2SÞϕ 3.0 fb−1 þ0.23þ0.29

−0.28 � 0.02 þ0.066þ0.41
−0.44 � 0.007 [181]

LHCb Dþ
s D−

s 3.0 fb−1 þ0.02� 0.17� 0.02 � � � [229]
LHCb J=ψπþπ− 1.9 fb−1b −0.057� 0.060� 0.011 � � � [93]
LHCb J=ψϕ 1.9 fb−1b −0.083� 0.041� 0.006 þ0.077� 0.008� 0.003 [183]
LHCb Above 7 combined −0.042� 0.025 þ0.0813� 0.0048 [183]
LHCb J=ψϕc

3.0 fb−1 þ0.00� 0.28� 0.07 þ0.115� 0.045� 0.011 [182]

B0
s → J=ψϕ combined −0.070� 0.022 þ0.074� 0.006

All combined −0.049� 0.019 þ0.077� 0.006
amðKþK−Þ > 1.05 GeV=c2.
bRun 2.
cJ=ψ → eþe−.
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In some decay channels, LHCb measures Γs − Γd
[180,181,183] instead of Γs. References [180,181] also
quote Γs assuming a τB0 value of 1.520 ps. Therefore, in the
combination the same τB0 value is assumed.

Using the same approach as discussed in Sec. V B 2 to
address the tension between the B0

s → J=ψϕmeasurements
of ATLAS [175,176], CMS [177,178] and LHCb
[179,183], the total uncertainty for each parameter in each

TABLE 22. Results of the averaging procedure, including the fit results and the scale factors of the individual parameters, for all
b → cc̄s modes (second and third column) and for B0

s → J=ψϕ modes only (fourth and fifth column).

Parameter All b → cc̄s B0
s → J=ψϕ

Fit result Scale factor Fit result Scale factor

jA0j2 0.520� 0.003 1.46 0.519� 0.003 1.46
jA⊥j2 0.253� 0.006 2.45 0.254� 0.006 2.37
jASj2 0.030� 0.005 1.00 0.030� 0.005 1.00
δk 3.18� 0.06 1.46 3.18� 0.06 1.46
δ⊥ 3.08� 0.12 2.04 3.08� 0.13 2.07
δS − δ⊥ 0.23� 0.05 1.00 0.23� 0.05 1.00
Γs 0.663� 0.004 ps−1 2.60 0.664� 0.004 ps−1 2.44
ΔΓs þ0.077� 0.006 ps−1 1.78 þ0.074� 0.006 ps−1 1.72
ϕs −0.049� 0.019 1.00 −0.070� 0.022 1.00

FIG. 8. 68% CL regions shown in the ðϕcc̄s
s ;ΔΓsÞ plane on the top and in the ðΓs;ΔΓsÞ plane on the bottom, for individual experiments

and their combination. The left plots are obtained from all CDF [172], D0 [173], ATLAS [174–176], CMS [177,178] and LHCb
[93,179–183,227,229] measurements of B0

s → J=ψϕ, B0
s → J=ψKþK−, B0

s → ψð2SÞϕ, B0
s → J=ψπþπ− and B0

s → Dþ
s D−

s decays,
while the right plots are obtained from B0

s → J=ψϕmeasurements only [172–179,182,183]. The expectation within the Standard Model
neglecting penguin contributions [42,45,87,88,169] is shown as the white rectangle in the top plots. The Γs theory value in the bottom
plots is calculated from Ref. [56] assuming the experimental world average for the B0 lifetime, 1.519� 0.004 ps.
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B0
s → J=ψϕ set of results by ATLAS, CDF, D0, CMS and

LHCb is scaled up in a way that results in an agreement of
1σ. The resulting scale factors are summarized in Table 22.
Given the increasing experimental precision of the LHC

results, we have stopped using the two-dimensional
ΔΓs − ϕcc̄s

s histograms provided by the CDF and D0
collaborations, and are now approximating them with
two-dimensional Gaussian likelihoods.
We obtain the individual and combined contours shown

in Fig. 8. Maximizing the likelihood, we find, as summa-
rized in Table 21,

ΔΓs ¼ þ0.077� 0.006 ps−1; ð80Þ

ϕcc̄s
s ¼ −0.049� 0.019: ð81Þ

This ΔΓs average is consistent but highly correlated with
the average of Eq. (64). Our final recommended average for
ΔΓs is the one of Eq. (64), which includes all available
information on this quantity. The complete set of averaged
parameters are listed in Table 22, and their correlations are
in Table 23.
In the Standard Model and ignoring subleading penguin

contributions, ϕcc̄s
s is expected to be equal to −2βs, where

βs ¼ arg ½−ðVtsV�
tbÞ=ðVcsV�

cbÞ� is a phase analogous to the
angle β of the usual CKM unitarity triangle (aside from a
sign change). An indirect determination via global fits to
experimental data gives [169]

ðϕcc̄s
s ÞSM ¼ −2βs ¼ −0.0368þ0.0006

−0.0009 : ð82Þ

The average value of ϕcc̄s
s from Eq. (81) is consistent with

this Standard Model expectation. Penguin contributions to
ϕcc̄s
s from B0

s → J=ψϕ are calculated to be smaller than
0.021 in magnitude [230–232] but may become relevant
if future measurements reduce the error in Eq. (81). There
are no reliable estimates of the penguin contribution
to B0

s → J=ψf0.
From its measurements of time-dependentCP violation in

B0
s → KþK− decays, the LHCb collaboration has deter-

mined the B0
s mixing phase to be −2βs ¼ −0.12þ0.14

−0.12 [233],
assuming a U-spin relation (with up to 50% breaking effects)
between the decay amplitudes of B0

s → KþK− and
B0 → πþπ−, and a value of the CKM angle γ of
ð70.1� 7.1Þ°. This determination is compatible with, and
less precise than, the world average of ϕcc̄s

s from Eq. (81).
New physics could contribute to ϕcc̄s

s . Assuming that
new physics only enters inMs

12 (rather than in Γs
12), one can

write [45]

ϕcc̄s
s ¼ −2βs þ ϕs;NP

12 ; ð83Þ

where the new physics phase ϕs;NP
12 is the same as that

appearing in Eq. (78). In this case

ϕs
12 ¼ ϕs;SM

12 þ 2βs þ ϕcc̄s
s ¼ −0.008� 0.019; ð84Þ

TABLE 23. Correlation tables of the averaged observables from the fit to all b → cc̄s modes (top) and to the B0
s → J=ψϕ modes only

(bottom).

Parameter jA0j2 jA⊥j2 jASj2 δk δ⊥ δS − δ⊥ Γs ΔΓs ϕs

jA0j2 1.00 −0.67 0.08 −0.03 −0.04 −0.05 −0.09 0.28 −0.01
jA⊥j2 1.00 −0.03 −0.03 0.01 0.04 0.15 −0.4 0.01
jASj2 1.00 −0.02 −0.03 −0.10 0.03 0.00 0.00
δk 1.00 0.21 −0.01 −0.01 0.01 0.00
δ⊥ 1.00 0.00 −0.02 −0.02 0.01
δS − δ⊥ 1.0 −0.02 −0.01 0.00
Γs 1.00 −0.24 −0.01
ΔΓs 1.00 −0.02
ϕs 1.00

Parameter jA0j2 jA⊥j2 jASj2 δk δ⊥ δS − δ⊥ Γs ΔΓs ϕs

jA0j2 1.00 −0.68 0.08 −0.03 −0.04 −0.05 −0.12 0.32 −0.01
jA⊥j2 1.00 −0.03 −0.03 0.00 0.04 0.19 −0.45 0.01
jASj2 1.00 −0.03 −0.04 −0.09 0.03 0.01 0.0
δk 1.00 0.20 −0.01 −0.01 0.01 0.01
δ⊥ 1.00 −0.01 −0.02 −0.02 0.03
δS − δ⊥ 1.0 −0.02 0.00 0.00
Γs 1.00 −0.32 −0.01
ΔΓs 1.00 0.00
ϕs 1.00
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where the numerical estimation was performed with the
values of Eqs. (77), (82), and (81). Keeping in mind the
approximation and assumption mentioned above, this can
serve as a reference value to which the measurement of
Eq. (79) can be compared.

VI. MEASUREMENTS RELATED TO UNITARITY
TRIANGLE ANGLES

We provide averages of measurements obtained from
analyses of decay-time-dependent asymmetries and other
quantities that are related to the angles of the unitarity
triangle (UT). Straightforward interpretations of the aver-
ages are given, where possible. However, no attempt to
extract the angles is made in cases where considerable
theoretical input is required to do so.
In Sec. VI A a brief introduction to the relevant phe-

nomenology is given. In Sec. VI B an attempt is made to
clarify the various different notations in use. In Sec. VI C
the common inputs to which experimental results are
rescaled in the averaging procedure are listed. We also
briefly introduce the treatment of experimental

uncertainties. In the remainder of this section, the exper-
imental results and their averages are given, divided into
subsections based on the underlying quark-level decays.
All the measurements reported are quantities determined
from decay-time-dependent analyses, with the exception of
several in Sec. VI O, which are related to the UT angle γ
and are obtained from decay-time-integrated analyses. In
the compilations of measurements, indications of the sizes
of the data samples used by each experiment are given. For
the eþe− B factory experiments, this is quoted in terms of
the number of BB̄ pairs in the data sample, while the
integrated luminosity is given for experiments at hadron
colliders.

A. Introduction

In the Standard Model, the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix is a unitary matrix,
conventionally written as the product of three (complex)
rotation matrices [234]. The rotations are parametrized by
the Euler mixing angles between the generations, θ12, θ13
and θ23, and one overall phase δ,

V ¼

0
B@Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
CA ¼

0
B@ c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

1
CA; ð85Þ

where cij ¼ cos θij, sij ¼ sin θij for i < j ¼ 1, 2, 3.
The often used Wolfenstein parametrization [235]

involves the replacements [236]

s12 ≡ λ;

s23 ≡ Aλ2;

s13e−iδ ≡ Aλ3ðρ − iηÞ: ð86Þ

The observed hierarchy among the CKM matrix
elements is captured by the small value of λ, in which

a Taylor expansion of V leads to the familiar
approximation

V¼

0
B@ 1−λ2=2 λ Aλ3ðρ− iηÞ

−λ 1−λ2=2 Aλ2

Aλ3ð1−ρ− iηÞ −Aλ2 1

1
CAþOðλ4Þ:

ð87Þ

At order λ5, the CKM matrix in this parametrization is

V ¼

0
BBB@

1 − 1
2
λ2 − 1

8
λ4 λ Aλ3ðρ − iηÞ

−λþ 1
2
A2λ5½1 − 2ðρþ iηÞ� 1 − 1

2
λ2 − 1

8
λ4ð1þ 4A2Þ Aλ2

Aλ3½1 − ð1 − 1
2
λ2Þðρþ iηÞ� −Aλ2 þ 1

2
Aλ4½1 − 2ðρþ iηÞ� 1 − 1

2
A2λ4

1
CCCAþOðλ6Þ: ð88Þ

A nonzero value of η implies that the CKM matrix is not
purely real, and is the source of CP violation in the
Standard Model. This is encapsulated in a parametriza-
tion-invariant way through the Jarlskog parameter J ¼
ImðVusVcbV�

ubV
�
csÞ [237], which is nonzero if and only if

CP violation exists.

The unitarity relation V†V ¼ 1 results in a total of nine
equations, which can be written as

P
i¼u;c;t V

�
ijVik ¼ δjk,

where δjk is the Kronecker symbol. Of the off-diagonal
expressions (j ≠ k), three can be transformed into the other
three (under j ↔ k, corresponding to complex conjuga-
tion). This leaves three relations in which three complex
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numbers sum to zero, which therefore can be expressed as
triangles in the complex plane. The diagonal terms yield
three relations, in which the squares of the elements in each
column of the CKM matrix sum to unity. Similar relations
are obtained for the rows of the matrix from VV† ¼ 1.
Thus, there are in total six triangle relations and six sums to
unity. More details about unitarity triangles can be found in
Refs. [238–241].
One of the triangle relations,

VudV�
ub þ VcdV�

cb þ VtdV�
tb ¼ 0; ð89Þ

is of particular importance to the B system, being specifi-
cally related to flavor-changing neutral-current b → d
transitions, and since the three terms in Eq. (89) are of
the same order,Oðλ3Þ. This relation is commonly known as
the unitarity triangle (UT). For presentational purposes, it is
convenient to rescale the triangle by ðVcdV�

cbÞ−1, so that
one of its sides becomes 1, as shown in Fig. 9.
Two popular naming conventions for the UT angles exist

in the literature,

α ≡ ϕ2 ¼ arg

�
−
VtdV�

tb

VudV�
ub

�
;

β ≡ ϕ1 ¼ arg

�
−
VcdV�

cb

VtdV�
tb

�
;

γ ≡ ϕ3 ¼ arg

�
−
VudV�

ub

VcdV�
cb

�
: ð90Þ

In this document the ðα; β; γÞ set is used predominantly.
The sides Ru and Rt of the UT (see Fig. 9) are given by

Ru ¼
				VudV�

ub

VcdV�
cb

				 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ̄2 þ η̄2

q
;

Rt ¼
				 VtdV�

tb

VcdV�
cb

				 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ρ̄Þ2 þ η̄2

q
: ð91Þ

Determinations of Ru rely on measurements of semilep-
tonic B decays and are discussed in Sec. VII, while Rt is

constrained by measurements of B meson oscillation
frequencies (Sec. V) and of rare decays (Sec. IX). The
parameters ρ̄ and η̄ define the apex of the UT, and are given
by [236]

ρ̄þ iη̄ ≡ −
VudV�

ub

VcdV�
cb

≡ 1þ VtdV�
tb

VcdV�
cb

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − λ2

p
ðρþ iηÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − A2λ4
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − λ2

p
A2λ4ðρþ iηÞ

: ð92Þ

The inverse relation between ðρ; ηÞ and ðρ̄; η̄Þ is

ρþ iη ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − A2λ4

p
ðρ̄þ iη̄Þffiffiffiffiffiffiffiffiffiffiffiffi

1 − λ2
p

½1 − A2λ4ðρ̄þ iη̄Þ�
: ð93Þ

By expanding in powers of λ, several useful approximate
expressions can be obtained, including

ρ̄ ¼ ρ

�
1 −

1

2
λ2
�
þOðλ4Þ;

η̄ ¼ η

�
1 −

1

2
λ2
�
þOðλ4Þ;

Vtd ¼ Aλ3ð1 − ρ̄ − iη̄Þ þOðλ6Þ: ð94Þ

Recent world-average values for the Wolfenstein parame-
ters, evaluated using many of the measurements reported in
this document, are [242].

A ¼ 0.8132þ0.0119
−0.0060 ; λ ¼ 0.22500þ0.00024

−0.00022 ;

ρ̄ ¼ 0.1566þ0.0085
−0.0048 ; η̄ ¼ 0.3475þ0.0118

−0.0054 : ð95Þ

The relevant unitarity triangle for the b → s transition is
obtained by replacing d ↔ s in Eq. (89). Definitions of the
set of angles ðαs; βs; γsÞ can be obtained using equivalent
relations to those of Eq. (90). However, this gives a value of
βs that is negative in the Standard Model, so that the sign is
usually flipped in the literature; this convention, i.e.
βs ¼ arg ½−ðVtsV�

tbÞ=ðVcsV�
cbÞ�, is also followed here and

in Sec. V. Since the sides of the b → s unitarity triangle are
not all of the same order in λ, the triangle is squashed,
and βs ∼ λ2η.

B. Notations

Several different notations for CP violation parameters
are commonly used. This section reviews those found in the
experimental literature, in the hope of reducing the poten-
tial for confusion, and to define the frame that is used for
the averages.
In some cases, when B mesons decay into multibody

final states via broad resonances (ρ, K�, etc.), the exper-
imental analyses ignore the effects of interference between

Rt

����

����


����


����

�

�

Ru

�������������������������������������������������������������

2

3 1

FIG. 9. The unitarity triangle.
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the overlapping structures. This is referred to as the quasi-
two-body (Q2B) approximation in the following.

1. CP asymmetries

The CP asymmetry is defined as the difference between
the rate of a decay involving a b quark and that involving a
b̄ quark, divided by the sum. For example, the partial rate
asymmetry for a charged B decay would be given as

Af ≡
ΓðB− → fÞ − ΓðBþ → f̄Þ
ΓðB− → fÞ þ ΓðBþ → f̄Þ ; ð96Þ

where f and f̄ are CP-conjugate final states.

2. Time-dependent CP asymmetries
in decays to CP eigenstates

In the case of decays to a final state f, which is a CP
eigenstate with eigenvalue ηf, the B0 and B̄0 decay
amplitudes can be written as Af and Āf, respectively.
The time-dependent decay rates for neutral B mesons, with
known (i.e., “tagged”) flavor at time Δt ¼ 0, are then
given by

ΓB̄0→fðΔtÞ ¼
e−jΔtj=τðB0Þ

4τðB0Þ
�
1þ 2ImðλfÞ

1þ jλfj2
sinðΔmΔtÞ

−
1 − jλfj2
1þ jλfj2

cosðΔmΔtÞ
�
; ð97Þ

ΓB0→fðΔtÞ ¼
e−jΔtj=τðB0Þ

4τðB0Þ
�
1 −

2ImðλfÞ
1þ jλfj2

sinðΔmΔtÞ

þ 1 − jλfj2
1þ jλfj2

cosðΔmΔtÞ
�
: ð98Þ

This formulation assumes CPT invariance and neglects a
possible lifetime difference between the two physical
states. The case where nonzero lifetime differences are
taken into account, which must be considered for B0

s
decays, is discussed in Sec. VI B 3.
The notation and normalization used here are relevant for

the eþe− B factory experiments. In this case, neutral B
mesons are produced via the eþe− → ϒð4SÞ → BB̄ process,
and the wave function of the produced BB̄ pair evolves
coherently until one meson decays. When one of the pair
decays into a final state that tags its flavor, the flavor of the
other at that instant is known. The evolution of the other
neutral B meson is therefore described in terms of Δt, the
difference between the decay times of the two mesons in the
pair. At hadron collider experiments, t is usually used
in place of Δt, since the flavor tagging is done at production
(t ¼ 0); due to the nature of the production in hadron
colliders (incoherent bb̄ quark pair production with many
additional associated particles), very different methods are
used for tagging compared to those in eþe− experiments.

Moreover, since negative values of t are not possible, the
normalization is such that

Rþ∞
0 ðΓB̄0→fðtÞþΓB0→fðtÞÞdt¼1,

rather than the
Rþ∞
−∞ ðΓB̄0→fðΔtÞ þ ΓB0→fðΔtÞÞdðΔtÞ ¼ 1

normalization in Eqs. (97) and (98).
The term

λf ¼ q
p

Āf

Af
ð99Þ

contains factors related to the decay amplitudes and to
B0–B̄0 mixing, which originates from the fact that the
Hamiltonian eigenstates with physical masses and lifetimes
are jB�i ¼ pjB0i � qjB̄0i (see Sec. V B, where the mass
difference Δm is also defined). The definition of λf in
Eq. (99) allows three different categories of CP violation to
be distinguished, both in the B0 and B0

s systems.
(i) CP violation in mixing, where j qp j ≠ 1. The strong-

est constraints on the associated parameters are
obtained using semileptonic decays, and are dis-
cussed in Sec. V. There is currently no evidence for
CP violation in mixing in either of the B0–B̄0 or
B0
s–B̄0

s systems; therefore j qp j ¼ 1 is assumed
throughout the discussion in this section.

(ii) CP violation in decay, where j Āf

Af
j ≠ 1. This is the

only possible category of CP violation for charged B
mesons and b baryons (see, for example, results
reported in Sec. IX). Several parameters measured in
time-dependent analyses are also sensitive to CP
violation in decay, and are discussed in this section.

(iii) CP violation in the interference between mixing and
decay, where ImðλfÞ ≠ 0. Results related to this
category, also referred to as mixing-induced CP
violation, are reported in this section.

The time-dependent CP asymmetry, again defined as the
normalized difference between the decay rate involving a b
quark and that involving a b̄ quark, is then given by

AfðΔtÞ ≡
ΓB̄0→fðΔtÞ − ΓB0→fðΔtÞ
ΓB̄0→fðΔtÞ þ ΓB0→fðΔtÞ

¼ 2ImðλfÞ
1þ jλfj2

sinðΔmΔtÞ − 1 − jλfj2
1þ jλfj2

cosðΔmΔtÞ:

ð100Þ
While the coefficient of the sinðΔmΔtÞ term in Eq. (100) is
customarily12 denoted Sf:

Sf ≡
2 ImðλfÞ
1þ jλfj2

; ð101Þ

different notations are in use for the coefficient of the
cosðΔmΔtÞ term:

12Occasionally one also finds Eq. (100) written as
AfðΔtÞ ¼ Amix

f sinðΔmΔtÞ þAdir
f cosðΔmΔtÞ, or similar.
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Cf ≡ −Af ≡
1 − jλfj2
1þ jλfj2

: ð102Þ

The C notation has been used by the BABAR collaboration
(see e.g., Ref. [243]), and subsequently by the LHCb
collaboration (see e.g., Ref. [244]), and is also adopted in
this document. The A notation has been used by the Belle
collaboration (see e.g., Ref. [245]). For the case when the
final state is a CP eigenstate, as is being considered here,
the notation SCP and CCP is widely used, including in this
document, instead of specifying the final state f. In
addition, a subscript indicating which transition is under
consideration is often added to the S, C notation, particu-
larly when grouping together measurements with different
final states mediated by the same quark-level transition.
Neglecting effects due to CP violation in mixing, if the

decay amplitude contains terms with a single weak (i.e.,
CP-violating) phase then jλfj ¼ 1, and one finds Sf ¼
−ηf sinðϕmix þ ϕdecÞ, Cf ¼ 0, where ϕmix ¼ argðq=pÞ and
ϕdec ¼ argðĀf=AfÞ. The B0–B̄0 mixing phase ϕmix is
approximately equal to 2β in the Standard Model (in the
usual phase convention) [246,247].
If amplitudes with different weak phases contribute to

the decay, no clean interpretation of Sf in terms of UT
angles is possible without further input. In this document,
only the theoretically cleanest channels are interpreted as
measurements of the weak phase (e.g., b → cc̄s transitions
for sinð2βÞ), although even in these cases some care is
necessary. In channels in which a second amplitude with a
different weak phase to the leading amplitude contributes
but is expected to be suppressed, the concept of an effective
weak phase difference is sometimes used, e.g., sinð2βeffÞ in
b → qq̄s transitions.
If, in addition to having a weak phase difference, two

contributing decay amplitudes have different strong (i.e.,
CP-conserving) phases, then jλfj ≠ 1, and the coefficient
of the cosine term becomes nonzero, indicating CP
violation in decay. Additional input is then required for
interpretation of the results, which in some cases is possible
through theoretical relations between different decay chan-
nels. In many other modes, however, it is not possible to
make a theoretically clean interpretation of Sf and Cf

measurements in terms of weak phases.
Due to the fact that sinðΔmΔtÞ and cosðΔmΔtÞ are,

respectively, odd and even functions of Δt, only small
correlations (that can be induced by backgrounds, for
example) between Sf and Cf are expected at an eþe− B
factory experiment, where the range of Δt is
−∞< Δt <þ∞. The situation is different for measure-
ments at hadron collider experiments, where the range of
the time variable is 0< t <þ∞, so that more sizable
correlations can be expected. We include the correlations in
the averages where available.
Frequently, we are interested in combining measure-

ments governed by similar or identical short-distance

physics, but with different final states (e.g., B0 →
J=ψ K0

S and B0 → J=ψ K0
L). In this case, we remove the

dependence on the CP eigenvalue of the final state by
quoting −ηSf. In cases where the final state is not a CP
eigenstate but has an effectiveCP content (see Sec. VI B 4),
the reported −ηS is corrected by the effective CP.

3. Time-dependent distributions with nonzero
decay width difference

A complete analysis of the time-dependent decay rates of
neutral Bmesons must also take into account the difference
between the widths of the Hamiltonian eigenstates, denoted
ΔΓ. This is particularly important in the B0

s system, where a
non-negligible value of ΔΓs has been established (see
Sec. V B). The formalism given here is appropriate for
measurements of B0

s decays to a CP eigenstate f as studied
at hadron colliders, but appropriate modifications for B0

mesons or for the eþe− environment are straightforward
to make.
Neglecting CP violation in mixing, the relevant replace-

ments for Eqs. (97) and (98) are [91]

ΓB̄0
s→fðtÞ ¼ N

e−t=τðB0
sÞ

2τðB0
sÞ

�
cosh

�
ΔΓst
2

�
þ Sf sinðΔmstÞ

− Cf cosðΔmstÞ þ AΔΓ
f sinh

�
ΔΓst
2

��
ð103Þ

and

ΓB0
s→fðtÞ ¼ N

e−t=τðB0
sÞ

2τðB0
sÞ

�
cosh

�
ΔΓst
2

�
− Sf sinðΔmstÞ

þ Cf cosðΔmstÞ þ AΔΓ
f sinh

�
ΔΓst
2

��
; ð104Þ

where Sf and Cf are as defined in Eqs. (101) and (102),
respectively, τðB0

sÞ ¼ 1=Γs is defined in Sec. VA 3, and the
coefficient of the sinh term is13

AΔΓ
f ¼ −

2ReðλfÞ
1þ jλfj2

: ð105Þ

With the requirement
Rþ∞
0 ½ΓB̄0

s→fðtÞ þ ΓB0
s→fðtÞ�dt ¼ 1,

the normalization factor is fixed to N ¼ ð1 − ðΔΓs
2Γs

Þ2Þ=
ð1þ AΔΓ

f ΔΓs

2Γs
Þ.14

13As ever, alternative and conflicting notations appear in the
literature. One popular alternative notation for this parameter
is AΔΓ. Particular care must be taken regarding the signs.

14The prefactor of N =2τðB0
sÞ in Eqs. (101) and (102) has been

chosen so that N ¼ 1 in the limit ΔΓs ¼ 0. In the eþe−
environment, where the range is −∞ < Δt <∞, the prefactor
should be N =4τðB0

sÞ and N ¼ 1 − ðΔΓs
2Γs

Þ2.

AVERAGES OF b-HADRON, c-HADRON, AND τ- … PHYS. REV. D 107, 052008 (2023)

052008-41



A time-dependent analysis of CP asymmetries in flavor-
tagged B0

s decays to a CP eigenstate f can thus determine
the parameters Sf, Cf and AΔΓ

f . Note that, by definition,

ðSfÞ2 þ ðCfÞ2 þ ðAΔΓ
f Þ2 ¼ 1; ð106Þ

and this constraint may or may not be imposed in the fits.
Since these parameters have sensitivity to both ImðλfÞ and
ReðλfÞ, alternative choices of parametrization, including
those directly involving CP violating phases (such as βs),
are possible. These can also be adopted for vector-vector
final states (see Sec. VI B 4).
The untagged time-dependent decay rate is given by

ΓB̄0
s→fðtÞ þ ΓB0

s→fðtÞ

¼ N
e−t=τðB0

sÞ

τðB0
sÞ

�
cosh

�
ΔΓst
2

�
þ AΔΓ

f sinh

�
ΔΓst
2

��
: ð107Þ

Thus, an untagged time-dependent analysis can probe λf,
through the dependence of AΔΓ

f on ReðλfÞ, given that
ΔΓs ≠ 0. This is equivalent to determining the “effective
lifetime” [92], as discussed in Sec. VA 3. The analysis of
flavor-tagged B0

s mesons is, of course, more sensitive.
The discussion in this and the previous section is relevant

for decays to CP eigenstates. In the remainder of Sec. VI B,
various cases of time-dependent CP asymmetries in decays
to non-CP eigenstates are considered. For brevity, equa-
tions will usually be given assuming that the decay width
difference ΔΓ is negligible. Modifications similar to those
described here can be made to take into account a nonzero
decay width difference.

4. Time-dependent CP asymmetries in
decays to vector-vector final states

Consider B decays to states consisting of two spin-1
particles, such as J=ψK�0ð→ K0

Sπ
0Þ, J=ψϕ, D�þD�− and

ρþρ−, which are eigenstates of charge conjugation but not
of parity.15 For such a system, there are three possible final
states. In the helicity basis, these are denoted h−1; h0; hþ1.
The h0 state is an eigenstate of parity, and hence of CP. By
contrast, CP transforms hþ1 ↔ h−1 (up to an unobservable
phase). These states are transformed into the transversity
basis states hk ¼ ðhþ1 þ h−1Þ=2 and h⊥ ¼ ðhþ1 − h−1Þ=2.
In this basis all three states are CP eigenstates, and h⊥ has
the opposite CP to the others.
The amplitude for decays to the transversity basis states

are usually given by A0;⊥;k, with normalization such that
jA0j2 þ jA⊥j2 þ jAkj2 ¼ 1. Given the relation between the
CP eigenvalues of the states, the effectiveCP content of the
vector-vector state is known if jA⊥j2 is measured. An

alternative strategy is to measure just the longitudinally
polarized component, jA0j2 (sometimes denoted by flong),
which allows a limit to be set on the effective CP content,
since jA⊥j2 ≤ jA⊥j2 þ jAkj2 ¼ 1 − jA0j2. The value of the
effective CP content can be used to treat the decay with the
same formalism as for CP eigenstates. The most complete
treatment for neutral B decays to vector-vector final states
is, however, time-dependent angular analysis (also known
as time-dependent transversity analysis). In such an analy-
sis, interference between CP-even and CP-odd states
provides additional sensitivity to the weak and strong
phases involved.
In most analyses of time-dependent CP asymmetries in

decays to vector-vector final states carried out to date, an
assumption has been made that each helicity (or trans-
versity) amplitude has the same weak phase. This is a good
approximation for decays that are dominated by amplitudes
with a single weak phase, such B0 → J=ψK�0, and is a
reasonable approximation in any mode for which only
small sample sizes are available. However, for modes that
have contributions from amplitudes with different weak
phases, the relative size of these contributions can be
different for each helicity (or transversity) amplitude,
and therefore the time-dependent CP asymmetry parame-
ters can also differ. The most generic analysis, suitable for
analyses with sufficiently large samples, allows for this
effect; such an analysis has been carried out by LHCb for
the B0 → J=ψρ0 decay [231]. An intermediate analysis can
allow different parameters for the CP-even and CP-odd
components; such an analysis has been carried out by
BABAR for the decay B0 → D�þD�− [248]. The indepen-
dent treatment of each helicity (or transversity) amplitude,
as in the study of B0

s → J=ψϕ [179] (discussed in
Sec. V), becomes increasingly important for high precision
measurements.

5. Time-dependent asymmetries: Self-conjugate
multiparticle final states

Amplitudes for neutral B decays into self-conjugate
multiparticle final states such as πþπ−π0, KþK−K0

S,
πþπ−K0

S, J=ψπ
þπ− or Dπ0 with D → K0

Sπ
þπ− may be

written in terms of CP-even and CP-odd amplitudes. As
above, the interference between these terms provides
additional sensitivity to the weak and strong phases
involved in the decay, and the time-dependence depends
on both the sine and cosine of the weak phase difference. In
order to perform unbinned maximum likelihood fits, and
thereby extract as much information as possible from the
distributions, it is necessary to choose a model for the
multiparticle decay, and therefore the results acquire some
model dependence. In certain cases, model-independent
methods are also possible, but the resulting need to bin the
Dalitz plot leads to some loss of statistical precision. The
number of observables depends on the final state (and on

15This is not true for all vector-vector final states, e.g., D��ρ∓
is clearly not an eigenstate of charge conjugation.
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the model used); the key feature is that as long as there are
kinematic regions where both CP-even and CP-odd
amplitudes contribute, the interference terms will be
sensitive to the cosine of the weak phase difference.
Therefore, these measurements allow distinction between
multiple solutions for, e.g., the two values of 2β from the
measurement of sinð2βÞ.
In model-dependent analysis of multibody decays, the

decay amplitude is typically described as a coherent sum of
contributions that proceed via different intermediate reso-
nances and through nonresonant interactions. It is therefore
of interest to present results in terms of the CP violation
parameters associated with each resonant amplitude, e.g.,
ρ0K0

S in the case of the πþπ−K0
S final state. These are

referred to as Q2B parameters, since in the limit that there
was no other contribution to the multibody decay, the
amplitude analysis and the Q2B analysis would give the
same results.
We now consider the various notations that have

been used in experimental studies of time-dependent
asymmetries in decays to self-conjugate multiparticle
final states.

a. B0 → Dð�Þh0 with D → K0
Sπ

þπ−.—The states Dπ0,
D�π0, Dη, D�η, Dω are collectively denoted Dð�Þh0.
When the D decay model is fixed, fits to the time-
dependent decay distributions can be performed to extract
the weak phase difference. However, it is experimentally
advantageous to use the sine and cosine of this phase as fit
parameters, since these behave as essentially independent
parameters, with low correlations and (potentially) rather
different uncertainties. A parameter representing CP vio-
lation in the B decay can be simultaneously determined. For
consistency with other analyses, this could be chosen to be
Cf, but could equally well be jλfj, or other possibilities.
Belle performed an analysis of these channels with

sinð2βÞ and cosð2βÞ as free parameters [249]. BABAR
has performed an analysis in which jλfj was also deter-
mined [250]. A joint analysis of the final BABAR and Belle
data samples supersedes these earlier measurements, and
uses sinð2βÞ and cosð2βÞ as free parameters [251,252].
Belle has in addition performed a model-independent
analysis [253] using as input information about the
average strong phase difference between symmetric bins
of the Dalitz plot determined by CLEO-c [254].16 The
results of this analysis are measurements of sinð2ϕ1Þ
and cosð2ϕ1Þ.

b. B0 → D�þD�−K0
S.—The hadronic structure of the B0 →

D�þD�−K0
S decay is not sufficiently well understood to

perform a full time-dependent Dalitz-plot analysis. Instead,

following Ref. [255], BABAR [256] and Belle [257] divide
the Dalitz plane into two regions: mðD�þK0

SÞ2 >
mðD�−K0

SÞ2 (labeled ηy ¼ þ1) and mðD�þK0
SÞ2 <

mðD�−K0
SÞ2 ðηy ¼ −1Þ; and then fit to a decay-time

distribution with asymmetry given by

AfðΔtÞ ¼ ηy
Jc
J0

cosðΔmΔtÞ −
�
2Js1
J0

sinð2βÞ

þ ηy
2Js2
J0

cosð2βÞ
�
sinðΔmΔtÞ: ð108Þ

The fitted observables are Jc
J0
, 2Js1

J0
sinð2βÞ and 2Js2

J0
cosð2βÞ,

where the parameters J0, Jc, Js1 and Js2 are the integrals
over the half Dalitz planemðD�þK0

SÞ2 <mðD�−K0
SÞ2 of the

functions jaj2 þ jāj2, jaj2 − jāj2, Reðāa�Þ and Imðāa�Þ,
respectively, where a and ā are the decay amplitudes of
B0 → D�þD�−K0

S and B̄0 → D�þD�−K0
S, respectively. The

parameter Js2 (and hence Js2=J0) is predicted to be positive
[255]; assuming this prediction to be correct, it is possible
to determine the sign of cosð2βÞ.

c. B0 → J=ψπþπ−.—Amplitude analyses of B0 →
J=ψπþπ− decays [231,258] show large contributions from
the ρð770Þ0 and f0ð500Þ states, together with smaller
contributions from higher resonances. Since modeling
the f0ð500Þ structure is challenging [259], it is difficult
to determine reliably its associated CP violation parame-
ters. Corresponding parameters for the J=ψρ0 decay can,
however, be determined. In the LHCb analysis [231], the
effective weak phase difference 2βeff is determined from
the fit; results are then converted into values for SCP and
CCP to allow comparison with other modes. Here, the
notation SCP and CCP denotes parameters obtained for the
J=ψρ0 final state accounting for the composition of CP-
even and CP-odd amplitudes (while assuming that all
amplitudes involve the same phases), so that no dilution
occurs. Possible CP violation effects in the other ampli-
tudes contributing to the Dalitz plot are treated as a source
of systematic uncertainty.
Amplitude analyses have also been done for the B0

s →
J=ψπþπ− decay, where the final state is dominated by
scalar resonances, including the f0ð980Þ [227,228]. Time-
dependent analyses of this B0

s decay allow a determination
of 2βs, as discussed in Sec. V.

d. B0 → KþK−K0.—Studies of B0 → KþK−K0 [260–262]
and of the related decay Bþ → KþK−Kþ [262–264], show
that the decay is dominated by a large nonresonant
contribution with significant components from the inter-
mediate KþK− resonances ϕð1020Þ, f0ð980Þ, and other
higher resonances, as well as a contribution from χc0.
The full time-dependent Dalitz plot analysis allows the

complex amplitudes of each contributing term to be

16The external input needed for this analysis is the same
as in the model-independent analysis of Bþ → DKþ with
D → K0

Sπ
þπ−, discussed in Sec. VI O 5.
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determined from data, including CP violation effects (i.e.,
allowing the complex amplitude for the B0 decay to be
independent from that for B̄0 decay), although one ampli-
tude must be fixed to serve as a reference. There are several
choices for parametrization of the complex amplitudes
(e.g., real and imaginary part, or magnitude and phase).
Similarly, there are various approaches to the inclusion of
CP violation effects. Note that the use of positive definite
parameters such as magnitudes are disfavored in certain
circumstances (it inevitably leads to biases for small
values). In order to compare results between analyses, it
is useful for each experiment to present results in terms of
the parameters that can be measured in a Q2B analysis
(such as Af, Sf, Cf, sinð2βeffÞ, cosð2βeffÞ, etc.)
In the BABAR analysis of the B0 → KþK−K0 decay

[262], the complex amplitude for each resonant contribu-
tion was written as

Af ¼ cfð1þ bfÞeiðϕfþδfÞ; Āf ¼ cfð1 − bfÞeiðϕf−δfÞ;

ð109Þ

where bf and δf parametrize CP violation in the magnitude
and phase, respectively. Belle [261] used the same para-
metrization but with a different notation for the parame-
ters.17 The Q2B parameter of CP violation in decay is
directly related to bf,

Af ¼
−2bf
1þ b2f

≈ Cf; ð110Þ

and the mixing-induced CP violation parameter can be
used to obtain sinð2βeffÞ,

−ηfSf ≈
1 − b2f
1þ b2f

sinð2βefff Þ; ð111Þ

where the approximations are exact in the case
that jq=pj ¼ 1.
Both BABAR [262] and Belle [261] present results for cf

and ϕf, for each resonant contribution, and in addition
present results for Af and βefff for ϕð1020ÞK0, f0ð980ÞK0

and for the remainder of the contributions to the KþK−K0

Dalitz plot combined. BABAR also presents results for the
Q2B parameter Sf for these channels. The models used to
describe the resonant structure of the Dalitz plot differ,
however. Both analyses suffer from symmetries in the
likelihood that lead to multiple solutions, from which we
select only one for averaging.

e. B0 → πþπ−K0
S.—Studies of B0 → πþπ−K0

S [265,266]
and of the related decay Bþ → πþπ−Kþ [263,267–269]

show that the decay is dominated by components from
intermediate resonances in the Kπ (K�ð892Þ, K�

0ð1430Þ)
and ππ (ρð770Þ, f0ð980Þ, f2ð1270Þ) spectra, together with
a poorly understood scalar structure that peaks near
mðππÞ ∼ 1300 MeV=c2 and is denoted fX,

18 as well as a
large nonresonant component. There is also a contribution
from the χc0 state.
The full time-dependent Dalitz plot analysis allows the

complex amplitudes of each contributing term to be
determined from data, including CP violation effects. In
the BABAR analysis [265], the magnitude and phase of each
component (for both B0 and B̄0 decays) are measured
relative to B0 → f0ð980ÞK0

S, using the following para-
metrization:

Af ¼ jAfjei argðAfÞ; Āf ¼ jĀfjei argðĀfÞ: ð112Þ

In the Belle analysis [266], the B0 → K�þπ− amplitude is
chosen as the reference, and the amplitudes are para-
metrized as

Af¼afð1þcfÞeiðbfþdfÞ; Āf¼afð1−cfÞeiðbf−dfÞ: ð113Þ

In both cases, the results are translated into Q2B parameters
such as 2βefff , Sf, Cf for each CP eigenstate f, and
parameters ofCP violation in decay for each flavor-specific
state. Relative phase differences between resonant terms are
also extracted.

f. B0 → πþπ−π0.—The B0 → πþπ−π0 decay is dominated
by intermediate ρ resonances. Although it is possible, as
above, to directly determine the complex amplitudes for
each component, an alternative approach [270,271] has
been used by both BABAR [272,273] and Belle [274,275].
The amplitudes for B0 and B̄0 decays to πþπ−π0 are
written as

A3π ¼ fþAþ þ f−A− þ f0A0;

Ā3π ¼ fþĀþ þ f−Ā− þ f0Ā0; ð114Þ

respectively. The symbols Aþ, A− and A0 represent the
complex decay amplitudes for B0 → ρþπ−, B0 → ρ−πþ

and B0 → ρ0π0 while Āþ, Ā− and Ā0 represent those for
B̄0 → ρþπ−, B̄0 → ρ−πþ and B̄0 → ρ0π0, respectively. The
terms fþ, f− and f0 incorporate kinematic and dynamical
factors and depend on the Dalitz plot coordinates. The full
decay-time-dependent distribution can then be written in
terms of 27 free parameters, one for each coefficient of the
form factor bilinears, as listed in Table 24. These param-
eters are sometimes referred to as “the Us and Is”, and can

17ðc; b;ϕ; δÞ ↔ ða; c; b; dÞ. See Eq. (113).

18The fX component may originate from either the f0ð1370Þ or
f0ð1500Þ resonances, or from interference between those or other
states and nonresonant amplitudes in this region.
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be expressed in terms of Aþ, A−, A0, Āþ, Ā− and Ā0. If the
full set of parameters is determined, together with their
correlations, other parameters, such as weak and strong
phases, parameters of CP violation in decay, etc., can be
subsequently extracted. Note that one of the parameters
(typically Uþ

þ, the coefficient of jfþj2) is often fixed to
unity to provide a reference; this does not affect the
analysis.

6. Time-dependent CP asymmetries in
decays to non-CP eigenstates

Consider a non-CP eigenstate f, and its conjugate f̄. For
neutral B decays to these final states, there are four
amplitudes to consider: those for B0 to decay to f and f̄
(Af and Af̄, respectively), and the equivalents for B̄0 (Āf

and Āf̄). If CP is conserved in the decay, then Af ¼ Āf̄

and Af̄ ¼ Āf.
The decay-time-dependent distributions can be written in

many different ways. Here, we follow Sec. VI B 2 and

define λf ¼ q
p
Āf

Af
and λf̄ ¼ q

p
Āf̄

Af̄
. The time-dependent CP

asymmetries that are sensitive to mixing-induced CP
violation effects then follow Eq. (100):

AfðΔtÞ ≡
ΓB̄0→fðΔtÞ − ΓB0→fðΔtÞ
ΓB̄0→fðΔtÞ þ ΓB0→fðΔtÞ

¼ Sf sinðΔmΔtÞ − Cf cosðΔmΔtÞ; ð115Þ

Af̄ðΔtÞ ≡
ΓB̄0→f̄ðΔtÞ − ΓB0→f̄ðΔtÞ
ΓB̄0→f̄ðΔtÞ þ ΓB0→f̄ðΔtÞ

¼ Sf̄ sinðΔmΔtÞ − Cf̄ cosðΔmΔtÞ; ð116Þ

with the definitions of the parameters Cf, Sf, Cf̄ and Sf̄,
following Eqs. (101) and (102).
The time-dependent decay rates are given by

ΓB̄0→fðΔtÞ¼
e−jΔtj=τðB0Þ

8τðB0Þ ð1þhAff̄iÞ

× ½1þSf sinðΔmΔtÞ−Cf cosðΔmΔtÞ�; ð117Þ

ΓB0→fðΔtÞ¼
e−jΔtj=τðB0Þ

8τðB0Þ ð1þhAff̄iÞ

× ½1−Sf sinðΔmΔtÞþCf cosðΔmΔtÞ�; ð118Þ

ΓB̄0→f̄ðΔtÞ¼
e−jΔtj=τðB0Þ

8τðB0Þ ð1−hAff̄iÞ

× ½1þSf̄ sinðΔmΔtÞ−Cf̄ cosðΔmΔtÞ�; ð119Þ

ΓB0→f̄ðΔtÞ¼
e−jΔtj=τðB0Þ

8τðB0Þ ð1−hAff̄iÞ

× ½1−Sf̄ sinðΔmΔtÞþCf̄ cosðΔmΔtÞ�; ð120Þ

where the time-independent parameter hAff̄i represents an
overall asymmetry in the production of the f and f̄ final
states in B0 and B̄0 decays,19

hAff̄i ¼
ðjAfj2 þ jĀfj2Þ − ðjAf̄j2 þ jĀf̄j2Þ
ðjAfj2 þ jĀfj2Þ þ ðjAf̄j2 þ jĀf̄j2Þ

: ð121Þ

Assuming jq=pj ¼ 1, i.e., absence of CP violation in
mixing, the parameters Cf and Cf̄ can also be written in
terms of the decay amplitudes as

Cf ¼
jAfj2 − jĀfj2
jAfj2 þ jĀfj2

and Cf̄ ¼
jAf̄j2 − jĀf̄j2
jAf̄j2 þ jĀf̄j2

; ð122Þ

TABLE 24. Definitions of the U and I coefficients. Adapted
from Ref. [272].

Parameter Description

Uþ
þ Coefficient of jfþj2

Uþ
0 Coefficient of jf0j2

Uþ
− Coefficient of jf−j2

U−
0 Coefficient of jf0j2 cosðΔmΔtÞ

U−
− Coefficient of jf−j2 cosðΔmΔtÞ

U−þ Coefficient of jfþj2 cosðΔmΔtÞ
I0 Coefficient of jf0j2 sinðΔmΔtÞ
I− Coefficient of jf−j2 sinðΔmΔtÞ
Iþ Coefficient of jfþj2 sinðΔmΔtÞ
Uþ;Im

þ− Coefficient of Im½fþf�−�
Uþ;Re

þ− Coefficient of Re½fþf�−�
U−;Im

þ− Coefficient of Im½fþf�−� cosðΔmΔtÞ
U−;Re

þ− Coefficient of Re½fþf�−� cosðΔmΔtÞ
IImþ− Coefficient of Im½fþf�−� sinðΔmΔtÞ
IReþ− Coefficient of Re½fþf�−� sinðΔmΔtÞ
Uþ;Im

þ0
Coefficient of Im½fþf�0�

Uþ;Re
þ0

Coefficient of Re½fþf�0�
U−;Im

þ0
Coefficient of Im½fþf�0� cosðΔmΔtÞ

U−;Re
þ0

Coefficient of Re½fþf�0� cosðΔmΔtÞ
IImþ0 Coefficient of Im½fþf�0� sinðΔmΔtÞ
IReþ0 Coefficient of Re½fþf�0� sinðΔmΔtÞ
Uþ;Im

−0 Coefficient of Im½f−f�0�
Uþ;Re

−0 Coefficient of Re½f−f�0�
U−;Im

−0 Coefficient of Im½f−f�0� cosðΔmΔtÞ
U−;Re

−0 Coefficient of Re½f−f�0� cosðΔmΔtÞ
IIm−0 Coefficient of Im½f−f�0� sinðΔmΔtÞ
IRe−0 Coefficient of Re½f−f�0� sinðΔmΔtÞ

19This parameter is often denoted Af (or ACP), but here we
avoid this notation to prevent confusion with the time-dependent
CP asymmetry.
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giving rise to asymmetries in the decay amplitudes for the
final states f and f̄. In this notation, the conditions for the
absence of CP violation in decay are hAff̄i ¼ 0 and
Cf ¼ −Cf̄. Note that Cf and Cf̄ are typically nonzero;
e.g., for a flavor-specific final state where Āf ¼ Af̄ ¼ 0,
they take the values Cf ¼ −Cf̄ ¼ 1.
The coefficients of the sine terms contain information

about the weak phase. In the case that each decay amplitude
contains only a single weak phase (i.e., no CP violation
in decay as well as none in mixing), these terms can be
written as

Sf ¼ −2jAfjjĀfj sinðϕmix þ ϕdec − δfÞ
jAfj2 þ jĀfj2

and

Sf̄ ¼ −2jAf̄jjĀf̄j sinðϕmix þ ϕdec þ δfÞ
jAf̄j2 þ jĀf̄j2

; ð123Þ

where δf is the strong phase difference between the decay
amplitudes. If there is no CP violation, the condition
Sf ¼ −Sf̄ holds. If decay amplitudes with different weak
and strong phases contribute, no straightforward interpre-
tation of Sf and Sf̄ is possible.
The conditions for CP invariance Cf ¼ −Cf̄ and

Sf ¼ −Sf̄ motivate a rotation of the parameters:

Sff̄ ¼ Sf þ Sf̄
2

; ΔSff̄ ¼
Sf − Sf̄

2
;

Cff̄ ¼ Cf þ Cf̄

2
; ΔCff̄ ¼ Cf − Cf̄

2
: ð124Þ

With these parameters, the CP invariance conditions
become Sff̄ ¼ 0 and Cff̄ ¼ 0. The parameter ΔCff̄ gives
a measure of the “flavor-specificity” of the decay: ΔCff̄ ¼
�1 corresponds to a completely flavor-specific decay, in
which no interference between decays with and without
mixing can occur, while ΔCff̄ ¼ 0 results in maximum
sensitivity to mixing-induced CP violation. The parameter
ΔSff̄ is related to the strong phase difference between the
decay amplitudes of the B0 meson to the f and to f̄ final
states. We note that the observables of Eq. (124) exhibit
experimental correlations (typically of ∼20%, depending
on the tagging purity, and other effects) between Sff̄ and
ΔSff̄, and between Cff̄ and ΔCff̄. On the other hand, the
final-state-specific observables of Eqs. (117)–(120) tend to
have low correlations.
Alternatively, if we recall that the CP invariance con-

ditions at the decay amplitude level are Af ¼ Āf̄ and
Af̄ ¼ Āf, we are led to consider the parameters [242]

Aff̄ ¼
jĀf̄j2 − jAfj2
jĀf̄j2 þ jAfj2

and Af̄f ¼ jĀfj2 − jAf̄j2
jĀfj2 þ jAf̄j2

: ð125Þ

These are sometimes considered more physically intuitive
parameters, since they characterizeCP violation in decay in
decays with particular topologies. For example, in the case
of B0 → ρ�π∓ (choosing f ¼ ρþπ− and f̄ ¼ ρ−πþ), Aff̄

(also denoted Aþ−
ρπ ) parametrizes CP violation in decays in

which the produced ρ meson does not contain the spectator
quark, while Af̄f (also denoted A−þ

ρπ ) parametrizes CP
violation in decays in which it does. Note that we have
again followed the sign convention that the asymmetry is
the difference between the rate involving a b quark and that
involving a b̄ quark, cf. Eq. (96). Of course, these
parameters are not independent of the other sets of
parameters given above, and can be written as

Aff̄ ¼ −
hAff̄i þ Cff̄ þ hAff̄iΔCff̄

1þ ΔCff̄ þ hAff̄iCff̄
and

Af̄f ¼ −hAff̄i þ Cff̄ þ hAff̄iΔCff̄

−1þ ΔCff̄ þ hAff̄iCff̄
: ð126Þ

They usually exhibit strong correlations.
We now consider the various notations used in exper-

imental studies of time-dependent CP asymmetries in
decays to non-CP eigenstates.

a. B0 → D��D∓.—The (hAff̄i, Cf, Sf, Cf̄, Sf̄) set of
parameters was used in early publications by both BABAR
[276] and Belle [277] (albeit with slightly different nota-
tions), with f ¼ D�þD−, f̄ ¼ D�−Dþ. In a more recent
paper on this topic, Belle [278] instead uses the para-
metrization (AD�D, SD�D, ΔSD�D, CD�D, ΔCD�D), while
BABAR [248] gives results in both sets of parameters. We
therefore use the (AD�D, SD�D, ΔSD�D, CD�D, ΔCD�D) set.

b. B0 → ρ�π∓.—In the ρ�π∓ system, the (hAff̄i, Cff̄, Sff̄,
ΔCff̄, ΔSff̄) set of parameters was originally used by
BABAR [279] and Belle [280] in the Q2B approximation;
the exact names20 used in this case were ðAρπ

CP; Cρπ;
Sρπ;ΔCρπ;ΔSρπÞ, and these names are also used in this
document.
Since ρ�π∓ is reconstructed in the final state πþπ−π0, the

interference between the ρ resonances can provide addi-
tional information about the phases (see Sec. VI B 5). Both
BABAR [272] and Belle [274,275] have performed time-
dependent Dalitz-plot analyses, from which the weak phase
α is directly extracted. In such an analysis, the measured
Q2B parameters are also naturally corrected for interfer-
ence effects.

c. B0 → D∓π�; D�∓π�; D∓ρ�.—Time-dependent CP
analyses have also been performed for the final states

20BABAR has used the notations Aρπ
CP [279] and Aρπ [272] in

place of Aρπ
CP.
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D∓π�,D�∓π� andD∓ρ�. In these theoretically clean cases,
no penguin contributions are possible, so there is no CP
violation in decay. Furthermore, due to the smallness of the
ratio of the magnitudes of the suppressed (b → u) and
favored (b → c) amplitudes (denoted Rf), to a very good
approximation, Cf¼−Cf̄¼1 (using f¼Dð�Þ−hþ, f̄ ¼
Dð�Þþh−, h ¼ π, ρ), and the coefficients of the sine terms
are given by

Sf ¼ −2Rf sinðϕmix þ ϕdec − δfÞ and

Sf̄ ¼ −2Rf sinðϕmix þ ϕdec þ δfÞ: ð127Þ

Thus, weak phase information can be obtained from
measurements of Sf and Sf̄, although external information
on at least one of Rf or δf is necessary, constituting a source
of theoretical uncertainty. Note that ϕmix þ ϕdec ¼ 2β þ
γ ≡ 2ϕ1 þ ϕ3 for all the decay modes in question, while Rf

and δf depend on the decay mode.
Again, different notations have been used in the liter-

ature. BABAR [281,282] defines the time-dependent prob-
ability function by

f�ðη;ΔtÞ¼ e−jΔtj=τ

4τ
½1∓ Sζ sinðΔmΔtÞ∓ ηCζ cosðΔmΔtÞ�;

ð128Þ

where the upper (lower) sign corresponds to the tagging
meson being a B0 (B̄0). The parameter η takes the valueþ1
(−1) and ζ denotesþ (−) when the final state is, e.g.,D−πþ

(Dþπ−). However, in the fit, the substitutions Cζ ¼ 1 and
Sζ ¼ a ∓ ηbi − ηci are made, where the subscript i denotes
the flavor tagging category. These are motivated by the
possibility of CP violation on the tag side [283]. The
parameter a is not affected by tag-side CP violation.
The parameter b only depends on tag-side CP violation
parameters and is not directly useful for determining UT
angles. A clean interpretation of the c parameter is only
possible for lepton-tagged events, which are not affected by
tag-side CP violation effects, so the BABAR measurements
report c measured with those events only. Neglecting b
terms,

Sþ ¼ a− c and S− ¼ aþ c⇔ a¼ ðSþ þ S−Þ=2 and

c¼ ðS− − SþÞ=2; ð129Þ

in analogy to the parameters of Eq. (124).
The parameters used by Belle in the analysis using

partially reconstructed B decays [284], are similar to the Sζ
parameters defined above. However, in the Belle conven-
tion, a tagging B0 corresponds to a þ sign in front of the
sine coefficient; furthermore the correspondence between
the super/subscript and the final state is opposite, so that S�
(BABAR) ¼ −S∓ (Belle). In this analysis, only lepton tags

are used, so there is no effect from tag-side CP violation. In
the Belle analysis that used fully reconstructed B decays
[285], this effect is measured and taken into account using
D�lν decays; in neither Belle analysis are the a, b and c
parameters used. The parameters measured by Belle are
2RDð�Þπ sinð2ϕ1 þ ϕ3 � δDð�ÞπÞ; the definition is such that
S�ðBelleÞ ¼ −2RD�π sinð2ϕ1 þ ϕ3 � δD�πÞ. This defini-
tion includes an angular momentum factor ð−1ÞL [286],
and so for the results in the Dπ system, there is an
additional factor of −1 in the conversion.
LHCb has also measured the parameters of B0 → D∓π�

decays [287]. The convention used is essentially the same
as Belle, but with the notation ðSf; Sf̄Þ ¼ ðS−; SþÞ. For the
averages in this document, we use the a and c parameters.
Correlations are taken into account in the LHCb case,
where significant correlations are reported. Explicitly, the
conversion reads

a ¼ −ðSþ þ S−Þ=2; c ¼ −ðSþ − S−Þ=2: ð130Þ

d. B0
s → D∓

s K�.—The phenomenology of B0
s → D∓

s K�

decays is similar to that of B0 → D∓π�, with some
important caveats. The two amplitudes for b → u and
b → c transitions have the same level of Cabibbo-suppres-
sion (i.e., are of the same order in λ) though the former is
suppressed by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 þ η2

p
. The large value of the ratio R of

their magnitudes allows it to be determined from data, as
the deviation of jCfj and jCf̄j from unity can be observed.
Moreover, the nonzero value of ΔΓs allows the determi-
nation of additional terms, AΔΓ

f and AΔΓ
f̄

(see Sec. VI B 3),

that break ambiguities in the solutions for ϕmix þ ϕdec,
which for B0

s → D∓
s K� decays is equal to γ − 2βs.

LHCb [288,289] has performed such an analysis with
B0
s → D∓

s K� decays. The absence of CP violation in decay
was assumed, and the parameters determined from the fit
were labeledC, AΔΓ, ĀΔΓ, S, S̄. These are trivially related to
the definitions used in this section.

e. Time-dependent asymmetries in radiative B decays.—As
a special case of decays to non-CP eigenstates, let us
consider radiative B decays. Here, the emitted photon has a
distinct helicity, which is in principle observable, but in
practice is not usually measured. Thus, the measured time-
dependent decay rates for neutral Bmeson decays are given
by sums of the expressions of Eqs. (117)–(120) for the final
states with left-handed (γL) and right-handed (γR) photon
helicity [290,291]

ΓB̄0→XγðΔtÞ ¼ ΓB̄0→XγLðΔtÞ þ ΓB̄0→XγRðΔtÞ

¼ e−jΔtj=τðB0Þ

4τðB0Þ ½1þ ðSL þ SRÞ sinðΔmΔtÞ

− ðCL þ CRÞ cosðΔmΔtÞ�; ð131Þ
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ΓB0→XγðΔtÞ ¼ ΓB0→XγLðΔtÞ þ ΓB0→XγRðΔtÞ

¼ e−jΔtj=τðB0Þ

4τðB0Þ ½1 − ðSL þ SRÞ sinðΔmΔtÞ

þ ðCL þ CRÞ cosðΔmΔtÞ�: ð132Þ

Here, in place of the subscripts f and f̄, we have used L and
R to indicate the photon helicity. In order for interference
between decays with and without B0-B̄0 mixing to occur,
the X system must not be flavor-specific, e.g., in the case of
B0 → K�0γ, the final state must be K0

Sπ
0γ. The sign of the

sine term depends on the C eigenvalue of the X system. At
leading order, the photons from b → qγ (b̄ → q̄γ) are
predominantly left (right) polarized, with corrections of
order of mq=mb, and thus interference effects are sup-
pressed. Higher-order effects can lead to corrections of
order ΛQCD=mb [292,293], although explicit calculations
indicate that such corrections may be small for exclusive
final states [294,295]. The predicted smallness of the S
terms in the Standard Model results in sensitivity to new
physics contributions.

The formalism discussed above is valid for any radiative
decay to a final state where the hadronic system is an
eigenstate of C. In addition to K0

Sπ
0γ, experiments have

presented results using B0 decays to K0
Sηγ, K0

Sρ
0γ and

K0
Sϕγ. For the case of the K

0
Sρ

0γ final state, particular care
is needed, as due to the non-negligible width of the ρ0

meson, decays selected as B0 → K0
Sρ

0γ can include a
significant contribution from K��π∓γ decays, which are
flavor-specific and do not have the same oscillation
phenomenology. It is therefore necessary to correct the
fitted asymmetry parameter for a “dilution factor”.
In the case of radiative B0

s decays, the time-dependent
decay rates of Eqs. (131) and (132) must be modified, in a
similar way to that discussed in Sec. VI B 3, to account for
the nonzero value of ΔΓs. Thus, for decays such as
B0
s → ϕγ, there is an additional observable, AΔΓ

ϕγ , which
can be determined from an untagged effective lifetime
measurement [296].

7. Asymmetries in B → Dð�ÞKð�Þ decays

CP asymmetries in B → Dð�ÞKð�Þ decays are sensitive
to γ. The neutral Dð�Þ meson produced is an admixture of
Dð�Þ0 (produced by a b → c transition) and D̄ð�Þ0 (produced
by a color-suppressed b → u transition) states. If the final
state is chosen so that both Dð�Þ0 and D̄ð�Þ0 can contribute,
the two amplitudes interfere, and the resulting observables
are sensitive to γ, the relative weak phase between the two
B decay amplitudes [297]. Various methods have been
proposed to exploit this interference, including those where
the neutral D meson is reconstructed as a CP eigenstate
(GLW) [298,299], in a suppressed final state (ADS)
[300,301], or in a self-conjugate three-body final state,

such as K0
Sπ

þπ− (BPGGSZ or Dalitz) [302,303]. While
each method differs in the choice of D decay, they are all
sensitive to the same parameters of the B decay, and can be
considered as variations of the same technique.
Consider the case of B∓ → DK∓, with D decaying to a

final state f, which is accessible from both D0 and D̄0. We
can write the decay rates Γ∓ for B− and Bþ, the charge
averaged rate Γ ¼ ðΓ− þ ΓþÞ=2, and the charge asymmetry
A ¼ ðΓ− − ΓþÞ=ðΓ− þ ΓþÞ [see Eq. (96)] as

Γ∓ ∝ r2B þ r2D þ 2rBrD cos ðδB þ δD ∓ γÞ; ð133Þ

Γ ∝ r2B þ r2D þ 2rBrD cos ðδB þ δDÞ cosðγÞ; ð134Þ

A ¼ 2rBrD sin ðδB þ δDÞ sinðγÞ
r2B þ r2D þ 2rBrD cos ðδB þ δDÞ cosðγÞ

; ð135Þ

where the ratios of B decay amplitudes are written in terms
of γ, rB and δB,

21

rBeiðδB−γÞ ≡
AðB− → D̄0K−Þ
AðB− → D0K−Þ and

rBeiðδBþγÞ ≡
AðBþ → D0KþÞ
AðBþ → D̄0KþÞ ; ð136Þ

such that rB is less than one. The ratio of D decay
amplitudes is correspondingly written, assuming CP con-
servation in D decay, in terms of rD and δD,

rDe−iδD ≡
AðD0 → fÞ
AðD̄0 → fÞ : ð137Þ

The relation between B− and Bþ amplitudes given in
Eq. (136) is a result of there being only one weak phase
contributing to each amplitude in the Standard Model,
which is the source of the theoretical cleanliness of this
approach for measuring γ [304]. The parameters δB and δD
are the strong phase differences between the B andD decay
amplitudes, respectively.22 The values of rD and δD depend
on the final state f: for the GLWanalysis, rD ¼ 1 and δD is
trivial (either zero or π); for other modes, values of rD and
δD are not trivial, and for multibody final states they vary
across the phase space. This can be quantified either by an
explicitD decay amplitude model or by model-independent
information. In the case that the multibody final state (or a
subsample of it) is treated inclusively, the formalism is

21Note that here we use the notation rB to denote the ratio of B
decay amplitudes, whereas in Sec. VI. B. 6 we used, e.g., RDπ , for
a rather similar quantity. The reason is that here we need to be
concerned also with D decay amplitudes, and so it is convenient
to use the subscript to denote the decaying particle. Hopefully,
using r in place of R will reduce the potential for confusion.

22Note that the definition of δD in Eq. (137) differs by a shift of
π from that used for D0 → K�π∓ decays in Sec. X.
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modified by the inclusion of a coherence factor, usually
denoted κ, while rD and δD become effective parameters
corresponding to amplitude-weighted averages across the
phase space.
Note that, for given values of rB and rD, the maximum

size of A (at sin ðδB þ δDÞ ¼ 1) is 2rBrD sinðγÞ=ðr2B þ r2DÞ.
Thus, even for D decay modes with small rD, large
asymmetries, and hence sensitivity to γ, may occur for B
decay modes with similar values of rB. For this reason, the
ADS analysis of the decay B∓ → Dπ∓ is also of interest.
The expressions of Eq. (133)–(137) are for a specific

point in phase space, and therefore are relevant where both
B and D decays are to two-body final states. Additional
coherence factors enter the expressions when the B decay is
to a multibody final state (further discussion of multibody
D decays can be found below). In particular, experiments
have studied Bþ → DK�ð892Þþ, B0 → DK�ð892Þ0 and
Bþ → DKþπþπ− decays. Considering, for concreteness,
the B → DK�ð892Þ case, the non-negligible width of the
K�ð892Þ resonance implies that contributions from other
B → DKπ decays can pass the selection requirements.
Their effect on the Q2B analysis can be accounted for with
a coherence factor [305], usually denoted κ, which tends to
unity in the limit that the K�ð892Þ resonance is the only
signal amplitude contributing in the selected region of
phase space. In this case, the hadronic parameters rB and δB
become effectively weighted averages across the selected
phase space of the magnitude ratio and relative strong phase
between the CKM-suppressed and -favored amplitudes;
these effective parameters are denoted r̄B and δ̄B (the
notations rs, δs and rS, δS are also found in the literature).
An alternative, and in certain cases more advantageous,
approach is a Dalitz plot analysis of the full B → DKπ
phase space [306–309].
We now consider the various notations used in exper-

imental studies of CP asymmetries in B → Dð�ÞKð�Þ
decays. To simplify the notation the Bþ → DKþ decay
is considered; the extension to other modes mediated by the
same quark-level transitions is straightforward.

a. B → Dð�ÞKð�Þ with D → CP eigenstate decays.—In the
GLW analysis, the measured quantities are the partial rate
asymmetry

ACP ¼ ΓðB− → DCPK−Þ − ΓðBþ → DCPKþÞ
ΓðB− → DCPK−Þ þ ΓðBþ → DCPKþÞ ð138Þ

and the charge-averaged rate

RCP ¼ 2ΓðBþ → DCPKþÞ
ΓðBþ → D̄0KþÞ ; ð139Þ

which are measured for D decays to both CP-even and
CP-odd final states. It is often experimentally convenient to
measure RCP using a double ratio,

RCP ≈
ΓðBþ → DCPKþÞ=ΓðBþ → D̄0KþÞ
ΓðBþ → DCPπ

þÞ=ΓðBþ → D̄0πþÞ ð140Þ

that is normalized both to the rate for the favored
D̄0 → Kþπ− decay, and to the equivalent quantities for
Bþ → Dπþ decays [charge conjugate processes are implic-
itly included in Eqs. (139) and (140)]. In this way the
constant of proportionality drops out of Eq. (134).
Eq. (140) is exact in the limit that the contribution of
the b → u decay amplitude to Bþ → Dπþ vanishes and
when the flavor-specific rates ΓðBþ → D̄0hþÞ (h ¼ π, K)
are determined using appropriately flavor-specific D
decays. In reality, the Cabibbo-favored D → Kπ decay is
used, which is not perfectly flavor-specific. This introduces
a small bias, and corresponding systematic uncertainty, in
measurements of RCP using Eq. (140). The effect can
however be fully accounted for when combining multiple
measurements with sensitivity to γ, including results from
B → Dπ decays (see Sec. VI O 7).

b. B → Dð�ÞKð�Þ with D → non-CP eigenstate two-body
decays.—For the ADS analysis, which is based on a
suppressedD → f decay, the measured quantities are again
the partial rate asymmetry and the charge-averaged rate. In
this case it is sufficient to measure the rate in a single ratio
(normalized to the favored D → f̄ decay) since potential
systematic uncertainties related to detection cancel natu-
rally; the observed charge-averaged rate is then

RADS ¼
ΓðB− → ½f�DK−Þ þ ΓðBþ → ½f̄�DKþÞ
ΓðB− → ½f̄�DK−Þ þ ΓðBþ → ½f�DKþÞ ; ð141Þ

where the inclusion of charge-conjugate modes has been
made explicit. The CP asymmetry is defined as

AADS ¼
ΓðB− → ½f�DK−Þ − ΓðBþ → ½f�DKþÞ
ΓðB− → ½f�DK−Þ þ ΓðBþ → ½f�DKþÞ : ð142Þ

Since the uncertainty of AADS depends on the central value
of RADS, for some statistical treatments it is preferable to
use an alternative pair of parameters [310]

R−¼
ΓðB−→ ½f�DK−Þ
ΓðB−→ ½f̄�DK−Þ Rþ ¼ΓðBþ → ½f̄�DKþÞ

ΓðBþ → ½f�DKþÞ ; ð143Þ

where there is no implied inclusion of charge-conjugate
processes. These parameters are statistically uncorrelated
but may be affected by common sources of systematic
uncertainty. We use the ðRADS; AADSÞ set in our compilation
where available.

In the ADS analysis, there are two additional unknowns
(rD and δD) compared to the GLW case. Additional
constraints are therefore required in order to obtain sensi-
tivity to γ. Generally, one needs access to two different
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linear admixtures of D0 and D̄0 states in order to determine
the relative phase: one such sample can be flavor tagged D
mesons, which are available in abundant quantities in many
experiments; the other can be CP-tagged D mesons from
ψð3770Þ decays, or a superposition of D0 and D̄0 from
D0–D̄0 mixing or from production in B → DK decays. In
fact, the most precise information on both rD and δD for
D → Kπ currently comes from global fits to charm mixing
data, as discussed in Sec. X A.
The relation of AADS to the underlying parameters given

in Eq. (135) and Table 25 is exact for a two-body D decay.
For multibody decays, a similar formalism can be used with
the introduction of a coherence factor [311]. This is most
appropriate for doubly Cabibbo-suppressed decays to non-
self-conjugate final states, but can also be modified for use
with singly Cabibbo-suppressed decays [312]. For multi-
body self-conjugate final states, such as K0

Sπ
þπ−, a Dalitz

plot analysis (discussed below) is often more appropriate.
However, in certain cases where the final state can be
approximated as a CP eigenstate, a modified version of the
GLW formalism can be used [313]. In such cases the
observables are denoted AqGLW and RqGLW to indicate that
the final state is not a pure CP eigenstate.

c. B → Dð�ÞKð�Þ with D → multibody final state decays.—
In the model-dependent Dalitz-plot (or BPGGSZ) analysis
of D decays to multibody self-conjugate final states, the
values of rD and δD across the Dalitz plot are given by an
amplitude model (with parameters typically obtained from
data). A simultaneous fit to the Bþ and B− samples can then
be used to obtain γ, rB and δB directly. The uncertainties on
the phases depend approximately inversely on rB, which is
positive definite and therefore tends to be overestimated
leading to an underestimation of the uncertainty on γ that
must be corrected statistically (unless σðrBÞ ≪ rB). An
alternative approach is to fit for the “Cartesian” variables

ðx�; y�Þ ¼ ðReðrBeiðδB�γÞÞ; ImðrBeiðδB�γÞÞÞ
¼ ðrB cosðδB � γÞ; rB sinðδB � γÞÞ: ð144Þ

These variables tend to be statistically well behaved, and
are therefore appropriate for combination of results
obtained from independent B� data samples.
The assumption of a model for the D decay leads to a

non-negligible, and hard to quantify, source of uncertainty.
To obviate this, it is possible to use instead a model-
independent approach, in which the Dalitz plot (or, more
generally, the phase space) is binned [302,314,315]. In this
case, hadronic parameters describing the average strong
phase difference in each bin between the interfering decay
amplitudes enter the equations. These parameters can be
determined from interference effects in decays of quantum-
correlated DD̄ pairs produced at the ψð3770Þ resonance.
Measurements of such parameters have been made for
several hadronic D decays by CLEO-c and BESIII.
When a multibody D decay is dominated by one CP

state, additional sensitivity to γ is obtained from the relative
widths of the Bþ → DKþ and B− → DK− decays. This can
be taken into account in various ways. One possibility is to
perform a GLW-like analysis, as mentioned above. An
alternative approach proceeds by defining

z� ¼ x� þ iy�;

x0 ¼ −
Z

Re½fðs1; s2Þf�ðs2; s1Þ�ds1ds2; ð145Þ

where s1, s2 are the coordinates of invariant mass squared
that define the Dalitz plot and f is the complex amplitude
for D decay as a function of the Dalitz plot coordinates.23

The fitted parameters (ρ�; θ�) are then defined by

ρ�eiθ� ¼ z� − x0: ð146Þ

Note that the yields of B� decays are proportional to
1þ ðρ�Þ2 − ðx0Þ2. This choice of variables has been used
by BABAR in the analysis of Bþ → DKþ with D →
πþπ−π0 [317]; for this D decay, and with the assumed
amplitude model, a value of x0 ¼ 0.850 is obtained.
The relations between the measured quantities and the

underlying parameters are summarized in Table 25. It must
be emphasized that the hadronic factors rB and δB are
different, in general, for each B decay mode.

TABLE 25. Summary of relations between measured and
physical parameters in GLW, ADS and Dalitz analyses of
B → Dð�ÞKð�Þ decays.

GLW analysis

RCP� 1þ r2B � 2rB cosðδBÞ cosðγÞ
ACP� �2rB sinðδBÞ sinðγÞ=RCP�
ADS analysis
RADS r2B þ r2D þ 2rBrD cos ðδB þ δDÞ cosðγÞ
AADS 2rBrD sin ðδB þ δDÞ sinðγÞ=RADS

BPGGSZ Dalitz analysis (D → K0
Sπ

þπ−)
x� rB cosðδB � γÞ
y� rB sinðδB � γÞ
Dalitz analysis (D → πþπ−π0)
ρ� jz� − x0j
θ� tan−1ðImðz�Þ=ðReðz�Þ − x0ÞÞ

23The x0 parameter gives a model-dependent measure of the
net CP content of the final state [313,316]. It is closely related to
the ci parameters of the model dependent Dalitz plot analysis
[302,314,315], and the coherence factor of inclusive ADS-type
analyses [311], integrated over the entire Dalitz plot.
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C. Common inputs and uncertainty treatment

As described in Sec. III, where measurements combined
in an average depend on external parameters, it can be
important to rescale to the latest values of those parameters
in order to obtain the most precise and accurate results. In
practice, this is only necessary for modes with reasonably
small statistical uncertainties, so that the systematic uncer-
tainty associated with the knowledge of the external
parameter is not negligible. Among the averages in this
section, rescaling to common inputs is only done for
b → cc̄s transitions of B0 mesons. Correlated sources of
systematic uncertainty are also taken into account in these
averages. For most other modes, the effects of common
inputs and sources of systematic uncertainty are currently
negligible, however similar considerations are applied
when combining results to obtain constraints on α ≡ ϕ2

and γ ≡ ϕ3 as discussed in Secs. VI L 1 and VI O 7,
respectively.
The common inputs used for calculating the averages are

listed in Table 26. The average values for the B0 lifetime
(τðB0Þ), mixing parameter (Δmd) and relative width differ-
ence (ΔΓd=Γd) averages are discussed in Sec. V. The
fraction of the perpendicularly polarized component

(jA⊥j2) in B → J=ψK�ð892Þ decays, which determines
the CP composition in these decays, is averaged from
results by BABAR [318], Belle [319], CDF [320], D0 [71]
and LHCb [321] (see also Sec. VIII).
As explained in Sec. II, we do not apply a rescaling

factor on the uncertainty of an average that has χ2=dof > 1
(unlike the procedure currently used by the PDG [9]). We
provide a confidence level of the fit so that one can know
the consistency of the measurements included in the
average, and attach comments in case some care needs
to be taken in the interpretation. Note that, in general,
results obtained from small data samples will exhibit some
non-Gaussian behavior. We average measurements with
asymmetric uncertainties using the PDG [9] prescription. In
cases where several measurements are correlated (e.g., Sf
and Cf in measurements of time-dependent CP violation in
B decays to a particular CP eigenstate) we take these into
account in the averaging procedure if the uncertainties are
sufficiently Gaussian. For measurements where one uncer-
tainty is given, it represents the total uncertainty, where
statistical and systematic uncertainties have been added in
quadrature. If two uncertainties are given, the first is
statistical and the second systematic. If more than two
uncertainties are given, the origin of the additional uncer-
tainty will be explained in the text.

D. Time-dependent asymmetries in b → cc̄s transitions

1. Time-dependent CP asymmetries
in b → cc̄s decays to CP eigenstates

In the Standard Model, the time-dependent parameters
for B0 decays governed by b → cc̄s transitions are

TABLE 26. Common inputs used in calculating the
averages.

τðB0Þ 1.519� 0.004 ps
Δmd 0.5065� 0.0019 ps−1

ΔΓd=Γd 0.001� 0.010
jA⊥j2ðJ=ψK�Þ 0.209� 0.006

TABLE 27. Results and averages for Sb→cc̄s and Cb→cc̄s. The averages are given from a combination of the most precise results only,
and also including less precise measurements.

Experiment Sample size −ηSb→cc̄s Cb→cc̄s

Most precise
BABAR b → cc̄s [324] NðBB̄Þ ¼ 465M 0.687� 0.028� 0.012 0.024� 0.020� 0.016
Belle b → cc̄s [325] NðBB̄Þ ¼ 772M 0.667� 0.023� 0.012 −0.006� 0.016� 0.012
LHCb J=ψK0

S [326,327]
R
L dt ¼ 3 fb−1 0.75� 0.04 −0.014� 0.030

LHCb ψð2SÞK0
S [327]

R
L dt ¼ 3 fb−1 0.84� 0.10� 0.01 −0.05� 0.10� 0.01

Average 0.698� 0.017 −0.005� 0.015
Confidence level 0.09ð1.7σÞ 0.54ð0.6σÞ

Less precise
BABAR χc0K0

S [265] NðBB̄Þ ¼ 383M 0.69� 0.52� 0.04� 0.07 −0.29þ0.53
−0.44 � 0.03� 0.05

BABAR J=ψK0
S (a) [328] NðBB̄Þ ¼ 88M 1.56� 0.42� 0.21 � � �

ALEPH [329] NðZ → hadronsÞ ¼ 4 M 0.84þ0.82
−1.04 � 0.16 � � �

OPAL [330] NðZ → hadronsÞ ¼ 4.4M 3.2þ1.8
−2.0 � 0.5 � � �

CDF [331]
R
L dt ¼ 110 pb−1 0.79þ0.41

−0.44 � � �
Belle ϒð5SÞ [332]

R
L dt ¼ 121 fb−1 0.57� 0.58� 0.06 � � �

Average of all 0.699� 0.017 −0.005� 0.015
aThis result uses “hadronic and previously unused muonic decays of the J=ψ”. We neglect a small possible correlation of this result

with the main BABAR result [324] that could be caused by reprocessing of the data.
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predicted to be Sb→cc̄s ¼ −η sinð2βÞ and Cb→cc̄s ¼ 0 to
very good accuracy. Deviations from this relation are
currently limited to the level of ≲1° on 2β
[230,322,323]. The averages for −ηSb→cc̄s and Cb→cc̄s
are provided in Table 27 and shown in Fig. 10 In all such
figures in this section, error bars cover 68% confidence
regions, and the corresponding ranges accounting only for
statistical uncertainties are also indicated (though some-
times not distinguishable from the total uncertainty).
Both BABAR and Belle have used the η ¼ −1 modes

J=ψK0
S, ψð2SÞK0

S, χc1K
0
S and ηcK0

S, as well as J=ψK0
L,

which has η ¼ þ1 and J=ψK�0ð892Þ, which is found to
have η close to þ1 based on the measurement of jA⊥j (see
Sec. VI C). The most recent Belle result does not use ηcK0

S

or J=ψK�0ð892Þ decays.24 LHCb has used J=ψK0
S (data

with J=ψ → μþμ− and eþe− are reported in different
publications) and ψð2SÞK0

S decays. ALEPH, OPAL, and
CDF have used only the J=ψK0

S final state. BABAR has also
determined the CP violation parameters of the B0 → χc0K0

S
decay from the time-dependent Dalitz-plot analysis of the
B0 → πþπ−K0

S mode (see Sec. VI G 2). In addition, Belle
has performed a measurement with data accumulated at the
ϒð5SÞ resonance, using the J=ψK0

S final state—this
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FIG. 10. Top: average of measurements of Sb→cc̄s, interpreted as sinð2βÞ, with (bottom left) the same but excluding less precise
measurements to allow inspection of the detail. Bottom right: more precise results and the world average for Cb→cc̄s.

24Previous analyses from Belle did include these channels
[79], but it is not possible to obtain separate results for those
modes from the published information.
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involves a different flavor tagging method compared to the
measurements performed with data accumulated at the
ϒð4SÞ resonance. A breakdown of results in each charmo-
nium-kaon final state is given in Table 28.
While the uncertainty in the average for −ηSb→cc̄s

is limited by the statistical uncertainty, the precision for
Cb→cc̄s is close to being dominated by the systematic
uncertainty, particularly for measurements from the
eþe− B factory experiments. This occurs due to the possible
effect of tag-side interference [283] on the Cb→cc̄s meas-
urement, an effect which is correlated between different
eþe−→ϒð4SÞ→BB̄ experiments. Understanding of this
effect may continue to improve in the future, allowing the
uncertainty to reduce.

2. Constraints on β ≡ ϕ1

From the average for −ηSb→cc̄s above, we obtain the
following solutions for β (in ½0; π�):

β ¼ ð22.2� 0.7Þ° or β ¼ ð67.8� 0.7Þ°: ð147Þ

This result gives a precise constraint on the ðρ̄; η̄Þ plane,
as shown in Fig. 11. The measurement is in remarkable

TABLE 28. Breakdown of results on Sb→cc̄s and Cb→cc̄s.

Mode Sample size −ηSb→cc̄s Cb→cc̄s

BABAR
J=ψK0

S [324] NðBB̄Þ ¼ 465M 0.657� 0.036� 0.012 0.026� 0.025� 0.016
J=ψK0

L [324] NðBB̄Þ ¼ 465M 0.694� 0.061� 0.031 −0.033� 0.050� 0.027
J=ψK0 [324] NðBB̄Þ ¼ 465M 0.666� 0.031� 0.013 0.016� 0.023� 0.018
ψð2SÞK0

S [324] NðBB̄Þ ¼ 465 M 0.897� 0.100� 0.036 0.089� 0.076� 0.020
χc1K0

S [324] NðBB̄Þ ¼ 465M 0.614� 0.160� 0.040 0.129� 0.109� 0.025
ηcK0

S [324] NðBB̄Þ ¼ 465M 0.925� 0.160� 0.057 0.080� 0.124� 0.029
J=ψK�0ð892Þ [324] NðBB̄Þ ¼ 465M 0.601� 0.239� 0.087 0.025� 0.083� 0.054
All [324] NðBB̄Þ ¼ 465M 0.687� 0.028� 0.012 0.024� 0.020� 0.016

Belle
J=ψK0

S [325] NðBB̄Þ ¼ 772M 0.670� 0.029� 0.013 0.015� 0.021þ0.023
−0.045

J=ψK0
L [325] NðBB̄Þ ¼ 772M 0.642� 0.047� 0.021 −0.019� 0.026þ0.041

−0.017
ψð2SÞK0

S [325] NðBB̄Þ ¼ 772M 0.738� 0.079� 0.036 −0.104� 0.055þ0.027
−0.047

χc1K0
S [325] NðBB̄Þ ¼ 772M 0.640� 0.117� 0.040 0.017� 0.083þ0.026

−0.046
All [325] NðBB̄Þ ¼ 772M 0.667� 0.023� 0.012 −0.006� 0.016� 0.012

LHCb
J=ψð→ μþμ−ÞK0

S [326]
R
L dt ¼ 3 fb−1 0.731� 0.035� 0.020 −0.038� 0.032� 0.005

J=ψð→ eþe−ÞK0
S [327]

R
L dt ¼ 3 fb−1 0.83� 0.08� 0.01 0.12� 0.07� 0.02

ψð2SÞK0
S [327]

R
L dt ¼ 3 fb−1 0.84� 0.10� 0.01 −0.05� 0.10� 0.01

Averages
J=ψK0

S (a) 0.695� 0.019 0.000� 0.020
J=ψK0

L 0.663� 0.041 −0.023� 0.030
ψð2SÞK0

S 0.817� 0.056 −0.019� 0.048
χc1K0

S 0.632� 0.099 0.066� 0.074
aBelle II has presented a first result with B0 → J=ψK0

S, measuring sinð2βÞ ¼ 0.55� 0.21� 0.04, where the first uncertainty is
statistical and the second is systematic [333]. We do not include this result in our averages as it is not planned to be published.
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FIG. 11. Constraints on the ðρ̄; η̄Þ plane, obtained from the
average of −ηSb→cc̄s and Eq. (147). Note that the solution with
the smaller (larger) value of β has cosð2βÞ > 0 (<0).
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agreement with other constraints from CP-conserving
quantities, and with CP violation in the kaon system,
in the form of the parameter ϵK. Such comparisons have
been performed by various phenomenological groups,
such as CKMfitter [242] and UTFit [334] (see also
Refs. [335,336]).

3. Time-dependent transversity analysis
of B0 → J=ψK�0 decays

B meson decays to the vector-vector final state J=ψK�0
are also mediated by the b → cc̄s transition. When a final
state that is not flavor-specific (K�0 → K0

Sπ
0) is used, a

time-dependent transversity analysis can be performed,
yielding sensitivity to both sinð2βÞ and cosð2βÞ [337].
Such analyses have been performed by both B factory
experiments. In principle, the strong phases between the
transversity amplitudes are not uniquely determined by
such an analysis, leading to a discrete ambiguity in the sign
of cosð2βÞ. The BABAR collaboration resolves this ambi-
guity using the known variation [338] of the P-wave phase
(fast) relative to that of the S-wave phase (slow) with the

invariant mass of the Kπ system in the vicinity of the
K�ð892Þ resonance. The result is in agreement with the
prediction from s-quark helicity conservation, and corre-
sponds to Solution II defined by Suzuki [339]. We include
only the solutions consistent with this phase variation in
Table 29 and Fig. 12.
At present, the results are dominated by large and non-

Gaussian statistical uncertainties, and exhibit significant
correlations. We perform uncorrelated averages, which
necessitates care in the interpretation of these averages.
Nonetheless, it is clear that cosð2βÞ > 0 is preferred by the
experimental data in J=ψK�0 (for example, BABAR [340]
finds a confidence level for cosð2βÞ > 0 of 89%).

4. Time-dependent CP asymmetries in
B0 → D�+D�−K0

S decays

Both BABAR [256] and Belle [257] have performed
time-dependent analyses of the B0 → D�þD�−K0

S decay, to
obtain information on the sign of cosð2βÞ. More informa-
tion can be found in Sec. VI. B. 5. The results are given in
Table 30, and shown in Fig. 13. From their result and the

TABLE 29. Averages from B0 → J=ψK�0 transversity analyses.

Experiment NðBB̄Þ sin 2β cos 2β Correlation

BABAR [340] 88M −0.10� 0.57� 0.14 3.32þ0.76
−0.96 � 0.27 −0.37

Belle [319] 275M 0.24� 0.31� 0.05 0.56� 0.79� 0.11 0.22
Average 0.16� 0.28 1.64� 0.62 Uncorrelated averages
Confidence level 0.61ð0.5σÞ 0.03ð2.2σÞ
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FIG. 12. Averages of (left) sinð2βÞ ≡ sinð2ϕ1Þ and (right) cosð2βÞ ≡ cosð2ϕ1Þ from time-dependent analyses of B0 → J=ψK�0 decays.

TABLE 30. Results from time-dependent analysis of B0 → D�þD�−K0
S.

Experiment NðBB̄Þ Jc
J0

2Js1
J0

sinð2βÞ 2Js2
J0

cosð2βÞ
BABAR [256] 230M 0.76� 0.18� 0.07 0.10� 0.24� 0.06 0.38� 0.24� 0.05
Belle [257] 449M 0.60þ0.25

−0.28 � 0.08 −0.17� 0.42� 0.09 −0.23þ0.43
−0.41 � 0.13

Average 0.71� 0.16 0.03� 0.21 0.24� 0.22
Confidence
level

0.63ð0.5σÞ 0.59ð0.5σÞ 0.23ð1.2σÞ
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assumption that Js2 > 0, BABAR infers that cosð2βÞ > 0 at
the 94% confidence level [256].

5. Time-dependent analysis of B0
s decays

through the b → cc̄s transition

As described in Sec. VI B 3, time-dependent analysis of
decays such as B0

s → J=ψϕ probes the CP violating phase
of B0

s–B̄0
s oscillations, ϕs.

25 The combination of results on
B0
s → J=ψϕ decays, including also results from channels

such a B0
s → J=ψπþπ− and B0

s → Dþ
s D−

s decays, is dis-
cussed in Sec. V.

E. Time-dependent CP asymmetries in
color-suppressed b → cūd transitions

1. Time-dependent CP asymmetries:
b → cūd decays to CP eigenstates

Decays of B mesons to final states such as Dπ0 are
governed by b → cūd transitions. If the final state is a CP
eigenstate, e.g. DCPπ

0, the usual time-dependent formulas
are recovered, with the sine coefficient sensitive to
sinð2βÞ. Since there is no penguin contribution to these
decays, there is even less associated theoretical uncer-
tainty than for b → cc̄s decays such as B → J=ψK0

S. Such
measurements therefore allow to test the Standard Model
prediction that the CP violation parameters in b → cūd
transitions are the same as those in b → cc̄s [341].
Although there is an additional contribution from CKM
suppressed b → uc̄d amplitudes, which have a different
weak phase compared to the leading b → cūd transition,
the effect is small and can be taken into account in the
analysis [342,343].
Results are available from a joint analysis of BABAR and

Belle data [344]. The following CP-even final states are
included: Dπ0 and Dη with D → K0

Sπ
0 and D → K0

Sω; Dω
with D → K0

Sπ
0; D�π0 and D�η with D� → Dπ0 and

D → KþK−. The following CP-odd final states are

included: Dπ0, Dη and Dω with D → KþK−, D�π0 and
D�η with D� → Dπ0 and D → K0

Sπ
0. All B0 → Dð�Þh0

decays are analyzed together, taking into account the

different CP factors (denoted Dð�Þ
CPh

0). The results are
summarized in Table 31.

2. Time-dependent Dalitz-plot analyses
of b → cūd decays

When multibody D decays, such as D → K0
Sπ

þπ−
are used, a time-dependent analysis of the Dalitz
plot of the neutral D decay allows for a direct determi-
nation of the weak phase 2β or, equivalently, of both
sinð2βÞ and cosð2βÞ. This information can be used to
resolve the ambiguity in the measurement of 2β from
sinð2βÞ [345].
Results are available from a joint analysis of BABAR and

Belle data [251,252]. The decays B → Dπ0, B → Dη,
B → Dω, B → D�π0 and B → D�η are used. (This collec-
tion of states is denoted by Dð�Þh0.) The daughter decays
are D� → Dπ0 and D → K0

Sπ
þπ−. These results supersede

those from previous analyses done separately by Belle
[249] and BABAR [250] and are given in Table 32. Treating
β as a free parameter in the fit, the result
β ¼ ð22.5� 4.4� 1.2� 0.6Þ° is obtained. This corre-
sponds to an observation of CP violation (β ≠ 0) at 5.1σ
significance, and evidence for cosð2βÞ > 0 at 3.7σ. The
solution with cosð2βÞ < 0, corresponding to the ambiguous
solution for sinð2βÞ from b → cc̄s transitions, is ruled out
at 7.3σ.
A model-independent time-dependent analysis of B0 →

Dð�Þh0 decays, with D → K0
Sπ

þπ−, has been performed by
Belle [253]. The decays B0 → Dπ0, B0 → Dη, B0 → Dη0,
B0 → Dω, B0 → D�π0 and B0 → D�η are used. The results
are also included in Table 32. From these results, Belle
disfavors the cosð2ϕ1Þ< 0 solution that corresponds to the
sinð2ϕ1Þ results from b → cc̄s transitions at 5.1σ signifi-
cance. The solution with cosð2ϕ1Þ > 0 is consistent with
the data at the level of 1.3σ. Note that due to the strong
statistical and systematic correlations, model-dependent
results and model-independent results from the same
experiment cannot be combined.
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FIG. 13. Averages of (left) ðJc=J0Þ, (middle) ð2Js1=J0Þ sinð2βÞ and (right) ð2Js2=J0Þ cosð2βÞ from time-dependent analyses of
B0 → D�þD�−K0

S decays.

25We use ϕs here to denote the same quantity labeled ϕcc̄s
s in

Sec. V. It should not be confused with the parameter
ϕ12 ≡ arg ½−M12=Γ12�, which historically was also often referred
to as ϕs.
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3. Combined results from time-dependent
analyses of b → cūd decays

A comparison of the results for sinð2βÞ from
B0 → Dð�Þh0 decays, with D decays to CP eigenstates
or to D → K0

Sπ
þπ−, is shown in Fig. 14. Averaging these

results gives sinð2βÞ ¼ 0.71� 0.09, which is consistent
with, but not as precise as, the value from b → cc̄s
transitions.

F. Time-dependent CP asymmetries
in b → cc̄d transitions

The transition b → cc̄d can occur via either a b → c
tree or a b → d penguin amplitude. The flavor changing
neutral current b → d penguin can be mediated by any up-
type quark in the loop, and hence the amplitude can be
written as

Ab→d ¼ FuVubV�
ud þ FcVcbV�

cd þ FtVtbV�
td

¼ ðFu − FcÞVubV�
ud þ ðFt − FcÞVtbV�

td; ð148Þ

where Fu;c;t describe all factors, except CKM suppression,
in each quark loop diagram. In the last line, both terms are
Oðλ3Þ, exposing that the b → d penguin amplitude contains
terms with different weak phases at the same order of CKM
suppression.
In Eq. (148), we have chosen to eliminate the Fc term

using unitarity. However, we could equally well write

Ab→d ¼ ðFu − FtÞVubV�
ud þ ðFc − FtÞVcbV�

cd

¼ ðFc − FuÞVcbV�
cd þ ðFt − FuÞVtbV�

td: ð149Þ

Since the b → cc̄d tree amplitude has the weak phase of
VcbV�

cd, either of the above expressions allows the penguin

amplitude to be decomposed into a part with the same
weak phase as the tree amplitude and a part with another
weak phase, which can be chosen to be either β or γ. The
choice of parametrization cannot, of course, affect the
physics [346]. In any case, if the tree amplitude dominates,
there is little sensitivity to any phase other than that from
B0–B̄0 mixing.
The b → cc̄d transitions can be investigated with studies

of various final states. Results are available from both
BABAR and Belle using the final states J=ψπ0, DþD−,
D�þD�− and D��D∓, and from LHCb using the final states
J=ψρ0,DþD− andD��D∓; the averages of these results are
given in Tables 33 and 34. The results using the CP-even
modes J=ψπ0 and DþD− are shown in Fig. 15 and Fig. 16
respectively, with two-dimensional constraints shown in
Fig. 17. In all figures showing two-dimensional constraints
in this section, the contours contain 39.3% confidence
regions, corresponding to a Δχ2 or change in twice the

TABLE 31. Results from analyses of B0 → Dð�Þh0, D → CP eigenstates decays.

Experiment NðBB̄Þ SCP CCP Correlation

BABAR and Belle [344] 1243M 0.66� 0.10� 0.06 −0.02� 0.07� 0.03 −0.05

TABLE 32. Averages from B0 → Dð�Þh0, D → K0
Sπ

þπ− analyses.

Experiment NðBB̄Þ sin 2β cos 2β

Model-dependent
BABAR and Belle [251,252] 1240M 0.80� 0.14� 0.06� 0.03 0.91� 0.22� 0.09� 0.07

Model-independent
Belle [253] 772M 0.43� 0.27� 0.08 1.06� 0.33þ0.21
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FIG. 14. Averages of sinð2βÞ measured in color-suppressed
b → cūd transitions.
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negative log-likelihood of one unit. The corresponding
regions accounting only for statistical uncertainties are also
indicated (though sometimes not distinguishable from the
total uncertainty).
Results for the vector-vector mode J=ψρ0 are obtained

from a full time-dependent amplitude analysis of B0 →
J=ψπþπ− decays. LHCb [231] finds a J=ψρ0 fit fraction of
65.6� 1.9% and a longitudinal polarization fraction of
56.7� 1.8% (uncertainties are statistical only; both results
are consistent with those from a time-integrated amplitude
analysis [258] where systematic uncertainties were also
evaluated). Fits are performed to obtain 2βeff in the cases
that all transversity amplitudes are assumed to have the same
CP violation parameter. A separate fit is performed allowing
different parameters. The results in the former case are
presented in terms of SCP and CCP in Table 34.
The vector-vector mode D�þD�− is found to be domi-

nated by the CP-even, longitudinally polarized component.
BABAR measures a CP-odd fraction of 0.158� 0.028�
0.006 [248], and Belle measures 0.138� 0.024� 0.006
[351]. These values are listed as R⊥ in Table 34, and are
included in the averages so that correlations are taken into
account.26 BABAR has also performed an additional fit in
which the CP-even and CP-odd components have inde-
pendent pairs of CP violation parameters S and C. These
results are included in Table 34. Results using D�þD�− are
shown in Fig. 18.
As discussed in Sec. VI B 6, the most recent papers on

the non-CP eigenstate mode D��D∓ use the (A, S, ΔS, C,
ΔC) set of parameters. Therefore, we perform the
averages with this choice, with results presented in
Table 34.

In the absence of the penguin contribution (so-called tree
dominance), the time-dependent parameters are given by
Sb→cc̄d ¼ −η sinð2βÞ, Cb→cc̄d ¼ 0, Sþ− ¼ sinð2β þ δÞ,
S−þ ¼ sinð2β − δÞ, Cþ− ¼ −C−þ and A ¼ 0, where δ is
the strong phase difference between the D�þD− and
D�−Dþ decay amplitudes. In the presence of the penguin
contribution, there is no straightforward interpretation in
terms of CKM parameters; however, CP violation in decay
may be observed through any of Cb→cc̄d ≠ 0, Cþ− ≠ −C−þ
or Aþ− ≠ 0.
The averages for the b → cc̄d modes are shown in

Figs. 19 and 20. Results are consistent with tree dominance
and with the Standard Model, although the Belle results in
B0 → DþD− [353] show an indication of CP violation in
decay, and hence a nonzero penguin contribution. The
average of Sb→cc̄d in each of the J=ψπ0, DþD− and
D�þD�− final states is more than 5σ away from zero,
corresponding to observations of CP violation in these
decay channels. Possible non-Gaussian effects due to some
of the input measurements being outside the physical region
(S2CP þ C2

CP ≤ 1) should, however, be borne in mind.

1. Time-dependent CP asymmetries in B0
s decays

mediated by b → cc̄d transitions

Time-dependent CP asymmetries in B0
s decays mediated

by b → cc̄d transitions provide a determination of 2βeffs ,
where possible effects from penguin amplitudes may cause
a shift from the value of 2βs seen in b → cc̄s transitions.
Results in the b → cc̄d case, with larger penguin effects,
can be used together with flavor symmetries to derive limits
on the possible size of penguin effects in the b → cc̄s
transitions [354,355].
The parameters have been measured in B0

s → J=ψK0
S

decays by LHCb, as summarized in Table 35. The results
supersede an earlier measurement of the effective lifetime,
which is directly related to AΔΓ, in the same mode [112].

TABLE 33. Averages for the b → cc̄d modes, B0 → J=ψπ0 and DþD−.

Experiment Sample size SCP CCP Correlation

J=ψπ0

BABAR [347] NðBB̄Þ ¼ 466M −1.23� 0.21� 0.04 −0.20� 0.19� 0.03 0.20
Belle [348] NðBB̄Þ ¼ 772M −0.59� 0.19� 0.03 0.15� 0.14þ0.03

−0.04 0.01
Average −0.86� 0.14 0.04� 0.12 0.08
Confidence level 0.04ð2.0σÞ

DþD−

BABAR [248] NðBB̄Þ ¼ 467M −0.65� 0.36� 0.05 −0.07� 0.23� 0.03 −0.01
Belle [278] NðBB̄Þ ¼ 772M −1.06þ0.21

−0.14 � 0.08 −0.43� 0.16� 0.05 −0.12
LHCb [349]

R
L dt ¼ 3 fb−1 −0.54þ0.17

−0.16 � 0.05 0.26þ0.18
−0.17 � 0.02 0.48

Average −0.84� 0.12 −0.13� 0.10 0.18
Confidence level 0.027ð2.2σÞ

26Note that the BABAR value given in Table 34 differs from the
value quoted here, since that in the table is not corrected for
efficiency.
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G. Time-dependent CP asymmetries
in charmless b → qq̄s transitions

Similarly to Eq. (148), the b → s penguin amplitude can
be written as

Ab→s ¼ FuVubV�
us þ FcVcbV�

cs þ FtVtbV�
ts

¼ ðFu − FcÞVubV�
us þ ðFt − FcÞVtbV�

ts; ð150Þ

using the unitarity of the CKM matrix to eliminate the Fc

term. In this case, the first term in the last line is Oðλ4Þ
while the second is Oðλ2Þ. Therefore, in the Standard
Model, this amplitude is dominated by VtbV�

ts, and to
within a few degrees (jδβeff j ≡ jβeff − βj≲ 2° for β ≈ 20°)

the time-dependent parameters can be written as27

Sb→qq̄s ≈ −η sinð2βÞ,Cb→qq̄s ≈ 0, assuming b → s penguin
contributions only (q ¼ u, d, s).
Due to the suppression of the Standard Model amplitude,

contributions of additional diagrams from physics beyond
the Standard Model, with heavy virtual particles in the
penguin loops, may have observable effects. In general,
these contributions will affect the values of Sb→qq̄s and
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FIG. 19. Averages of (left) −ηSb→cc̄d interpreted as sinð2βeffÞ and (right) Cb→cc̄d. The −ηSb→cc̄d figure compares the results to the
world average for −ηSb→cc̄s (see Sec. VI D 1).

27The presence of a small (Oðλ2Þ) weak phase in the dominant
amplitude of the s penguin decays introduces a phase shift given
by Sb→qq̄s ¼ −η sinð2βÞð1þ ΔÞ. Using the CKMfitter results for
the Wolfenstein parameters [242], one finds Δ ≃ 0.033, which
corresponds to a shift of 2β of þ2.1°. Nonperturbative contri-
butions can alter this result.
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Cb→qq̄s. A discrepancy between the values of Sb→cc̄s and
Sb→qq̄s can therefore provide a solid indication of non-
Standard Model physics [341,357–359].
However, there is an additional consideration to take

into account. The above argument assumes that only the
b → s penguin contributes to the b → qq̄s transition. For
q ¼ s this is a good assumption, which neglects only
rescattering effects. However, for q ¼ u there is a color-
suppressed b → u tree diagram (of order Oðλ4Þ), which
has a different weak (and possibly strong) phase. In the
case q ¼ d, any light neutral meson that is formed from
dd̄ also has a uū component, and so again there is
“tree pollution.” The B0 decays to π0K0

S, ρ
0K0

S and ωK0
S

belong to this category. The mesons ϕ, f0 and η0 are
expected to have predominant ss̄ composition, which
reduces the relative size of the possible tree pollution.
If the inclusive decay B0 → KþK−K0 (excluding ϕK0) is
dominated by a nonresonant three-body transition, an
Okubo-Zweig-Iizuka-suppressed [360–362] tree-level
diagram can occur through insertion of an ss̄ pair.
The corresponding penguin-type transition proceeds via
insertion of a uū pair, which is expected to be favored over
the ss̄ insertion by fragmentation models. Neglecting
rescattering, the final state K0K̄0K0 (reconstructed as
K0

SK
0
SK

0
S) has no tree pollution [363]. Various estimates,

using different theoretical approaches, of the values of

ΔS ¼ Sb→qq̄s − Sb→cc̄s exist in the literature [364–377]. In
general, there is agreement that the modes ϕK0, η0K0 and
K0K̄0K0 are the cleanest, with values of jΔSj at or below
the few percent level, with ΔS usually predicted to be
positive. Nonetheless, the uncertainty is sufficient that
interpretation is given here in terms of sinð2βeffÞ.

1. Time-dependent CP asymmetries:
b → qq̄s decays to CP eigenstates

The averages for −ηSb→qq̄s and Cb→qq̄s can be found
in Tables 36 and 37, and are shown in Figs. 21, 22 and 23.
Results from both BABAR and Belle are averaged for the
modes η0K0 (K0 indicates that both K0

S and K0
L are used)

K0
SK

0
SK

0
S, π

0K0
S and ωK0

S.
28 Results on ϕK0

S and KþK−K0
S

(implicitly excluding ϕK0
S and f0K0

S) are taken from
time-dependent Dalitz plot analyses of KþK−K0

S; results
on ρ0K0

S, f2K
0
S, fXK

0
S and πþπ−K0

S nonresonant are taken
from time-dependent Dalitz-plot analyses of πþπ−K0

S
(see Sec. VI G 2).29 The results on f0K0

S are from
combinations of both Dalitz plot analyses. BABAR has
also presented results with the final states π0π0K0

S
and ϕK0

Sπ
0.

Of these final states, ϕK0
S, η0K0

S, π0K0
S, ρ0K0

S, ωK0
S

and f0K0
L have CP eigenvalue η ¼ −1, while ϕK0

L,
η0K0

L, K
0
SK

0
SK

0
S, f0K

0
S, f2K

0
S, fXK

0
S, π

0π0K0
S and πþπ−K0

S
nonresonant have η ¼ þ1. The final state KþK−K0

S
(with ϕK0

S and f0K0
S implicitly excluded) is not a

CP eigenstate, but the CP content can be absorbed
in the amplitude analysis to allow the determination of
a single effective S parameter. (In earlier analyses of the
KþK−K0 final state, its CP composition was deter-
mined using an isospin argument [379] and a moments
analysis [380]).
The final state ϕK0

Sπ
0 is also not a CP eigenstate

but its CP-composition can be determined from an
angular analysis. Since the parameters are common to
the B0 → ϕK0

Sπ
0 and B0 → ϕKþπ− decays (because

only Kπ resonances contribute), BABAR performed a
simultaneous analysis of the two final states [388] (see
Sec. VI G 3).
It must be noted that Q2B parameters extracted from

Dalitz-plot analyses are constrained to lie within the
physical boundary (S2CP þ C2

CP < 1). Consequently, the
obtained uncertainties are highly non-Gaussian when
the central value is close to the boundary. This is
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FIG. 20. Compilation of constraints in the −ηSb→cc̄d, inter-
preted as sinð2βeffÞ, vs Cb→cc̄d plane. The contours at
sinð2βeffÞ2 þ C2

b→cc̄d ¼ 1 represents the physical boundary for
the parameters.

28Belle [378] includes the π0K0
L final state together with π0K0

S
in order to improve the constraint on the parameter of CP
violation in decay; these events cannot be used for time-
dependent analysis.

29Throughout this section, f0 ≡ f0ð980Þ and f2 ≡ f2ð1270Þ.
Details of the assumed lineshapes of these states, and of the fX
(which is taken to have even spin), can be found in the relevant
experimental papers [261,262,265,266].
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particularly evident in the BABAR results for B0 → f0K0

with f0 → πþπ− [265]. These results must be treated with
caution.

As explained above, each of the modes listed in
Tables 36 and 37 has potentially different subleading
contributions within the Standard Model, and thus each

TABLE 35. Measurements of CP violation parameters from B0
s → J=ψK0

S.

Experiment
R
L dt SCP CCP AΔΓ

LHCb [356] 3 fb−1 0.49þ0.77
−0.65 � 0.06 −0.28� 0.41� 0.08 −0.08� 0.40� 0.08

TABLE 36. Averages of −ηSb→qq̄s and Cb→qq̄s. Where a third source of uncertainty is given, it is due to model
uncertainties arising in Dalitz plot analyses.

Experiment NðBB̄Þ −ηSb→qq̄s Cb→qq̄s Correlation

ϕK0

BABAR [262] 470M 0.66� 0.17� 0.07 0.05� 0.18� 0.05 � � �
Belle [261] 657M 0.90þ0.09

−0.19 −0.04� 0.20� 0.10� 0.02 � � �
Average 0.74þ0.11

−0.13 0.01� 0.14 Uncorrelated averages

η0K0

BABAR [381] 467M 0.57� 0.08� 0.02 −0.08� 0.06� 0.02 0.03
Belle [382] 772M 0.68� 0.07� 0.03 −0.03� 0.05� 0.03 0.03
Average 0.63� 0.06 −0.05� 0.04 0.02
Confidence level 0.53ð0.6σÞ

K0
SK

0
SK

0
S

BABAR [383] 468M 0.94þ0.21
−0.24 � 0.06 −0.17� 0.18� 0.04 0.16

Belle [384] 722M 0.71� 0.23� 0.05 −0.12� 0.16� 0.05 � � �
Average 0.83� 0.17 −0.15� 0.12 0.07
Confidence level 0.76ð0.3σÞ

π0K0

BABAR [381] 467M 0.55� 0.20� 0.03 0.13� 0.13� 0.03 0.06
Belle [378] 657M 0.67� 0.31� 0.08 −0.14� 0.13� 0.06 −0.04
Average 0.57� 0.17 0.01� 0.10 0.02
Confidence level 0.37ð0.9σÞ

ρ0K0
S

BABAR [265] 383M 0.35þ0.26
−0.31 � 0.06� 0.03 −0.05� 0.26� 0.10� 0.03 � � �

Belle [266] 657M 0.64þ0.19
−0.25 � 0.09� 0.10 −0.03þ0.24

−0.23 � 0.11� 0.10 � � �
Average 0.54þ0.18

−0.21 −0.06� 0.20 Uncorrelated averages

ωK0
S

BABAR [381] 467M 0.55þ0.26
−0.29 � 0.02 −0.52þ0.22

−0.20 � 0.03 0.03
Belle [385] 772M 0.91� 0.32� 0.05 0.36� 0.19� 0.05 −0.00
Average 0.71� 0.21 −0.04� 0.14 0.01
Confidence level 0.007ð2.7σÞ

f0K0

BABAR [262,265] � � � 0.74þ0.12
−0.15 0.15� 0.16 � � �

Belle [261,266] � � � 0.63þ0.16
−0.19 0.13� 0.17 � � �

Average 0.69þ0.10
−0.12 0.14� 0.12 Uncorrelated averages

f2K0
S

BABAR [265] 383M 0.48� 0.52� 0.06� 0.10 0.28þ0.35
−0.40 � 0.08� 0.07 � � �

fXK0
S

BABAR [265] 383M 0.20� 0.52� 0.07� 0.07 0.13þ0.33
−0.35 � 0.04� 0.09 � � �
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may have a different value of −ηSb→qq̄s. Therefore, there is
no strong motivation to make a combined average over the
different modes. We refer to such an average as a “naïve s-
penguin average.” It is naïve not only because the theo-
retical uncertainties are neglected, but also since possible
correlations of systematic effects between different modes
are not included. In spite of these caveats, there remains
interest in the value of this quantity and therefore it is given
here: h−ηSb→qq̄si ¼ 0.648� 0.038, with confidence level
0.63ð0.5σÞ. This value is in agreement with the average
−ηSb→cc̄s given in Sec. VI D 1. The average for Cb→qq̄s is
hCb→qq̄si ¼ −0.003� 0.029 with a confidence level
of 0.43ð0.8σÞ.
From Table 36 it may be noted that the averages for

−ηSb→qq̄s in ϕK0
S, η

0K0, f0K0
S and KþK−K0

S are all now
more than 5σ away from zero, so that CP violation in these
modes can be considered well established. There is no
evidence (above 2σ) for CP violation in decay in any of
these b → qq̄s transitions.

2. Time-dependent Dalitz plot analyses:
B0 → K+K −K0 and B0 → π +π −K0

S

As mentioned in Sec. VI. B. 5 and above, both BABAR
and Belle have performed time-dependent Dalitz plot
analyses of B0 → KþK−K0 and B0 → πþπ−K0

S decays.
The results are summarized in Tables 38 and 39. Averages
for the B0 → f0K0

S decay, which contributes to both Dalitz
plots, are shown in Fig. 24. Results are presented in terms
of the effective weak phase (from mixing and decay)
difference βeff and the parameter of CP violation in decay
A (A ¼ −C) for each of the resonant contributions. Note
that Dalitz-plot analyses, including all those included in
these averages, often suffer from ambiguous solutions—we
quote the results corresponding to those presented as

“solution 1” in all cases. Results on flavor-specific ampli-
tudes that may contribute to these Dalitz plots (such as
K�þπ−) are given in Sec. IX.
For the B0 → KþK−K0 decay, both BABAR and Belle

measure theCP violation parameters for the ϕK0, f0K0 and
“other KþK−K0” amplitudes, where the latter includes
all remaining resonant and nonresonant contributions to
the charmless three-body decay. For the B0 → πþπ−K0

S
decay, BABAR reports CP violation parameters for all of
the CP eigenstate components in the Dalitz plot model
(ρ0K0

S, f0K
0
S, f2K

0
S, fXK

0
S and nonresonant decays; see

Sec. VI. B. 5), while Belle reports the CP violation param-
eters for only the ρ0K0

S and f0K0
S amplitudes, although the

Dalitz-plot models used by the two collaborations are rather
similar.

3. Time-dependent analyses of B0 → ϕK0
Sπ

0

The final state in the decay B0 → ϕK0
Sπ

0 is a mixture of
CP-even and CP-odd amplitudes. However, since only
ϕK�0 resonant states contribute (in particular, ϕK�0ð892Þ,
ϕK�0

0 ð1430Þ and ϕK�0
2 ð1430Þ are seen), the composition

can be determined from the analysis of B → ϕKþπ−
decays, assuming only that the ratio of branching fractions
BðK�0 → K0

Sπ
0Þ=BðK�0 → Kþπ−Þ is the same for each

excited kaon state.
BABAR [388] has performed a simultaneous analysis

of B0 → ϕK0
Sπ

0 and B0 → ϕKþπ− decays that is time-
dependent for the former mode and time-integrated for the
latter. Such an analysis allows, in principle, all parameters
of the B0 → ϕK�0 system to be determined, including
mixing-induced CP violation effects. The latter is deter-
mined to be Δϕ00 ¼ 0.28� 0.42� 0.04, where Δϕ00 is
half the weak phase difference between B0 and B̄0 decays
to the ϕK�0

0 ð1430Þ final state. As discussed above, this can

TABLE 37. Averages of −ηSb→qq̄s and Cb→qq̄s (cont.). Where a third source of uncertainty is given, it is due to
model uncertainties arising in Dalitz plot analyses.

Experiment NðBB̄Þ −ηSb→qq̄s Cb→qq̄s Correlation

π0π0K0
S

BABAR [386] 227M −0.72� 0.71� 0.08 0.23� 0.52� 0.13 −0.02
Belle [387] 772M 0.92þ0.27

−0.31 � 0.11 −0.28� 0.21� 0.04 0.00
Average 0.66� 0.28 −0.21� 0.20 0.00
Confidence level 0.08ð1.8σÞ

ϕK0
Sπ

0

BABAR [388] 465M 0.97þ0.03
−0.52 −0.20� 0.14� 0.06 � � �
πþπ−K0

S nonresonant
BABAR [265] 383M 0.01� 0.31� 0.05� 0.09 0.01� 0.25� 0.06� 0.05 � � �

KþK−K0

BABAR [262] 470M 0.65� 0.12� 0.03 0.02� 0.09� 0.03 � � �
Belle [261] 657M 0.76þ0.14

−0.18 0.14� 0.11� 0.08� 0.03 � � �
Average 0.68þ0.09

−0.10 0.06� 0.08 Uncorrelated averages
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also be presented in terms of the Q2B parameter
sinð2βeff00 Þ ¼ sinð2β þ 2Δϕ00Þ ¼ 0.97þ0.03

−0.52 . The highly
asymmetric uncertainty arises due to the conversion from
the phase to the sine of the phase, and the proximity of the
physical boundary.

Similar sinð2βeffÞ parameters can be defined for each
of the helicity amplitudes for both ϕK�0ð892Þ and
ϕK�0

2 ð1430Þ. However, the relative phases between these
decays are constrained due to the nature of the simulta-
neous analysis of B0 → ϕK0

Sπ
0 and B0 → ϕKþπ−, decays

sin(2�eff)  sin(2
eff)
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FIG. 21. Top: averages of (left) −ηSb→qq̄s, interpreted as sinð2βeff and (right) Cb→qq̄s. The −ηSb→qq̄s figure compares the results to the
world average for −ηSb→cc̄s (see Sec. VI D 1). Bottom: same, but only averages for each mode are shown. More figures are available
from the HFLAV web pages.
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and therefore these measurements are highly correlated.
Instead of quoting all these results, BABAR provides an
illustration of the measurements with the following
differences:

sinð2β−2Δδ01Þ−sinð2βÞ¼−0.42þ0.26
−0.34 ; ð151Þ

sinð2β − 2Δϕk1Þ − sinð2βÞ ¼ −0.32þ0.22
−0.30 ; ð152Þ

sinð2β − 2Δϕ⊥1Þ − sinð2βÞ ¼ −0.30þ0.23
−0.32 ; ð153Þ

sinð2β−2Δϕ⊥1Þ−sinð2β−2Δϕk1Þ¼0.02�0.23; ð154Þ

sinð2β − 2Δδ02Þ − sinð2βÞ ¼ −0.10þ0.18
−0.29 ; ð155Þ

where the first subscript indicates the helicity amplitude
and the second indicates the spin of the kaon resonance. For
the complete definitions of theΔδ andΔϕ parameters, refer
to the BABAR paper [388].
Parameters of CP violation in decay for each of the

contributing helicity amplitudes can also be measured.
Again, these are determined from a simultaneous fit of
B0 → ϕK0

Sπ
0 and B0 → ϕKþπ− decays, with the precision

being dominated by the statistics of the latter mode.
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FIG. 22. Averages of four b → qq̄s dominated channels, for which correlated averages are performed, in the SCP vs. CCP plane, where
SCP has been corrected by the CP eigenvalue to give sinð2βeffÞ. Contours at S2CP þ C2

CP ¼ 1 represent the physical boundary for the
parameters. Top left: B0 → ϕK0, (top right) B0 → η0K0, (bottom left) B0 → K0

SK
0
SK

0
S, (bottom right) B0 → π0K0

S. More figures are
available from the HFLAV web pages.
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Measurements of CP violation in decay, obtained from
decay-time-integrated analyses, are tabulated in Sec. IX.

4. Time-dependent CP asymmetries in B0
s → K+K −

The decay B0
s → KþK− involves a b → uūs transition,

and hence has both penguin and tree contributions. Both
mixing-induced and CP violation in decay effects may
arise, and additional input is needed to disentangle the
contributions and determine γ and βeffs . For example, the
observables in B0 → πþπ− can be related using U-spin, as
proposed in Refs. [389,390].
The observables are SCP, CCP, and AΔΓ. They are related

by S2CP þ C2
CP þ A2

ΔΓ ¼ 1, but are usually treated as inde-
pendent (albeit correlated) free parameters in experimental
analyses, since this approach yields results with better
statistical behavior. Note that the untagged decay distribu-
tion, from which an “effective lifetime” can be measured,
retains sensitivity to AΔΓ; measurements of the B0

s →
KþK− effective lifetime have been made by LHCb
[83,110]. Compilations and averages of effective lifetimes
are given in Sec. V.
The observables in B0

s → KþK− have been measured by
LHCb [391,392]. The results are shown in Table 40, and
correspond to an observation of time-dependent CP vio-
lation in B0

s decays. Note that in Ref. [392] the results of
Ref. [391] are updated, when making a combined result, to
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FIG. 23. Compilation of constraints in the −ηSb→qq̄s, inter-
preted as sinð2βeffÞ, vs Cb→qq̄s plane. The contours at
sinð2βeffÞ2 þ C2

b→qq̄s ¼ 1 represents the physical boundary for
the parameters.

TABLE 38. Results from time-dependent Dalitz plot analyses of the B0 → KþK−K0 decay. Correlations (not shown) are taken into
account in the average.

Experiment NðBB̄Þ βeffðϕK0
SÞð°Þ AðϕK0

SÞ βeffðf0K0
SÞð°Þ Aðf0K0

SÞ βeffðKþK−K0
SÞð°Þ AðKþK−K0

SÞ
BABAR [262] 470M 21� 6� 2 −0.05� 0.18� 0.05 18� 6� 4 −0.28� 0.24� 0.09 20.3� 4.3� 1.2 −0.02� 0.09� 0.03

Belle [261] 657M
32.2� 9.0
�2.6� 1.4

0.04� 0.20
�0.10� 0.02

31.3� 9.0
�3.4� 4.0

−0.30� 0.29
�0.11� 0.09

24.9� 6.4
�2.1� 2.5

−0.14� 0.11
�0.08� 0.03

Average 24� 5 −0.01� 0.14 22� 6 −0.29� 0.20 21.6� 3.7 −0.06� 0.08
Confidence level 0.93ð0.1σÞ

TABLE 39. Results from time-dependent Dalitz plot analysis of the B0 → πþπ−K0
S decay. Correlations (not shown) are taken into

account in the average.

Experiment NðBB̄Þ βeffðρ0K0
SÞð°Þ Aðρ0K0

SÞ βeffðf0K0
SÞð°Þ Aðf0K0

SÞ
BABAR [265] 383M 10.2� 8.9� 3.0� 1.9 0.05� 0.26� 0.10� 0.03 36.0� 9.8� 2.1� 2.1 −0.08� 0.19� 0.03� 0.04
Belle [266] 657M 20.0þ8.6

−8.5 � 3.2� 3.5 0.03þ0.23
−0.24 � 0.11� 0.10 12.7þ6.9

−6.5 � 2.8� 3.3 −0.06� 0.17� 0.07� 0.09

Average 16.4� 6.8 0.06� 0.20 20.6� 6.2 −0.07� 0.14
Confidence level 0.39ð0.9σÞ

Experiment NðBB̄Þ βeffðf2K0
SÞð°Þ Aðf2K0

SÞ βeffðfXK0
SÞð°Þ AðfXK0

SÞ
BABAR [265] 383M 14.9� 17.9� 3.1� 5.2 −0.28þ0.40

−0.35 � 0.08� 0.07 5.8� 15.2� 2.2� 2.3 −0.13þ0.35
−0.33 � 0.04� 0.09

Experiment NðBB̄Þ βeffðπþπ−K0
SNRÞð°Þ Aðπþπ−K0

SNRÞ βeffðχc0K0
SÞð°Þ Aðχc0K0

SÞ
BABAR [265] 383M 0.4� 8.8� 1.9� 3.8 −0.01� 0.25� 0.06� 0.05 23.2� 22.4� 2.3� 4.2 0.29þ0.44

−0.53 � 0.03� 0.05
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account for improved knowledge of Γs and ΔΓs. The
central value of AΔΓ changes to −0.97� 0.07, which is
expected due to a shift in Γs with which it is strongly
correlated.
Interpretations of an earlier set of results [393], in terms

of constraints on γ and 2βs, have been separately published
by LHCb [233].

5. Time-dependent CP asymmetries in B0
s → ϕϕ

The decay B0
s → ϕϕ involves a b → ss̄s transition, and

hence is a “pure penguin” mode (in the limit that the ϕ
meson is considered a pure ss̄ state). Since the mixing
phase and the decay phase are expected to cancel in the
Standard Model, the phase from the interference of mixing
and decay is predicted to be ϕsðϕϕÞ ¼ 0 with low
uncertainty [394]. Due to the vector-vector nature of the
final state, angular analysis is needed to separate the CP-
even and CP-odd contributions. Such an analysis also
makes it possible to fit directly for ϕsðϕϕÞ.

A constraint on ϕsðϕϕÞ has been obtained by LHCb
using 5 fb−1 [395]. The result is ϕsðϕϕÞ ¼ −0.073�
0.115� 0.027 rad, where the first uncertainty is statistical
and the second is systematic.

6. Time-dependent CP asymmetries in B0
s → K�0K̄�0

The decay B0
s → K�0K̄�0 involves a b → dd̄s transition,

and similarly is a “pure penguin” mode. In this case, a
U-spin analysis with the B0 decay mode to the same
final state can be used to make clean tests of the Standard
Model [396–398].
A significant complication arises due to the width of the

K�ð892Þ0 meson. This has been addressed by LHCb,
through a full analysis of the B0

s → ðKþπ−ÞðK−πþÞ decay,
using a Kπ mass window from 750 to 1600 MeV=c2.
In addition to the vector K�ð892Þ resonance, contributions
from Kπ S-wave and from the tensor K�

2ð1430Þ states
are included. Assuming all amplitudes have contri-
butions only from the same weak phase, a value of
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FIG. 24. Averages of (left) βeff ≡ ϕeff
1 and (right) ACP for the B0 → f0K0

S decay including measurements from Dalitz plot analyses of
both B0 → KþK−K0

S and B0 → πþπ−K0
S.

TABLE 40. Results from time-dependent analysis of the B0
s → KþK− decay.

Experiment Sample size SCP CCP AΔΓ

LHCb Run 1 [391]
R
L dt ¼ 3.0 fb−1 0.18� 0.06� 0.02 0.20� 0.06� 0.02 −0.79� 0.07� 0.10

LHCb Run 2 [392]
R
L dt ¼ 1.9 fb−1 0.12� 0.03� 0.01 0.16� 0.03� 0.01 −0.83� 0.05� 0.09

LHCb Average [392] 0.14� 0.03 0.17� 0.03 −0.90� 0.09

TABLE 41. Results for B0 → K0
SK

0
S.

Experiment NðBB̄Þ SCP CCP Correlation

BABAR [400] 350M −1.28þ0.80
−0.73

þ0.11
−0.16 −0.40� 0.41� 0.06 −0.32

Belle [401] 657M −0.38þ0.69
−0.77 � 0.09 0.38� 0.38� 0.05 0.48

Average −1.08� 0.49 −0.06� 0.26 0.14
Confidence level 0.29ð1.1σÞ
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ϕsððKþπ−ÞðK−πþÞÞ ¼ −0.10� 0.13� 0.14 rad is mea-
sured, where the first uncertainty is statistical and the
second is systematic, from a data sample of

R
L dt ¼

3.0 fb−1 [399].

H. Time-dependent CP asymmetries
in b → qq̄d transitions

Decays such as B0 → K0
SK

0
S are pure b → qq̄d penguin

transitions. As shown in Eq. (148), this diagram has
different contributing weak phases, and therefore the
observables are sensitive to their difference (which can
be chosen to be either β or γ). Note that if the contribution
with the top quark in the loop dominates, the weak phase
from the decay amplitudes should cancel that from mixing,
so that no CP violation (neither mixing-induced nor in
decay) occurs. Nonzero contributions from loops with
intermediate up and charm quarks can result in both types
of effect (as usual, a strong phase difference is required for
CP violation in decay to occur).
Both BABAR [400] and Belle [401] have performed

time-dependent analyses of B0 → K0
SK

0
S decays. The

results are given in Table 41 and shown in Fig. 25.

I. Time-dependent asymmetries in b → sγ transitions

The radiative decays b → sγ produce photons that
are highly polarized in the Standard Model. The decays
B0 → Fγ and B̄0 → Fγ, where F is a strange hadronic
system, produce photons with opposite helicities, and since
the polarization is, in principle, observable, these final
states cannot interfere. The finite mass of the s quark
introduces small corrections to the limit of maximum
polarization, but any large mixing-induced CP violation
would be a signal for new physics. Since a single weak
phase dominates the b → sγ transition in the Standard
Model, the cosine term is also expected to be small.
Atwood et al. [291] have shown that an inclusive

analysis of K0
Sπ

0γ can be performed, since the properties
of the decay amplitudes are independent of the angular
momentum of the K0

Sπ
0 system. However, if nondipole

operators contribute significantly to the amplitudes, then
the Standard Model mixing-induced CP violation could be
larger than the naïve expectation S ≃ −2ðms=mbÞ sin ð2βÞ
[292,293]. In this case, the CP parameters may vary over
the K0

Sπ
0γ Dalitz plot, for example, as a function of the

K0
Sπ

0 invariant mass.
With the above in mind, we quote two averages: one

for the final state K�ð892Þγ only, and one for the
inclusive K0

Sπ
0γ final state (including K�ð892Þγ). If

the Standard Model dipole operator is dominant, both
should give the same CP-violation parameters (the latter,
naturally, with smaller statistical uncertainties). If not,
care needs to be taken in interpretation of the inclusive
parameters, while the results on the K�ð892Þ resonance
remain relatively clean. Results from BABAR and Belle
are used for both averages; both experiments use the
invariant-mass range 0.60<MK0

Sπ
0 < 1.80 GeV=c2 in the

inclusive analysis.
In addition to the K0

Sπ
0γ decay, both BABAR and Belle

have presented results using the K0
Sργ mode, while BABAR

(Belle) has in addition presented results using the K0
Sηγ

(K0
Sϕγ) channel. For the K0

Sργ case, due to the non-
negligible width of the ρ0 meson, decays selected as
B0 → K0

Sρ
0γ can include a significant contribution from

K��π∓γ decays, which are flavor-specific and do not have
the same oscillation phenomenology. Both BABAR and
Belle measure Seff for all B decay candidates with the ρ0

selection being 0.6<mðπþπ−Þ < 0.9 GeV=c2, obtaining
0.14� 0.25þ0.04

−0.03 (BABAR) and 0.09� 0.27þ0.04
−0.07 (Belle).

These values are then corrected for a “dilution factor”
[402], that is evaluated with different methods in the two
experiments: BABAR [403,404] obtains a dilution factor of
−0.78þ0.19

−0.17 , while Belle [405] obtains þ0.83þ0.19
−0.03 . Until the

discrepancy between these values is understood, the aver-
age of the results should be treated with caution.
The results are given in Table 42, and shown in Figs. 26

and 27. No significant CP violation is seen; the results are
consistent with the Standard Model and with other mea-
surements in the b → sγ system (see Sec. IX).
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TABLE 42. Averages for b → sγ modes.

Experiment NðBB̄Þ SCPðb → sγÞ CCPðb → sγÞ Correlation

K�ð892Þγ
BABAR [406] 467M −0.03� 0.29� 0.03 −0.14� 0.16� 0.03 0.05
Belle [407] 535M −0.32þ0.36

−0.33 � 0.05 0.20� 0.24� 0.05 0.08
Average −0.16� 0.22 −0.04� 0.14 0.06
Confidence level 0.40ð0.9σÞ

K0
Sπ

0γ (including K�ð892Þγ)
BABAR [406] 467M −0.17� 0.26� 0.03 −0.19� 0.14� 0.03 0.04
Belle [407] 535M −0.10� 0.31� 0.07 0.20� 0.20� 0.06 0.08
Average −0.15� 0.20 −0.07� 0.12 0.05
Confidence level 0.30ð1.0σÞ

K0
Sηγ

BABAR [408] 465M −0.18þ0.49
−0.46 � 0.12 −0.32þ0.40

−0.39 � 0.07 −0.17
Belle [409] 772M −1.32� 0.77� 0.36 0.48� 0.41� 0.07 −0.15
Average −0.49� 0.42 0.06� 0.29 −0.15
Confidence level 0.24ð1.2σÞ

K0
Sρ

0γ
BABAR [404] 471M −0.18� 0.32þ0.06

−0.05 −0.39� 0.20þ0.03
−0.02 −0.09

Belle [405] 657M 0.11� 0.33þ0.05
−0.09 −0.05� 0.18� 0.06 0.04

Average −0.06� 0.23 −0.22� 0.14 −0.02
Confidence level 0.38ð0.9σÞ

K0
Sϕγ

Belle [410] 772M 0.74þ0.72
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FIG. 26. Averages of (left) Sb→sγ and (right) Cb→sγ . Recall that the data for K�γ is a subset of that for K0
Sπ

0γ.
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J. Time-dependent asymmetries in B0
s decays mediated

by b → sγ transitions

A similar analysis can be performed for radiative B0
s

decays to, for example, the ϕγ final state. As for other
observables determined with self-conjugate final states
produced in B0

s decays the effective lifetime, or equiva-
lently the parameter AΔΓ also provides sensitivity to the

underlying amplitudes. The LHCb collaboration has deter-
mined the relevant parameters in B0

s → ϕγ decays [411] as
shown in Table 43.

K. Time-dependent asymmetries in b → dγ transitions

The formalism for the radiative decays b → dγ is much
the same as that for b → sγ discussed above. In the limit

K* � SCP vs CCP
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FIG. 27. Averages of four b → sγ dominated channels in the SCP vs CCP plane. Contours at S2CP þ C2
CP ¼ 1 represent the physical

boundary for the parameters. (Top left) B0 → K�γ, (top right) B0 → K0
Sπ

0γ (including K�γ), (bottom left) B0 → K0
Sηγ, (bottom right)

B0 → K0
Sρ

0γ.

TABLE 43. Results from time-dependent analysis of the B0
s → ϕγ decay.

Experiment Sample size SCP CCP AΔΓ

LHCb [411]
R
L dt ¼ 3.0 fb−1 0.43� 0.30� 0.11 0.11� 0.29� 0.11 −0.67þ0.37

−0.41 � 0.17
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that the top quark contribution dominates the loop ampli-
tude, the weak phase in decay should cancel with that from
mixing making the mixing-induced CP violation parameter
Sb→dγ very small. Corrections due to the finite light-quark
mass are smaller compared to b → sγ, since md < ms, but
QCD corrections of OðΛQCD=mbÞ may be sizable [292].
Significantly nonzero values of Sb→dγ and Cb→dγ can also
arise if the up and charm quark contributions to the loop
amplitude are not negligible.
Results using the mode B0 → ρ0γ are available from

Belle and are given in Table 44.

L. Time-dependent CP asymmetries
in b → uūd transitions

The b → uūd transition can be mediated by either a
b → u tree amplitude or a b → d penguin amplitude. These
transitions can be investigated using the time dependence
of B0 decays to final states containing light mesons. Results
are available from both BABAR and Belle for the CP
eigenstate (η ¼ þ1) πþπ− final state and for the vector-
vector final state ρþρ−, which is found to be dominated by
the CP-even longitudinally polarized component (BABAR
measures flong ¼ 0.992� 0.024þ0.026

−0.013 [413], and Belle
measures flong ¼ 0.988� 0.012� 0.023 [414]). BABAR
has also performed a time-dependent analysis of the vector-
vector final state ρ0ρ0 [415], in which flong ¼ 0.70�
0.14� 0.05 is determined; Belle measures a smaller
branching fraction than BABAR for B0 → ρ0ρ0 [416] with
corresponding signal yields too small to perform a time-
dependent analysis, and finds flong ¼ 0.21þ0.18

−0.22 � 0.13 for
the longitudinal polarization. LHCb has measured the
branching fraction and longitudinal polarization for
B0 → ρ0ρ0, and for the latter finds flong ¼ 0.745þ0.048

−0.058 �
0.034 [417], but has not yet performed a time-dependent
analysis of this decay. The Belle measurement for
flong is thus in some tension with the other results. Both
BABAR and Belle have furthermore performed time-
dependent analyses of the B0 → a�1 π

∓ decay [418,419];
BABAR in addition has reported further experimental input
for the extraction of α from this channel in a later
publication [420].
Results and averages of time-dependent CP violation

parameters in b → uūd transitions are listed in Table 45.
The averages for πþπ− are shown in Fig. 28, and those for
ρþρ− are shown in Fig. 29, with the averages in the SCP vs.
CCP plane shown in Fig. 30, and averages of CP violation
parameters in B0 → a�1 π

∓ decay shown in Fig. 31.

If the penguin contribution is negligible, the time-
dependent parameters for B0 → πþπ− and B0 → ρþρ−
are given by Sb→uūd ¼ η sinð2αÞ and Cb→uūd ¼ 0. In the
presence of the penguin contribution,CP violation in decay
may arise, and there is no straightforward interpretation of
Sb→uūd and Cb→uūd. An isospin analysis [423] can be used
to disentangle the contributions and extract α, as discussed
further in Sec. VI L 1.
For the non-CP eigenstate ρ�π∓, both BABAR [272] and

Belle [274,275] have performed time-dependent Dalitz-plot
analyses of the πþπ−π0 final state [270]; such analyses
allow direct measurements of the phases. Both experiments
have measured the U and I parameters discussed in
Sec. VI. B. 5 and defined in Table 24. We have performed
a full correlated average of these parameters, the results of
which are summarized in Fig. 32.
Both experiments have also extracted the Q2B param-

eters for the ρπ channels. We have performed a full
correlated average of these parameters, which is equivalent
to determining the values from the averaged U and I
parameters. The results are given in Table 46.30Averages of
the B0 → ρ0π0 Q2B parameters are shown in
Figs. 33 and 34.
With the notation described in Sec. VI B [Eq. (124)], the

time-dependent parameters for the Q2B B0 → ρ�π∓ analy-
sis are, in the limit of negligible penguin contributions,
given by

Sρπ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
ΔC
2

�
2

s
sinð2αÞ cosðδÞ;

ΔSρπ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
ΔC
2

�
2

s
cosð2αÞ sinðδÞ ð156Þ

and Cρπ ¼ Aρπ
CP ¼ 0, where δ ¼ argðA−þA�þ−Þ is the strong

phase difference between the ρ−πþ and ρþπ− decay
amplitudes. In the presence of penguin contributions, there
is no straightforward interpretation of the Q2B observables
in the B0 → ρ�π∓ system in terms of CKM parameters.
However, CP violation in decay may arise, resulting in
either or both of Cρπ ≠ 0 and Aρπ

CP ≠ 0. Equivalently, CP
violation in decay may be detected via a deviation from

TABLE 44. Averages for B0 → ρ0γ.

Experiment NðBB̄Þ SCP CCP Correlation

Belle [412] 657M −0.83� 0.65� 0.18 0.44� 0.49� 0.14 −0.08

30The B0 → ρ�π∓ Q2B parameters are comparable to the
parameters used for B0 → a�1 π

∓ decays, reported in Table 45. For
the B0 → a�1 π

∓ case there has not yet been a full amplitude
analysis of B0 → πþπ−πþπ− and therefore only the Q2B param-
eters are available.
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zero of either of the decay-type-specific observables Aþ−
ρπ

and A−þ
ρπ , defined in Eq. (125). Results and averages for

these parameters are also given in Table 46. Averages ofCP
violation parameters in B0 → ρ�π∓ decays are shown in

Fig. 35, both in Aρπ
CP vs Cρπ space and in A−þ

ρπ vs
Aþ−

ρπ space.
The averages for Sb→uūd and Cb→uūd in B0 → πþπ−

decays are both more than 5σ away from zero, suggesting

TABLE 45. Averages for b → uūd modes.

Experiment Sample size SCP CCP Correlation

πþπ−

BABAR [421] NðBB̄Þ ¼ 467M −0.68� 0.10� 0.03 −0.25� 0.08� 0.02 −0.06
Belle [422] NðBB̄Þ ¼ 772M −0.64� 0.08� 0.03 −0.33� 0.06� 0.03 −0.10
LHCb Run 1 [391]

R
L dt ¼ 3.0 fb−1 −0.63� 0.05� 0.01 −0.34� 0.06� 0.01 0.45

LHCb Run 2 [392]
R
L dt ¼ 1.9 fb−1 −0.706� 0.042� 0.013 −0.311� 0.045� 0.015 0.394ðstatÞ; 0.306ðsystÞ

LHCb Average [392] −0.672� 0.034 −0.320� 0.038 0.405

Average −0.666� 0.029 −0.311� 0.030 0.288
Confidence level 0.94ð0.1σÞ

ρþρ−

BABAR [413] NðBB̄Þ ¼ 387M −0.17� 0.20þ0.05
−0.06 0.01� 0.15� 0.06 −0.04

Belle [414] NðBB̄Þ ¼ 772M −0.13� 0.15� 0.05 0.00� 0.10� 0.06 −0.02
Average −0.14� 0.13 0.00� 0.09 −0.02
Confidence level 0.99ð0.02σÞ

ρ0ρ0

BABAR [415] NðBB̄Þ ¼ 465M 0.3� 0.7� 0.2 0.2� 0.8� 0.3 −0.04

Experiment NðBB̄Þ Aa1π
CP Ca1π Sa1π ΔCa1π ΔSa1π

a�1 π
∓

BABAR [418] 384M −0.07� 0.07� 0.02 −0.10� 0.15� 0.09 0.37� 0.21� 0.07 0.26� 0.15� 0.07 −0.14� 0.21� 0.06
Belle [419] 772M −0.06� 0.05� 0.07 −0.01� 0.11� 0.09 −0.51� 0.14� 0.08 0.54� 0.11� 0.07 −0.09� 0.14� 0.06

Average −0.06� 0.06 −0.05� 0.11 −0.20� 0.13 0.43� 0.10 −0.10� 0.12
Confidence level 0.03ð2.1σÞ

Experiment NðBB̄Þ A−þ
a1π Aþ−

a1π Correlation

BABAR [418] 384M 0.07� 0.21� 0.15 0.15� 0.15� 0.07 0.63
Belle [419] 772M −0.04� 0.26� 0.19 0.07� 0.08� 0.10 0.61
Average 0.02� 0.20 0.10� 0.10 0.38
Confidence level 0.92ð0.1σÞ
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that both mixing-induced and CP violation in decay are
well established in this channel. The discrepancy between
results from BABAR and Belle that used to exist in this
channel (see, for example, Ref. [424]) is no longer
apparent, and the results from LHCb are also fully con-
sistent with other measurements. Some difference is,
however, seen between the BABAR and Belle measure-
ments in the a�1 π

∓ system. The confidence level of the five-
dimensional average is 0.03, which corresponds to a 2.1σ
discrepancy. As seen in Table 45, this discrepancy is
primarily in the values of Sa1π , and is not evident in the
A−þ

a1π vs A
þ−
a1π projection shown in Fig. 31. Since there is no

evidence of underestimation of uncertainties in either
analysis, we do not rescale the uncertainties of the averages.
In B0 → ρ�π∓ decays, both experiments see an indica-

tion of CP violation in the Aρπ
CP parameter (as seen in

Fig. 35). The average is more than 3σ from zero, providing

evidence of CP violation in decay in this channel. In B0 →
ρþρ− decays there is no evidence for CP violation, neither
mixing-induced nor in decay. The absence of evidence of
penguin contributions in this mode leads to strong con-
straints on α ≡ ϕ2.

1. Constraints on α ≡ ϕ2

The precision of the measured CP violation parameters
in b → uūd transitions allows constraints to be set on the
UT angle α ≡ ϕ2. Constraints have been obtained with
various methods:

(i) Both BABAR [421] and Belle [422] have performed
isospin analyses in the ππ system. Belle excludes
23.8°< ϕ2 < 66.8° at 68% CL while BABAR gives a
confidence level interpretation for α, and constrain
α ∈ ½71°; 109°� at 68% CL Values in the range

�+ �- SCP

H
F

LA
V

M
or

io
nd

 2
02

1

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2

BaBar
PRD 76 (2007) 052007

-0.17 � 0.20 +-
0
0

.

.
0
0
5
6

Belle
PRD 93 (2016) 032010

-0.13 � 0.15 � 0.05

Average
HFLAV correlated average

-0.14 � 0.13

HFLAVHFLAV
2021 �+ �- CCP

H
F

LA
V

M
or

io
nd

 2
02

1

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

BaBar
PRD 76 (2007) 052007

0.01 � 0.15 � 0.06

Belle
PRD 93 (2016) 032010

0.00 � 0.10 � 0.06

Average
HFLAV correlated average

0.00 � 0.09

HFLAVHFLAV
2021

FIG. 29. Averages of (left) SCP and (right) CCP for the mode B0 → ρþρ−.

�+ �- SCP vs CCP

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof

-0.8 -0.6 -0.4 -0.2 0

-0.8

-0.6

-0.4

-0.2

0

SCP

CCP

BaBar
Belle
LHCb Run 1
LHCb Run 2
Average

HFLAVHFLAV
2021 �+ �- SCP vs CCP

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof

-0.4 -0.2 0 0.2 0.4

-0.4

-0.2

0

0.2

0.4

SCP

CCP

BaBar
Belle
Average

HFLAVHFLAV
2021
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½23°; 67°� are excluded at 90% CL In both cases,
only solutions in 0°–180° are quoted.

(ii) Both experiments have also performed isospin
analyses in the ρρ system. The most recent result
from BABAR is given in an update of the measure-

ments of the Bþ → ρþρ0 decay [425], and sets the
constraint α ¼ ð92.4þ6.0

−6.5Þ°. The most recent result
from Belle is given in their paper on time-dependent
CP violation parameters in B0 → ρþρ− decays, and
sets the constraint ϕ2 ¼ ð93.7� 10.6Þ° [414].

(iii) The time-dependent Dalitz-plot analysis of the
B0 → πþπ−π0 decay allows a determination of α
without input from any other channels. BABAR
[273] presents a scan, but not an interval, for α,
since their studies indicate that the scan is not
statistically robust and cannot be interpreted in terms
of 1-CL. Belle [274,275] has obtained a constraint
on α using additional information from SU(2)
relations between B → ρπ decay amplitudes, which
can be used to constrain α via an isospin pentagon
relation [426]. With this analysis, Belle obtains the
constraint ϕ2 ¼ ð83þ12

−23Þ°.
(iv) The results from BABAR on B0 → a�1 π

∓ [418] can
be combined with results from modes related by
flavor symmetries (a1K and K1π) [427]. This has
been done by BABAR [420], resulting in the con-
straint α ¼ ð79� 7� 11Þ°, where the first uncer-
tainty is from the analysis of B0 → a�1 π

∓ that
obtains αeff , and the second is due to the constraint
on jαeff − αj. This approach gives a result with
several ambiguous solutions; only the one that is
consistent with other determinations of α and with

a1
+- �-+ A-+ vs A+-

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof
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FIG. 31. Averages of CP violation parameters in B0 → a�1 π
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global fits to the CKM matrix parameters is
quoted here.

(v) The CKMfitter [242] and UTFit [334] groups use the
measurements from Belle and BABAR given above
with other branching fractions and CP asymmetries
in B → ππ, πππ0 and ρρ modes to perform isospin
analyses for each system, and to obtain combined
constraints on α.

(vi) The BABAR and Belle collaborations have combined
their results on B → ππ, πππ0 and ρρ decays to
obtain [428]

α ≡ ϕ2 ¼ ð88� 5Þ°: ð157Þ

The above solution is that consistent with the
Standard Model (there exists an ambiguous solution,
shifted by 180°). The strongest constraint currently
comes from the B → ρρ system. The inclusion of
results from B0 → a�1 π

∓ does not significantly affect
the average.

(vii) All results for α ≡ ϕ2 based on isospin symmetry
have a theoretical uncertainty due to possible iso-
spin-breaking effects. This is expected to be small,
≲1° [429–431], but is hard to quantify reliably and is
usually not included in the quoted uncertainty.

Note that methods based on isospin symmetry make
extensive use of measurements of branching fractions
and CP asymmetries, for which averages are reported in
Sec. IX. Note also that each method suffers from
discrete ambiguities in the solutions. The model
assumption in the B0 → πþπ−π0 analysis helps resolve
some of the multiple solutions, and results in a single
preferred value for α in ½0; π�. All the above measure-
ments correspond to the choice that is in agreement
with the global CKM fit.
Independently from the constraints on α ≡ ϕ2 obtained

by the experiments, the results summarized in Sec. VI L are
statistically combined to produce world average constraints
on α ≡ ϕ2. The combination is performed with the
GAMMACOMBO framework [432] and follows a frequentist

TABLE 46. Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot analysis of B0 → πþπ−π0.

Experiment NðBB̄Þ Aρπ
CP Cρπ Sρπ ΔCρπ ΔSρπ

BABAR [273] 471M −0.10� 0.03� 0.02 0.02� 0.06� 0.04 0.05� 0.08� 0.03 0.23� 0.06� 0.05 0.05� 0.08� 0.04
Belle [274,275] 449M −0.12� 0.05� 0.04 −0.13� 0.09� 0.05 0.06� 0.13� 0.05 0.36� 0.10� 0.05 −0.08� 0.13� 0.05
Average −0.11� 0.03 −0.03� 0.06 0.06� 0.07 0.27� 0.06 0.01� 0.08
Confidence level 0.63ð0.5σÞ

Experiment NðBB̄Þ A−þ
ρπ Aþ−

ρπ Correlation

BABAR [273] 471M −0.12� 0.08þ0.04
−0.05 0.09þ0.05

−0.06 � 0.04 0.55
Belle [274,275] 449M 0.08� 0.16� 0.11 0.21� 0.08� 0.04 0.47
Average −0.08� 0.08 0.13� 0.05 0.37
Confidence level 0.47ð0.7σÞ

Experiment NðBB̄Þ Cρ0π0 Sρ0π0 Correlation

BABAR [273] 471M 0.19� 0.23� 0.15 −0.37� 0.34� 0.20 0.00
Belle [274,275] 449M 0.49� 0.36� 0.28 0.17� 0.57� 0.35 0.08
Average 0.27� 0.24 −0.23� 0.34 0.02
Confidence level 0.68ð0.4σÞ
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FIG. 33. Averages of (left) Sb→uūd and (right) Cb→uūd for the mode B0 → ρ0π0.
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procedure, similar to that used by BABAR and Belle [428],
and described in detail in Ref. [431].
The input measurements used in the combination are

those listed above and are summarized in Table 47.
Additional inputs, summarized in Table 48, for the branch-
ing fractions and (for ρρ) polarization fractions, for the
relevant modes and their isospin partners are taken from
Sec. IX, while the ratio of Bþ to B0 lifetimes is taken from
Sec. V. Individual measurements are used as inputs, rather

than the HFLAV averages, in order to facilitate cross-
checks and to ensure the most appropriate treatment of
correlations. A combination based on HFLAV averages
gives consistent results. Results on B0 → a�1 π

∓ decays are
not included, as to do so requires additional theoretical
assumptions, but as shown in Ref. [428] this does not
significantly affect the average.
The fit has a χ2 of 16.6 with 51 observables and 24

parameters. Using the χ2 distribution, this corresponds to a
p-value of 94.1% (or 0.1σ). A coverage check with
pseudoexperiments gives a p-value of ð91.9� 0.3Þ%.

�0�0 C vs S

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof
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FIG. 34. Averages of b → uūd dominated channels, for the
mode B0 → ρ0π0 in the SCP vs CCP plane. The contour at S2CP þ
C2
CP ¼ 1 represents the physical boundary for the parameters.

�+-�-+ ACP vs C

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof
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�+-�-+.DCPV A-+ vs A+-

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof
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FIG. 35. CP violation in B0 → ρ�π∓ decays. Left: Aρπ
CP vs Cρπ space, (right) A−þ

ρπ vs. Aþ−
ρπ space.

TABLE 47. List of measurements used in the α combination.
Results are obtained from either time-dependent (TD) CP
asymmetries of decays to CP eigenstates or vector-vector final
states, or time-integrated CP asymmetry measurements (CP).
Results from time-dependent asymmetries in decays to self-
conjugate three-body final states (TD-Dalitz) are also used in the
form of the U and I parameters defined in Table 24.

B decay Method Parameters Experiment References

B0 → πþπ− TD SCP, CCP

BABAR [421]
Belle [422]
LHCb [392]

B0 → π0π0 CP CCP
BABAR [421]
Belle [433]

B0 → ρþρ− TD SCP, CCP
BABAR [413]
Belle [414]

B0 → ρ0ρ0 TD SCP, CCP BABAR [415]

B0 → πþπ−π0 TD-Dalitz fU; Ig BABAR [273]
Belle [274]

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-76



The obtained world average for the unitarity triangle
angle α ≡ ϕ2 is

α ≡ ϕ2 ¼ ð85.2þ4.8
−4.3Þ°: ð158Þ

An ambiguous solution also exists at α ≡ ϕ2 ⇔ αþ π ≡
ϕ2 þ π. The quoted uncertainty does not include effects due
to isospin-breaking. A secondary minimum close to zero is
disfavored, as discussed in Ref. [431]. Results split by
decay mode are shown in Table 49 and Fig. 36.

M. Time-dependent CP asymmetries
in b → cūd=uc̄d transitions

Non-CP eigenstates such as D∓π�, D�∓π� and D∓ρ�

can be produced in decays of B0 mesons either via
Cabibbo-favored (b → c) or doubly Cabibbo-suppressed
(b → u) tree amplitudes. Since no penguin contribution is
possible, these modes are theoretically clean. The ratio of
the magnitudes of the suppressed and favored amplitudes,
R, is sufficiently small (predicted to be about 0.02), that
OðR2Þ terms can be neglected, and the sine terms give
sensitivity to the combination of UT angles 2β þ γ.
As described in Sec. VI. B. 6, the averages are given in

terms of the parameters a and c of Eq. (129). CP violation
would appear as a ≠ 0. Results for the D∓π� mode are
available from BABAR, Belle and LHCb, while for D�∓π�
BABAR and Belle have results with both full and partial
reconstruction techniques. Results are also available from
BABAR using D∓ρ�. These results, and their averages, are
listed in Table 50 and shown in Fig. 37. It is notable that the

average value of a from D�π is more than 3σ from zero,
providing evidence of CP violation in this channel.
For each mode, Dπ, D�π and Dρ, there are two

measurements (a and c, or Sþ and S−) that depend on
three unknowns (R, δ and 2β þ γ), of which two are
different for each decay mode. Therefore, there is not
enough information to solve directly for 2β þ γ.
Constraints can be obtained if one is willing to use
theoretical input on the values of R and/or δ. One popular
choice is the use of SU(3) symmetry to obtain R by relating
the suppressed decay mode to B decays involving Ds
mesons. More details can be found in Refs. [286,434–437].

N. Time-dependent CP asymmetries
in b → cūs=uc̄s transitions

1. Time-dependent CP asymmetries in B0 → D∓K0
Sπ

�

Time-dependent analyses of transitions such as B0 →
D∓K0

Sπ
� can be used to probe sinð2β þ γÞ in a similar way

to that discussed above (Sec. VIM). Since the final state
contains three particles, a Dalitz-plot analysis is necessary
to maximize the sensitivity. BABAR [438] has carried out
such an analysis, finding 2β þ γ ¼ ð83� 53� 20Þ° (with
an ambiguity 2β þ γ ↔ 2β þ γ þ π) assuming the ratio of
the b → u and b → c amplitude to be constant across the
Dalitz plot at 0.3.

2. Time-dependent CP asymmetries in
B0
s → D∓

s K� and similar modes

Time-dependent analysis of B0
s → D∓

s K� decays can be
used to determine γ − 2βs [439,440]. Compared to the
situation for B0 → Dð�Þ∓π� decays discussed in Sec. VIM,
the larger value of the ratio R of the magnitudes of the
suppressed and favored amplitudes allows it to be deter-
mined from the data. Moreover, the nonzero value of ΔΓs

TABLE 48. List of the auxiliary inputs used in the α combi-
nation.

Particle/decay Parameters Source References

Bþ=B0 τðBþÞ=τðB0Þ HFLAV Sec. V

B0 → πþπ− BR HFLAV Sec. IX
B0 → π0π0 BR HFLAV Sec. IX
B� → π�π0 BR HFLAV Sec. IX

B0 → ρþρ− BR, fL HFLAV Sec. IX
B0 → ρ0ρ0 BR, fL HFLAV Sec. IX
B� → ρ�ρ0 BR, fL HFLAV Sec. IX

TABLE 49. Averages of α ≡ ϕ2 split by B meson decay mode.
Only solutions consistent with the obtained world average are
shown.

Decay mode Value

B → ππ ð84.8þ22.1
−5.6 Þ°

ð99.6þ7.3
−20.4Þ°

B → ρρ ð91.0� 5.5Þ°
B0 → ðρπÞ0 ð53.4þ8.3

−11.1Þ°
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FIG. 36. World average of α ≡ ϕ2, in terms of 1−CL, split by
decay mode.
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allows the determination of additional terms, labeled AΔΓ

and ĀΔΓ, that break ambiguities in the solutions for γ − 2βs.
A similar analysis can also be done with B0

s →
D∓

s K�πþπ− decays. In this case the quasi-two-body
parameters are effective parameters, integrated over the
phase space of the decay.
LHCb [289] has measured the time-dependent CP

violation parameters in B0
s → D∓

s K� decays, using
3.0 fb−1 of data. The results are given in Table 51, and
correspond to 3.8σ evidence for CP violation in the
interference between mixing and B0

s → D∓
s K� decays.

From these results, and the world average constraint on

2βs [441], LHCb determine γ¼ð128þ17
−22Þ°, δDsK ¼

ð358þ13
−14Þ° and RDsK ¼ 0.37þ0.10

−0.09 .
LHCb [200] has also measured the time-dependent CP

violation parameters in B0
s → D∓

s K�πþπ− decays. Both
model-dependent and -independent analysis have been
performed; results for the latter are quoted in Table 51.
From these results, LHCb determine γ ¼ ð44� 12Þ°.

O. Rates and asymmetries in B → Dð�ÞKð�Þ decays

As explained in Sec. VI B 7, rates and asymmetries in
Bþ → Dð�ÞKð�Þþ decays are sensitive to γ, and have

TABLE 50. Averages for b → cūd=uc̄d modes.

Experiment Sample size a c Correlation

D∓π�

BABAR (full rec.) [281] NðBB̄Þ ¼ 232M −0.010� 0.023� 0.007 −0.033� 0.042� 0.012 � � �
Belle (full rec.) [285] NðBB̄Þ ¼ 386M −0.050� 0.021� 0.012 0.019� 0.021� 0.012 � � �
LHCb [287]

R
Ldt ¼ 3.0 fb−1 −0.048� 0.018� 0.005 0.010� 0.009� 0.008 −0.46 (syst)

Average −0.038� 0.013 0.009� 0.010 −0.05
Confidence level 0.56ð0.6σÞ

D�∓π�

BABAR (full rec.) [281] NðBB̄Þ ¼ 232M −0.040� 0.023� 0.010 0.049� 0.042� 0.015
BABAR (partial rec.) [282] NðBB̄Þ ¼ 232M −0.034� 0.014� 0.009 −0.019� 0.022� 0.013
Belle (full rec.) [285] NðBB̄Þ ¼ 386M −0.039� 0.020� 0.013 −0.011� 0.020� 0.013
Belle (partial rec.) [284] NðBB̄Þ ¼ 657M −0.046� 0.013� 0.015 −0.015� 0.013� 0.015
Average −0.039� 0.010 −0.010� 0.013
Confidence level 0.97ð0.03σÞ 0.59ð0.6σÞ

D∓ρ�

BABAR (full rec.) [281] NðBB̄Þ ¼ 232M −0.024� 0.031� 0.009 −0.098� 0.055� 0.018
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FIG. 37. Averages for b → cūd=uc̄d modes.
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negligible theoretical uncertainty [304]. Various methods
using different Dð�Þ final states have been used.

1. D decays to CP eigenstates

Results are available from BABAR, Belle, CDF and
LHCb on GLW analyses in the decay mode Bþ → DKþ.
All experiments use the CP-even D decay final states
KþK− and πþπ−; BABAR and Belle in addition use the CP-
odd decay modesK0

Sπ
0,K0

Sω andK0
Sϕ, though care is taken

to avoid statistical overlap with the K0
SK

þK− sample used
for Dalitz plot analyses (see Sec. VI O 4). BABAR and Belle

also have results in the decay mode Bþ → D�Kþ, using
both the D� → Dπ0 decay, for which CPðD�Þ ¼ CPðDÞ,
and the D� → Dγ decay, for which CPðD�Þ ¼ −CPðDÞ.
LHCb also has results in the Bþ → D�Kþ decay mode,
exploiting a partial reconstruction technique in which the
π0 or γ produced in the D� decay is not explicitly
reconstructed. Results obtained with this technique have
significant correlations, and therefore a correlated average
is performed for the Bþ → D�Kþ observables. In addition,
BABAR and LHCb have results in the decay mode
Bþ → DK�þ, and LHCb has results in the decay mode
Bþ → DKþπþπ−. In many cases LHCb presents results

TABLE 51. Results for B0
s → D∓

s K� and D∓
s K�πþπ−.

Experiment
R
L dt C AΔΓ ĀΔΓ S S̄

B0
s → D∓

s K�

LHCb [289] 3 fb−1 0.73� 0.14� 0.05 0.39� 0.28� 0.15 0.31� 0.28� 0.15 −0.52� 0.20� 0.07 −0.49� 0.20� 0.07

B0
s → D∓

s K�πþπ−

LHCb [200] 9 fb−1 0.631� 0.096� 0.032 −0.334� 0.232� 0.097 −0.695� 0.215� 0.081 −0.424� 0.135� 0.033 −0.463� 0.134� 0.031

TABLE 52. Averages from GLWanalyses of b → cūs=uc̄s modes. The sample size is given in terms of number of BB̄ pairs, NðBB̄Þ,
for the eþe− B factory experiments BABAR and Belle, and in terms of integrated luminosity,

R
L dt, for the hadron collider experiments

CDF and LHCb.

Experiment
Sample size NðBB̄Þ

or
R
Ldt ACPþ ACP− RCPþ RCP−

Bþ → DCPKþ

BABAR [443] 467M 0.25� 0.06� 0.02 −0.09� 0.07� 0.02 1.18� 0.09� 0.05 1.07� 0.08� 0.04
Belle [444] 275M 0.06� 0.14� 0.05 −0.12� 0.14� 0.05 1.13� 0.16� 0.08 1.17� 0.14� 0.14
CDF [445] 1 fb−1 0.39� 0.17� 0.04 � � � 1.30� 0.24� 0.12 � � �
LHCb [446] 8.7 fb−1 0.136� 0.009� 0.001 � � � 0.950� 0.009� 0.010 � � �
Average 0.139� 0.009 −0.096� 0.065 0.956� 0.013 1.087� 0.082
Confidence level 0.14ð1.5σÞ 0.86ð0.2σÞ 0.06ð1.9σÞ 0.65ð0.5σÞ

Bþ → D�
CPK

þ

BABAR [447] 383M −0.11� 0.09� 0.01 0.06� 0.10� 0.02 1.31� 0.13� 0.03 1.09� 0.12� 0.04
Belle [444] 275M −0.20� 0.22� 0.04 0.13� 0.30� 0.08 1.41� 0.25� 0.06 1.15� 0.31� 0.12
LHCb [446] 8.7 fb−1 −0.115� 0.019� 0.009 0.123� 0.054� 0.031 1.051� 0.022� 0.028 0.952� 0.062� 0.065
Average −0.109� 0.019 0.096� 0.052 1.077� 0.034 1.011� 0.071
Confidence level 0.59ð0.5σÞ

Bþ → DCPK�þ

BABAR [448] 379M 0.09� 0.13� 0.06 −0.23� 0.21� 0.07 2.17� 0.35� 0.09 1.03� 0.27� 0.13
LHCb KK [449] 4.8 fb−1 0.06� 0.07� 0.01 � � � 1.22� 0.09� 0.01 � � �
LHCb ππ [449] 4.8 fb−1 0.15� 0.13� 0.02 � � � 1.08� 0.14� 0.03 � � �
LHCb average [449] 4.8 fb−1 0.08� 0.06� 0.01 � � � 1.18� 0.08� 0.02 � � �
Average 0.08� 0.06 −0.23� 0.22 1.22� 0.07 1.03� 0.30
Confidence level 0.83ð0.2σÞ 0.02ð2.3σÞ

Bþ → DCPKþπþπ−

LHCb KK [450] 3 fb−1 −0.045� 0.064� 0.011 � � � 1.043� 0.069� 0.034 � � �
LHCb ππ [450] 3 fb−1 −0.054� 0.101� 0.011 � � � 1.035� 0.108� 0.038 � � �
LHCb average [450] 3 fb−1 −0.048� 0.055 � � � 1.040� 0.064 � � �

B0 → DCPK�0

LHCb KK [451] 4.8 fb−1 −0.05� 0.10� 0.01 � � � 0.92� 0.10� 0.02 � � �
LHCb ππ [451] 4.8 fb−1 −0.18� 0.14� 0.01 � � � 1.32� 0.19� 0.03 � � �
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separately for the cases of D decay to KþK− and πþπ− to
allow for possible effects related to D0–D̄0 mixing and CP
violation in charm decays [442], which, however, are
known to be small and are neglected in our averages.
These separate results are presented together with their
combination, as provided in the LHCb publications, where
possible. The results and averages are given in Table 52 and
shown in Fig. 38. LHCb has performed a GLW analysis
using the B0 → DK�0 decay with the CP-evenD → KþK−

and D → πþπ− channels, which are also included in
Table 52.
As pointed out in Refs. [307,308], a Dalitz plot analysis

of B0 → DKþπ− decays provides more sensitivity to
γ ≡ ϕ3 than the Q2BDK�0 approach. The analysis provides
direct sensitivity to the hadronic parameters rB and δB
associated with the B0 → DK�0 decay amplitudes, rather
than effective hadronic parameters averaged over the K�0
selection window as in the Q2B case.
Such an analysis has been performed by LHCb. A

simultaneous fit is performed to the B0 → DKþπ−
Dalitz plots with the neutral D meson reconstructed in
the Kþπ−, KþK− and πþπ− final states. The reported

results in Table 53 are for the Cartesian parameters, defined
in Eq. (144) associated with the B0 → DK�ð892Þ0 decay.
Note that, since the measurements use overlapping data
samples, these results cannot be combined with the LHCb
results for GLW observables in B0 → DK�ð892Þ0 decays
reported in Table 52.
LHCb uses the results of the B0 → DKþπ− Dalitz

analysis to obtain confidence levels for γ, rBðDK�0Þ and
δBðDK�0Þ. In addition, results are reported for the hadronic
parameters needed to relate these results to Q2B measure-
ments of B0 → DK�ð892Þ0 decays, where a selection
window of mðKþπ−Þ within 50 MeV=c2 of the pole mass
and helicity angle satisfying j cosðθK�0Þj > 0.4 is assumed.
These parameters are the coherence factor κ, the ratio of
Q2B and amplitude level rB values, R̄B ¼ r̄B=rB, and the
difference between Q2B and amplitude level δB values,
Δδ̄B ¼ δ̄B − δB. LHCb [452] obtains

κ ¼ 0.958þ0.005
−0.010

þ0.002
−0.045 ; R̄B ¼ 1.02þ0.03

−0.01 � 0.06;

Δδ̄B ¼ 0.02þ0.03
−0.02 � 0.11: ð159Þ
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FIG. 38. Averages of ACP and RCP from GLW analyses.

TABLE 53. Results from Dalitz plot analysis of B0 → DKþπ− decays with D → KþK− and πþπ−.

Experiment
R
L dt xþ yþ x− y−

LHCb [452] 3 fb−1 0.04� 0.16� 0.11 −0.47� 0.28� 0.22 −0.02� 0.13� 0.14 −0.35� 0.26� 0.41

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-80



2. D decays to quasi-CP eigenstates

As discussed in Sec. VI B 7, if a multibody neutral D
meson decay can be shown to be dominated by one CP
eigenstate, it can be used in a “GLW-like” (sometimes
called “quasi-GLW”) analysis [313]. The same observables
RCP, ACP as for the GLW case are measured, but an
additional factor of ð2Fþ − 1Þ, where Fþ is the fractional
CP-even content, enters the expressions relating these
observables to γ ≡ ϕ3. The Fþ factors have been measured
using CLEO-c data to be Fþðπþπ−π0Þ ¼ 0.973� 0.017,
FþðKþK−π0Þ¼0.732�0.055, Fþðπþπ−πþπ−Þ¼0.737�
0.028 [453].
The GLW-like observables for Bþ → DKþ with

D → πþπ−π0, KþK−π0 and D → πþπ−πþπ− have been
measured by LHCb. The AqGLW observable for Bþ → DKþ

with D → πþπ−π0 was measured in an earlier analysis by
BABAR, from which additional observables, discussed in
Sec. VI B 7 and reported in Table 58 below, were reported.
The observables for Bþ → DK�þ and B0 → DK�0 with
D → πþπ−πþπ− have also been measured by LHCb. The
results are given in Table 54.

3. D decays to suppressed final states

For ADS analyses, all of BABAR, Belle, CDF and LHCb
have studied the modes Bþ → DKþ and Bþ → Dπþ.
BABAR has also analyzed the Bþ → D�Kþ mode with full
reconstruction of theD� decay, while LHCb have studied the
same Bþ decay with a partial reconstruction technique.
There is an effective shift of π in the strong phase difference
between the cases that the D� is reconstructed as Dπ0 and
Dγ [310], therefore these modes are studied separately. In
addition, both BABAR and LHCb have studied the Bþ →
DK�þ mode, where K�þ is reconstructed as K0

Sπ
þ, and

LHCb has studied the Bþ → DKþπþπ− mode. In all the

above cases the suppressed decay D → K−πþ has been
used. BABAR, Belle and LHCb also have results using
Bþ → DKþ with D → K−πþπ0, while LHCb has results
using Bþ → DKþ with D → K−πþπþπ−. The results and
averages are given in Table 55 and shown in Fig. 39.
Similar phenomenology as for B → DK decays holds for

B → Dπ decays, although in this case the interference is
between b → cūd and b → uc̄d transitions, and the ratio of
suppressed to favored amplitudes is expected to be much
smaller, Oð1%Þ. For most D meson final states this implies
that the interference effect is too small to be of interest, but
in the case of the ADS analysis it is possible that effects due
to γ may be observable. Accordingly, the experiments now
measure the corresponding observables in the Dπ final
states. The results and averages are given in Table 56 and
shown in Fig. 40.
BABAR, Belle and LHCb have also presented results

from a similar analysis method with self-tagging neutral B
decays: B0 → DK�0 with D → K−πþ (all), D → K−πþπ0
(BABAR only) and D → K−πþπþπ− (BABAR and LHCb).
All these results are obtained with the K�0 → Kþπ− decay.
Effects due to the natural width of the K�0 are handled
using the parametrization suggested by Gronau [305].
The following 95% CL limits are set by BABAR [461]:

RADSðKπÞ < 0.244 RADSðKππ0Þ < 0.181

RADSðKπππÞ < 0.391; ð160Þ

while Belle [462] obtains

RADSðKπÞ < 0.16: ð161Þ

The results from LHCb, which are presented in terms of the
parameters Rþ and R− instead of RADS and AADS, are given
in Table 57.

TABLE 54. Averages from GLW-like analyses of b → cūs=uc̄s modes.

Experiment Sample size AqGLW RqGLW

Dπþπ−π0K
þ

LHCb [454]
R
L dt ¼ 3 fb−1 0.05� 0.09� 0.01 0.98� 0.11� 0.05

BABAR [317] NðBB̄Þ ¼ 324M −0.02� 0.15� 0.03 � � �
Average 0.03� 0.08 0.98� 0.12
Confidence level 0.68ð0.4σÞ � � �

DKþK−π0K
þ

LHCb [454]
R
L dt ¼ 3 fb−1 0.30� 0.20� 0.02 0.95� 0.22� 0.04

Dπþπ−πþπ−Kþ

LHCb [455]
R
L dt ¼ 3 fb−1 0.10� 0.03� 0.02 0.97� 0.04� 0.02

Dπþπ−πþπ−K�þ

LHCb [449]
R
L dt ¼ 4.8 fb−1 0.02� 0.11� 0.01 1.08� 0.13� 0.03

Dπþπ−πþπ−K�0

LHCb [451]
R
L dt ¼ 1.8 fb−1 −0.03� 0.15� 0.01 1.01� 0.16� 0.04
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Combining the results and using additional input from
CLEO [463,464] a limit on the ratio between the b → u and
b → c amplitudes of r̄BðDK�0Þ ∈ ½0.07; 0.41� at 95% CL
limit is set by BABAR. Belle sets a limit of r̄B < 0.4 at
95% CL LHCb, combining all results on B0 → DK�0
decays, obtains r̄B ¼ 0.265� 0.023.

4. D decays to multiparticle self-conjugate final states
(model-dependent analysis)

For the model-dependent Dalitz plot analysis, both
BABAR and Belle have studied the modes Bþ → DKþ,
Bþ → D�Kþ and Bþ → DK�þ. For Bþ → D�Kþ, both
experiments have used both D� decay modes, D� → Dπ0

and D� → Dγ, taking the effective shift in the strong phase

difference into account.31 In all cases the decay D →
K0

Sπ
þπ− has been used. BABAR also used the decay

D → K0
SK

þK−. LHCb has also studied Bþ → DKþ decays
withD → K0

Sπ
þπ−. BABAR has also performed an analysis

of Bþ → DKþ with D → πþπ−π0. Results and averages

TABLE 55. Averages from ADS analyses of b → cūs=uc̄s modes.

Experiment Sample size NðBB̄Þ or R Ldt AADS RADS

DKþ, D → K−πþ

BABAR [456] 467M −0.86� 0.47þ0.12
−0.16 0.011� 0.006� 0.002

Belle [457] 772M −0.39þ0.26
−0.28

þ0.04
−0.03 0.0163þ0.0044

−0.0041
þ0.0007
−0.0013

CDF [458] 7 fb−1 −0.82� 0.44� 0.09 0.0220� 0.0086� 0.0026
LHCb [446] 8.7 fb−1 −0.451� 0.026 0.0173� 0.0006
Average −0.453� 0.026 0.0172� 0.0006
Confidence level 0.70ð0.4σÞ 0.73ð0.4σÞ

DKþ, D → K−πþπ0

BABAR [459] 474M – 0.0091þ0.0082
−0.0076

þ0.0014
−0.0037

Belle [460] 772M 0.41� 0.30� 0.05 0.0198� 0.0062� 0.0024
LHCb [454] 3 fb−1 −0.20� 0.27� 0.03 0.0140� 0.0047� 0.0019
Average 0.07� 0.20 0.0148� 0.0036
Confidence level 0.13ð1.5σÞ 0.59ð0.5σÞ

DKþ, D → K−πþπþπ−

LHCb [455] 3 fb−1 −0.313� 0.102� 0.038 0.0140� 0.0015� 0.0006

D�Kþ, D� → Dπ0, D → K−πþ
BABAR [456] 467M 0.77� 0.35� 0.12 0.018� 0.009� 0.004
LHCb [446] 8.7 fb−1 0.717� 0.286 0.0118� 0.0034
Average 0.74� 0.23 0.0125� 0.0032
Confidence level 0.91ð0.1σÞ 0.55ð0.6σÞ

D�Kþ, D� → Dγ, D → K−πþ

BABAR [456] 467M 0.36� 0.94þ0.25
−0.41 0.013� 0.014� 0.008

LHCb [446] 8.7 fb−1 −0.558� 1.349 0.0163� 0.0373
Average 0.03� 0.81 0.0135� 0.0148
Confidence level 0.59ð0.6σÞ 0.94ð0.1σÞ

DK�þ, D → K−πþ, K�þ → K0
Sπ

þ

BABAR [448] 379M −0.34� 0.43� 0.16 0.066� 0.031� 0.010
LHCb [449] 4.8 fb−1 −0.81� 0.17� 0.04 0.011� 0.004� 0.001
Average −0.75� 0.16 0.012� 0.004
Confidence level 0.34ð1.0σÞ 0.09ð1.7σÞ

DK�þ, D → K−πþπþπ−, K�þ → K0
Sπ

þ

LHCb [449] 4.8 fb−1 −0.45� 0.21� 0.14 0.011� 0.005� 0.003

DKþπþπ−, D → K−πþ

LHCb [450] 3 fb−1 −0.32þ0.27
−0.34 0.0082þ0.0038

−0.0030

31Belle [465] quotes separate results for Bþ → D�Kþ with
D� → Dπ0 and D� → Dγ. The results presented in Table 58 are
from our average, performed using the statistical correlations
provided, and neglecting all systematic correlations; model
uncertainties are not included. The first uncertainty on the given
results is combined statistical and systematic, the second is the
model error (taken from the Belle results on Bþ → D�Kþ with
D� → Dπ0).
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FIG. 39. Averages of RADS and AADS for B → Dð�ÞKð�Þ decays.

TABLE 56. Averages from ADS analyses of b → cūd=uc̄d modes.

Experiment Sample size NðBB̄Þ or R L dt AADS RADS

Dπþ, D → K−πþ
BABAR [456] 467M 0.03� 0.17� 0.04 0.0033� 0.0006� 0.0004
Belle [457] 772M −0.04� 0.11þ0.02

−0.01 0.00328þ0.00038
−0.00036

þ0.00012
−0.00018

CDF [458] 7 fb−1 0.13� 0.25� 0.02 0.0028� 0.0007� 0.0004
LHCb [446] 8.7 fb−1 0.129� 0.014 0.00368� 0.00007
Average 0.126� 0.014 0.00366� 0.00007
Confidence level 0.47ð0.7σÞ 0.50ð0.7σÞ

Dπþ, D → K−πþπ0

Belle [460] 772M 0.16� 0.27þ0.03
−0.04 0.00189� 0.00054þ0.00022

−0.00025
LHCb [454] 3 fb−1 0.44� 0.19� 0.01 0.00235� 0.00049� 0.00004
Average 0.35� 0.16 0.00216� 0.00038
Confidence level 0.40ð0.8σÞ 0.55ð0.6σÞ

Dπþ, D → K−πþπþπ−

LHCb [455] 3 fb−1 0.023� 0.048� 0.005 0.00377� 0.00018� 0.00006

D�πþ, D� → Dπ0, D → K−πþ
BABAR [456] 467M −0.09� 0.27� 0.05 0.0032� 0.0009� 0.0008
LHCb [446] 8.7 fb−1 −0.140� 0.059 0.00471� 0.00077
Average −0.138� 0.058 0.00427� 0.00065
Confidence level 0.86ð0.2σÞ 0.29ð1.1σÞ

D�πþ, D� → Dγ, D → K−πþ
BABAR [456] 467M −0.65� 0.55� 0.22 0.0027� 0.0014� 0.0022
LHCb [446] 8.7 fb−1 0.079� 0.128 0.00420� 0.00138
Average 0.046� 0.125 0.00387� 0.00122
Confidence level 0.23ð1.2σÞ 0.61ð0.5σÞ

Dπþπþπ−, D → K−πþ

LHCb [450] 3 fb−1 −0.003� 0.090 0.00427� 0.00043
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are given in Table 58, and shown in Figs. 41 and 42. The
third error on each measurement is due to D decay model
uncertainty.
The parameters measured in the analyses are explained

in Sec. VI B 7. All experiments measure the Cartesian
variables, defined in Eq. (144), and perform frequentist
statistical procedures, to convert these into measurements
of γ, rB and δB. In the Bþ → DKþ with D → πþπ−π0

analysis, the parameters ðρ�; θ�Þ are used instead.
In the Bþ → DK�þ analysis both BABAR and Belle

experiments reconstruct K�þ as K0
Sπ

þ, but the treatment of
possible nonresonant K0

Sπ
þ differs: Belle assigns an addi-

tional model uncertainty, while BABAR uses a parametri-
zation suggested by Gronau [305] in which the parameters
rB and δB are replaced with effective parameters κr̄B
and δ̄B. In this case no attempt is made to extract the true
hadronic parameters of the Bþ → DK�þ decay.
We perform averages using the following procedure,

which is based on a set of reasonable, though imperfect,
assumptions.

(i) It is assumed that effects due to differences in the D
decay models used by the two experiments are
negligible. Therefore, we do not rescale the results
to a common model.

(ii) It is further assumed that the D decay model
uncertainty is 100% correlated between experi-
ments. (This approximation is compromised by
the fact that the BABAR results include D →
K0

SK
þK− decays in addition to D → K0

Sπ
þπ−.)

Other than the D decay model, we do not consider
common sources of systematic uncertainty.

(iii) We include in the average the effect of correlations
within each experiment’s set of measurements.

(iv) At present it is unclear how to assign a model
uncertainty to the average. We have not attempted to
do so. An unknown amount of model uncertainty
should be added to the final uncertainty.

(v) We follow the suggestion of Gronau [305] in
making the DK� averages. Explicitly, we assume
that the selection of K�þ → K0

Sπ
þ is the same across
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FIG. 40. Averages of RADS and AADS for B → Dð�Þπ decays.

TABLE 57. Results from ADS analysis of B0 → DK�0.

Experiment Sample size Rþ R−

D → K−πþ

LHCb [451]
R
L dt ¼ 4.8 fb−1 0.064� 0.021� 0.002 0.095� 0.021� 0.003

D → K−πþπþπ−

LHCb [451]
R
L dt ¼ 4.8 fb−1 0.074� 0.026� 0.002 0.072� 0.025� 0.003
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experiments (so that κ, r̄B and δ̄B are the same), and
drop the additional source of model uncertainty
assigned by Belle due to possible nonresonant
decays.

Constraints on γ ≡ ϕ3

The measurements of ðx�; y�Þ can be used to obtain
constraints on γ ≡ ϕ3, as well as the hadronic parameters rB
and δB. BABAR [466], Belle [465,468] and LHCb [467]
have all done so using a frequentist procedure, with some
differences in the details of the techniques used.

(i) BABAR obtains γ ¼ ð68þ15
−14 � 4� 3Þ° from DKþ,

D�Kþ and DK�þ.
(ii) Belle obtains ϕ3 ¼ ð78þ11

−12 � 4� 9Þ° from DKþ
and D�Kþ.

(iii) LHCb obtains γ ¼ ð84þ49
−42Þ° from DKþ using 1 fb−1

of data (a more precise result using 9 fb−1 and the
model-independent method is reported below).

(iv) The experiments also obtain values for the hadronic
parameters as detailed in Table 59.

(v) In the BABAR analysis of Bþ → DKþ with D →
πþπ−π0 decays [317], a constraint of −30°< γ <
76° is obtained at the 68% confidence level.

(vi) The results discussed here are included in the
HFLAV combination to obtain a world average
value for γ ≡ ϕ3, as discussed in Sec. VI O 7.

BABAR and LHCb have performed a similar analysis
using the self-tagging neutral B decay B0 → DK�0 (with
K�0 → Kþπ−). Effects due to the natural width of the K�0
are handled using the parametrization suggested by Gronau
[305]. LHCb [469] gives results in terms of the Cartesian
parameters, as shown in Table 58. BABAR [470] presents
results only in terms of γ and the hadronic parameters. The
obtained constraints are:

(i) BABAR obtains γ ¼ ð162� 56Þ°;
(ii) LHCb obtains γ ¼ ð80þ21

−22Þ°;

(iii) Values for the hadronic parameters are given in
Table 59.

5. D decays to multiparticle self-conjugate final states
(model-independent analysis)

A model-independent approach to the analysis of Bþ →
Dð�ÞKþ with multibody D decays was proposed by Giri,
Grossman, Soffer and Zupan [302], and further developed by
Bondar and Poluektov [314,315]. The method relies on
information on the average strong phase difference between
D0 and D̄0 decays in bins of Dalitz plot position that can
be obtained from quantum-correlated ψð3770Þ → D0D̄0

events. This information is measured in the form of
parameters ci and si that are the weighted averages of the
cosine and sine of the strong phase difference in a Dalitz plot
bin labeled by i, respectively. These quantities have been
obtained for D → K0

Sπ
þπ− (and D → K0

SK
þK−) decays by

CLEO [254,471] and BES-III [472–474].
Belle [475] and LHCb [476] have performed model-

independent BPGGSZ analyses of the Bþ → DKþ decay
with subsequent D → K0

Sπ
þπ− and D → K0

SK
þK− decays.

In the LHCb analysis the Bþ → Dπþ mode, with the same
D decays, is also fitted simultaneously. This allows for better
control of some sources of systematic uncertainty, and also
allows additional parameters, denoted xξ and yξ following
the proposal in Ref. [477], to be determined from the data.
Since these additional parameters do not have significant
sensitivity to γ ≡ ϕ3, we do not list them here and do not
include them in our global combination. However, this
parametrization does mean that the small amount of sensi-
tivity to γ from the Bþ → Dπþ modes is included in the x�
and y� observables measured in this analysis.
Both Belle [478] and LHCb [479] have also used the

model-independent Dalitz-analysis approach to study

DDalitzK
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Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof

-0.2 -0.1 0 0.1 0.2

-0.2

-0.1

0

0.1

0.2

x�

y�

BABAR

BABAR

 B+

Belle B+

LHCb B+

-

Belle B-

LHCb B-

Averages

HFLAVHFLAV
2021 D*

DalitzK
+ x� vs y�

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof

-0.4 -0.2 0 0.2 0.4

-0.4

-0.2

0

0.2

0.4

x�

y�

+

Belle B+

-

Belle B-

Averages

HFLAVHFLAV
2021 DDalitzK

*+ x� vs y�

Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof

-0.8 -0.4 0 0.4 0.8

-0.8

-0.4

0

0.4

0.8

x�

y�

+

Belle B+

 B
BABAR B

BABAR B

BABAR B

BABAR B-

Belle B-

Averages

HFLAVHFLAV
2021

FIG. 41. Contours in the ðx�; y�Þ from model-dependent analysis of Bþ → Dð�ÞKð�Þþ, D → K0
Sh

þh− (h ¼ π, K). Left: Bþ → DKþ,
(middle) Bþ → D�Kþ, (right) Bþ → DK�þ. Note that the uncertainties assigned to the averages given in these plots do not include
model uncertainties.
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B0 → DK�ð892Þ0 decays. In both cases, the experiments
use D → K0

Sπ
þπ− decays, and LHCb has also included the

D → K0
SK

þK− decay. Belle [480] have in addition carried
out a model-independent analysis of Bþ → DKþ, D →
K0

Sπ
þπ−π0 decays. The Cartesian variables ðx�; y�Þ,

defined in Eq. (144), were determined from the data.
Note that due to the strong statistical and systematic
correlations with the model-dependent results given in
Sec. VI O 4, these sets of results cannot be combined.

The results and averages are given in Table 60, and
shown in Fig. 43. Most results have three sets of uncer-
tainties, which are, respectively, statistical, systematic, and
the uncertainty coming from the knowledge of ci and si. To
perform the average, we remove the last uncertainty. If
identical ci and si inputs are used in different experiments,
one might expect this uncertainty to be 100% correlated
between the measurements. The size of the uncertainty
from ci and si is, however, found to depend on the size of
the B → DK data sample, and so we assign the LHCb
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FIG. 42. Averages of ðx�; y�Þ from model-dependent analyses of Bþ → Dð�ÞKð�Þþ with D → K0
Sh

þh− (h ¼ π, K). Top left: xþ, (top
right) x−, (bottom left) yþ, (bottom right) y−. The top plots include constraints on x� obtained from GLW analyses (see Sec. VI O 1).
Note that the uncertainties assigned to the averages given in these plots do not include model uncertainties.
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uncertainties (which are mostly the smaller of the Belle
and LHCb values) to the averaged result. This procedure
should be conservative. In the LHCb B0 → DK�ð892Þ0
results [479], the values of ci and si are constrained to their
measured values within uncertainties in the fit to data, and
hence the systematic uncertainties associated with the
knowledge of these parameters is absorbed in their stat-
istical uncertainties. The B0 → DK�ð892Þ0 average is
performed neglecting the model uncertainties on the
Belle results.
Constraints on γ ≡ ϕ3

The measurements of ðx�; y�Þ can be used to obtain
constraints on γ, as well as the hadronic parameters rB
and δB. The experiments have done so using frequentist
procedures, with some differences in the details of the
techniques used.

(i) From Bþ → DKþ, Belle [475] obtains
ϕ3 ¼ ð77.3þ15.1

−14.9 � 4.1� 4.3Þ°.
(ii) From Bþ → DKþ, LHCb [476] obtains

γ ¼ ð68.7þ5.2
−5.1Þ°.

(iii) From B0 → DK�ð892Þ0, LHCb [479] obtains
γ ¼ ð71� 20Þ°.

(iv) The experiments also obtain values for the hadronic
parameters as detailed in Table 62.

(v) The results discussed here are included in the
HFLAV combination to obtain a world average
value for γ ≡ ϕ3, as discussed in Sec. VI O 7.

6. D decays to multiparticle nonself-conjugate final states
(model-independent analysis)

Following the original suggestion of Grossman, Ligeti and
Soffer [312], decays ofDmesons toK0

SK
�π∓ can be used in

a similar approach to that discussed above to determine
γ ≡ ϕ3. Since these decays are less abundant, the event
samples available to date have not been sufficient for a fine
binning of the Dalitz plots, but the analysis can be performed
using only an overall coherence factor and related strong
phase difference for the decay. These quantities have been
determined by CLEO [482] both for the full Dalitz plots and
in a restricted region �100 MeV=c2 around the peak of the
K�ð892Þ� resonance.

TABLE 59. Summary of constraints on hadronic parameters from model-dependent analyses of Bþ → Dð�ÞKð�Þþ

and B0 → DK�0 decays. Note the alternative parametrization of the hadronic parameters used by BABAR in the
DK�þ mode.

Experiment Sample size rB δB

In DKþ

BABAR [466] NðBB̄Þ ¼ 468M 0.096� 0.029� 0.005� 0.004 ð119þ19
−20 � 3� 3Þ°

Belle [465] NðBB̄Þ ¼ 657M 0.160þ0.040
−0.038 � 0.011þ0.05

−0.010 ð138þ13
−16 � 4� 23Þ°

LHCb [467]
R
L dt ¼ 1 fb−1 0.06� 0.04 ð115þ41

−51 Þ°
In D�Kþ

BABAR [466] NðBB̄Þ ¼ 468M 0.133þ0.042
−0.039 � 0.014� 0.003 ð−82� 21� 5� 3Þ°

Belle [465] NðBB̄Þ ¼ 657M 0.196þ0.072
−0.069 � 0.012þ0.062

−0.012 ð342þ19
−21 � 3� 23Þ°

r̄B δ̄B

In DK�þ

BABAR [466] NðBB̄Þ ¼ 468M κr̄B ¼ 0.149þ0.066
−0.062 � 0.026� 0.006 ð111� 32� 11� 3Þ°

Belle [468] NðBB̄Þ ¼ 386M 0.56þ0.22
−0.16 � 0.04� 0.08 ð243þ20

−23 � 3� 50Þ°
In DK�0

BABAR [470] NðBB̄Þ ¼ 371M <0.55 at 95% probability ð62� 57Þ°
LHCb [469]

R
L dt ¼ 3 fb−1 0.39� 0.13 ð197þ24

−20 Þ°

DDalitzK
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Contours give -2�(ln L) = ��2 = 1, corresponding to 39.3� CL for 2 dof
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FIG. 43. Contours in the ðx�; y�Þ plane frommodel-independent
analysis of Bþ → DKþ with D → K0

Sh
þh− (h ¼ π, K).
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LHCb [481] has reported results of an analysis of
Bþ → DKþ and Bþ → Dπþ decays with D → K0

SK
�π∓.

The decays with different final states of the D meson are
distinguished by the charge of the kaon from the decay of
the D meson relative to the charge of the B meson, and are
labeled “same sign” (SS) and “opposite sign” (OS). Six
observables potentially sensitive to γ ≡ ϕ3 are measured:
two ratios of rates for DK and Dπ decays (one each for SS
and OS) and four asymmetries (for DK and Dπ, SS and
OS). This is done both for K�ð892Þ�-dominated region
(with the same boundaries as used by CLEO-c) and the
remainder of the D decay Dalitz plot. The results, shown in
Table 61, do not yet have sufficient precision to set
significant constraints on γ ≡ ϕ3 independently of other
results.

7. Combinations of results on rates and asymmetries in
B → Dð�ÞKð�Þ decays to obtain constraints on γ ≡ ϕ3

BABAR and LHCb have both produced constraints on
γ ≡ ϕ3 from combinations of their results on Bþ → DKþ
and related processes. The experiments use a frequentist
procedure, with some differences in the details of the
techniques used.

(i) BABAR [483] uses results from DK, D�K and DK�
modes with GLW, ADS and BPGGSZ analyses, to
obtain γ ¼ ð69þ17

−16Þ°.
(ii) LHCb [484,485] uses results from the DKþ mode

with GLW, GLW-like, ADS, BPGGSZ (K0
Sh

þh−)
and GLS (K0

SK
�π∓) analyses, as well as DK�0 with

GLW, ADS and BPGGSZ analyses, DKþπ−πþ with
GLW and ADS analyses and B0

s → D∓
s K�ðπþπ−Þ

decays. The LHCb combination also includes inputs
from Bþ → Dπþ decays. The LHCb combination
takes into account subleading effects due to charm
mixing [442], which are important for hadron
collider experiments since selection requirements
result in the acceptance varying with D decay time.
The result is γ ¼ ð65.4þ3.8

−4.2Þ°.
(iii) All of the combinations use inputs determined from

ψð3770Þ → D0D̄0 data samples (and/or from the
HFLAV global fits on charm mixing parameters; see
Sec. X A) to constrain the hadronic parameters in the
charm system. The LHCb combination simultane-
ously fits charm mixing data in order to obtain the
best constraint on δKπ , thereby improving knowl-
edge on both charm mixing parameters and γ.

(iv) Constraints are also obtained on the hadronic
parameters involved in the decays. A summary of
these is given in Table 63.

(v) The CKMfitter [242] and UTFit [334] groups
perform similar combinations of all available results
to obtain combined constraints on γ ≡ ϕ3.

Independently from the constraints on γ ≡ ϕ3 obtained
by the experiments, the results summarized in Sec. VI O are

statistically combined to produce world average constraints
on γ ≡ ϕ3 and the hadronic parameters involved. The
combination is performed with the GAMMACOMBO frame-
work [432] and follows a frequentist procedure, identical to
that used in Ref. [486].
The input measurements used in the combination are

listed in Table 64. Individual measurements are used as
inputs, rather than the averages presented in Sec. VI O, in
order to facilitate cross-checks and to ensure the most
appropriate treatment of correlations. A combination based
on our averages for each of the quantities measured by
experiments gives consistent results.
All results from GLW and GLW-like analyses of Bþ →

Dð�ÞKð�Þþ modes, as listed in Tables 52 and 54, are used.
All results from ADS analyses of Bþ → Dð�ÞKð�Þþ as
listed in Table 55 are also used. Regarding B0 → DK�0
decays, the results of the LHCb GLW/ADS analysis
of B0 → DK�0 (Tables 52 and 57) are included.
Concerning results of BPGGSZ analyses of Bþ →
Dð�ÞKð�Þþ with D → K0

Sh
þh−, the model-dependent

results, as listed in Table 58, are used for the BABAR
and Belle experiments, while the model-independent
results, as listed in Table 60, are used for LHCb. This
choice is made in order to maintain consistency of the
approach across experiments while maximizing the size
of the samples used to obtain inputs for the combination.
For BPGGSZ analyses of B0 → DK�0 withD → K0

Sh
þh−,

the model-independent result from LHCb (given in
Table 60) is used for consistency with the treatment
of the LHCb Bþ → DKþ BPGGSZ result; the model-
independent result by Belle is also included. The result of
the GLS analysis of Bþ → DKþ with D → K��K∓ from
LHCb (Table 61) are used. Finally, results from the time-
dependent analyses of B0

s →D∓
s K� and B0

s → D∓
s K�πþπ−

from LHCb (Table 51) are used.
Several results with sensitivity to γ are not included in

the combination. Results from time-dependent analyses
of B0 → Dð�Þ∓π� and D∓ρ� (Table 50) are not used,
as there are insufficient constraints on the associated
hadronic parameters. Similarly, results from B0 →
D∓K0

Sπ
� (Sec. VI N 1) are not used. Results from the

LHCb B0 → DKþπ− GLW-Dalitz analysis (Table 53) are
not used because of the statistical overlap with the GLW
DK�0 analysis, which is used instead. Limits on ADS
parameters reported in Sec. VI O 3 are not used. Results on
Bþ → Dπþ decays, given in Table 56, are not used, since
the small value of rBðDπþÞmeans that these channels have
less sensitivity to γ and are more vulnerable to biases from
subleading effects [487]. Results from the BABAR Dalitz
plot analysis of Bþ → DKþ with D → πþπ−π0 (given in
Table 58) are not included due to their limited sensitivity.
Results from the Bþ → DKþ, D → K0

Sπ
þπ− BPGGSZ

model-dependent analysis by LHCb (given in Table 58),
and of the model-independent analysis of the same decay

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-90



TABLE 62. Summary of constraints on hadronic parameters from model-independent analyses of Bþ → DKþ

and B0 → DK�0, D → K0
Sh

þh− (h ¼ π, K) decays.

Experiment Sample size rBðDKþÞ δBðDKþÞ
Belle [475] NðBB̄Þ ¼ 772M 0.145� 0.030� 0.010� 0.011 ð129.9� 15.0� 3.8� 4.7Þ°
LHCb [476]

R
L dt ¼ 9 fb−1 0.0904þ0.0077

−0.0075 ð118.3þ5.5
−5.6 Þ°

r̄BðDK�0Þ δ̄BðDK�0Þ
Belle [478] NðBB̄Þ ¼ 772M <0.87 at 68% confidence level
LHCb [479]

R
L dt ¼ 3 fb−1 0.56� 0.17 ð204þ21

−20 Þ°

TABLE 63. Summary of constraints on hadronic parameters obtained from global combinations of results in
Bþ → Dð�ÞKð�Þþ and B0 → DK�0 decays. Results for parameters associated with the other decay modes discussed
in this section are less precise and are not included in this summary.

Experiment rBðDKþÞ δBðDKþÞ rBðD�KþÞ δBðD�KþÞ
BABAR [483] 0.092þ0.013

−0.012 ð105þ16
−17 Þ° 0.106þ0.019

−0.036 ð294þ21
−31 Þ°

LHCb [484,485] 0.0984þ0.0027
−0.0026 ð127.6þ4.0

−4.2 Þ° 0.099þ0.016
−0.019 ð310þ12

−23 Þ°

TABLE 64. List of measurements used in the γ combination.

B decay D decay Method Experiment References

Bþ → DKþ D → KþK−, D → πþπ−, GLW BABAR [443]
D → K0

Sπ
0, D → K0

Sω, D → K0
Sϕ

Bþ → DKþ D → KþK−, D → πþπ−, GLW Belle [444]
D → K0

Sπ
0, D → K0

Sω, D → K0
Sϕ

Bþ → DKþ D → KþK−, D → πþπ− GLW CDF [445]
Bþ → DKþ D → KþK−, D → πþπ− GLW LHCb [446]

Bþ → D�Kþ D → KþK−, D → πþπ−, GLW BABAR [447]
D� → Dγðπ0Þ D → K0

Sπ
0, D → K0

Sω, D → K0
Sϕ

Bþ → D�Kþ D → KþK−, D → πþπ−, GLW Belle [444]
D� → Dγðπ0Þ D → K0

Sπ
0, D → K0

Sω, D → K0
Sϕ

Bþ → D�Kþ D → KþK−, D → πþπ− GLW LHCb [446]
D� → Dγðπ0Þ
Bþ → DK�þ D → KþK−, D → πþπ−, GLW BABAR [448]

D → K0
Sπ

0, D → K0
Sω, D → K0

Sϕ
Bþ → DK�þ D → KþK−, D → πþπ− GLW LHCb [449]

Bþ → DKþπþπ− D → KþK−, D → πþπ− GLW LHCb [450]

B0 → DK�0 D → KþK−, D → πþπ− GLW LHCb [451]

Bþ → DKþ D → πþπ−π0 GLW-like BABAR [317]
Bþ → DKþ D → KþK−π0, D → πþπ−π0 GLW-like LHCb [454]
Bþ → DKþ D → πþπ−πþπ− GLW-like LHCb [455]

Bþ → DK�þ D → πþπ−πþπ− GLW-like LHCb [449]

Bþ → DKþ D → K�π∓ ADS BABAR [456]
Bþ → DKþ D → K�π∓ ADS Belle [457]
Bþ → DKþ D → K�π∓ ADS CDF [458]
Bþ → DKþ D → K�π∓ ADS LHCb [446]

(Table continued)
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by Belle (given in Table 60) are not included due to the
statistical overlap with results from model-(in)dependent
analyses of the same data.
Auxiliary inputs are used in the combination in order

to constrain the D system parameters and subsequently
improve the determination of γ ≡ ϕ3. These include the
ratio of suppressed to favored decay amplitudes and the
strong phase difference for D → K�π∓ decays, taken
from the charm global fits (see Sec. X). The amplitude
ratios, strong phase differences and coherence factors
of D → K�π∓π0, D → K�π∓πþπ− and D → K0

SK
�π�

decays are taken from a combination of BES-III, CLEO-
c and LHCb measurements [482,488–491]. The fraction of
CP-even content for the GLW-like D → πþπ−πþπ−, D →
KþK−π0 and D → πþπ−π0 decays are taken from CLEO-c
measurements [453]. Finally, the value of −2βs is taken
from the HFLAV averages (see Sec. V); this is required to

obtain sensitivity to γ ≡ ϕ3 from the time-dependent
analysis of B0

s → D∓
s K�ðπþπ−Þ decays. A summary of

the auxiliary constraints is given in Table 65.
The following reasonable, although imperfect, assump-

tions are made when performing the averages.
(i) CP violation in D → KþK− and D → πþπ− decays

is assumed to be zero. The results of Sec. X anyhow
suggest such effects to be negligible.

(ii) The combination is potentially sensitive to sublead-
ing effects from D0–D̄0 mixing [442,492,493]
which are not accounted for. The effect is expected
to be small given that rB ≥ 0.1 (for all modes)
while rD ∼ 0.05.

(iii) All Bþ → DK�þ modes are treated as two-body
decays. In other words any dilution caused by non-
K�þ contributions in the selected regions of the
DK0

Sπ
þ or DKþπ0 Dalitz plots is assumed to be

TABLE 64. (Continued)

B decay D decay Method Experiment References

Bþ → DKþ D → K�π∓π0 ADS BABAR [459]
Bþ → DKþ D → K�π∓π0 ADS Belle [460]
Bþ → DKþ D → K�π∓π0 ADS LHCb [454]

Bþ → DKþ D → K�π∓πþπ− ADS LHCb [455]

Bþ → D�Kþ D → K�π∓ ADS BABAR [456]
D� → Dγðπ0Þ
Bþ → D�Kþ D → K�π∓ ADS LHCb [446]
D� → Dγðπ0Þ
Bþ → DK�þ D → K�π∓ ADS BABAR [448]
Bþ → DK�þ D → K�π∓ ADS LHCb [449]

Bþ → DK�þ D → K�π∓πþπ− ADS LHCb [449]

B0 → DK�0 D → K�π∓ ADS LHCb [451]

B0 → DK�0 D → K�π∓πþπ− ADS LHCb [451]

Bþ → DKþπþπ− D → K�π∓ ADS LHCb [450]

Bþ → DKþ D → K0
Sπ

þπ− BPGGSZ MD BABAR [466]
Bþ → DKþ D → K0

Sπ
þπ− BPGGSZ MD Belle [465]

Bþ → DKþ D → K0
Sπ

þπ−, D → K0
SK

þK− BPGGSZ MI LHCb [476]

Bþ → D�Kþ D → K0
Sπ

þπ− BPGGSZ MD BABAR [466]
D� → Dγðπ0Þ
Bþ → D�Kþ D → K0

Sπ
þπ− BPGGSZ MD Belle [465]

D� → Dγðπ0Þ
Bþ → DK�þ D → K0

Sπ
þπ− BPGGSZ MD BABAR [466]

Bþ → DK�þ D → K0
Sπ

þπ− BPGGSZ MD Belle [468]

B0 → DK�0 D → K0
Sπ

þπ− BPGGSZ MI Belle [478]
B0 → DK�0 D → K0

Sπ
þπ−, D → K0

SK
þK− BPGGSZ MI LHCb [479]

Bþ → DKþ D → K0
SK

�π∓ GLS LHCb [481]

B0
s → D∓

s K� Dþ
s → hþh−πþ TD LHCb [289]

B0
s → D∓

s K�πþπ− Dþ
s → hþh−πþ TD LHCb [200]
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negligible. As a check of this assumption, it was found
that including a coherence factor for Bþ → DK�þ
modes, κBðDK�þÞ ¼ 0.9, had negligible impact on
the results.

(iv) Each individual set of input measurements listed in
Table 38 is assumed to be completely uncorrelated,
although correlations between observables in a
set are used if provided by the experiment. While
this assumption is true for the statistical uncertain-
ties, it is not necessarily the case for systematic
uncertainties. In particular, the model uncertainties

for different model-dependent BPGGSZ analyses
are fully correlated (when the same model is used).
Similarly, the model-independent BPGGSZ analyses
have correlated systematic uncertainties originating
from the measurement of the strong phase variation
across the Dalitz plot. The effect of including these
correlations is estimated to be <1°.

In total, there are 154 observables and 35 free param-
eters. The combination has a χ2 value of 122.3, which
corresponds to a global p-value of 0.398 (or 0.8σ). A
coverage check with pseudoexperiments gives a p-value
of ð36.8� 0.5Þ%. The obtained world average for the
unitarity triangle angle γ ≡ ϕ3 is

γ ≡ ϕ3 ¼ ð66.2þ3.4
−3.6Þ°: ð162Þ

An ambiguous solution at γ ≡ ϕ3 → γ ≡ ϕ3 þ π also exists.
The results for the hadronic parameters are listed in
Table 66. Results for input analyses split by B meson
decay mode are shown in Table 67 and Fig. 44. Results for
input analyses split by the method are shown in Table 68
and Fig. 45. Results for the hadronic ratios, rB, are shown

TABLE 65. List of the auxiliary inputs used in the combinations.

Decay Parameters Source Ref.

D → K�π∓ rKπ
D , δKπ

D HFLAV Sec. X

D → K�π∓πþπ− δK3π
D , κK3π

D , rK3π
D BESIIIþ CLEOþ LHCb [488]

D → πþπ−πþπ− Fþðπþπ−πþπ−Þ CLEO [453]

D → K�π∓π0 δK2π
D , κK2π

D , rK2π
D BESIIIþ CLEOþ LHCb [489]

D → hþh−π0 Fþðπþπ−π0Þ, FþðKþK−π0Þ CLEO [453]

D → K0
SK

�π∓ δKSKπ
D , κKSKπ

D , rKSKπ
D CLEO [482]

rKSKπ
D LHCb [490]

B0 → DK�0 κDK�0
B LHCb [452]

B0
s → D∓

s K� ϕs HFLAV Sec. V

TABLE 66. Averages values obtained for the hadronic param-
eters in B → Dð�ÞKð�Þ decays.

Parameter Value

rBðDKþÞ 0.0996� 0.0026

rBðD�KþÞ 0.104þ0.013
−0.014

rBðDK�þÞ 0.101þ0.016
−0.037

rBðDK�0Þ 0.257þ0.021
−0.022

δBðDKþÞ ð128.0þ3.8
−4.0 Þ°

δBðD�KþÞ ð314.9þ7.8
−10.0Þ°

δBðDK�þÞ ð49þ61
−16 Þ°

δBðDK�0Þ ð194þ9.5
−8.8 Þ°

TABLE 67. Averages of γ ≡ ϕ3 split by B meson decay
mode.

Decay mode Value

Bþ → DKþ ð64.0þ4.0
−4.1 Þ°

Bþ → D�Kþ ð67þ12
−23 Þ°

Bþ → DK�þ ð45þ13
−11 Þ°

B0 → DK�0 ð81.4þ9
−9.6Þ°

B0
s → D∓

s K� ð130þ17
−23 Þ°

B0
s → D∓

s K�πþπ− ð45þ20
−13 Þ°
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FIG. 44. World average of γ ≡ ϕ3, in terms of 1−CL, split by
decay mode.
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in Fig. 46. A demonstration of how the various analyses
contribute to the combination is shown in Fig. 47. There are
two overlapping solutions for the Bþ → DK�þ modes
which is why their uncertainties are so asymmetric. It
should be noted that the global combination for γ has
moved substantially since the previous combination [1],
which found γ ¼ ð71.1þ4.6

−5.3Þ°. This is mainly driven by
updates of LHCb measurements to the full 9 fb−1 dataset of
Bþ → DKþ decays with GLW/ADS and BPGGSZ analy-
ses which have both moved to lower values of γ and are
now in very close agreement. The changes and consistency
of these measurements can be seen by inspecting the
two-dimensional confidence interval contours shown in
Fig. 47. While the change in central value to γ alone looks
substantial, a proper comparison should be made in the
multidimensional space including the relevant rB and δB
parameters as well, which suggests a much better compat-
ibility between the current and previous combinations.

P. Summary of the constraints on the angles
of the unitarity triangle

World averages for the angles of the unitarity triangle
β ≡ ϕ1, α ≡ ϕ2 and γ ≡ ϕ3 are given in Sec. VI D 2,
Sec. VI L 1 and Sec. VI O 7, respectively. These constraints
are summarized in Fig. 48 in terms of the CKM parameters
ρ̄ and η̄ defined in Eq. (92) using the relations, tan γ ¼ η̄=ρ̄,

tan β ¼ η̄=ð1 − ρ̄Þ, α¼ tan−1ðρ̄=η̄Þþ tan−1ðð1− ρ̄Þ=η̄Þ. The
overlap of the constraints demonstrates agreement with the
unitarity of the CKM matrix as predicted in the Standard
Model. The obtained values of ρ̄ and η̄ from this angles
only combination are

ρ̄ ¼ 0.140� 0.018; η̄ ¼ 0.353� 0.012; ð163Þ

with a correlation of −0.287.

VII. SEMILEPTONIC b HADRON DECAYS

In this section we present averages for semileptonic b
hadron decays, i.e. decays of the type B → Xlνl, where X
refers to one or more hadrons, l to a charged lepton and νl
to its associated neutrino. Unless otherwise stated, l stands
for an electron or a muon, lepton universality is assumed,
and both charge conjugate states are combined. Some
averages assume isospin symmetry which is explicitly
mentioned at every instance.
Averages are presented separately for CKM favored

b → c quark transitions and CKM suppressed b → u
transitions. We further distinguish exclusive decays involv-
ing a specific meson (X ¼ D;D�; π; ρ;…) from inclusive
decay modes, i.e. the sum over all possible hadronic states.
Semileptonic decays proceed via first order weak inter-
actions and are well described in the framework of the SM.
Their decay rates are sensitive to the magnitude squared of
the CKM elements Vcb and Vub, the determination of
which is one of the primary goals for the study of these
decays. Semileptonic decays involving the τ lepton might
be more sensitive to beyond-SM processes, because the
high τ mass can result in enhanced couplings to hypo-
thetical new particles such as a charged Higgs boson or
leptoquarks.
The technique for obtaining the averages follows the

general HFLAV procedure (see Sec. III) unless otherwise
stated. More information on the averages, in particular on
the common input parameters, is available on the HFLAV

TABLE 68. Averages of γ ≡ ϕ3 split by method. For GLW
method only the solution nearest the combined average is shown.

Method Value

GLW ð74.0þ5.5
−47.6Þ°

ADS ð71þ15
−33 Þ°

BPGGSZ ð68.8þ4.5
−4.6 Þ°
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FIG. 45. World average of γ ≡ ϕ3, in terms of 1−CL, split by
analysis method.
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FIG. 46. World averages for the hadronic parameters rB in the
different decay modes, in terms of 1−CL.
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FIG. 47. Contributions to the combination from different input measurements, shown in the plane of the relevant rB (left) or δB (right)
parameter vs. γ ≡ ϕ3. From top to bottom: Bþ → DKþ, Bþ → D�Kþ, Bþ → DK�þ and B0 → DK�0. Contours show the two-
dimensional 68% and 95% CL regions.
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semileptonic webpage. In general, averages in this section
use experimental results available through spring 2021.

A. Exclusive CKM-favored decays

1. B̄ → D�l− ν̄l

B̄ → D�l−ν̄l decays are described in terms of the recoil
variable w ¼ vB · vDð�Þ , the product of the four-velocities of
the initial and final state mesons. The differential decay rate
for massless fermions as a function of w is given by (see,
e.g., [494])

dΓðB̄ → D�l−ν̄lÞ
dw

¼ G2
Fm

3
D�

48π3
ðmB −mD� Þ2

× χðwÞη2EWF 2ðwÞjVcbj2; ð164Þ

whereGF is Fermi’s constant,mB andmD� are the B andD�
meson masses, χðwÞ is a known phase-space factor, and
ηEW is a small electroweak correction [495]. Some authors

also include a long-distance EM radiation effect (Coulomb
correction) in this factor. The form factor F ðwÞ for the
B̄ → D�l−ν̄l decay contains three independent functions,
hA1

ðwÞ, R1ðwÞ and R2ðwÞ,

χðwÞF 2ðwÞ ¼ h2A1
ðwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 − 1

p
ðwþ 1Þ2



2

�
1 − 2wrþ r2

ð1 − rÞ2
�

×

�
1þ R2

1ðwÞ
w − 1

wþ 1

�

þ
�
1þ ð1 − R2ðwÞÞ

w − 1

1 − r

�
2
�
; ð165Þ

where r ¼ mD�=mB.

Branching fraction.—First, we perform separate one-
dimensional averages of the B̄0 → D�þl−ν̄l and B− →
D�0l−ν̄l branching fractions. In the fit to the measurements
listed in Tables 69 and 70, external parameters (such as the
branching fractions of charmed mesons) are constrained to
their latest values and the following results are obtained

BðB̄0 → D�þl−ν̄lÞ ¼ ð4.97� 0.02� 0.12Þ%; ð166Þ

BðB− → D�0l−ν̄lÞ ¼ð5.58� 0.07� 0.21Þ%; ð167Þ

where the first uncertainty is statistical and the second one
is systematic. The results of these two fits are also shown
in Fig. 49.

Extraction of jVcbj based on the CLN form factor.—To
extract jVcbj, we consider the parametrizations of the form
factor functions hA1

ðwÞ, R1ðwÞ and R2ðwÞ by Caprini,
Lellouch and Neubert (CLN) [507],
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FIG. 48. Summary of the constraints on the angles of the
unitarity triangle.

TABLE 69. Average of the B̄0 → D�þl−ν̄l branching fraction measurements.

Experiment BðB̄0 → D�þl−ν̄lÞ [%] (rescaled) BðB̄0 → D�þl−ν̄lÞ [%] (published)

ALEPH [496] 5.45� 0.26stat � 0.33syst 5.53� 0.26stat � 0.52syst
OPAL incl [497] 6.13� 0.28stat � 0.57syst 5.92� 0.27stat � 0.68syst
OPAL excl [497] 5.12� 0.20stat � 0.36syst 5.11� 0.19stat � 0.49syst
DELPHI incl [498] 4.95� 0.14stat � 0.35syst 4.70� 0.13stat

þ0.36
−0.31 syst

DELPHI excl [499] 5.08� 0.20stat � 0.42syst 5.90� 0.22stat � 0.50syst
CLEO [500] 6.08� 0.19stat � 0.37syst 6.09� 0.19stat � 0.40syst
Belle untagged [501] 4.83� 0.02stat � 0.15syst 4.90� 0.02stat � 0.16syst
BABAR untagged [502] 4.41� 0.04stat � 0.32syst 4.69� 0.04stat � 0.34syst
BABAR tagged [503] 5.17� 0.16stat � 0.31syst 5.49� 0.16stat � 0.25syst
Belle II untagged [504] 4.60� 0.05stat � 0.48syst 4.60� 0.05stat � 0.48syst
Belle II tagged [505] 4.51� 0.41stat � 0.52syst 4.51� 0.41stat � 0.52syst

Average 4.97�0.02stat�0.12syst χ2=dof¼16.4=10 (C:L:¼8.85%)
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hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2
− ð231ρ2 − 91Þz3�; ð168Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð169Þ

R2ðwÞ ¼ R2ð1Þ þ 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð170Þ

where z ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p þ ffiffiffi
2

p Þ. The form
factor F ðwÞ in Eq. (164) is thus described by the slope
ρ2 and the ratios R1ð1Þ and R2ð1Þ.
Experiments have measured these three CLN parameters

and extrapolated the rate to zero recoil w ¼ 1 to determine
ηEWF ð1ÞjVcbj. At this kinematic point, the form factor
normalization F ð1Þ can be obtained from theory with high
precision to measure jVcbj. We perform a four-dimensional
fit of ηEWF ð1ÞjVcbj, ρ2, R1ð1Þ and R2ð1Þ to the measure-
ments shown in Table 71 taking into account correlated
statistical and systematic uncertainties. A side product of

the fit are best fit values of the original measurements,
which we refer to a rescaled measurements. Most of the
measurements in Table 71 are based on the decay
B̄0 → D�þl−ν̄l. Some measurements [500,508] are sensi-
tive also to B− → D�0l−ν̄l, and one measurement [506] is
based on the decay B− → D�0e−ν̄l. Isospin symmetry is
assumed in this average. We note that the earlier results
from the LEP experiments and CLEO required significant
rescaling and have significantly larger uncertainties than
the recent measurements by Belle and BABAR. Only two
measurements constrain all four parameters [501,502], and
the remaining measurements determine only the normali-
zation ηEWF ð1ÞjVcbj and the slope ρ2.
The result of the fit is

ηEWF ð1ÞjVcbj ¼ ð35.00� 0.36Þ × 10−3; ð171Þ

ρ2 ¼ 1.121� 0.024; ð172Þ

TABLE 70. Average of the B− → D�0l−ν̄l branching fraction measurements.

Experiment BðB− → D�0l−ν̄lÞ [%] (rescaled) BðB− → D�0l−ν̄lÞ [%] (published)

CLEO [500] 6.20� 0.20stat � 0.26syst 6.50� 0.20stat � 0.43syst
BABAR tagged [503] 5.30� 0.15stat � 0.33syst 5.83� 0.15stat � 0.30syst
BABAR untagged [506] 5.00� 0.08stat � 0.31syst 5.56� 0.08stat � 0.41syst

Average 5.58�0.07stat�0.21syst χ2=dof¼7.36=2 (C:L:¼2.52%)
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 0.36� 0.20 �5.12
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FIG. 49. Branching fractions of exclusive semileptonic B decays: (a) B̄0 → D�þl−ν̄l (Table 69) and (b) B− → D�0l−ν̄l (Table 70).
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R1ð1Þ ¼ 1.269� 0.026; ð173Þ

R2ð1Þ ¼ 0.853� 0.017; ð174Þ

and the correlation coefficients are

ρηEWF ð1ÞjVcbj;ρ2 ¼ 0.337; ð175Þ

ρηEWF ð1ÞjVcbj;R1ð1Þ ¼ −0.097; ð176Þ

ρηEWF ð1ÞjVcbj;R2ð1Þ ¼ −0.085; ð177Þ

ρρ2;R1ð1Þ ¼ 0.565; ð178Þ

ρρ2;R2ð1Þ ¼ −0.824; ð179Þ

ρR1ð1Þ;R2ð1Þ ¼ −0.714: ð180Þ

The uncertainties and correlations quoted here include both
statistical and systematic contributions. The χ2 of the fit is
42.2 for 23 degrees of freedom, which corresponds to a

confidence level of 0.9%.The largest contribution to the χ2 of
the average is due to the ALEPH and CLEO measurements
[496,500]. An illustration of this fit result is given in Fig. 50.
To convert this result into jVcbj, theory input for the form

factor normalization is required. We use the result of the
FLAG 2021 average [509], with LQCD results from
Refs. [510,511],

ηEWF ð1Þ ¼ 0.910� 0.013; ð181Þ

where ηEW ¼ 1.0066� 0.0050 has been used. The central
value of the latter corresponds to the electroweak correction
only. The uncertainty has been increased to accommodate
the Coulomb effect [510,512]. With Eq. (171), this gives

jVcbj ¼ ð38.46� 0.40exp � 0.55thÞ × 10−3; ð182Þ

where the first uncertainty combines the statistical and
systematic uncertainties from the experimental measure-
ment and the second is theoretical (lattice QCD calculation
and electroweak correction).

TABLE 71. Measurements of the Caprini, Lellouch and Neubert (CLN) [507] form factor parameters in B̄ →
D�l−ν̄l before and after rescaling. Most analyses (except [502]) measure only ηEWF ð1ÞjVcbj, and ρ2, so only these
two parameters are shown here.

ηEWF ð1ÞjVcbj½10−3� (rescaled) ρ2 (rescaled)
Experiment ηEWF ð1ÞjVcbj½10−3� (published) ρ2 (published)

ALEPH [496] 31.38� 1.80stat � 1.24syst 0.488� 0.226stat � 0.146syst
31.9� 1.8stat � 1.9syst 0.37� 0.26stat � 0.14syst

CLEO [500] 40.16� 1.24stat � 1.54syst 1.363� 0.084stat � 0.087syst
43.1� 1.3stat � 1.8syst 1.61� 0.09stat � 0.21syst

OPAL excl [497] 36.20� 1.58stat � 1.47syst 1.198� 0.206stat � 0.153syst
36.8� 1.6stat � 2.0syst 1.31� 0.21stat � 0.16syst

OPAL partial reco [497] 37.44� 1.20stat � 2.32syst 1.090� 0.137stat � 0.297syst
37.5� 1.2stat � 2.5syst 1.12� 0.14stat � 0.29syst

DELPHI partial reco [498] 35.52� 1.41stat � 2.29syst 1.139� 0.123stat � 0.382syst
35.5� 1.4stat

þ2.3
−2.4 syst 1.34� 0.14stat

þ0.24
−0.22 syst

DELPHI excl [499] 35.87� 1.69stat � 1.95syst 1.070� 0.141stat � 0.153syst
39.2� 1.8stat � 2.3syst 1.32� 0.15stat � 0.33syst

Belle [501] 34.82� 0.15stat � 0.55syst 1.106� 0.031stat � 0.008syst
35.06� 0.15stat � 0.56syst 1.106� 0.031stat � 0.007syst

BABAR excl [502] 33.37� 0.29stat � 0.97syst 1.182� 0.048stat � 0.029syst
34.7� 0.3stat � 1.1syst 1.18� 0.05stat � 0.03syst

BABAR D�0 [506] 34.55� 0.58stat � 1.06syst 1.124� 0.058stat � 0.053syst
35.9� 0.6stat � 1.4syst 1.16� 0.06stat � 0.08syst

BABAR global fit [508] 35.45� 0.20stat � 1.08syst 1.171� 0.019stat � 0.060syst
35.7� 0.2stat � 1.2syst 1.21� 0.02stat � 0.07syst

Average 35.00� 0.11stat � 0.34syst 1.121� 0.014stat � 0.019syst
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Extraction of jVcbj based on the BGL form factor.—Amore
general parametrization of the B̄ → D�l−ν̄l form factor is
provided by Boyd, Grinstein and Lebed(BGL) [513–515].
Both Belle [501] and BABAR [516] have recently published
analyses of B̄ → D�l−ν̄l using the BGL form factor
parametrization: While Belle performs an extraction of
jVcbj using BGL, the BABAR analysis only fits the BGL
form factor parameters but not the normalization. Due to
the limited set of input measurements we do not perform a
combination of the BGL form factor parameters or jVcbj
obtained with the BGL form factor at this point. We simply
note that jVcbj obtained in Refs. [501,517] using BGL is
consistent with our average in Eq. (182).

2. B̄ → Dl− ν̄l
The differential decay rate for massless fermions as a

function of w (introduced in the previous section) is given
by (see, e.g., [494])

B̄ → Dl−ν̄l
dw

¼ G2
Fm

3
D

48π3
ðmB þmDÞ2ðw2 − 1Þ3=2η2EW

× G2ðwÞjVcbj2; ð183Þ

whereGF is Fermi’s constant, andmB andmD are the B and
Dmeson masses. Again, ηEW is the electroweak correction.

In contrast to B̄ → D�l−ν̄l, GðwÞ contains a single form-
factor function fþðwÞ,

G2ðwÞ ¼ 4r
ð1þ rÞ2 f

2þðwÞ; ð184Þ

where r ¼ mD=mB.

Branching fraction.—Separate one-dimensional averages
of the B̄0 → Dþl−ν̄l and B− → D0l−ν̄l branching frac-
tions are shown in Tables 72 and 73. We obtain

BðB̄0 → Dþl−ν̄lÞ ¼ ð2.24� 0.04� 0.08Þ%; ð185Þ

BðB− → D0l−ν̄lÞ ¼ð2.30� 0.03� 0.08Þ%; ð186Þ

where the first uncertainty is statistical and the second one
is systematic. These fits are also shown in Fig. 51.

Extraction of jVcbj based on the CLN form factor.—As for
B̄ → D�l−ν̄l decays, we again adopt the prescription by
Caprini, Lellouch and Neubert [507], which describes the
shape and normalization of the measured decay distribu-
tions in terms of two parameters: the normalization Gð1Þ
and the slope ρ2,
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FIG. 50. Illustration of (a) the average and (b) the dependence of ηEWF ð1ÞjVcbj on ρ2. The error ellipses correspond to Δχ2 ¼ 1
(CL ¼ 39%). Figure (c) is a zoomed in view of the Belle and BABAR measurements.

TABLE 72. Average of B̄0 → Dþl−ν̄l branching fraction measurements.

Experiment BðB̄0 → Dþl−ν̄lÞ [%] (rescaled) BðB̄0 → Dþl−ν̄lÞ [%] (published)

ALEPH [496] 2.17� 0.18stat � 0.35syst 2.35� 0.20stat � 0.44syst
CLEO [518] 2.10� 0.13stat � 0.15syst 2.20� 0.16stat � 0.19syst
BABAR [519] 2.15� 0.11stat � 0.14syst 2.23� 0.11stat � 0.11syst
Belle [520] 2.33� 0.04stat � 0.11syst 2.39� 0.04stat � 0.11syst

Average 2.24�0.04stat�0.08syst χ2=dof¼1.41=3 (C:L:¼70.2%)
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GðwÞ ¼ Gð1Þ½1 − 8ρ2zþ ð51ρ2 − 10Þz2 − ð252ρ2 − 84Þz3�;
ð187Þ

where z ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p þ ffiffiffi
2

p Þ.
Table 74 shows experimental measurements of the two

CLN parameters, which are corrected to match the latest
values of the input parameters. Both measurements of
B̄0 → Dþl−ν̄l and B− → D0l−ν̄l are used and isospin
symmetry is assumed in the analysis.
The form factor parameters are extracted by a two-

parameter fit to the rescaled measurements of ηEWGð1ÞjVcbj
and ρ2 taking into account correlated statistical and
systematic uncertainties. The result of the fit is

ηEWGð1ÞjVcbj ¼ ð41.53� 0.98Þ × 10−3; ð188Þ

ρ2 ¼ 1.129� 0.033; ð189Þ

with a correlation of

ρηEWGð1ÞjVcbj;ρ2 ¼ 0.758: ð190Þ

The uncertainties and the correlation coefficient include
both statistical and systematic contributions. The χ2 of the
fit is 4.6 for 8 degrees of freedom, which corresponds to a
probability of 80.0%. An illustration of this fit result is
given in Fig. 52.
The most recent lattice QCD result obtained for the form

factor normalization is [512]

Gð1Þ ¼ 1.0541� 0.0083: ð191Þ

Using again ηEW ¼ 1.0066� 0.0050, we determine jVcbj
from Eq. (188),

jVcbj ¼ ð39.14� 0.92exp � 0.36thÞ × 10−3; ð192Þ
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FIG. 51. Branching fractions of exclusive semileptonic B decays: (a) B̄0 → Dþl−ν̄l (Table 72) and (b) B− → D0l−ν̄l (Table 73).

TABLE 73. Average of B− → D0l−ν̄l branching fraction measurements.

Experiment BðB− → D0l−ν̄lÞ [%] (rescaled) BðB− → D0l−ν̄lÞ [%] (published)

CLEO [518] 2.14� 0.13stat � 0.17syst 2.32� 0.17stat � 0.20syst
BABAR [519] 2.16� 0.08stat � 0.12syst 2.31� 0.08stat � 0.09syst
Belle [520] 2.46� 0.04stat � 0.12syst 2.54� 0.04stat � 0.13syst

Average 2.30�0.03stat�0.08syst χ2=dof¼3.04=2 (C:L:¼21.8%)
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where the first error combines the statistical and systematic
uncertainties from the experimental measurement and the
second is theoretical. This number is in excellent agreement
with jVcbj obtained from B̄ → D�l−ν̄l decays given
in Eq. (182).

Extraction of jVcbj based on the BGL form factor.—Amore
general expression for the B̄ → Dl−ν̄l form factor is
again BGL. If experimental data on the w spectrum is
available, a BGL fit allows to include available lattice
QCD data at nonzero recoil w > 1 [512,521] to improve
the extrapolation to the zero recoil point w ¼ 1. A w
spectrum of B̄ → Dl−ν̄l has been published by BABAR
[519] and Belle [520]. As the BABAR result does not
include the full error matrix of the w spectrum, we refrain
from performing a combined BGL fit at this point. In

Ref. [520] the values of jVcbj obtained by the CLN and
BGL fits are consistent.

3. B0
s → Dð�Þ−

s μ+ νμ
LHCb has recently extracted jVcbj from semileptonic B0

s
decays for the first time [522]. The measurement uses both
B0
s → D−

s μ
þνμ and B0

s → D�−
s μþνμ decays using 3 fb−1

collected in 2011 and 2012. The value of jVcbj is deter-
mined from the observed yields of B0

s decays normalized to
those of B0 decays after correcting for the relative
reconstruction and selection efficiencies, and considering
the known relative B0

s and B0 fragmentation fractions,
fs=fd, in the LHCb acceptance.
The normalization channels are B0 → D−μþνμ and

B0 → D�−μþνμ decays. One of the key features of the
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FIG. 52. Illustration of (a) the average and (b) dependence of ηEWGðwÞjVcbj on ρ2. The error ellipses correspond to Δχ2 ¼ 1
(CL ¼ 39%). Figure (c) is a zoomed in view of the Belle and BABAR measurements.

TABLE 74. Measurements of the Caprini, Lellouch and Neubert (CLN) [507] form factor parameters in B̄ →
Dl−ν̄l before and after rescaling.

ηEWGð1ÞjVcbj [10−3] (rescaled) ρ2 (rescaled)
Experiment ηEWGð1ÞjVcbj [10−3] (published) ρ2 (published)

ALEPH [496] 36.19� 9.38stat � 6.83syst 0.814� 0.821stat � 0.419syst
31.1� 9.9stat � 8.6syst 0.70� 0.98stat � 0.50syst

CLEO [518] 44.17� 5.68stat � 3.46syst 1.270� 0.214stat � 0.121syst
44.8� 6.1stat � 3.7syst 1.30� 0.27stat � 0.14syst

Belle [520] 41.83� 0.60stat � 1.20syst 1.090� 0.036stat � 0.019syst
42.29� 1.37 1.09� 0.05

BABAR global fit [508] 42.55� 0.71stat � 2.06syst 1.194� 0.034stat � 0.060syst
43.1� 0.8stat � 2.3syst 1.20� 0.04stat � 0.07syst

BABAR tagged [519] 42.54� 1.71stat � 1.26syst 1.200� 0.088stat � 0.043syst
42.3� 1.9stat � 1.0syst 1.20� 0.09stat � 0.04syst

Average 41.53� 0.44stat � 0.88syst 1.129� 0.024stat � 0.023syst
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analysis is that the D− is reconstructed with the same decay
mode of the Ds (D−

ðsÞ → ½KþK−�ϕπ−). With this choice the

signal and the reference channels have the same particles in
the final state and thisminimizes the systematic uncertainties.
The shape of the form factors are extracted as well,

exploiting the kinematic variable p⊥ðDsÞ, which is the
component of the D−

s momentum perpendicular to the B0
s

flight direction. This variable is highly correlatedwith q2 and
also slightly correlated with the helicity angles in the B0

s →
D�−

s μþνμ decay. TheD�−
s is not explicitly reconstructed, but

its contribution is disentangled kinematically from the Ds.
For the B0

s → D−
s μ

þνμ decay, jVcbj is connected with the
measured ratio of signal yields, Nsig, and the normalization
channel yields, Nref , through the relation

Nsig

Nref
¼ Kτs

Z
dΓðB0

s → D−
s μ

þνμÞ
dw

dw

where τs is the B0
s lifetime, and the constant K depends on

the external inputs as

K ¼ ξ
fs
fd

BðD−
s → KþK−π−Þ

BðD− → KþK−π−Þ
1

BðB0 → D−μþνμÞ

where ξ is the efficiency ratio between the signal and the
normalization. In the analogous expression for the B0

s →
D�−

s μþνμ decay, the integral of the decay width is done on
the variables ðw; cos θl; cos θV; χÞ, and there is an explicit

dependence on the branching fraction of the D�− → D−π0

decay. The analysis takes advantage of the recent results
from lattice on the B0

s → D−
s and B0

s → D�−
s form factor

calculations. In particular, for the B0
s → D�−

s only the
calculation at zero recoil, hBs

A1ð1Þ from Ref. [523] is used.
For the B0

s → D−
s μ

þνμ decay, the very recent calculation of
the B0

s → D−
s form factors performed in the full w-range

[524] are used.
In this analysis both the CLN parametrization and a

5-parameter version of BGL have been used. The results of
the form factors are affected by large statistical uncertainty,
but are consistent with the results from the B decays. The
result for jVcbj, updated with the most recent determination
of fs=fd and BðD−

s → KþK−π−Þ from Ref. [525], are

jVcbjCLN ¼ ð40.8� 0.6� 0.9� 1.1Þ × 10−3;

jVcbjBGL ¼ ð41.7� 0.8� 0.9� 1.1Þ × 10−3; ð193Þ

where the first uncertainty is statistical, the second
systematic and the third due to the limited knowledge of
the external inputs, in particular the constant fs=fd×
BðD−

s → KþK−π−Þ. The results obtained are in agreement
with the exclusive determinations of jVcbj using the B0 and
Bþ decays.

4. B̄ → Dð�Þπl− ν̄l
The average inclusive branching fractions for B̄ →

Dð�Þπl−ν̄l decays, where no constraint is applied to the

TABLE 75. Averages of the B → Dð�Þπ−l−ν̄l branching fractions and individual results.

Experiment BðB− → Dþπ−l−ν̄lÞ ½%� (rescaled) BðB− → Dþπ−l−ν̄lÞ ½%� (published)
Belle [526] 0.455� 0.027stat � 0.035syst 0.455� 0.027stat � 0.039syst
BABAR [503] 0.405� 0.060stat � 0.031syst 0.42� 0.06stat � 0.03syst

Average 0.440�0.025�0.027 χ2=dof¼0.387 (C:L:¼53.4%)

Experiment BðB− → D�þπ−l−ν̄lÞ ½%� (rescaled) BðB− → D�þπ−l−ν̄lÞ ½%� (published)
Belle [526] 0.603� 0.043stat � 0.039syst 0.604� 0.043stat � 0.038syst
BABAR [503] 0.567� 0.050stat � 0.045syst 0.59� 0.05stat � 0.04syst
Average 0.587�0.033�0.029 χ2=dof¼0.171 (C:L:¼67.9%)

Experiment BðB̄0 → D0πþl−ν̄lÞ ½%� (rescaled) BðB̄0 → D0πþl−ν̄lÞ ½%� (published)
Belle [526] 0.405� 0.036stat � 0.043syst 0.405� 0.036stat � 0.041syst
BABAR [503] 0.406� 0.080stat � 0.035syst 0.43� 0.08stat � 0.03syst

Average 0.405�0.033�0.034 χ2=dof¼0.0002 (C:L:¼99.0%)

Experiment BðB̄0 → D�0πþl−ν̄lÞ ½%� (rescaled) BðB̄0 → D�0πþl−ν̄lÞ ½%� (published)
Belle [526] 0.646� 0.053stat � 0.062syst 0.646� 0.053stat � 0.052syst
BABAR [503] 0.461� 0.081stat � 0.044syst 0.48� 0.08stat � 0.04syst

Average 0.564�0.044�0.042 χ2=dof¼2.28 (C:L:¼13.1%)
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mass of the Dð�Þπ system, are determined by the combi-
nation of the results provided in Table 75 for
B̄0 → D0πþl−ν̄l, B̄0 → D�0πþl−ν̄l, B− → Dþπ−l−ν̄l,
and B− → D�þπ−l−ν̄l decays. For the B̄0 → D0πþl−ν̄l

decays a veto to reject the D�þ → D0πþ decays is applied.
The measurements included in the average are scaled to a
consistent set of input parameters and their uncertainties.
For both the BABAR and Belle results, the B semileptonic
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FIG. 53. Average branching fraction of exclusive semileptonic B decays (a) B̄0 → D0πþl−ν̄l, (b) B̄0 → D�0πþl−ν̄l,
(c) B− → Dþπ−l−ν̄l, and (d) B− → D�þπ−l−ν̄l. The corresponding individual results are also shown.
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signal yields are extracted from a fit to the missing mass
squared distribution for a sample of fully reconstructed BB̄
events. Figure 53 shows the measurements and the resulting
average for the four decay modes.

5. B̄ → D��l− ν̄l
In this section we report results on B̄ → D��l−ν̄l decays,

where D�� here denotes the lightest excited charm mesons
above the D and D� states. According to heavy quark
symmetry (HQS) [527], the D� mesons with a charm and
antiquark with relative angular momentum L ¼ 1, form
one doublet of states with angular momentum j ≡ sq þ
L ¼ 3=2 ½D1ð2420Þ; D�

2ð2460Þ� and another doublet with
j ¼ 1=2 ½D�

0ð2400Þ; D0
1ð2430Þ�, where sq is the light quark

spin.32 Parity and angular momentum conservation con-
strain the decays allowed for each state. The D1 and D�

2

states decay predominantly via D-wave to D�π and Dð�Þπ,
respectively, and have small decay widths, while theD�

0 and

D0
1 states decay via S-wave to Dπ and D�π and are very

broad. For the narrow states, the averages are determined
by the combination of the results provided in Table 76
and 77 for BðB− → D0

1l
−ν̄lÞ × BðD0

1 → D�þπ−Þ and
BðB− → D0

2l
−ν̄lÞ × BðD0

2 → D�þπ−Þ. For the broad states,
the averages are determined by the combination of the results
provided in Table 78 and 79 for BðB− → D00

1 l
−ν̄lÞ ×

BðD00
1 → D�þπ−Þ and BðB− → D�0

0 l−ν̄lÞ × BðD�0
0 →

Dþπ−Þ. The measurements are scaled to a consistent
set of input parameters and their uncertainties. The
results are reported for B−, and when measurements
for both B0 and B− are available, the combination assumes
the isospin symmetry. It is worth noticing that, while the
results for the narrow resonances and the D�

0 are consistent
between the various experiments, the available measure-
ments for B− → D00

1 l
−ν̄l obtained by BABAR [528],

Belle [529] and DELPHI [530], are not compatible. In
particular Belle did not observed a significant B− →
D00

1 l
−ν̄l contribution and put an upper limit on the presence

of the D00
1 state.

For both the B-factory and the LEP and Tevatron
results, the B semileptonic signal yields are extracted

TABLE 76. Published and rescaled individual measurements and their averages for the branching fraction
BðB− → D0

1l
−ν̄lÞ × BðD0

1 → D�þπ−Þ.

Experiment
BðB− → D0

1ðD�þπ−Þl−ν̄lÞ ½%�
(rescaled)

BðB− → D0
1ðD�þπ−Þl−ν̄lÞ ½%�

(published)

ALEPH [531] 0.436� 0.098stat � 0.067syst 0.47� 0.10stat � 0.07syst
OPAL [532] 0.553� 0.210stat � 0.100syst 0.70� 0.21stat � 0.10syst
CLEO [533] 0.345� 0.085stat � 0.056syst 0.373� 0.085stat � 0.057syst
D0 [534] 0.214� 0.018stat � 0.035syst 0.219� 0.018stat � 0.035syst
Belle Tagged B− [529] 0.430� 0.070stat � 0.059syst 0.42� 0.07stat � 0.07syst
Belle Tagged B0 [529] 0.593� 0.200stat � 0.076syst 0.42� 0.07stat � 0.07syst
BABAR Tagged [528] 0.273� 0.030stat � 0.029syst 0.29� 0.03stat � 0.03syst
BABARUntagged B− [535] 0.289� 0.017stat � 0.016syst 0.30� 0.02stat � 0.02syst
BABAR Untagged B0 [535] 0.277� 0.026stat � 0.023syst 0.30� 0.02stat � 0.02syst

Average 0.277�0.010�0.015 χ2=dof¼11.9=8 (C:L:¼15.5%)

TABLE 77. Published and rescaled individual measurements and their averages for
BðB− → D0

2l
−ν̄lÞ × BðD0

2 → D�þπ−Þ.

Experiment
BðB− → D0

2ðD�þπ−Þl−ν̄lÞ ½%�
(rescaled)

BðB− → D0
2ðD�þπ−Þl−ν̄lÞ ½%�

(published)

CLEO [533] 0.055� 0.066stat � 0.011syst 0.059� 0.066stat � 0.011syst
D0 [534] 0.086� 0.018stat � 0.020syst 0.088� 0.018stat � 0.020syst
Belle tagged [529] 0.184� 0.060stat � 0.025syst 0.18� 0.06stat � 0.03syst
BABAR tagged [528] 0.076� 0.013stat � 0.009syst 0.078� 0.013stat � 0.010syst
BABAR untagged B− [535] 0.087� 0.009stat � 0.007syst 0.087� 0.013stat � 0.007syst
BABAR untagged B0 [535] 0.065� 0.010stat � 0.004syst 0.087� 0.013stat � 0.007syst

Average 0.077�0.006�0.004 χ2=dof¼5.34=5 (C:L:¼37.6%)

32At present only these L ¼ 1 orbital excited states have been
observed in the semileptonic B meson decays, but in principle
also radial 2S excitation and states with L ¼ 2, 3, observed in
fully hadronic B decays, could contribute to semileptonic decays.
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from a fit to the invariant mass distribution of the Dð�Þþπ−
system. The LEP and Tevatron measurements are for the
inclusive decays B̄ → D��ðD�π−ÞXl−ν̄l. In the average
with the results from the B-factories, we use these
measurements assuming that no particles are left in the
X system. The BABAR tagged analysis of B̄ → D�

2l
−ν̄l

was performed selecting D�
2 → Dπ decays. The BABAR

result reported in Table 77 is translated in a branching
fraction for the D�

2 → D�π decay mode as-
suming BðD�

2 → DπÞ=BðD�
2 → D�πÞ ¼ 1.52� 0.14 [9].

Figure 54 and 55 show the measurements and the resulting
averages.

TABLE 78. Published and rescaled individual measurements and their averages for
BðB− → D00

1 l
−ν̄lÞ × BðD00

1 → D�þπ−Þ.

Experiment BðB− → D00
1 ðD�þπ−Þl−ν̄lÞ ½%� (rescaled) BðB− → D00

1 ðD�þπ−Þl−ν̄lÞ ½%� (published)
DELPHI [530] 0.69� 0.17stat � 0.18syst 0.83� 0.17stat � 0.18syst
Belle [529] −0.03� 0.06stat � 0.07syst −0.03� 0.06stat � 0.07syst
BABAR [528] 0.25� 0.04stat � 0.05syst 0.27� 0.04stat � 0.05syst

Average 0.19�0.03�0.04 χ2=dof¼11.1=2 (C:L:¼0.38%)

TABLE 79. Published and rescaled individual measurements and their averages for
BðB− → D�0

0 l−ν̄lÞ × BðD�0
0 → Dþπ−Þ.

Experiment BðB− → D�0
0 ðDþπ−Þl−ν̄lÞ ½%� (rescaled) BðB− → D�0

0 ðDþπ−Þl−ν̄lÞ ½%� (published)
Belle Tagged B− [529] 0.25� 0.04stat � 0.06syst 0.24� 0.04stat � 0.06syst
Belle Tagged B0 [529] 0.23� 0.08stat � 0.06syst 0.24� 0.04stat � 0.06syst
BABAR Tagged [528] 0.31� 0.04stat � 0.05syst 0.26� 0.05stat � 0.04syst

Average 0.28�0.03�0.04 χ2=dof¼0.65=2 (C:L:¼72.0%)
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FIG. 54. Rescaled individual measurements and their averages for (a) BðB− → D0
1l

−ν̄lÞ × BðD0
1 → D�þπ−Þ and

(b) BðB− → D0
2l

−ν̄lÞ × BðD0
2 → D�þπ−Þ.
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B. Inclusive CKM-favored decays

1. Global analysis of B̄ → Xcl− ν̄l
The semileptonic decay width ΓðB̄ → Xcl−ν̄lÞ has been

calculated in the framework of the operator production
expansion (OPE) [36–38]. The result is a double-expansion
in ΛQCD=mb and αs, which depends on a number of
nonperturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and
can be measured using observables in B̄ → Xcl−ν̄l decays,
such as the moments of the lepton energy and the hadronic
mass spectrum.
Two renormalization schemes are commonly used to

define the b-quark mass and other theoretical quantities: the
kinetic [536–539] and the 1S [540] schemes. Independent
sets of theoretical expressions are available for each, with
several nonperturbative parameters. The nonperturbative
parameters in the kinetic scheme are: the quark masses mb

and mc, μ2π and μ2G at Oð1=m2
bÞ, and ρ3D and ρ3LS at

Oð1=m3
bÞ. In the 1S scheme, the parameters are: mb, λ1

atOð1=m2
bÞ, and ρ1, τ1, τ2 and τ3 atOð1=m3

bÞ. Note that the
numerical values of the kinetic and 1S b-quark masses
cannot be compared without converting them to the same
renormalization scheme.
We use two sets of inclusive observables in B̄ → Xcl−ν̄l

decays to constrain OPE parameters: the moments of the
hadronic system effective mass hMn

Xi of order n ¼ 2, 4, 6,
and the moments of the charged lepton momentum hEn

li of
order n ¼ 0, 1, 2, 3. Moments are determined for different
values of Ecut, the lower limit on the lepton momentum.

Moments derived from the same spectrum with different
value of Ecut are highly correlated. The list of measurements
used in our analysis is given in Table 80. The only
external input is the average lifetime τB of neutral and
charged B mesons, taken to be (1.579� 0.004) ps (see
Sec. V).
In the kinetic and 1S schemes, the moments in B̄ →

Xcl−ν̄l are not sufficient to determine the b-quark mass
precisely. In the kinetic scheme analysis, only a combina-
tion of mb and mc is well determined and we constrain the
c-quark mass (defined in the MS scheme) to the value of
Ref. [547],

mMS
c ð3 GeVÞ ¼ 0.986� 0.013 GeV ð194Þ

to pinpointmb. In the 1S scheme analysis, the b-quark mass
is constrained by measurements of the photon energy
moments in B → Xsγ [548–551].

2. Analysis in the kinetic scheme

We obtain jVcbj and the six nonperturbative parameters
mentioned abovewith a fit that follows closely the procedure
described in Ref. [552] and relies on the calculations of the
lepton energy and hadronic mass moments in B̄ → Xcl−ν̄l
decays described in Refs. [538,539]. The detailed fit result
and the matrix of the correlation coefficients is given in
Table 81. Projections of the fit onto the lepton energy and
hadronic mass moments are shown in Figs. 56 and 57,
respectively. The result in terms of the main parameters is

0.5� 0 0.5 1

)  [%]-�*+ D'0

1
) B(D�- l'0

1 D-B(B

DELPHI

 0.18� 0.17 �0.69

BELLE had.tag

 0.07� 0.06 �-0.03

 0.05� 0.04 �0.25

Average

 0.05�0.19

HFLAV
2021 /dof = 11.10/ 2 (CL = 0.4 %)2�

0.2� 0 0.2 0.4

)  [%]-�+ D*0
0

) B(D�- l*0
0 D-B(B

BELLE had.tag B+

 0.056� 0.040 �0.246

BELLE had.tag B0

 0.057� 0.080 �0.225

BABAR  had.tag BABAR  had.tag

 0.047� 0.040 �0.308

Average

 0.047�0.277

HFLAV
2021 /dof = 0.65/ 2 (CL = 72.0 %)2�

(b)(a)

FIG. 55. Rescaled individual measurements and their averages for (a) BðB− → D00
1 l

−ν̄lÞ × BðD00
1 → D�þπ−Þ and

(b) BðB− → D�0
0 l−ν̄lÞ × BðD�0

0 → Dþπ−Þ.
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jVcbj ¼ ð42.19� 0.78Þ × 10−3; ð195Þ

mkin
b ¼ 4.554� 0.018 GeV; ð196Þ

μ2π ¼ 0.464� 0.076 GeV2; ð197Þ

with a χ2 of 15.6 for 43 degrees of freedom. The scale μ of the
quantities in the kinetic scheme is 1 GeV.
The inclusive B̄ → Xcl−ν̄l branching fraction deter-

mined by this analysis is

BðB̄ → Xcl−ν̄lÞ ¼ ð10.65� 0.16Þ%: ð198Þ

Including the branching fraction of charmless semileptonic
decays (Sec. VII D),BðB̄→Xul−ν̄lÞ¼ð1.91�0.27Þ×10−3,
we obtain the semileptonic branching fraction,

BðB̄ → Xl−ν̄lÞ ¼ ð10.84� 0.16Þ%: ð199Þ

3. Analysis in the 1S scheme

The fit relies on the same set of moment measurements
and the calculations of the spectral moments described in
Ref. [540]. The theoretical uncertainties are estimated as
explained in Ref. [553]. No theory error correlations
between different moments are assumed (except between

TABLE 81. Fit result in the kinetic scheme, using a precise c-quark mass constraint. The error matrix of the fit
contains experimental and theoretical contributions. In the lower part of the table, the correlation matrix of the
parameters is given. The scale μ of the quantities in the kinematic scheme is 1 GeV.

jVcbj [10−3] mkin
b [GeV] mMS

c [GeV] μ2π [GeV2] ρ3D [GeV3] μ2G [GeV2] ρ3LS [GeV3]

Value 42.19 4.554 0.987 0.464 0.169 0.333 −0.153
Error 0.78 0.018 0.015 0.076 0.043 0.053 0.096

jVcbj 1.000 −0.257 −0.078 0.354 0.289 −0.080 −0.051
mkin

b 1.000 0.769 −0.054 0.097 0.360 −0.087
mMS

c 1.000 −0.021 0.027 0.059 −0.013
μ2π 1.000 0.732 0.012 0.020
ρ3D 1.000 −0.173 −0.123
μ2G 1.000 0.066
ρ3LS 1.000

TABLE 80. Experimental inputs used in the global analysis of B̄ → Xcl−ν̄l. n is the order of the moment, c is the
threshold value of the lepton momentum in GeV. In total, there are 23 measurements from BABAR, 15 measurements
from Belle and 12 from other experiments.

Experiment Hadron moments hMn
Xi Lepton moments hEn

li
BABAR n ¼ 2, c ¼ 0.9, 1.1, 1.3, 1.5 n ¼ 0, c ¼ 0.6, 1.2, 1.5

n ¼ 4, c ¼ 0.8, 1.0, 1.2, 1.4 n ¼ 1, c ¼ 0.6, 0.8, 1.0, 1.2, 1.5
n ¼ 6, c ¼ 0.9, 1.3 [541] n ¼ 2, c ¼ 0.6, 1.0, 1.5

n ¼ 3, c ¼ 0.8, 1.2 [541,542]

Belle n ¼ 2, c ¼ 0.7, 1.1, 1.3, 1.5 n ¼ 0, c ¼ 0.6, 1.4
n ¼ 4, c ¼ 0.7, 0.9, 1.3 [543] n ¼ 1, c ¼ 1.0, 1.4

n ¼ 2, c ¼ 0.6, 1.4
n ¼ 3, c ¼ 0.8, 1.2 [544]

CDF n ¼ 2, c ¼ 0.7
n ¼ 4, c ¼ 0.7 [545]

CLEO n ¼ 2, c ¼ 1.0, 1.5
n ¼ 4, c ¼ 1.0, 1.5 [546]

DELPHI n ¼ 2, c ¼ 0.0 n ¼ 1, c ¼ 0.0
n ¼ 4, c ¼ 0.0 n ¼ 2, c ¼ 0.0
n ¼ 6, c ¼ 0.0 [530] n ¼ 3, c ¼ 0.0 [530]
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identical moments, i.e., moments with same values of n and
c). The detailed result of the fit using the B → Xsγ
constraint is given in Table 82. The result in terms of
the main parameters is

jVcbj ¼ ð41.98� 0.45Þ × 10−3; ð200Þ

m1S
b ¼ 4.691� 0.037 GeV; ð201Þ

λ1 ¼ −0.362� 0.067GeV2; ð202Þ

with a χ2 of 23.0 for 59 degrees of freedom. We find a good
agreement in the central values of jVcbj between the kinetic
and 1S scheme analyses. No conclusion should, however,
be drawn regarding the uncertainties in jVcbj, as the two
approaches are not equivalent in the number of higher-order
corrections that are included.

C. Exclusive CKM-suppressed decays

In this section, we give results on exclusive charmless
semileptonic branching fractions and the determination of
jVubj based on B → πlν decays. The measurements are
based on two different event selections: tagged events, in
which the second Bmeson in the event is fully (or partially)
reconstructed, and untagged events, for which the momen-
tum of the undetected neutrino is inferred from measure-
ments of the total momentum sum of the detected particles
and the knowledge of the initial state.
The LHCb experiment has reported a direct measure-

ment of jVubj=jVcbj [554], reconstructing the Λ0
b → pμν

decays and normalizing the branching fraction to the Λ0
b →

Λþ
c ð→ pKπÞμν decays. Recently LHCb reported also a

measurement of jVubj=jVcbj [555] using Bs → Kμν decays
normalized to Bs → Dsμν in two separate bins of q2. We
show a combination of jVubj and jVcbj using the LHCb
constraints on jVubj=jVcbj, the exclusive determination of
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jVubj from B → πlν, and jVcbj from B → D�lν, B → Dlν
and B → Dsμν.
We also present branching fraction averages for

B0 → ρlþν, Bþ → ωlþν, Bþ → ηlþν and Bþ → η0lþν.
Using the available measurements of the partial branching
fractions of B0 → ρlþν, Bþ → ωlþν decays, we also
present for the first time the combined q2 spectrum for
these two decays.

1. B → πlν branching fraction and q2 spectrum

We use the four most precise measurements of the
differential B → πlν decay rate as a function of the
four-momentum transfer squared, q2, from BABAR and
Belle [556–559] to obtain an average q2 spectrum and an
average for the total branching fraction. The measurements
are presented in Fig. 58. From the two untagged BABAR
analyses [558,559], the combined results for B0 → π−lþν
and Bþ → π0lþν decays based on isospin symmetry are
used. The hadronic-tag analysis by Belle [557] provides
results for B0 → π−lþν and Bþ → π0lþν separately, but

not for the combination of both channels. In the untagged
analysis by Belle [556], only B0 → π−lþν decays were
measured. The experimental measurements use different
binnings in q2, but have matching bin edges, which allows
them to be easily combined.
To arrive at an average q2 spectrum, a binned maximum-

likelihood fit to determine the average partial branching
fraction in each q2 interval is performed, differentiating
between common and individual uncertainties and corre-
lations for the various measurements. Shared sources of
systematic uncertainty of all measurements are included in
the likelihood as nuisance parameters constrained assuming
Gaussian distributions. The most important shared sources
of uncertainty are due to continuum subtraction, the
number of B-meson pairs (only correlated among meas-
urement by the same experiment), tracking efficiency (only
correlated among measurements by the same experiment),
uncertainties from modeling the b → ulν̄l contamination,
modeling of final state radiation, and contamination from
b → clν̄l decays.
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The averaged q2 spectrum is shown in Fig. 58. The
probability of the average is computed as the χ2 probability
quantifying the agreement between the input spectra and
the averaged spectrum and amounts to 6%. The partial
branching fractions and the full covariance matrix obtained
from the likelihood fit are given in Tables 83 and 84. The
average for the total B0 → π−lþνl branching fraction is
obtained by summing up the partial branching fractions:

BðB0 → π−lþνlÞ ¼ ð1.50� 0.02stat � 0.06systÞ × 10−4:

ð203Þ

2. jVubj from B → πlν

The jVubj average can be determined from the averaged
q2 spectrum in combination with a prediction for the
normalization of the B → π form factor. The differential
decay rate for light leptons (e, μ) is given by

ΔΓ ¼ ΔΓðq2low; q2highÞ

¼
Z

q2high

q2low

dq2
�
8jp⃗πj
3

G2
FjVubj2q2
256π3m2

B
H2

0ðq2Þ
�
; ð204Þ

where GF is Fermi’s constant, jp⃗πj is the magnitude of the
three-momentum of the final state π (a function of q2), mB

the B0-meson mass, and H0ðq2Þ the only nonzero helicity
amplitude. The helicity amplitude is a function of the form
factor fþ,

H0 ¼
2mBjp⃗πjffiffiffiffiffi

q2
p fþðq2Þ: ð205Þ

The form factor fþ can be calculated with nonperturbative
methods, but its general form can be constrained by the
differential B → πlν spectrum. Here, we parametrize the
form factor using the BCL parametrization [560].
The decay rate is proportional to jVubj2jfþðq2Þj2. Thus

to extract jVubj one needs to determine fþðq2Þ (at least at
one value of q2). In order to enhance the precision, a binned
χ2 fit is performed using a χ2 function of the form

χ2 ¼ ðB⃗ − ΔΓ⃗τÞTC−1ðB⃗ − ΔΓ⃗τÞ þ χ2LQCD þ χ2LCSR ð206Þ

where C denotes the covariance matrix given in Table 84, B⃗
is the vector of averaged partial branching fractions, and
ΔΓ⃗τ is the product of the vector of theoretical predictions of
the partial decay rates and the B0-meson lifetime. The form
factor normalization is included in the fit by the two extra
terms in Eq. (206): χLQCD uses the latest FLAG lattice
average [509] from two state-of-the-art unquenched lattice
QCD calculations [561,562]. The resulting constraints are
quoted directly in terms of the coefficients bj of the BCL
parametrization and enter Eq. (206) as

χ2LQCD ¼ ðb⃗ − b⃗LQCDÞTC−1
LQCDðb⃗ − b⃗LQCDÞ; ð207Þ

TABLE 82. Fit result in the 1S scheme, using B → Xsγ moments as a constraint. In the lower part of the table, the
correlation matrix of the parameters is given.

m1S
b [GeV] λ1 [GeV2] ρ1 [GeV3] τ1 [GeV3] τ2 [GeV3] τ3 [GeV3] jVcbj [10−3]

Value 4.691 −0.362 0.043 0.161 −0.017 0.213 41.98
Error 0.037 0.067 0.048 0.122 0.062 0.102 0.45

m1S
b 1.000 0.434 0.213 −0.058 −0.629 −0.019 −0.215

λ1 1.000 −0.467 −0.602 −0.239 −0.547 −0.403
ρ1 1.000 0.129 −0.624 0.494 0.286
τ1 1.000 0.062 −0.148 0.194
τ2 1.000 −0.009 −0.145
τ3 1.000 0.376
jVcbj 1.000
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with b⃗ the vector containing the free parameters of the χ2 fit
constraining the form factor, b⃗LQCD the averaged values
from Ref. [509], and CLQCD their covariance matrix.
Additional information about the form factor can be
obtained from light-cone sum rule (LCSR) calculations.
The state-of-the-art calculation includes up to two-loop
contributions [563]. It is included in Eq. (206) via

χ2LQCR ¼ ðfLCSRþ − fþðq2 ¼ 0; b⃗ÞÞ2=σ2fLCSRþ
: ð208Þ

The jVubj average is obtained for two versions: the first
combines the data with the LQCD constraints and the
second additionally includes the information from the
LCSR calculation. The resulting values for jVubj are

jVubj¼ ð3.70�0.10exp�0.12theoÞ×10−3ðdataþLCQDÞ;
ð209Þ

jVubj ¼ ð3.67� 0.09exp � 0.12theoÞ
× 10−3ðdataþ LCQDþ LCSRÞ; ð210Þ

for the first and second fit version, respectively. The result
of the fit including both LQCD and LCSR is shown in
Fig. 59. The χ2 probability of the fit is 47%. We quote the
result of the fit including both LQCD and LCSR calcu-
lations as our average for jVubj. The best fit values for jVubj
and the BCL parameters and their correlation matrix are
given in Tables 85 and 86.

TABLE 83. Partial B0 → π−lþνl branching fractions per GeV2 for the input measurements and the average obtained from the
likelihood fit. The uncertainties are the combined statistical and systematic uncertainties.

ΔBðB0 → π−lþνlÞ=Δq2 ½10−7�
Belle untagged Belle tagged Belle tagged BABAR untagged BABAR untagged

Δq2 [GeV2] (B0) (B0) (Bþ) (B0;þ, 12 bins) (B0;þ, 6 bins) Average

0–2 58.7� 12.9 97.5� 16.7 84.1� 15.5 58.7� 9.4 79.9� 9.1 72.0� 7.0
2–4 76.3� 8.0 53.0� 13.8 65.3� 7.1 71.4� 4.6
4–6 60.6� 6.4 75.5� 14.5 73.0� 16.2 67.3� 6.4 80.1� 5.3 67.0� 3.9
6–8 73.3� 7.6 48.5� 11.8 74.7� 7.1 75.6� 4.3
8–10 73.7� 8.1 39.0� 11.2 50.2� 12.8 67.9� 7.8 58.7� 5.5 64.4� 4.3
10–12 70.2� 8.8 79.5� 14.6 81.3� 8.2 71.7� 4.6
12–14 72.5� 9.1 67.5� 13.9 86.0� 16.4 62.4� 7.4 54.9� 6.2 66.7� 4.7
14–16 63.0� 8.4 68.0� 14.4 64.0� 7.9 63.3� 4.8
16–18 59.3� 7.8 53.5� 12.8 49.7� 13.3 66.1� 8.2 50.2� 5.7 62.0� 4.4
18–20 36.8� 7.2 58.0� 12.8 40.5� 7.6 43.2� 4.3
20–22 47.1� 6.2 59.0� 14.3 23.7� 12.1 42.0� 7.5 18.4� 3.2 42.5� 4.1
22–24 39.9� 6.2 33.5� 10.6 16.8� 5.9 34.0� 4.2
24–26.4 13.2� 2.9 12.4� 13.0 17.8� 19.4 11.7� 2.6

TABLE 84. Covariance matrix of the averaged partial branching fractions per GeV2 in units of 10−14.

Δq2 [GeV2] 0–2 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 24–26.4
0–2 49.091 1.164 8.461 7.996 7.755 9.484 7.604 9.680 8.868 7.677 7.374 7.717 2.877
2–4 21.487 −0.0971 7.155 4.411 5.413 4.531 4.768 4.410 3.442 3.597 3.388 1.430
4–6 15.489 −0.563 5.818 4.449 4.392 4.157 4.024 3.185 3.169 3.013 1.343
6–8 18.2 2.377 7.889 6.014 5.938 5.429 4.096 3.781 3.863 1.428
8–10 18.124 1.540 7.496 5.224 5.441 4.197 3.848 4.094 1.673
10–12 21.340 4.213 7.696 6.493 5.170 4.686 4.888 1.950
12–14 21.875 0.719 6.144 3.846 3.939 3.922 1.500
14–16 23.040 5.219 6.123 4.045 4.681 1.807
16–18 19.798 1.662 4.362 4.140 1.690
18–20 18.0629 2.621 3.957 1.438
20–22 16.990 1.670 1.127
22–24 17.774 −0.293
24–26.4 6.516
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3. B → ρlνl and B → ωlνl branching
fraction and q2 spectrum

We report the branching fraction averages for
B → Vlνl, V ¼ ρ, ω. The measurements and their aver-
ages are listed in Tables 87, 88, and presented in Fig. 60.
In the Bþ → ρ0lþν average, both the B0 → ρ−lþν and

Bþ → ρ0lþν decays are used, where the B0 → ρ−lþν are
rescaled by 0.5τBþ=τB0 assuming the isospin symmetry.
The Bþ → ρ0lþν results show significant differences, in
particular the BABAR untagged analysis gives a branching
fraction significantly lower (by about 3σ) than the Belle
measurement based on the hadronic-tag. The difference is
about 2σ for the Bþ → ρ0lþν decay modes.
We use the most precise measurements of the differential

B → Vlνl, V ¼ ρ, ω decay rates as a function of the four-

momentum transfer q2 published by BABAR [558,568] and
Belle [557]. To obtain an averaged q2 spectrum and
averaged branching fractions, we perform a χ2 of the form

χ2ðx̄Þ ¼
X

Δy⃗TmC−1
m Δy⃗m

m∈fBelle;BABARg
;

Δy⃗m ¼

0
BBB@

..

.

xmi −
PNi

j>Ni−1
x̄j

..

.

1
CCCA; ð211Þ

where Cm is the covariance of the measurement and xmi is
the measured differential rate in bin i multiplied by the
corresponding bin width. Further, x̄ denotes the averaged
spectrum and ðNi−1; Ni� the range of averaged bins used to
map to the ith measured bin. The binning of the averaged
spectrum is chosen to match the most granular experimen-
tal binning.
For the average of the B → ωlν̄ measurements from

Belle and BABAR we again chose the binning of the most
granular spectrum, in this case BABAR’s. However the
experimental spectra do not have a compatible binning in
terms of matching bin boundaries. In order to incorporate
the Belle data and create an averaged spectrum, the LCSR
fit results [570] are used to create a model with which to
split the second and fifth bin of the chosen binning, shown
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FIG. 59. Fit of the BCL parametrization to the averaged q2

spectrum from BABAR and Belle and the LQCD and LCSR
calculations. The error bands represent the 1σ (dark green) and 2σ
(light green) uncertainties of the fitted spectrum.

TABLE 85. Best fit values and uncertainties for the combined
fit to data, LQCD and LCSR results.

Parameter Value

jVubj ð3.67� 0.15Þ × 10−3

b0 0.418� 0.012
b1 −0.399� 0.033
b2 −0.578� 0.130

TABLE 86. Correlation matrix for the combined fit to data,
LQCD and LCSR results.

Parameter jVubj b0 b1 b2

jVubj 1.000 −0.780 −0.404 0.401
b0 −0.780 1.000 2.110 −0.587
b1 −0.404 2.110 1.000 −0.686
b2 0.401 −0.587 −0.686 1.000

TABLE 87. Summary of exclusive determinations of
Bþ → ρ0lþν. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B½10−4�
CLEO (Untagged) ρþ [564] 1.49� 0.22� 0.28
CLEO (Untagged) ρþ [565] 1.58� 0.20� 0.20
Belle (Hadronic tag) ρþ [557] 1.73� 0.15� 0.13
Belle (Hadronic tag) ρ0 [557] 1.82� 0.10� 0.10
Belle (Semileptonic tag) ρþ [566] 1.21� 0.29� 0.17
Belle (Semileptonic tag) ρ0 [566] 1.35� 0.23� 0.18
BABAR (Untagged) ρþ [558] 1.05� 0.11� 0.21
BABAR (Untagged) ρ0 [558] 1.00� 0.10� 0.21

Average 1.58� 0.11

TABLE 88. Summary of exclusive determinations of
Bþ → ωlþν. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B½10−4�
Belle (Untagged) [567] 1.30� 0.40� 0.36
BABAR (Loose ν reco.) [559] 1.19� 0.16� 0.09
BABAR (Untagged) [568] 1.21� 0.14� 0.08
Belle (Hadronic tag) [557] 1.07� 0.16� 0.07
BABAR (Semileptonic tag) [569] 1.35� 0.21� 0.11

Average 1.19� 0.10
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in black in Fig. 61. To match the average bin onto a
measurement without matching bin edges, the average bin
x̄i, i ¼ 2 or 5, is split into two parts delimited by the lower
bin edge, the q2 value where the bin is split, and the upper
bin edge. We label the two parts of the split bin as “left” and
“right,” respectively, in the following and define:

x̄i;left ¼ Ii;left=Iið1þ θiεi;leftÞ;
x̄i;right ¼ Ii;right=Iið1 − θiεi;rightÞ; ð212Þ

where Ii;left (Ii;right) is the integral of the model function on
the support of the left (right) part of the split bin, the sum
Ii ¼ Ii;left þ Ii;right is the integral over the entire bin, εi;left
(εi;right) the uncertainty of the integration given by the
model uncertainty, and θi the nuisance parameter for the
model dependence. We point out that the averaged spec-
trum does not depend on jVubj, as jVubj cancels in the ratios
Ii;left=Ii (Ii;right=Ii).
The averaged spectra are shown in black in Fig. 61 and

tabulated in Table 89.

1� 0 1 2

]-4 10� ) [�+ l0�+B(B

�+ l-�0CLEO untagged:  B
 0.28� 0.22 �1.49

�+ l-�0CLEO untagged:   B
 0.20� 0.20 �1.58

�+ l-�0BELLE sl.tag:   B
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FIG. 60. (a) Summary of exclusive determinations of BðBþ → ρ0lþνÞ and their average. Measurements of B0 → ρ−lþν branching
fractions have been scaled by 0.5τBþ=τB0 in accordance with isospin symmetry. (b) Summary of exclusive determinations of Bþ →
ωlþν and their average.

FIG. 61. The averaged q2 spectrum of the measurements listed in the text for the ρ (left) and ω (right) final state on top of the latest
Belle and BABAR measurements. The isospin transformation is applied to the B0 → ρ−lþν measurements. In the right figure we also
show the model (green band) which was used to split the bins in the averaging procedure.
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4. Other exclusive charmless semileptonic B decays

We report the branching fraction averages for Bþ →
ηlþν and Bþ → η0lþν. The measurements and their
averages are listed in Tables 92 and 93, and presented in
Fig. 62. For Bþ → ηlþν decays, the agreement between
the different measurements is good, while Bþ → η0lþν
shows a significant discrepancy between the old CLEO
measurement and the BABAR untagged analysis.

5. Direct measurements of jVubj=jVcbj
The LHCb experiment reported the first observation of

the CKM suppressed decay Λ0
b → pμν [554] and the

measurement of the ratio of partial branching fractions at
high q2 for Λ0

b → pμν and Λ0
b → Λþ

c ð→ pKπÞμν decays,

R¼ BðΛ0
b→pμνÞq2>15GeV2

BðΛ0
b→Λþ

c μνÞq2>7GeV2

¼ð1.00�0.04�0.08Þ×10−2:

ð213Þ

The ratio R is proportional to ðjVubj=jVcbjÞ2 and
sensitive to the form factors of Λ0

b → p and Λ0
b → Λþ

c

transitions that have to be computed with nonperturbative
methods, such as lattice QCD. The uncertainty on BðΛþ

c →
pKπÞ is the largest source of systematic uncertainties on R.
Using the recent average of BðΛþ

c → pKπÞ ¼ ð6.28�
0.32Þ% [9], the rescaled value for R is

R ¼ ð0.92� 0.04� 0.07Þ × 10−2: ð214Þ

Using the precise lattice QCD prediction [576] of the form
factors in the experimentally interesting q2 region consid-
ered, we obtain

jVubj
jVcbj

¼ 0.079� 0.004exp � 0.004FF ð215Þ

where the first uncertainty is the total experimental uncer-
tainty, and the second one is due to the knowledge of the
form factors.
The LHCb experiment also reported the first observation

of the decay B0
s → K−μþνμ and the measurements of its

branching fraction normalized to the B0
s → D−

s μ
þνμ decays

[555]. The measurement has been performed in two bins of
q2. The results of the partial branching fractions has been
translated in measurements of jVubj=jVcbj using form
factor calculation from LCSR for q2 < 7 GeV2 [577],

TABLE 89. Averaged spectra. For the corresponding correla-
tion matrices see Tables 90 and 91.

B → ρlν̄

q2 bin ΔΓ=Δq2 × 106

[0, 2] 1.54� 0.62
[2, 4] 2.11� 0.60
[4, 6] 2.68� 0.65
[6, 8] 3.22� 0.67
[8, 10] 2.40� 0.56
[10, 12] 3.34� 0.65
[12, 14] 3.35� 0.65
[14, 16] 3.27� 0.63
[16, 18] 2.66� 0.57
[18, 20] 2.22� 0.52
[20, 22] 0.35� 0.32

B → ωlν̄

q2 bin ΔΓ=Δq2 × 106

[0, 4] 1.51� 0.46
[4, 8] 1.82� 0.35
[8, 10] 2.95� 0.56
[10, 12] 3.44� 0.59
[12, 21] 2.22� 0.40

Nuisance parameters

θ2 −0.01� 1.00
θ5 0.00� 1.00

TABLE 90. Correlation matrix of the averaged B → ρlνl spectrum.

[0, 2] [2, 4] [4, 6] [6, 8] [8, 10] [10, 12] [12, 14] [14, 16] [16, 18] [18, 20] [20, 22]

[0, 2] 1.00 −0.30 0.03 0.01 0.09 0.09 0.09 0.09 0.08 0.08 0.02
[2, 4] −0.30 1.00 −0.03 0.09 0.11 0.12 0.12 0.12 0.11 0.10 0.02
[4, 6] 0.03 −0.03 1.00 −0.18 0.13 0.13 0.15 0.14 0.13 0.12 0.03
[6, 8] 0.01 0.09 −0.18 1.00 0.06 0.18 0.18 0.18 0.16 0.14 0.04
[8, 10] 0.09 0.11 0.13 0.06 1.00 −0.21 0.05 0.04 0.12 0.10 0.03
[10, 12] 0.09 0.12 0.13 0.18 −0.21 1.00 −0.00 0.07 0.15 0.13 0.04
[12, 14] 0.09 0.12 0.15 0.18 0.05 −0.00 1.00 −0.16 0.14 0.12 0.04
[14, 16] 0.09 0.12 0.14 0.18 0.04 0.07 −0.16 1.00 0.10 0.14 0.05
[16, 18] 0.08 0.11 0.13 0.16 0.12 0.15 0.14 0.10 1.00 −0.27 −0.11
[18, 20] 0.08 0.10 0.12 0.14 0.10 0.13 0.12 0.14 −0.27 1.00 −0.13
[20, 22] 0.02 0.02 0.03 0.04 0.03 0.04 0.04 0.05 −0.11 −0.13 1.00
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and recent Lattice calculation for q2 > 7 GeV2 [578]. The
results are

jVubj
jVcbj

¼0.0607�0.0021exp�0.0030FF; q2<7GeV2;

ð216Þ

jVubj
jVcbj

¼0.0946�0.0041exp�0.0068FF; q2>7GeV2;

ð217Þ

where the experimental uncertainties include also the
uncertainties on the external inputs, and the last errors

are due to the form factor calculations for both B → K and
Bs → Ds decays. The discrepancy between the values of
jVubj=jVcbj for the low and high q2, requires further
investigations.

D. Inclusive CKM-suppressed decays

Measurements of B → Xulþν decays are very challeng-
ing because of background from the Cabibbo-favored B →
Xclþν decays, whose branching fraction is about 50 times
larger than that of the signal. Cuts designed to suppress this
dominant background severely complicate the perturbative
QCD calculations required to extract jVubj. Tight cuts
necessitate parametrization of the so-called shape functions
in order to describe the unmeasured regions of phase space.
We use several theoretical calculations to extract jVubj and
do not advocate the use of one method over another. The
authors of the different calculations have provided codes to
compute the partial rates in limited regions of phase space
covered by the measurements. Belle [579] and BABAR
[580] produced measurements that explore large portions of
phase space and thus reduce theoretical uncertainties.
In the averages, the systematic uncertainties associated

with the modeling of B → Xclþνl and B → Xulþνl
decays and the theoretical uncertainties are taken as fully
correlated among all measurements. Reconstruction-related
uncertainties are taken as fully correlated within a given
experiment. Measurements of partial branching fractions
for B → Xulþνl transitions from ϒð4SÞ decays, together
with the corresponding selected region, are given in
Table 94. We use all results published by BABAR in
Ref. [580], since the statistical correlations are given. To
make use of the theoretical calculations of Ref. [581], we
restrict the kinematic range of the invariant mass of the
hadronic system, MX, and the square of the invariant mass
of the lepton pair, q2. This reduces the size of the data
sample significantly, but also the theoretical uncertainty, as
stated by the authors [581]. The dependence of the quoted
error on the measured value for each source of uncertainty
is taken into account in the calculation of the averages.
It was first suggested by Neubert [582] and later detailed

by Leibovich, Low, and Rothstein (LLR) [583] and Lange,
Neubert and Paz (LNP) [584], that the uncertainty of the
leading shape functions can be eliminated by comparing

TABLE 91. Correlation matrix of the averaged B → ωlνl spectrum.

[0, 4] [4, 8] [8, 10] [10, 12] [12, 21] θ2 θ5

[0, 4] 1.00 −0.15 0.08 0.04 0.06 −0.01 0.00
[4, 8] −0.15 1.00 0.09 0.09 0.15 −0.01 −0.00
[8, 10] 0.08 0.09 1.00 −0.01 0.12 −0.00 −0.00
[10, 12] 0.04 0.09 −0.01 1.00 0.15 0.00 −0.00
[12, 21] 0.06 0.15 0.12 0.15 1.00 −0.00 −0.00
θ2 −0.01 −0.01 −0.00 0.00 −0.00 1.00 0.00
θ5 0.00 −0.00 −0.00 −0.00 −0.00 0.00 1.00

TABLE 92. Summary of exclusive determinations of
Bþ → ηlþν. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B½10−4�
CLEO [571] 0.45� 0.23� 0.11
BABAR (Untagged) [572] 0.31� 0.06� 0.08
BABAR (Semileptonic Tag) [573] 0.64� 0.20� 0.04
BABAR (Loose ν-reco.) [559] 0.38� 0.05� 0.05
Belle (Hadronic Tag) [574] 0.42� 0.11� 0.09
Belle (Untagged) [575] 0.283� 0.055� 0.034

Average 0.344�0.043

TABLE 93. Summary of exclusive determinations of
Bþ → η0lþν. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B½10−4�
CLEO [571] 2.71� 0.80� 0.56

BABAR (Semileptonic Tag) [573]
0.04� 0.22� 0.04,
ð<0.47@90%CLÞ

BABAR (Untagged) [559] 0.24� 0.08� 0.03
Belle (Hadronic Tag) [574] 0.36� 0.27� 0.04
Belle (Untagged) [575] 0.279� 0.129� 0.030

Average 0.249�0.067�0.03
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inclusive rates for B → Xulþνl decays with the inclusive
photon spectrum in B → Xsγ, based on the assumption that
the shape functions for transitions to light quarks, u or s, are
the same to first order. However, shape function uncer-
tainties are only eliminated at the leading order and they
still enter via the signal models used for the determination
of efficiency.
In a paper by BABAR [585], detailed studies are

performed to assess the impact of various theoretical
predictions, on the measurements of the electron spectrum,

the branching fraction, and the extraction of jVubj, where
the lower limit on the electron momentum is varied from
0.8 GeV=c to the kinematic endpoint. An important differ-
ence of this paper with respect to the other ones is that the
dependency on the theoretical models enters primarily
through the partial branching fractions, as the fit is sensitive
to signal decays only in regions with good signal-to-noise
such as the endpoint region. All other measurements
instead determine a partial branching fraction by using a
single model, and this partial branching fraction is then
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FIG. 62. (a) Summary of exclusive determinations of BðBþ → ηlþνÞ and their average. (b) Summary of exclusive determinations of
BðBþ → η0lþνÞ and their average.

TABLE 94. Summary of measurements of partial branching fractions for B → Xulþνl decays. The errors quoted onΔB correspond to
statistical and systematic uncertainties. Ee is the electron energy in the B rest frame, p� the lepton momentum in the B frame and mX is
the invariant mass of the hadronic system. The light-cone momentum Pþ is defined in the B rest frame as Pþ ¼ EX − jp⃗Xj. The smax

h
variable is described in Refs. [587,588].

Measurement Accepted region ΔB½10−4� Notes

CLEO [589] Ee > 2.1 GeV 3.3� 0.2� 0.7
BABAR [588] Ee > 2.0 GeV, smax

h < 3.5 GeV2 4.4� 0.4� 0.4
BABAR [585] Ee > 0.8 GeV 1.55� 0.08� 0.09 Using the GGOU model
Belle [590] Ee > 1.9 GeV 8.5� 0.4� 1.5
BABAR [580] MX < 1.7 GeV=c2, q2 > 8 GeV2=c4 6.9� 0.6� 0.4
Belle [591] MX < 1.7 GeV=c2, q2 > 8 GeV2=c4 7.4� 0.9� 1.3
Belle [592] MX < 1.7 GeV=c2, q2 > 8 GeV2=c4 8.5� 0.9� 1.0 Used only in BLL average
BABAR [580] Pþ < 0.66 GeV 9.9� 0.9� 0.8
BABAR [580] MX < 1.7 GeV=c2 11.6� 1.0� 0.8
BABAR [580] MX < 1.55 GeV=c2 10.9� 0.8� 0.6
Belle [593] MX < 1.7 GeV=c2, q2 > 8 GeV2=c4 15.9� 0.9� 1.6
BABAR [580] (MX; q2) fit, p�

l > 1 GeV=c 18.2� 1.3� 1.5
BABAR [580] p�

l > 1.3 GeV=c 15.5� 1.3� 1.4
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converted into a jVubj measurement by taking the corre-
sponding partial rate predicted by the theory calculations.
Due to this difference, the jVubj results obtained in this
paper, with a lower limit of 0.8 GeV=c on the electron
momentum, are directly used as input to the averages based
on the theoretical framework provided by Bosh, Lange,
Neubert, and Paz (BLNP) [594–597], Andersen and Gardi
(DGE) [600] and Gambino, Giordano, Ossola and Uralsev
(GGOU) [604] averages. These determinations supersede
the previous BABAR endpoint measurement [586]. The
partial branching ratio quoted in Table 94 for Ref. [585] is
taken as that obtained with the GGOU calculation.
A new measurement of partial branching fractions in

three phase-space regions, covering about 31% to 86% of
the accessible phase space, was performed by Belle [593],
where machine learning techniques and hadronic tagging
were used to reduce backgrounds. The measurement of the
partial branching fraction obtained in the EB

l > 1 GeV
region, the most precise one, is used to obtain jVubj. This
measurement supersedes the one of Ref. [579], based on
similar techniques.
In the following, the different theoretical methods and

the resulting averages are described.

1. BLNP

Bosch, Lange, Neubert and Paz (BLNP) [594–597]
provide theoretical expressions for the triple differential

decay rate for B → Xulþνl events, incorporating all known
contributions, while smoothly interpolating between the
“shape-function region” of large hadronic energy and small
invariant mass, and the “OPE region” in which all hadronic
kinematical variables scale with the b-quark mass. BLNP
assign uncertainties to the b-quark mass, which enters
through the leading shape function, to subleading shape
function forms, to possible weak annihilation contribution,
and to matching scales. The BLNP calculation uses the
shape function renormalization scheme; the heavy quark
parameters determined from the global fit in the kinetic
scheme, described in Sec. VII B 2, were therefore translated
into the shape function scheme by using a prescription
by Neubert [598,599]. The resulting parameters are
mbðSFÞ ¼ ð4.582� 0.023� 0.018Þ GeV, μ2πðSFÞ ¼
ð0.202� 0.089þ0.020

−0.040Þ GeV=c2, where the second uncer-
tainty is due to the scheme translation. The extracted values
of jVubj for each measurement along with their average are
given in Table 95 and illustrated in Fig. 63(a). The total
uncertainty is þ5.6

−5.7% and is due to: statistics (þ1.5
−1.6%),

detector effects (þ1.7
−1.7%), B → Xclþνl model (þ0.9

−1.0%), B →
Xulþνl model (þ1.8

−1.8%), heavy quark parameters (þ2.7
−2.8%),

SF functional form (þ0.1
−0.3%), subleading shape functions

(þ0.8
−0.8%), matching scales in BLNP μ; μi; μh (þ3.8

−3.8%), and
weak annihilation (þ0.0

−0.7%). The error assigned to the
matching scales is the source of the largest uncertainty,
while the uncertainty due to HQE parameters (b-quark mass

TABLE 95. Summary of input parameters used by the different theory calculations, corresponding inclusive determinations of jVubj
and their average. The errors quoted on jVubj correspond to experimental and theoretical uncertainties, respectively.

BLNP DGE GGOU ADFR BLL

Input parameters

Scheme SF MS Kinetic MS 1S
References [598,599] Ref. [600] see Sec. VII B 2 Ref. [601] Ref. [581]
mb (GeV) 4.582� 0.026 4.188� 0.043 4.554� 0.018 4.188� 0.043 4.704� 0.029
μ2π (GeV2) 0.202 þ0.091

−0.098 � � � 0.464� 0.076 � � � � � �
References jVubj values ½10−3�
CLEO Ee [589] 4.22� 0.49þ0.29

−0.34 3.86� 0.45þ0.25
−0.27 4.23� 0.49þ0.22

−0.31 3.42� 0.40þ0.17
−0.17 � � �

Belle MX; q2 [591] 4.51� 0.47þ0.27
−0.29 4.43� 0.47þ0.19

−0.21 4.52� 0.48þ0.25
−0.28 3.93� 0.41þ0.18

−0.17 4.68� 0.49þ0.30
−0.30

Belle Ee [590] 4.93� 0.46þ0.26
−0.29 4.82� 0.45þ0.23

−0.23 4.95� 0.46þ0.16
−0.21 4.48� 0.42þ0.20

−0.20 � � �
BABAR Ee [585] 4.41� 0.12þ0.27

−0.27 3.85� 0.11þ0.08
−0.07 3.96� 0.10þ0.17

−0.17 � � � � � �
BABAR Ee; smax

h [588] 4.71� 0.32þ0.33
−0.38 4.35� 0.29þ0.28

−0.30 � � � 3.81� 0.19þ0.19
−0.18

Belle EB
l , ðMX; q2Þ fit [593] 4.05� 0.23þ0.18

−0.20 4.16� 0.24þ0.12
−0.11 4.15� 0.24þ0.08

−0.09 4.05� 0.23þ0.18
−0.18 � � �

BABAR MX [580] 4.24� 0.19þ0.25
−0.25 4.47� 0.20þ0.19

−0.24 4.30� 0.20þ0.20
−0.21 3.83� 0.18þ0.20

−0.19 � � �
BABAR MX [580] 4.03� 0.22þ0.22

−0.22 4.22� 0.23þ0.21
−0.27 4.10� 0.23þ0.16

−0.17 3.75� 0.21þ0.18
−0.18 � � �

BABAR MX; q2 [580] 4.32� 0.23þ0.26
−0.28 4.24� 0.22þ0.18

−0.21 4.33� 0.23þ0.24
−0.27 3.75� 0.20þ0.17

−0.17 4.50� 0.24þ0.29
−0.29

BABAR Pþ [580] 4.09� 0.25þ0.25
−0.25 4.17� 0.25þ0.28

−0.37 4.25� 0.26þ0.26
−0.27 3.57� 0.22þ0.19

−0.18 � � �
BABAR p�

l, ðMX; q2Þ fit [580] 4.33� 0.24þ0.19
−0.21 4.45� 0.24þ0.12

−0.13 4.44� 0.24þ0.09
−0.10 4.33� 0.24þ0.19

−0.19 � � �
BABAR p�

l [580] 4.34� 0.27þ0.20
−0.21 4.43� 0.27þ0.13

−0.13 4.43� 0.27þ0.09
−0.11 4.28� 0.27þ0.19

−0.19 � � �
Belle MX; q2 [592] � � � � � � � � � � � � 5.01� 0.39þ0.32

−0.32

Average 4.28� 0.13þ0.20
−0.21 3.93� 0.10þ0.09

−0.10 4.19� 0.12þ0.11
−0.12 3.92� 0.12þ0.18

−0.12 4.62� 0.20þ0.29
−0.29
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and μ2πðSFÞÞ is second. The uncertainty due to weak
annihilation is assumed to be asymmetric, i.e. it only tends
to decrease jVubj.

2. DGE

Andersen and Gardi (dressed gluon exponentiation,
DGE) [600] provide a framework where the on-shell
b-quark calculation, converted into hadronic variables, is
directly used as an approximation to the meson decay
spectrumwithout the use of a leading-power nonperturbative
function (or, in other words, a shape function). The DGE
calculation uses theMS renormalization scheme. The heavy
quark parameters determined from theglobal fit in the kinetic
scheme, described in Sec. VII B 2, were therefore translated
into theMS scheme by using code provided by Einan Gardi
(based on Refs. [602,603]), giving mbðMSÞ ¼ ð4.188�
0.043Þ GeV. The extracted values of jVubj for each meas-
urement along with their average are given in Table 95 and
illustrated in Fig. 63(b). The total error is þ3.3

−3.2%, whose
breakdown is: statistics ( þ1.5

−1.5%), detector effects ( þ1.7
−1.7%),

B → Xclþνl model (þ0.3
−0.4%), B → Xulþνl model ( þ0.7

−0.7%),
strong coupling αs (

þ0.3
−0.3%), mb (

þ2.2
−2.1%), weak annihilation

(þ0.0
−1.1%), matching scales in DGE ( þ0.4

−0.5%). The largest
contribution to the total error is due to the effect of the
uncertainty onmb. The uncertainty due to weak annihilation
has been assumed to be asymmetric, i.e. it only tends to
decrease jVubj.

3. GGOU

Gambino, Giordano, Ossola and Uraltsev (GGOU) [604]
compute the triple differential decay rates of B → Xulþνl,
including all perturbative and nonperturbative effects
through Oðα2sβ0Þ and Oð1=m3

bÞ. The Fermi motion is
parametrized in terms of a single light cone function for
each structure function and for any value of q2, accounting
for all subleading effects. The calculations are performed in
the kinetic scheme, a framework characterized by a
Wilsonian treatment with a hard cutoff μ ∼ 1 GeV.
GGOU have not included calculations for the “(Ee; smax

h )”
analysis [588]. The heavy quark parameters determined from
the global fit in the kinetic scheme, described in Sec. VII B 2,
are used as inputs: mkin

b ¼ ð4.554� 0.018Þ GeV, μ2π ¼
ð0.464� 0.076ÞGeV=c2. The extracted values of jVubj
for each measurement along with their average are given
in Table 95 and illustrated in Fig. 64(a). The total error is
þ3.9
−3.9% whose breakdown is: statistics (þ1.3

−1.3%), detector
effects (þ1.6

−1.6%), B → Xclþνl model (þ0.9
−0.9%), B →

Xulþνl model (þ1.7
−1.7%), αs, mb and other nonperturbative

parameters (þ1.8
−1.8%), higher order perturbative and non-

perturbative corrections (þ1.5
−1.5%), modeling of the q2 tail

(þ1.3
−1.3%), weak annihilations matrix element (þ0.0

−1.1%), func-
tional form of the distribution functions (þ0.1

−0.1%). The leading
uncertainties on jVubj are both from theory, and are due to
perturbative and nonperturbative parameters and the model-
ing of the q2 tail. The uncertainty due to weak annihilation
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FIG. 63. Measurements of jVubj from inclusive semileptonic decays and their average based on the BLNP (a) and DGE
(b) prescription. The labels indicate the variables and selections used to define the signal regions in the different analyses.
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has been assumed to be asymmetric, i.e. it only tends to
decrease jVubj.

4. ADFR

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR)
[605] use an approach to extract jVubj, that makes use of
the ratio of the B → Xclþνl and B → Xulþνl widths. The
normalized triple differential decay rate for B → Xulþνl
[601,606–608] is calculated with a model based on (i) soft–
gluon resummation to next-to-next-leading order and (ii) an
effective QCD coupling without a Landau pole. This
coupling is constructed by means of an extrapolation to
low energy of the high–energy behavior of the standard
coupling. More technically, an analyticity principle is
used. The lower cut on the electron energy for the endpoint
analyses is 2.3 GeV [601]. The ADFR calculation uses the
MS renormalization scheme; the heavy quark parameters
determined from the global fit in the kinetic scheme,
described in Sec. VII B 2, were therefore translated into
the MS scheme by using code provided by Einan
Gardi (based on Refs. [602,603]), giving mbðMSÞ ¼
ð4.188� 0.043Þ GeV. The extracted values of jVubj for
each measurement along with their average are given in
Table 95 and illustrated in Fig. 64(b). The total error is þ5.5−5.5%
whose breakdown is: statistics ( þ1.6−1.6%), detector effects
(þ1.7−1.7%), B → Xclþνl model (þ1.3−1.3%), B → Xulþνl model

(þ1.6
−1.5%), αs (

þ1.1
−1.1%), jVcbj (þ1.9

−1.9%),mb (
þ0.7
−0.7%),mc (

þ1.3
−1.3%),

semileptonic branching fraction ( þ0.8
−0.7%), theory model

(þ3.6
−3.6%). The leading uncertainty is due to the theory model.

5. BLL

Bauer, Ligeti, and Luke (BLL) [581] give a HQET-based
prescription that advocates combined cuts on the dilepton
invariant mass, q2, and hadronic mass, mX, to minimize the
overall uncertainty on jVubj. In their reckoning a cut on mX
only, although most efficient at preserving phase space
(∼80%), makes the calculation of the partial rate untenable
due to uncalculable corrections to the b-quark distribution
function or shape function. These corrections are suppressed
if events in the low q2 region are removed. The cut
combination used in measurements is Mx < 1.7 GeV=c2

and q2 > 8 GeV2=c4. The extracted values of jVubj for each
measurement along with their average are given in Table 95
and illustrated in Fig. 65. The total error is þ7.7

−7.7% whose
breakdown is: statistics ( þ3.3

−3.3%), detector effects ( þ3.0
−3.0%),

B → Xclþνl model (þ1.6
−1.6%), B → Xulþνl model ( þ1.1

−1.1%),
spectral fraction (mb) (

þ3.0
−3.0%), perturbative approach: strong

coupling αs (
þ3.0
−3.0%), residual shape function (þ2.5

−2.5%), third
order terms in the OPE (þ4.0

−4.0%). The leading uncertainties,
both from theory, are due to residual shape function effects
and third order terms in the OPE expansion. The leading
experimental uncertainty is due to statistics.
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FIG. 64. Measurements of jVubj from inclusive semileptonic decays and their average based on the GGOU (a) and ADFR
(b) prescription. The labels indicate the variables and selections used to define the signal regions in the different analyses.
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6. Summary

The averages presented in several different frameworks
are presented in Table 96. In summary, we recognize that
the experimental and theoretical uncertainties play out
differently between the schemes and the theoretical
assumptions for the theory calculations are different.
Therefore, it is difficult to perform an average between
the various determinations of jVubj. Since the methodology
is similar to that used to determine the inclusive jVcbj
average, we choose to quote as reference value the average
determined by the GGOU calculation, which gives
jVubj ¼ ð4.19� 0.12þ0.11

−0.12Þ × 10−3.

E. Combined extraction of jVubj and jVcbj
In this section we report the result of a combined fit for

jVubj and jVcbj that includes the constraint from the

averaged jVubj=jVcbj, and the determination of jVubj and
jVcbj from exclusive B meson decays.
The average of the jVubj=jVcbjmeasurements fromΛb →

pμν and Bs → Kμν, using only results at high q2 (based on
Lattice-QCD), assuming the uncertainties due to trigger
selection and tracking efficiency are fully correlated, is

jVubj
jVcbj

¼ 0.0838� 0.0046 ð218Þ

where the reported uncertainty includes both experimental
and theoretical contributions. The average of the jVcbj results
from B → Dlν, B → D�lν and Bs → Dð�Þ

s μν, is

jVcbj ¼ ð38.90� 0.53Þ × 10−3; ð219Þ

where the uncertainty also in this case includes both
experimental and theoretical contributions. The Pðχ2Þ of
the average is 30%.
The combined fit for jVubj and jVcbj results in

jVubj ¼ ð3.51� 0.12Þ × 10−3 ð220Þ

jVcbj ¼ ð39.10� 0.50Þ × 10−3 ð221Þ

ρðjVubj; jVcbjÞ ¼ 0.175; ð222Þ

where the uncertainties in the inputs are considered
uncorrelated. The fit result is shown in Fig. 66, where
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FIG. 65. Measurements of jVubj from inclusive semileptonic
decays and their average in the BLL prescription.

TABLE 96. Summary of inclusive determinations of jVubj. The
errors quoted on jVubj correspond to experimental and theoretical
uncertainties.

Framework jVubj½10−3�
BLNP 4.28� 0.13þ0.20

−0.21
DGE 3.93� 0.10þ0.09

−0.10
GGOU 4.19� 0.12þ0.11

−0.12
ADFR 3.92� 0.1þ0.18

−0.12
BLL (mX=q2 only) 4.62� 0.20� 0.29
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FIG. 66. Combined average on jVubj and jVcbj including the
LHCb measurement of jVubj=jVcbj, the exclusive jVubj meas-
urement from B → πlν, and the jVcbj average from B → Dlν,

B → D�lν and Bs → Dð�Þ
s μν measurements. The dashed ellipse

corresponds to a 1σ two-dimensional contour (68% of CL). The
point with the error bars corresponds to the inclusive jVcbj from
the kinetic scheme (Sec. VII B 2), and the inclusive jVubj from
GGOU calculation (Sec. VII D 3).
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both the Δχ2 ¼ 1 and the two-dimensional 68% C.L.
contours are indicated. The average value of jVcbj differs
from the inclusive one, by about 3.3σ. The difference of
jVubj from the GGOU inclusive result taken as reference is
also 3.3σ.

F. B → Dð�Þτντ decays

In the SM, the semileptonic decays are tree level
processes which proceed via the coupling to theW� boson.
These couplings are assumed to be universal for all leptons
and are well understood theoretically, (see Section V. A and
V. B). This universality has been tested in purely leptonic
and semileptonic B meson decays involving a τ lepton,
which might be sensitive to a hypothetical charged Higgs
boson or other non-SM processes.
Compared to Bþ → τντ, the B → Dð�Þτντ decay has

advantages: the branching fraction is relatively high,
because it is not Cabibbo-suppressed, and it is a three-
body decay allowing access to many observables besides
the branching fraction, such as Dð�Þ momentum, q2 dis-
tributions, and measurements of the D� and τ polarizations
(see Ref. [609] and references therein for recent
calculations).
Experiments have measured two ratios of branching

fractions defined as

RðDÞ ¼ BðB → DτντÞ
BðB → DlνlÞ

; ð223Þ

RðD�Þ ¼ BðB → D�τντÞ
BðB → D�lνlÞ

ð224Þ

where l refers either to electron or μ. These ratios are
independent of jVcbj and to a large extent, also of the B →
Dð�Þ form factors. As a consequence, the SM predictions
for these ratios are quite precise:

(i) RðDÞ ¼ 0.298� 0.004: where the central value and
the uncertainty are obtained from an arithmetic
average of the predictions from Refs. [610–614].
The Refs. [610–612,614] are based on recent lattice
calculations [512,521] and results on the B → Dlν
form factor measurements from BABAR and Belle.
The prediction in Ref. [613] used here is based only
on theoretical inputs.

(ii) RðD�Þ ¼ 0.254� 0.005: where the central value
and the uncertainty are obtained from an arithmetic
average of the predictions from Refs. [517,611–
613,615]. These calculations are in good agreement
between each other, and consistent with older
predictions. The authors of Ref. [615] use as inputs
the most recent Belle results of B → D�lν form
factors [501]. The authors of Ref. [613] obtain
predictions with and without using experimental
inputs. Compared with other calculations, their

predictions on RðD�Þ are slightly shifted toward a
lower value, resulting in RðD�Þ ¼ 0.250� 0.003
and RðD�Þ ¼ 0.247� 0.006 using and not using
the experimental results, respectively. In this average
we use the latter result. The calculation in Ref. [517]
is the result of the full angular analysis of B → D�lν
decay by BABAR, and gives an independent pre-
diction of RðD�Þ ¼ 0.253� 0.005, which is com-
patible with the predictions above.

The first unquenched lattice-QCD calculation of the B →
D�lν at nonzero recoil in Ref. [616], predicts a value of
RðD�Þ ¼ 0.265� 0.013, which reduces the tension, even if
the larger uncertainty alleviates its significance. A com-
bined analysis of B → Dlν and B → D�lν that includes
both lattice calculations and experimental inputs would be
desirable.
On the experimental side, in the case of the leptonic τ

decay, the ratios RðDð�ÞÞ can be directly measured, and
many systematic uncertainties cancel in the measurement.
The B0 → D�þτντ decay was first observed by Belle [617]
performing an “inclusive” reconstruction, which is based on
the reconstruction of the Btag from all the particles of the
events, other than theDð�Þ and the lepton candidate, without
looking for any specific Btag decay chain. Since then, both
BABAR and Belle have published improved measurements
and have observed the B → Dτντ decays [618,619].
The most powerful way to study these decays at the

B-factories exploits the hadronic or semileptonic Btag.
Using the full dataset and an improved hadronic Btag

selection, BABAR measured [620]:

RðDÞ ¼ 0.440� 0.058� 0.042;

RðD�Þ ¼ 0.332� 0.024� 0.018 ð225Þ

where decays to both e� and μ� were summed, and results
for B0 and B− decays were combined in an isospin-
constrained fit. The fact that the BABAR result exceeded
SM predictions by 3.4σ raised considerable interest.
Belle, exploiting the full dataset, published measure-

ments using both the hadronic [621] and the semileptonic
tag [622]. Belle also performed a combined measurement
of RðD�Þ and τ polarization by reconstructing the τ in the
hadronic τ → πν and τ → ρν decay modes [623]. LHCb
measurements of RðD�Þ use both the muonic τ decay [624],
and the three-prong hadronic τ → 3πðπ0Þν decays [625].
The latter is a direct measurement of the ratio
BðB0 → D�−τþντÞ=BðB0 → D�−πþπ−πþÞ, and is trans-
lated into a measurement of RðD�Þ using the independently
measured branching fractions BðB0 → D�−πþπ−πþÞ and
BðB0 → D�−μþνμÞ.
The most important source of systematic uncertainties

that are correlated among the different measurement is the
B → D�� background components, which are difficult to
disentangle from the signal. In our average, the systematic
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uncertainties due to the B → D�� composition and kinemat-
ics are considered fully correlated among the measurements.
The results of the individual measurements, their aver-

ages and correlations are presented in Table 97 and Fig. 67.
The combined results, projected separately on RðDÞ and
RðD�Þ, are reported in Fig. 68(a) and Fig. 68(b)
respectively.
The averaged RðDÞ and RðD�Þ exceed the SM pre-

diction given above, by 1.4σ and 2.8σ, respectively.
Considering the RðDÞ and RðD�Þ total correlation of
−0.38, the difference with respect to the SM is about
3.3σ, and the combined χ2 ¼ 13.97 for 2 degrees of
freedom corresponds to a p-value of 0.92 × 10−3, assuming
Gaussian error distributions.

An analogous measurement using Bc → J=ψlν decays
has been performed by LHCb, leading to RðJψÞ ¼ 0.71�
0.17stat � 0.18syst [626], which lies 1.8σ above the most
recent SM prediction obtained by HPQCD collaboration
[627]. Recently LHCb reported the first observation of the
Λ0
b → Λþ

c τ
−ν̄τ decay [628], exploiting the three-prong

hadronic τ− decays. The resulting ratio of semileptonic
branching fractions is RðΛcÞ ¼ 0.242� 0.026stat�
0.040syst � 0.059ext, where the last term is due to the
uncertainties on the external branching fractions meas-
urement, in particular for the Λ0

b → Λþ
c μ

−ν̄μ decay. This
result is in agreement with the prediction of 0.324� 0.004
from Ref. [629].

TABLE 97. Measurements of RðD�Þ and RðDÞ, their correlations and the combined average.

Experiment RðD�Þ RðDÞ ρ

BABAR [620,630] 0.332� 0.024stat � 0.018syst 0.440� 0.058stat � 0.042syst −0.27
Belle [621] 0.293� 0.038stat � 0.015syst 0.375� 0.064stat � 0.026syst −0.49
LHCb [624] 0.336� 0.027stat � 0.030syst
Belle [623] 0.270� 0.035stat

þ0.028
−0.025 syst

LHCb [625,631] 0.283� 0.019stat � 0.029syst
Belle [622] 0.283� 0.018stat � 0.014syst 0.307� 0.037stat � 0.016syst −0.51

Average 0.295� 0.010� 0.010 0.339�0.026� 0.014 −0.38
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 = 1.0 contours2��

World Average
 0.014� 0.026 �R(D) = 0.339 
 0.010� 0.010 �R(D*) = 0.295 

 = -0.38�
) = 28%2�P(
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PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
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PRL 123 (2019) 091801
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PRD 105 (2022) 034503
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FIG. 67. Measurements of RðDÞ and RðD�Þ listed in Table 97 and their two-dimensional average. Contours correspond to Δχ2 ¼ 1,
i.e., 68% CL for the bands and 39% CL for the ellipses. The black and blue points with error bars, are two recent SM prediction for
RðD�Þ andRðDÞ. The SM predictions reported are based on results from Refs. [610,613,615]. More information is given in the text. An
average of these predictions and the experimental average deviate from each other by about 3.3σ. The dashed ellipse correspond to a 3σ
contour (99.73% CL).
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VIII. DECAYS OF b-HADRONS INTO OPEN OR
HIDDEN CHARM HADRONS

Ground-state Bmesons and b baryons dominantly decay
to particles containing a charm quark via the b → c quark
transition. In this section, measurements of such decays to
hadronic final states are summarized. The use of such
decays for studying fundamental properties of the bottom
hadrons and for obtaining parameters of the CKMmatrix is
discussed in Secs. V and VI, respectively.
Since hadronic b → c decays dominate the b-hadron

widths, they are an important part of the experimental
programme in heavy-flavor physics. Understanding the rate
of charm production in b-hadron decays is crucial for
validation of the heavy-quark expansion (HQE) that under-
pins much of the theoretical framework for b physics (see,
for example, Ref. [632] for a review). Moreover, such
decays are often used, in particular at hadron colliders, as
normalization modes for measurements of rarer decays. At
B-factories, hadronic b → c decays are used for the tagging
of B mesons and a detailed knowledge is crucial for the
optimization and calibration of the tagger performance. In
addition, they are the dominant background in many
analyses. To accurately model such backgrounds with
simulated data, it is essential to have precise knowledge
of the contributing decay modes. In particular, with the
expected increase in the data samples at LHCb and Belle II,
the enhanced statistical sensitivity has to be matched by
low systematic uncertainties that arise from the limited

understanding of the dominant b-hadron decay modes. For
multibody decays, knowledge of the distribution of decays
across the phase-space (e.g., the Dalitz plot density for
three-body decays or the polarization amplitudes for
vector-vector final states) is required in addition to the
total branching fraction.
The large branching fractions of b → c decays make

them ideal for studying the spectroscopy of both open and
hidden charm hadrons. In particular, they have been used to
both discover and measure the properties of exotic par-
ticles, such as the Xð3872Þ [633,634], Zð4430Þþ [635,636]
and Pcð4450Þþ [637] states. Similarly, b → c transitions
are very useful for studying charmed baryons.
In addition to the dominant b → c decays, there are

several decays in this category that are expected to be
highly suppressed in the Standard Model. These are of
interest for probing particular decay amplitudes (e.g., the
annihilation diagram, which dominates the B− → D−

s ϕ
decay) used to constrain effects in other hadronic decays,
or for searching for new physics. There are also open charm
production modes that involve b → u transitions, such as
B̄0 → D−

s π
þ, which are mediated by the W emission

involving the jVubj CKM matrix element. Finally, b → c
decays involving lepton flavor or number violation are
extremely suppressed in the Standard Model, and therefore
provide highly sensitive tests of new physics.
In this section, we give an exhaustive list of measured

branching ratios of decay modes to hadrons containing
charm quarks. The averaging procedure follows the
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FIG. 68. (a) Measurements ofRðDÞ and (b)RðD�Þ. The green bands are the averages obtained from the combined fit. The red bands
are the averages of the theoretical predictions obtained as explained in the text.
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methodology described in Sec. III. We perform fits of the
full likelihood function and do not use the approximation
described in Sec. III A. For the cases where more than one
measurement is available, in total 81 fits are performed,
with on average (maximally) 3.6 (128) parameters and
6.3 (221) measurements per fit. Systematic uncertainties
are taken as quoted without the scaling of multiplicative
uncertainties discussed in Sec. III C. Where available,
correlations between measurements are taken into account.
We consider correlations not only between measurements
of the same parameter, as done in our previous publication
Ref. [1], but also among parameters. The correlations
among parameters are given on the HFLAV web page
on hadronic B decays into open or hidden charm hadrons
[638]. If an insignificant measurement and a limit for the
same parameter are provided in the same paper, the former
is quoted, so that it can be included in averages. We also
provide averages of the polarization amplitudes of Bmeson
decays to vector-vector states. We do not currently provide
detailed averages of quantities obtained from Dalitz plot
analyses, due to the complications arising from the
dependence on the model used.
The results are presented in subsections organized

according to the type of decaying bottom hadron: B0

(Sec. VIII A), Bþ (Sec. VIII B), B0=Bþ admixture
(Sec. VIII C), B0

s (Sec. VIII D), Bþ
c (Sec. VIII E), b baryons

(Sec. VIII F). For each subsection, the parameters p are
arranged according to the final state into the following
groups: a single charmed meson, two charmed mesons, a
charmonium state, a charm baryon, or other states, e.g.,
Xð3872Þ. In our tables, the individual measurements and
average of each parameter pj are shown in one row. We
quote numerical values of all direct measurements of a
parameter pj. We also show numerical values derived from
measurements of branching-fraction ratios pj=pk, per-
formed with respect to the branching fraction pk of a
normalization mode, as well as measurements of products
pjpk of the branching fraction of interest with those of
daughter-particle decays. In these cases, the quoted value
and uncertainty of the measurement are determined with
the fitted value of pk, and the uncertainty of pk is included
in the systematic uncertainty. A footnote “Using pk” is
added in these cases. Note that the fit uses pj=pk or pjpk

directly and not the pj value that is quoted in the table. The
pj value is quoted to give a sense of the contribution of the
measurement to the average. When the measurement
depends on pj in some other way, it is also included in
our fit for pj, but in the tables no derived value is shown.
Instead, the measured function f of parameters is given in a
footnote “measurement of f used in the fit.”
In most of the tables of this section the averages are

compared to those from the Particle Data Group’s 2020
Review of Particle Physics (PDG 2020) [9] and 2021
update. When this is done, the “Average” column quotes

the PDG averages in green only if they differ from ours. In
general, such differences are due to different input param-
eters and measurements, differences in the averaging
methods and different rounding conventions. The fit p-
value is quoted if it is below 1%. Input values that appear in
red are not included in the PDG average. They are either
new results published after the closing of PDG and before
the closing of this report, May 2021, or results that do not
quote a direct measurement of the parameter of interest and
are therefore not considered in the PDG average. Input
values in blue are unpublished results (that are never
included in the PDG averages). Quoted upper limits are
at 90% confidence level (CL), unless mentioned otherwise.
The symbol B is used for branching ratios, and fX for the

production fraction of quark or hadron X (see Sec. IV C).
The decay amplitudes for longitudinal, parallel, and
perpendicular transverse polarization in pseudoscalar to
vector-vector decays are denoted A0, Ak, and A⊥, respec-
tively, and the definitions δk ¼ argðAk=A0Þ and δ⊥ ¼
argðA⊥=A0Þ are used for their relative phases. For nor-
malized P-wave amplitudes we use the notation
fi ¼ jAij2=ðjA0j2 þ jAkj2 þ jA⊥j2Þ. The inclusion of
charge conjugate modes is always implied.
Following the approach used by the PDG [9], for decays

that involve neutral kaons we mainly quote results in terms
of final states including either a K0 or K̄0 meson (instead of
aK0

S or K
0
L), although the flavor of the neutral kaon is never

determined experimentally. The specification as K0 or K̄0

simply follows the quark model expectation for the
dominant decay and the inclusion of the conjugate final
state neutral kaon is implied. The exception is B0

s decays to
CP eigenstates, where the width difference between the
mass eigenstates (see Sec. V) means that the measured
branching fraction, integrated over decay time, is specific to
the final state [639]. In such cases it is appropriate to quote
the branching fraction for, e.g., B̄0

s → J=ψK0
S instead

of B̄0
s → J=ψK̄0.

Most B-meson branching-fraction measurements assume
Γðϒð4SÞ → BþB−Þ ¼ Γðϒð4SÞ → B0B̄0Þ. While there is
no evidence for isospin violation in ϒð4SÞ decays, devia-
tions from this assumption can be of the order of a few
percent, see Sec. IVA and Ref. [640]. As the effect is
negligible for many averages, we take the quoted values
without applying a correction or additional systematic
uncertainty. However, we note that this can be relevant
for averages with percent-level uncertainty.

A. Decays of B0 mesons

Measurements of B0 decays to charmed hadrons are
summarized in Secs. VIII A 1 to VIII A 5.

1. Decays to a single open charm meson

Averages of B0 decays to a single open charm meson are
shown in Tables 98–106.
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TABLE 98. Branching fractions for decays to a Dð�Þ meson and one or more pions, I.

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0 → D−πþÞ

BABAR [641] 2.55� 0.05� 0.16

2.56� 0.13
2.52� 0.13

BABAR [642] 3.03� 0.23� 0.23
Belle [643]a

CDF [644]b, [645]c, [646]d

LHCb [647]e, [648]a

BðB0 → D−πþπþπ−Þ
LHCb [647] 6.10� 0.28þ0.63

−0.62
f

5.95þ0.66
−0.62

6.02� 0.67
CDF [645]g,h

LHCb [647]i, [649]j

BðB0 → D�ð2010Þ−πþÞ

Belle [650] 2.22� 0.04� 0.19

2.63� 0.10
2.74� 0.13

BABAR [641] 2.79� 0.08� 0.17
BABAR [642] 2.99� 0.23� 0.24
BABAR [651]k

Belle [643]k

LHCb [652]l

BðB0 → D�ð2010Þ−πþπþπ−Þ
LHCb [652] 6.94� 0.11� 0.43m

7.08� 0.26
7.21� 0.29

BABAR [653] 7.26� 0.11� 0.31
Belle [654] 6.81� 0.23� 0.72
LHCb [652]n,o

BðB0 → D̄�ð2007Þ0πþπþπ−π−Þ Belle [654] 2.6� 0.5� 0.4
2.60� 0.60
2.72� 0.50

BðB0 → D�ð2010Þ−πþπþπþπ−π−Þ Belle [654] 4.72� 0.59� 0.71 4.72� 0.92

BðB0 → D�ð2010Þ−ωð782ÞπþÞ Belle [655] 2.31� 0.11� 0.14 2.41� 0.16
BABAR [656] 2.88� 0.21� 0.31 2.46� 0.18

aMeasurement of BðB0 → D−KþÞ=BðB0 → D−πþÞ used in our fit.
bMeasurement of BðBþ → D̄0πþÞ=BðB0 → D−πþÞ used in our fit.
cMeasurement of BðB0

s → D−
s π

þÞ=BðB0 → D−πþÞ used in our fit.
dMeasurement of BðΛ0

b → Λþ
c π

−Þ=BðB0 → D−πþÞ used in our fit.
eMeasurement of BðB0 → D−πþπþπ−Þ=BðB0 → D−πþÞ used in our fit.
fUsing BðB0 → D−πþÞ.
gUsing fs=fd ¼ 0.259� 0.038 from PDG 2006.
hMeasurement of BðB0

s → D−
s π

þπþπ−Þ=BðB0 → D−πþπþπ−Þ used in our fit.
iMeasurement of BðB0 → D1ð2420Þ−πþÞ × BðD1ð2420Þþ → Dþπþπ−Þ=BðB0 → D−πþπþπ−Þ used in our fit.
jMeasurement of BðB0 → D−Kþπþπ−Þ=BðB0 → D−πþπþπ−Þ used in our fit.
kMeasurement of BðB0 → D�ð2010Þ−KþÞ=BðB0 → D�ð2010Þ−πþÞ used in our fit.
lMeasurement of BðB0 → D�ð2010Þ−πþπþπ−Þ=BðB0 → D�ð2010Þ−πþÞ used in our fit.
mUsing BðB0 → D�ð2010Þ−πþÞ.
nMeasurement of BðB0 → D�ð2010Þ−Kþπþπ−Þ=BðB0 → D�ð2010Þ−πþπþπ−Þ used in our fit.
oMeasurement of BðB0 → D̄1ð2420Þ0πþπ−Þ × BðD1ð2420Þ0 → D�ð2010Þþπ−Þ=BðB0 → D�ð2010Þ−πþπþπ−Þ used in our fit.
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TABLE 100. Branching fractions for decays to a Dð�Þ0 meson and a light meson.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → D̄0ρ0ð770ÞÞ
Belle [650] 3.19� 0.20� 0.45

3.07� 0.46
3.21� 0.21

Belle [663] 4.1� 2.0� 0.2a

LHCb [664]b

BðB0 → D̄�ð2007Þ0ρ0ð770ÞÞ Belle [663] <5.1 <5.1

BðB0 → D̄0ηÞ BABAR [657] 2.53� 0.09� 0.11 2.36� 0.13
Belle [658] 1.77� 0.16� 0.21 2.36� 0.32

BðB0 → D̄�ð2007Þ0ηÞ
BABAR [657] 2.69� 0.14� 0.23 2.26� 0.22

p ¼ 5.8‰
2.26� 0.61

Belle [658] 1.4� 0.3� 0.3

BðB0 → D̄0η0Þ BABAR [657] 1.48� 0.13� 0.07 1.38� 0.12
Belle [665] 1.14� 0.20þ0.10

−0.13 1.38� 0.16

BðB0 → D̄�ð2007Þ0η0Þ BABAR [657] 1.48� 0.22� 0.13
1.40� 0.22

Belle [665] 1.21� 0.34� 0.22

BðB0 → D̄0ωð782ÞÞ
BABAR [657] 2.57� 0.11� 0.14

2.54� 0.16
Belle [658] 2.37� 0.23� 0.28
LHCb [659] 2.81� 0.72� 0.18
Belle [663]c

BðB0 → D̄�ð2007Þ0ωð782ÞÞ
BABAR [657] 4.55� 0.24� 0.39 3.64� 0.35

p ¼ 1.8‰
3.64� 1.11

Belle [658] 2.29� 0.39� 0.40

BðB0 → D̄0f2ð1270ÞÞ LHCb [659] 1.61� 0.11� 0.17 1.54� 0.18
Belle [650] 1.2� 0.2� 0.4 1.56� 0.21

aUsing BðB0 → D̄0ωð782ÞÞ.
bMeasurement of BðB0

s → D̄0K̄�ð892Þ0Þ=BðB0 → D̄0ρ0ð770ÞÞ used in our fit.
cMeasurement of BðB0 → D̄0ρ0ð770ÞÞ=BðB0 → D̄0ωð782ÞÞ used in our fit.

TABLE 99. Branching fractions for decays to a Dð�Þ meson and one or more pions, II.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → D̄0π0Þ BABAR [657] 2.69� 0.09� 0.13 2.62� 0.15
Belle [658] 2.25� 0.14� 0.35 2.63� 0.14

BðB0 → D̄�ð2007Þ0π0Þ
BABAR [657] 3.05� 0.14� 0.28 2.23� 0.22

p ¼ 0.2‰
2.23� 0.57

Belle [658] 1.39� 0.18� 0.26

BðB0 → D̄0πþπ−Þ
LHCb [659] 8.46� 0.14� 0.49a

8.45� 0.39
8.80� 0.46

Belle [650] 8.4� 0.4� 0.8
LHCb [660]b,c, [661]d,e,f, [662]g,h

BðB0 → D̄�ð2007Þ0πþπ−Þ Belle [663] 6.2� 1.2� 1.8 6.2� 2.2
aIn phase space region MðD̄0πþÞ > 2.1 GeV=c2.
bMeasurement of BðB0

s → D̄0K−πþÞ=BðB0 → D̄0πþπ−Þ used in our fit.
cMeasurement of BðB0 → D̄0Kþπ−Þ=BðB0 → D̄0πþπ−Þ used in our fit.
dMeasurement of BðB0

s → D̄0ϕð1020ÞÞ=BðB0 → D̄0πþπ−Þ used in our fit.
eMeasurement of BðB0

s → D̄�ð2007Þ0ϕð1020ÞÞ=BðB0 → D̄0πþπ−Þ used in our fit.
fMeasurement of BðB0 → D̄0ϕð1020ÞÞ=BðB0 → D̄0πþπ−Þ used in our fit.
gMeasurement of BðB0 → D̄0KþK−Þ=BðB0 → D̄0πþπ−Þ used in our fit.
hMeasurement of BðB0

s → D̄0KþK−Þ=BðB0 → D̄0πþπ−Þ used in our fit.
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TABLE 101. Branching fractions for decays to a Dð�Þþ meson and one or more kaons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → D−KþÞ LHCb [648] 2.108� 0.028þ0.127
−0.124

a 2.10� 0.13
Belle [643] 1.74� 0.38� 0.20a 1.86� 0.20

BðB0 → D�ð2010Þ−KþÞ BABAR [651] 2.040� 0.089� 0.109b 2.03� 0.14
Belle [643] 1.95� 0.39� 0.17b 2.12þ0.16

−0.15

BðB0 → D−K�ð892ÞþÞ BABAR [666] 4.6� 0.6� 0.5
4.60� 0.78
4.46� 0.72

BðB0 → D�ð2010Þ−K�ð892ÞþÞ BABAR [666] 3.2� 0.6� 0.3
3.20� 0.67
3.30� 0.61

BðB0 → D−K0πþÞ BABAR [666] 4.9� 0.7� 0.5 4.90� 0.86

BðB0 → D�ð2010Þ−K0πþÞ BABAR [666] 3.0� 0.7� 0.3 3.00� 0.76

BðB0 → D−KþK̄0Þ Belle [667] <3.1 <3.1

BðB0 → D�ð2010Þ−KþK̄0Þ Belle [667] <4.7 <4.7

BðB0 → D−K̄�ð892Þ0KþÞ Belle [667] 8.8� 1.1� 1.5 8.8� 1.9

BðB0 → D�ð2010Þ−K̄�ð892Þ0KþÞ Belle [667] 12.9� 2.2� 2.5 12.9� 3.3

BðB0 → D−Kþπþπ−Þ LHCb [649] 3.51� 0.65þ0.49
−0.47

c 3.51þ0.85
−0.78

3.55� 0.83

BðB0 → D�ð2010Þ−Kþπþπ−Þ LHCb [652] 4.583� 0.262� 0.299d
4.58� 0.40
4.66� 0.41

aUsing BðB0 → D−πþÞ.
bUsing BðB0 → D�ð2010Þ−πþÞ.
cUsing BðB0 → D−πþπþπ−Þ.
dUsing BðB0 → D�ð2010Þ−πþπþπ−Þ.

TABLE 102. Branching fractions for decays to a Dð�Þ0 meson and one or more kaons or a ϕ.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → D̄0K0Þ BABAR [668] 5.3� 0.7� 0.3 5.23� 0.67
Belle [669] 5.0þ1.3

−1.2 � 0.6 5.23þ0.67
−0.66

BðB0 → D̄�ð2007Þ0K0Þ BABAR [668] 3.6� 1.2� 0.3
3.6� 1.2

Belle [669] <6.6

BðB0 → D̄0Kþπ−Þ LHCb [660] 8.95� 0.59� 0.79a 8.92� 0.86
BABAR [651] 8.8� 1.5� 0.9b 8.80� 1.75

BðB0 → D̄0K�ð892Þ0Þ
BABAR [651] 3.8� 0.6� 0.4c

4.32� 0.42
none

BABAR [668] 4.0� 0.7� 0.3
Belle [669] 4.8þ1.1

−1.0 � 0.5
LHCb [670]d

BðB0 → D̄�ð2007Þ0K�ð892Þ0Þ Belle [669] <6.9 <6.9

BðB0 → D�ð2007Þ0K�ð892Þ0Þ Belle [669] <4.0 <4.0

BðB0 → D0Kþπ−Þ BABAR [651] <1.9
<1.9
0.5� 0.3

BðB0 → D0K�ð892Þ0Þ Belle [669] <1.8 0.00� 0.58
BABAR [668] 0.0� 0.5� 0.3 0.22þ0.09

−0.10

BðB0 → D̄0KþK−Þ LHCb [662] 5.83� 0.34� 0.37a 5.92� 0.39
LHCb [662] 6.1� 0.4� 0.4 5.93� 0.52

(Table continued)
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TABLE 102. (Continued)

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → D̄0ϕð1020ÞÞ LHCb [661] 0.101� 0.059� 0.026a 0.101� 0.064
LHCb [661] <0.20 <0.230

aUsing BðB0 → D̄0πþπ−Þ.
bExcluding D�ð2010ÞþK−.
cUsing BðK�ð892Þ0 → Kþπ−Þ.
dMeasurement of BðB0

s → D̄0K̄�ð892Þ0Þ=BðB0 → D̄0K�ð892Þ0Þ used in our fit.

TABLE 103. Branching fractions for decays to a Dð�Þ
s meson.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → Dþ
s π

−Þ Belle [671] 0.199� 0.026� 0.018
0.216� 0.026

BABAR [672] 0.25� 0.04� 0.02

BðB0 → D�þ
s π−Þ Belle [673] 0.175� 0.034� 0.020 0.212� 0.030

BABAR [672] 0.26þ0.05
−0.04 � 0.02 0.212þ0.045

−0.042

BðB0 → Dþ
s ρ

−ð770ÞÞ BABAR [672] 0.11þ0.09
−0.08 � 0.03

0.110þ0.095
−0.085

<0.240

BðB0 → D�þ
s ρ−ð770ÞÞ BABAR [672] 0.41þ0.13

−0.12 � 0.04
0.41� 0.13
0.41þ0.14

−0.13

BðB0 → Dþ
s a0ð980Þ−Þ BABAR [674] 0.06þ0.14

−0.11 � 0.01a
0.06þ0.14

−0.11
<0.19

BðB0 → D�þ
s a0ð980Þ−Þ BABAR [674] 0.14þ0.21

−0.16 � 0.03a
0.14þ0.21

−0.16
<0.36

BðB0 → Dþ
s a2ð1320Þ−Þ BABAR [674] 0.64þ1.04

−0.57 � 0.15a
0.6þ1.0

−0.6
<1.9

BðB0 → D�þ
s a2ð1320Þ−Þ BABAR [674] <2.00 <2.0

BðB0 → D−
s π

þÞ LHCb [675]b 17.1þ2.4
−2.2

none

BðB0 → D−
s KþÞ

LHCb [675] 0.221� 0.009þ0.034
−0.031

c

0.221� 0.024
0.275� 0.049

Belle [671] 0.191� 0.024� 0.017
BABAR [672] 0.29� 0.04� 0.02

BðB0 → D�−
s KþÞ Belle [673] 0.202� 0.033� 0.022

0.219� 0.030
BABAR [672] 0.24� 0.04� 0.02

BðB0 → D−
s K�ð892ÞþÞ BABAR [672] 0.35þ0.10

−0.09 � 0.04
0.35� 0.10
0.35þ0.11

−0.10

BðB0 → D�−
s K�ð892ÞþÞ BABAR [672] 0.32þ0.14

−0.12 � 0.04 0.32þ0.15
−0.13

BðB0 → D−
s K0

Sπ
þÞ BABAR [676] 0.55� 0.13� 0.10

0.55� 0.17
0.97� 0.14

BðB0 → D�−
s K0πþÞ BABAR [676] <0.55

<0.55
<1.10

BðB0 → D−
s Kþπþπ−Þ LHCb [677] 1.67� 0.22þ0.42

−0.38
d 1.66þ0.50

−0.41
1.73� 0.47

aUsing BABAR result for BðDþ
s → ϕπþÞ [678].

bMeasurement of BðB0 → D−
s KþÞ=BðB0 → D−

s π
þÞ used in our fit.

cUsing BðB0 → D−
s π

þÞ.
dUsing BðB0

s → D−
s Kþπþπ−Þ.
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TABLE 104. Branching fractions for decays to excited D mesons.

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0 → D��−πþÞa BABAR [642] 2.34� 0.65� 0.88
2.3� 1.1
1.9� 0.9

aD�� refers to the sum of all the nonstrange charm meson states with masses in the range 2.2–2.8 GeV=c2.

TABLE 105. Branching fractions for decays to excited DðsÞ mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → D̄1ð2420Þ0πþπ−Þ × BðD1ð2420Þ0 → D�ð2010Þþπ−Þ
LHCb [652] 14.45� 2.97� 1.65a

14.4� 3.4
14.7� 3.5

BðB0 → D1ð2420Þ−πþÞ × BðD1ð2420Þþ → Dþπþπ−Þ
Belle [679] 8.9� 1.5þ1.7

−3.1 9.8þ1.9
−2.3

LHCb [647] 12.5� 3.0þ2.3
−3.3

b
9.9þ2.0

−2.5

BðB0 → D̄1ð2430Þ0ωð782ÞÞ × BðD1ð2430Þ0 → D�ð2010Þþπ−Þ
BABAR [656] 41� 12� 11

41� 16

27þ8
−4

BðB0 → D�
0ð2300Þ−πþÞ × BðD�

0ð2300Þþ → D̄0πþÞ
Belle [650] 6� 1� 3

6.0� 3.0
none

BðB0 → D�
2ð2460Þ−πþÞ × BðD�

2ð2460Þþ → D̄0πþÞ
Belle [650] 21.5� 1.7� 3.1

21.5� 3.6
23.8� 1.6

BðB0 → D1ð2420Þ−πþÞ × BðD1ð2420Þþ → D�ð2010Þþπþπ−Þ
Belle [679] <3.3 <3.3

BðB0 → D�
2ð2460Þ−πþÞ × BðD�

2ð2460Þþ → D�ð2010Þþπþπ−Þ
Belle [679] <2.4 <2.4

BðB0 → D�
2ð2460Þ−KþÞ × BðD�

2ð2460Þþ → D0πþÞ
BABAR [651] 1.83� 0.40� 0.31

1.83� 0.51
none

BðB0 → Ds1ð2460Þ−πþÞ Belle [680] <2.2c
<2.2
none

BðB0 → Ds1ð2460Þ−KþÞ Belle [680] <5.12c
<5.1
none

BðB0 → D�
s0ð2317Þ−πþÞ Belle [680] <2.5d

<2.5
<0.4

BðB0 → D�
s0ð2317Þ−KþÞ Belle [680] 5.3þ1.5

−1.3
þ1.6
−1.9

d 5.3þ2.3
−2.0

none
aUsing BðB0 → D�ð2010Þ−πþπþπ−Þ.
bUsing BðB0 → D−πþπþπ−Þ.
cUsing BðDs1ð2460Þþ → Dþ

s γÞ.
dUsing BðD�

s0ð2317Þþ → Dþ
s π

0Þ.
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2. Decays to two open charm mesons

Averages of B0 decays to two open charm mesons are shown in Tables 107–111.

TABLE 106. Branching fractions for decays to baryons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → D−pp̄πþÞ BABAR [681] 3.32� 0.10� 0.29 3.32� 0.31

BðB0 → D�ð2010Þ−pp̄πþÞ BABAR [681] 4.55� 0.16� 0.39
4.55� 0.42
4.68� 0.49

BðB0 → D̄0pp̄πþπ−Þ BABAR [681] 2.99� 0.21� 0.45 2.99� 0.50

BðB0 → D̄�ð2007Þ0pp̄πþπ−Þ BABAR [681] 1.91� 0.36� 0.29 1.91� 0.46

BðB0 → D̄0pp̄Þ BABAR [681] 1.02� 0.04� 0.06
1.036� 0.069

Belle [682] 1.18� 0.15� 0.16

BðB0 → D̄�ð2007Þ0pp̄Þ BABAR [681] 0.97� 0.07� 0.09
0.99� 0.11

Belle [682] 1.2� 0.3� 0.2

BðB0 → D−
s Λ̄0pÞ Belle [683] 0.29� 0.07� 0.06 0.298þ0.092

−0.093
0.284� 0.088

BðB0 → D̄0Λ0Λ̄0Þ BABAR [684] 0.098þ0.029
−0.026 � 0.019 0.100� 0.028

Belle [685] 0.105þ0.057
−0.044 � 0.014 0.100þ0.030

−0.026

BðB0 → D̄0Σ̄0Λ0 þ c:c:Þ BABAR [684] 0.150þ0.090
−0.080 � 0.030

0.150þ0.095
−0.085

<0.310

BðB0 → D−Λ̄0pÞ Belle [686] 0.336� 0.063� 0.044
0.336� 0.077
0.251� 0.044

BðB0 → D�ð2010Þ−Λ̄0pÞ Belle [686] 0.251� 0.026� 0.035
0.251� 0.044
0.336� 0.077

TABLE 107. Branching fractions for decays to Dð�ÞD̄ð�Þ.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → DþD−Þ
Belle [278] 2.12� 0.16� 0.18

2.20� 0.23
2.11� 0.18

BABAR [687] 2.8� 0.4� 0.5
LHCb [688]a

BðB0 → D�ð2010ÞþD−Þ Belle [278] 6.14� 0.29� 0.50 6.03� 0.50
BABAR [687] 5.7� 0.7� 0.7b 6.14� 0.58

BðB0 → D�ð2010ÞþD�ð2010Þ−Þ Belle [351] 7.82� 0.38� 0.60 7.90� 0.61
BABAR [687] 8.1� 0.6� 1.0 none

BðB0 → D0D̄0Þ
LHCb [688] 0.134� 0.057þ0.024

−0.023
c

0.134þ0.064
−0.061

0.140� 0.067
Belle [689] <0.43
BABAR [687] <0.6

BðB0 → D�ð2007Þ0D̄0Þ BABAR [687] <2.9 <2.9

BðB0 → D�ð2007Þ0D̄�ð2007Þ0Þ BABAR [687] <0.9 <0.90
aMeasurement of BðB0

s → DþD−Þ=BðB0 → DþD−Þ used in our fit.
bIncluding the charge-conjugate final state.
cUsing BðBþ → Dþ

s D̄0Þ.
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TABLE 108. Branching fractions for decays to two D mesons and a kaon.

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0 → D�ð2010Þ−DþK0Þ BABAR [690] 6.41� 0.36� 0.39 6.41� 0.53

BðB0 → D�ð2010ÞþD�ð2010Þ−K0Þ
BABAR [690] 8.26� 0.43� 0.67

8.33� 0.64
8.11� 0.65

BABAR [256]a,b

Belle [257]a

BðB0 → D�ð2010Þ−D0KþÞ BABAR [690] 2.47� 0.10� 0.18 2.47� 0.21

BðB0 → D�ð2007Þ0D−KþÞ BABAR [690] 3.46� 0.18� 0.37 3.46� 0.41

BðB0 → D−
s D�ð2007Þ0KþÞ BABAR [690] 10.6� 0.3� 0.9

10.60� 0.92
none

BðB0 → D�ð2007Þ0D̄0K0Þ BABAR [690] 1.08� 0.32� 0.36 1.08� 0.48

BðB0 → D�ð2007Þ0D̄�ð2007Þ0K0Þ BABAR [690] 2.4� 0.6� 0.7 2.40� 0.87

BðB0 → DþD−K0Þ BABAR [690] 0.75� 0.12� 0.12 0.75� 0.17

BðB0 → D−D0KþÞ BABAR [690] 1.07� 0.07� 0.09 1.07� 0.11

BðB0 → D0D̄0K0Þ BABAR [690] 0.27� 0.10� 0.05 0.27� 0.11

BðB0 → D0D̄0K0π0Þ Belle [691] 0.173� 0.070þ0.031
−0.053

0.173þ0.077
−0.088

none
aMeasurement of BðB0 → D�ð2010ÞþD�ð2010Þ−K0Þ=2 used in our fit.
bMeasurement of BðB0 → Ds1ð2536ÞþD�ð2010Þ−Þ=BðB0 → D�ð2010ÞþD�ð2010Þ−K0Þ2 used in our fit.

TABLE 109. Branching fractions for decays to Dð�Þ−
s Dð�Þþ.

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0 → Dþ
s D−Þ

Belle [692] 7.5� 0.2� 1.1

7.82� 0.72
7.24� 0.77

BABAR [693] 6.00� 1.37þ1.15
−1.14

a

BABAR [693] 9� 2� 1
LHCb [688]b,c,d, [694]e,f

BðB0 → Dþ
s D�ð2010Þ−Þ

BABAR [695] 10.3� 1.4� 2.9
8.1� 1.4
8.0� 1.1

BABAR [693] 5.7� 1.6� 0.9
BABAR [693] 11.47� 2.11þ1.83

−1.82
a

BðB0 → D�þ
s D�ð2010Þ−Þ

BABAR [678] 18.8� 0.9� 1.7

18.7� 1.5
17.7� 1.4

BABAR [695] 19.7� 1.5� 5.7
BABAR [693] 16.5� 2.3� 1.9
BABAR [693] 27.4� 4.9� 5.3a

BðB0 → D�þ
s D−Þ BABAR [693] 6.7� 2.0� 1.1 7.5� 1.9

BABAR [693] 9.30� 2.67� 2.22a 7.4� 1.6
aUsing BðDþ

s → ϕð1020ÞπþÞ.
bMeasurement of BðB0

s → D−
s DþÞ=BðB0 → Dþ

s D−Þ used in our fit.
cMeasurement of BðB0

s → Dþ
s D−

s Þ=BðB0 → Dþ
s D−Þ used in our fit.

dMeasurement of BðBþ → Dþ
s D̄0Þ=BðB0 → Dþ

s D−Þ used in our fit.
eAt CL ¼ 95%.
fMeasurement of BðB0 → Λþ

c Λ̄−
c Þ=BðB0 → Dþ

s D−Þ used in our fit.
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TABLE 110. Branching fractions for decays to Dð�Þþ
s Dð�Þ−

s .

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → Dþ
s D−

s Þ Belle [692] <0.36
<0.36

BABAR [696] <1.0

BðB0 → D�−
s Dþ

s Þ BABAR [696] <1.3 <1.3

BðB0 → D�þ
s D�−

s Þ BABAR [696] <2.4 <2.4

TABLE 111. Branching fractions for decays to excited Ds mesons.

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0 → D�
s0ð2317ÞþD−Þ Belle [697] 1.02þ0.13

−0.12
þ0.11
−0.23

a
1.07þ0.30

−0.16
BABAR [698] 1.8� 0.4þ0.7

−0.6
a <0.95

BðB0 → D�
s0ð2317ÞþD�ð2010Þ−Þ BABAR [698] 1.5� 0.4� 0.5a

1.50þ0.70
−0.54

1.50þ0.64
−0.57

BðB0 → Ds1ð2460ÞþD−Þ

BABAR [698] 4.4� 1.1þ1.8
−1.4

b

4.07� 0.86
3.55þ1.14

−1.07

Belle [699] 4.47þ1.20
−1.04 � 1.53b

Belle [699] 4.25þ1.37
−1.16 � 1.43c

BABAR [698] 5.2� 1.5þ2.2
−1.7

c

BABAR [693] 2.6� 1.5� 0.7
Belle [699] <2.2d

BðB0 → Ds1ð2460ÞþD�ð2010Þ−Þ
BABAR [698] 12.5� 1.6þ5.0

−3.7
b

10.0� 1.8
9.3þ2.3

−2.2

BABAR [693] 8.8� 2.0� 1.4
BABAR [698] 10.3� 2.2þ4.3

−3.3
c

BðB0 → Ds1ð2536ÞþD−Þ BABAR [700] 0.358� 0.101� 0.083e 0.39� 0.11
BABAR [700] 0.464� 0.183� 0.077f 0.28� 0.07

BðB0 → Ds1ð2536ÞþD�ð2010Þ−Þ
BABAR [700] 0.696� 0.184� 0.167e

0.473� 0.094
none

BABAR [256] 0.766� 0.200� 0.059g

BABAR [700] 0.89� 0.27� 0.16f

BðB0 → Ds1ð2536Þ−DþÞ Belle [701]h
0.264� 0.073
none

BðB0 → Ds1ð2536Þ−D�ð2010ÞþÞ Belle [701]i, [257]j 0.48� 0.14
0.50� 0.14

aUsing BðD�
s0ð2317Þþ → Dþ

s π
0Þ.

bUsing BðDs1ð2460Þþ → Dþ
s γÞ.

cUsing BðDs1ð2460Þþ → D�þ
s π0Þ.

dUsing BðDs1ð2460Þþ → Dþ
s π

þπ−Þ.
eUsing BðDs1ð2536Þþ → D�ð2007Þ0KþÞ.
fUsing BðDs1ð2536Þþ → D�ð2010ÞþK0Þ.
gUsing BðB0 → D�ð2010ÞþD�ð2010Þ−K0Þ.
hMeasurement of BðB0 → Ds1ð2536Þ−DþÞðBðDs1ð2536Þþ → D�ð2007Þ0KþÞ þ BðDs1ð2536Þþ →

D�ð2010ÞþK0ÞÞ used in our fit.
iMeasurement of BðB0 → Ds1ð2536Þ−D�ð2010ÞþÞðBðDs1ð2536Þþ → D�ð2007Þ0KþÞ þ BðDs1ð2536Þþ →

D�ð2010ÞþK0ÞÞ used in our fit.
jMeasurement of BðB0 → Ds1ð2536Þ−D�ð2010ÞþÞBRDs1ð2536Þ �D � þK 0S used in our fit.
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3. Decays to charmonium states

Averages of B0 decays to charmonium states are shown in Tables 112–118.

TABLE 112. Branching fractions for decays to J=ψ and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → J=ψK0Þ

BABAR [14] 8.69� 0.22� 0.30

8.64þ0.29
−0.28

8.91� 0.21

Belle [702] 7.9� 0.4� 0.9
CDF [703] 11.5� 2.3� 1.7
BABAR [704]a, [14]b

CDF [705]b

LHCb [706]c, [707]d,e

BðB0 → J=ψKþπ−Þ Belle [708] 11.5� 0.1� 0.5 11.76� 0.49
LHCb [709]f 11.50� 0.51

BðB0 → J=ψK�ð892Þ0Þ

Belle [708] 11.9� 0.1� 0.8

12.69� 0.45
12.65� 0.46

BABAR [14] 13.09� 0.26� 0.77
BABAR [14] 13.05� 0.43þ0.82

−0.81
g

CDF [710] 17.4� 2.0� 1.8
CDF [705] 12.01� 3.11� 0.95g

LHCb [711]h

BðB0 → J=ψK0πþπ−Þ
LHCb [707] 4.261� 0.294þ0.273

−0.272
g

4.32� 0.31
4.46� 0.40

LHCb [707] 4.30� 0.30� 0.37
CDF [712] 10.3� 3.3� 1.5
LHCb [707]i

BðB0 → J=ψK0ρ0ð770ÞÞ CDF [712] 5.4� 2.9� 0.9 5.4� 3.0

BðB0 → J=ψK�ð892Þþπ−Þ CDF [712] 7.7� 4.1� 1.3 7.7� 4.3

BðB0 → J=ψωð782ÞK0Þ BABAR [713] 2.3� 0.3� 0.3 2.28� 0.34
BABAR [713] 2.3� 0.3þ0.5

−0.4
j 2.30� 0.42

BðB0 → J=ψϕð1020ÞK0Þ BABAR [714] 1.02� 0.38� 0.10
1.02� 0.39
0.49� 0.10

BðB0 → J=ψK1ð1270Þ0Þ Belle [715] 13� 3� 3
k 13.1� 4.4

13.0� 4.7

BðB0 → J=ψηK0
SÞ

Belle [716] 0.522� 0.078� 0.049
0.540� 0.089

BABAR [717] 0.84� 0.26� 0.27

BðB0 → J=ψK�ð892Þ0πþπ−Þ CDF [712] 6.6� 1.9� 1.1
6.6� 2.2

LHCb [707]l

aMeasurement of BðB0 → ηcK0Þ=BðB0 → J=ψK0Þ used in our fit.
bMeasurement of BðB0 → J=ψK�ð892Þ0Þ=BðB0 → J=ψK0Þ used in our fit.
cMeasurement of 2BðB0

s → J=ψK0
SÞ=BðB0 → J=ψK0Þ used in our fit.

dMeasurement of BðB0 → J=ψK0πþπ−Þ=BðB0 → J=ψK0Þ used in our fit.
eMeasurement of BðB0 → ψð2SÞK0ÞBðψð2SÞ → J=ψπþπ−Þ=BðB0 → J=ψK0Þ used in our fit.
fMeasurement of BðB0 → ηcKþπ−Þ=BðB0 → J=ψKþπ−Þ used in our fit.
gUsing BðB0 → J=ψK0Þ.
hMeasurement of BðB0 → ψð2SÞK�ð892Þ0Þ=BðB0 → J=ψK�ð892Þ0Þ used in our fit.
iMeasurement of BðB0

s → J=ψK0K−πþ þ c:c:Þ=BðB0 → J=ψK0πþπ−Þ used in our fit.
jUsing BðBþ → J=ψωð782ÞKþÞ.
kUsing BðBþ → J=ψKþÞ.
lMeasurement of BðB0 → J=ψK�ð892Þ0KþK−Þ=BðB0 → J=ψK�ð892Þ0πþπ−Þ used in our fit.
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TABLE 113. Branching fractions for decays to charmonium other than J=ψ and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → ψð2SÞK0Þ

BABAR [14] 6.46� 0.65� 0.51

5.68� 0.38
5.85� 0.46

LHCb [707] 4.7� 0.7� 0.7
Belle [702] 6.7� 1.1
Belle [718] 6.8� 1.0� 0.7
Belle [718] 4.7� 1.6� 0.8
BABAR [14]a

LHCb [707]b

BðB0 → ψð2SÞK�ð892Þ0Þ

LHCb [711] 6.04� 0.18� 0.29c

6.05� 0.28
5.94þ0.41

−0.45

Belle [719] 5.52þ0.35
−0.32

þ0.53
−0.58

BABAR [14] 6.49� 0.59� 0.97
BABAR [14] 5.7� 0.8� 0.6d

CDF [710] 9.0� 2.2� 0.9
LHCb [720]e

BðB0 → ηcK0Þ

BABAR [704] 9.1� 1.4� 0.9f

8.5� 1.1
8.0� 1.1

BABAR [704] 11.4� 1.5� 3.4
BABAR [704] 11.58� 1.64� 3.49g

BABAR [721] 6.4þ2.2
−2.0 � 2.8h

Belle [722] 12.3� 2.3þ4.0
−4.1

Belle [722]i

BðB0 → ηcK�ð892Þ0Þ

BABAR [723] 5.7� 0.6� 0.9

6.55� 0.69
5.21þ0.78

−0.87

BABAR [723] 6.5� 0.6� 0.7f

BABAR [721] 8� 2� 4
h

Belle [722] 11.30� 3.06þ2.54
−3.18

j

Belle [722] 16.2� 3.2þ5.5
−6.0

BðB0 → ηcKþπ−Þ LHCb [709] 4.20� 0.18� 0.20k 4.31� 0.26
LHCb [709] 5.73� 0.24� 0.67 0.62� 0.13

BðB0 → ηcð2SÞK�ð892Þ0Þ BABAR [723] <3.9 <3.9

BðB0 → hcK�ð892Þ0Þ BABAR [723] <4.3l <4.3
BABAR [723]m <4.0

BðB0 → ψð3770ÞK0Þ BABAR [700] <2.35n <2.3
BABAR [700] <4.64o none

aMeasurement of BðB0 → ψð2SÞK�ð892Þ0Þ=BðB0 → ψð2SÞK0Þ used in our fit.
bMeasurement of BðB0 → ψð2SÞK0ÞBðψð2SÞ → J=ψπþπ−Þ=BðB0 → J=ψK0Þ used in our fit.
cUsing BðB0 → J=ψK�ð892Þ0Þ.
dUsing BðB0 → ψð2SÞK0Þ.
eMeasurement of BðB0

s → ψð2SÞK̄�ð892Þ0Þ=BðB0 → ψð2SÞK�ð892Þ0Þ used in our fit.
fUsing BðBþ → ηcKþÞ.
gUsing BðB0 → J=ψK0Þ.
hCalculated using Bðηc → pp̄Þ.
iMeasurement of BðB0 → ηcK�ð892Þ0Þ=BðB0 → ηcK0Þ used in our fit.
jUsing BðB0 → ηcK0Þ.
kUsing BðB0 → J=ψKþπ−Þ.
lUsing Bðhc → ηcγÞ.
mMeasurement of BðB0 → hcK�ð892Þ0ÞBðhc → ηcγÞ=BðBþ → ηcKþÞ used in our fit.
nUsing Bðψð3770Þ → D0D̄0Þ.
oUsing Bðψð3770Þ → DþD−Þ.
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TABLE 114. Branching fractions for decays to χc and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → χc0K0Þ BABAR [724] <12.4
<12
2� 0

BðB0 → χc0K�ð892Þ0Þ BABAR [725] 1.7� 0.3� 0.2
1.70� 0.36

BABAR [724] <7.7

BðB0 → χc1K0Þ
Belle [726] 3.78þ0.17

−0.16 � 0.33
3.93� 0.27
3.95� 0.27

BABAR [727] 4.2� 0.3� 0.3
BABAR [14]a

BðB0 → χc1Kþπ−Þ Belle [728] 4.97� 0.12� 0.28 5.00� 0.27
BABAR [729] 5.11� 0.14� 0.58 4.97� 0.30

BðB0 → χc1K�ð892Þ0Þ
BABAR [727] 2.5� 0.2� 0.2

2.61� 0.25
2.38þ0.20

−0.19

Belle [730] 3.1� 0.3� 0.7
BABAR [14] 2.83� 0.43� 0.51b

BðB0 → χc1Kþπ−π0Þ Belle [728] 3.52� 0.52� 0.24 3.52� 0.57

BðB0 → χc1K0πþπ−Þ Belle [728] 3.16� 0.35� 0.32 3.16� 0.47

BðB0 → χc2K0Þ BABAR [727] 0.15� 0.09� 0.03 0.150� 0.095
Belle [726] <0.15 <0.150

BðB0 → χc2K�ð892Þ0Þ BABAR [727] 0.66� 0.18� 0.05
0.66� 0.19
0.49� 0.12

BðB0 → χc2Kþπ−Þ Belle [728] 0.72� 0.09� 0.05 0.72� 0.10
aMeasurement of BðB0 → χc1K�ð892Þ0Þ=BðB0 → χc1K0Þ used in our fit.
bUsing BðB0 → χc1K0Þ.

TABLE 115. Branching fractions for decays to charmonium and light mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → J=ψπ0Þ BABAR [347] 1.69� 0.14� 0.07 1.74� 0.15
Belle [702] 2.3� 0.5� 0.2 1.66� 0.10

BðB0 → J=ψπþπ−Þ BABAR [731] 4.6� 0.7� 0.6 4.60� 0.92
LHCb [732]a 4.00� 0.15

BðB0 → J=ψπþπ−ðNRÞÞ BABAR [733] <1.2b <1.2

BðB0 → J=ψρ0ð770ÞÞ BABAR [733] 2.7� 0.3� 0.2 2.96� 0.28
LHCb [734]c, [734]d, [734]e 2.55þ0.18

−0.16

BðB0 → J=ψηÞ
Belle [735] 1.23þ0.18

−0.17 � 0.07
1.12� 0.16
1.08þ0.24

−0.23
LHCb [736] 0.848� 0.280þ0.123

−0.114
f

BABAR [714] <2.7

BðB0 → J=ψη0Þ
LHCb [736] 0.855� 0.244þ0.134

−0.124
g

0.86� 0.28
0.76þ0.24

−0.25
Belle [735] <0.74
BABAR [714] <6.3

BðB0 → J=ψωð782ÞÞ LHCb [734] 2.63� 0.56þ0.33
−0.46

h 2.63� 0.69
1.76þ0.70

−0.53

(Table continued)
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TABLE 115. (Continued)

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → J=ψf0ð980ÞÞ LHCb [737]i <0.11

BðB0 → J=ψf1ð1285ÞÞ LHCb [738] 0.8450� 0.1963� 0.0752j 0.84� 0.21

BðB0 → J=ψf2ð1270ÞÞ BABAR [733] <0.46
<0.46
0.33þ0.05

−0.06

BðB0 → J=ψK0Kþπ− þ c:c:Þ LHCb [707] <2.10 <2.1

BðB0 → J=ψK0KþK−Þ LHCb [707] 2.02� 0.43� 0.19
2.02� 0.47
2.49� 0.69

BðB0 → J=ψK�ð892Þ0KþK−Þ LHCb [707] 3.10� 0.66� 1.07k 3.1þ1.4
−1.2

none

BðB0 → J=ψa0ð980Þ0Þ × Bða0ð980Þ0 → KþK−Þ LHCb [739] <0.090
<0.090
0.047� 0.034

BðB0 → J=ψKþK−Þ LHCb [739] 0.253� 0.031� 0.019
0.253� 0.036
0.254� 0.035

BðB0 → J=ψϕð1020ÞÞ
LHCb [739] <0.019

<0.9Belle [740] <0.094
BABAR [714] <0.9

BðB0 → ψð2SÞπþπ−Þ LHCb [732] 2.58� 0.32� 0.57l 2.59þ0.69
−0.62

2.24� 0.35

BðB0 → χc1π
0Þ Belle [741] 1.12� 0.25� 0.12 1.12� 0.28

aMeasurement of BðB0 → ψð2SÞπþπ−Þ=BðB0 → J=ψπþπ−Þ used in our fit.
bNon resonant only: K0

S, ρ and f2 contributions have been subtracted out.
cMeasurement of BðB0 → J=ψωð782ÞÞ=BðB0 → J=ψρ0ð770ÞÞ used in our fit.
dMeasurement of BðB0

s → J=ψηÞ=BðB0 → J=ψρ0ð770ÞÞ used in our fit.
eMeasurement of BðB0

s → J=ψη0Þ=BðB0 → J=ψρ0ð770ÞÞ used in our fit.
fUsing BðB0

s → J=ψηÞ.
gUsing BðB0

s → J=ψη0Þ.
hUsing BðB0 → J=ψρ0ð770ÞÞ.
iMeasurement of BðB0 → J=ψf0ð980ÞÞBRf0piþp i− used in our fit.
jUsing Bðf1ð1285Þ → πþπþπ−π−Þ.
kUsing BðB0 → J=ψK�ð892Þ0πþπ−Þ.
lUsing BðB0 → J=ψπþπ−Þ.

TABLE 116. Branching fractions for decays to J=ψ and photons, baryons, or heavy mesons.

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → J=ψγÞ LHCb [742] <1.5
<1.5

BABAR [743] <1.6

BðB0 → J=ψpp̄Þ
LHCb [744] 0.451� 0.040� 0.044

0.451� 0.059
LHCb [745] <0.52
Belle [746] <0.83
BABAR [747] <1.9

BðB0 → J=ψD̄0Þ BABAR [748] <13
<13

Belle [749] <20
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4. Decays to charm baryons

Averages of B0 decays to charm baryons are shown in Tables 119,120.

TABLE 117. Branching fraction ratios.

Parameter [10−2] Measurements Average

BðB0→J=ψK0
SK

þπ−þc:c:Þ
BðB0→J=ψK0

Sπ
þπ−Þ LHCb [707] <4.8 <4.8

TABLE 118. Polarization fractions.

Parameter Measurements Average

A0ðB0→J=ψK̄�ð892Þ0Þ
A0ðB̄0→J=ψK̄�ð892Þ0Þ BABAR [750] <0.32 <0.32

A⊥ðB̄0→J=ψK�ð892Þ0Þ
A⊥ðB0→J=ψK�ð892Þ0Þ BABAR [750] <0.26 <0.26

TABLE 119. Branching fractions, I.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0 → Λ̄−
c pπ0Þ BABAR [751] 1.94� 0.17� 0.52

1.94� 0.55
1.55� 0.19

BðB0 → Λ̄−
c pπþπ−Þ BABAR [752] 12.30� 0.50� 3.28 11.7� 2.5

Belle [753] 11.0� 1.2� 3.5 10.2� 1.4

BðB0 → Λ̄−
c pπþπ−ðNRÞÞ BABAR [752] 7.90� 0.40� 2.04

7.9� 2.1
5.5� 1.0

BðB0 → Σ̄cð2455Þ0pπ−Þ BABAR [752] 0.91� 0.07� 0.24 1.01� 0.22
Belle [754] 1.4� 0.2� 0.4 1.08� 0.16

BðB0 → Σ̄cð2455Þ−−pπþÞ BABAR [752] 2.13� 0.10� 0.56 2.12� 0.42
Belle [754] 2.1� 0.2� 0.6 1.83� 0.24

BðB0 → Σ̄cð2520Þ−−pπþÞ BABAR [752] 1.15� 0.10� 0.30 1.17� 0.24
Belle [754] 1.2� 0.1� 0.4 1.02� 0.18

BðB0 → Λþ
c Λ̄−

c Þ LHCb [694] <0.16a,b
<0.16

Belle [755] <0.57

BðB0 → Λþ
c Λ̄−

c K0Þ Belle [756] 7.9þ2.9
−2.3 � 4.3 5.3� 2.9

BABAR [757] 3.8� 3.1� 2.1 4.0� 0.9

BðB0 → Ξ̄−
cΛþ

c Þ
BABAR [757] 5.2� 3.7� 2.8c 7.1þ7.7

−4.1
Belle [758] 32.0þ12.7

−9.6 � 17.9c 11.6� 8.1
aAt CL ¼ 95%.
bUsing BðB0 → Dþ

s D−Þ.
cUsing BðΞþ

c → Ξ−πþπþÞ.
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TABLE 120. Branching fractions, II.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → Λ̄−
c pKþK−Þ BABAR [759] 2.5� 0.4� 0.6

2.50� 0.75
1.99� 0.37

BðB0 → Λ̄−
c pϕð1020ÞÞ BABAR [759] <1.2

<1.2
<1.0

BðB0 → Λ̄−
c pÞ

BABAR [760] 1.89� 0.21� 0.49
1.80� 0.31
1.54� 0.18

Belle [761] 2.19þ0.56
−0.49 � 0.65

BABAR [760]a

BðB0 → Λ̄−
c pK�ð892Þ0Þ BABAR [762] 1.6� 0.6� 0.4

1.60� 0.75
<2.42

BðB0 → Λ̄−
cΛ0KþÞ BABAR [763] 3.8� 0.8� 1.0

3.8� 1.3
4.8� 1.1

BðB0 → Λ̄−
c pKþπ−Þ BABAR [762] 4.33� 0.82� 1.18

4.3� 1.4
3.4� 0.7

BðB0 → Σ̄cð2455Þ−pÞ BABAR [751] <2.4b <2.4

BðB0 → Σ̄cð2455Þ−−pKþÞ BABAR [762] 1.11� 0.30� 0.30
1.11� 0.43
0.88� 0.25

BðB0 → Σ̄cð2520Þ0pπ−Þ BABAR [752] 2.2� 0.7� 0.6 2.20� 0.93
Belle [754] <3.3 <3.10

BðB0 → Λ̄−
c ppp̄Þ BABAR [764] <0.22b

<0.22
<0.28

aMeasurement of BðBþ → Λ̄−
c pπþÞ=BðB0 → Λ̄−

c pÞ used in our fit.
bUsing BðΛþ

c → pK−πþÞ.
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5. Decays to exotic states

Averages of B0 decays to exotic states are shown in Tables 121–124.

TABLE 121. Branching fractions for decays to Xð3872Þ.
Parameter [10−5] Measurements Average HFLAV

PDG

BðB0 → Xð3872ÞK0Þ

Belle [726] 12.87þ2.53
−2.72

þ3.89
−3.34

a

11.9þ3.6
−2.8

11.1þ4.2
−4.1

Belle [765] 10.3� 2.9þ3.2
−2.6

b

BABAR [766] 8.5� 5.0þ2.7
−2.3

b

BABAR [766] 10.0� 5.4� 3.2c

BABAR [713] 13� 7� 5
d

BABAR [727] 22.2� 10.7þ6.6
−5.6

a

Belle [726] 25þ13
−14 � 12

e

BABAR [713] 21þ17
−12 � 6

b

BABAR [727] 27� 19� 10
e

BABAR [700] <118.1f

BðB0 → Xð3872ÞK�ð892Þ0Þ BABAR [727] −2.5� 6.0þ0.9
−0.8

a −1.1� 5.6
BABAR [727] 7� 14� 3

e
10.4� 5.2

BðB0 → Xð3872ÞKþπ−Þ Belle [767] 22.6� 3.7� 6.9c 23þ10
−6

21� 8

BðB0 → Xð3872ÞK0Þ × BðXð3872Þ → χc1γÞ
Belle [718] <0.96

<0.96
none

BðB0 → Xð3872ÞK0Þ × BðXð3872Þ → χc2γÞ
Belle [718] <1.22

<1.2
none

aUsing BðXð3872Þ → ψð2SÞγÞ.
bUsing BðBþ → Xð3872ÞKþÞ.
cUsing BðXð3872Þ → J=ψπþπ−Þ.
dUsing BðXð3872Þ → J=ψωð782ÞÞ.
eUsing BðXð3872Þ → J=ψγÞ.
fUsing BðXð3872Þ → D̄�ð2007Þ0D0Þ.

TABLE 122. Branching fractions for decays to neutral states other than Xð3872Þ.
Parameter [10−5] Measurements Average HFLAV

PDG

BðB0 → ψ2ð3823ÞK0Þ × Bðψ2ð3823Þ → χc1γÞ
Belle [718] <0.99

<0.99
none

BðB0 → ψ2ð3823ÞK0Þ × Bðψ2ð3823Þ → χc2γÞ
Belle [718] <2.28

<2.3
none

BðB0 → Yð3940ÞK0Þ × BðYð3940Þ → J=ψωð782ÞÞ
BABAR [713] 2.1� 0.9� 0.3

2.10� 0.95
none

BðB0 → Xð4050ÞþKþÞ × BðXð4050Þþ → χc1π
þÞ

Belle [768] 3.0þ1.5
−0.8

þ3.7
−1.6 3.0þ4.0

−1.8BABAR [729] <1.8

BðB0 → Xð4250Þ−KþÞ × BðXð4250Þþ → χc1π
þÞ

Belle [768] 4.0þ2.3
−0.9

þ19.7
−0.5 4þ20

−1BABAR [729] <4.7
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B. Decays of B+ mesons

Measurements of Bþ decays to charmed hadrons are summarized in Secs. VIII B 1 to VIII B 5.

1. Decays to a single open charm meson

Averages of Bþ decays to a single open charm meson are shown in Tables 125–132.

TABLE 123. Branching fractions for decays to charged states.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0 → Xð3872Þ−KþÞ BABAR [769] <50 <50

BðB0 → Xð3872Þ−KþÞ × BðXð3872Þþ → J=ψπþπ0Þ
BABAR [770] <0.54

<0.54
none

BðB0 → Zcð4430Þ−KþÞ × BðZcð4430Þþ → J=ψπþÞ
Belle [708] 0.54þ0.40

−0.10
þ0.11
−0.09 0.54þ0.41

−0.13
BABAR [771] <0.4 0.54þ0.41

−0.12

BðB0 → Zcð4430Þ−KþÞ × BðZcð4430Þþ → ψð2SÞπþÞ
LHCb [636] 3.4� 0.5þ0.9

−1.9
a

3.4þ1.1
−1.5

6.0þ3.0
−2.4

Belle [719] 3.2þ1.8
−0.9

þ5.3
−1.6

BABAR [771] <3.1

BðB0 → Zcð3900Þ−KþÞ × BðZcð3900Þþ → J=ψπþÞ
Belle [708] <0.090 <0.090

BðB0 → Zcð4200Þ−KþÞ × BðZcð4200Þþ → J=ψπþÞ
Belle [708] 2.2þ0.7

−0.5
þ1.1
−0.6 2.2þ1.3

−0.8
aThe quoted amplitude fraction is multiplied by BðB0 → ψð2SÞKþπ−Þ ¼ ð5.80� 0.39Þ × 10−4

TABLE 124. Branching fraction ratios.

Parameter Measurements Average

BðB0→Yð3940ÞK0Þ
BðBþ→Yð3940ÞKþÞ BABAR [713] 0.7þ0.4

−0.3 � 0.1

TABLE 125. Branching fractions for decays to a D̄ð�Þ meson and one or more pions.

Parameter [10−3] Measurements Average HFLAV
PDG

BðBþ → D̄0πþÞ

BABAR [641] 4.90� 0.07� 0.22

4.67� 0.14
4.68� 0.13

Belle [772] 4.34� 0.10� 0.25
BABAR [642] 4.49� 0.21� 0.23
CDF [644] 5.05� 0.26� 0.60a

BABAR [773]b,c

Belle [774]c, [775]c

LHCb [647]d, [455]c, [446]c

BðBþ → D̄�ð2007Þ0πþÞ

LHCb [776] 4.664� 0.029� 0.268

4.84� 0.16
4.90� 0.17

Belle [772] 4.82� 0.12� 0.35
BABAR [641] 5.52� 0.17� 0.42
BABAR [642] 5.13� 0.22� 0.28
BABAR [777]b,e

Belle [643]e

LHCb [446]e

BðBþ → D̄�ð2007Þ0πþπþπ−Þ Belle [654] 10.55� 0.47� 1.29
10.6� 1.4
10.3� 1.2

(Table continued)
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TABLE 125. (Continued)

Parameter [10−3] Measurements Average HFLAV
PDG

BðBþ → D̄�ð2007Þ0πþπþπþπ−π−Þ Belle [654] 5.67� 0.91� 0.85 5.7� 1.2

BðBþ → D−πþπþÞ BABAR [778] 1.08� 0.03� 0.05
1.073� 0.055

Belle [779] 1.02� 0.04� 0.15

BðBþ → D�ð2010Þ−πþπþÞ
BABAR [780] 1.22� 0.05� 0.18

1.23� 0.15
1.35� 0.22

Belle [779] 1.25� 0.08� 0.22
LHCb [781]f

BðBþ → D�ð2010Þ−πþπþπþπ−Þ Belle [654] 2.56� 0.26� 0.33 2.56� 0.42
aUsing BðB0 → D−πþÞ.
bUsing non-CP modes for the D0.
cMeasurement of BðBþ → D̄0KþÞ=BðBþ → D̄0πþÞ used in our fit.
dMeasurement of BðBþ → D̄0πþπþπ−Þ=BðBþ → D̄0πþÞ used in our fit.
eMeasurement of BðBþ → D̄�ð2007Þ0KþÞ=BðBþ → D̄�ð2007Þ0πþÞ used in our fit.
fMeasurement of BðBþ → D�ð2010Þ−KþπþÞ=BðBþ → D�ð2010Þ−πþπþÞ used in our fit.

TABLE 126. Branching fractions for decays to a D̄ð�Þ meson and one or more kaons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → D̄0KþÞ

LHCb [446] 3.716� 0.014þ0.127
−0.125

a

3.67� 0.12
3.63� 0.12

LHCb [455] 3.637� 0.028þ0.141
−0.139

a

Belle [774] 3.160� 0.107þ0.169
−0.168

a

BABAR [773] 3.879� 0.163þ0.150
−0.148

b,a

Belle [775] 3.59� 0.23� 0.30a

Belle [774]c

LHCb [776]d,e

BðBþ → D̄0K�ð892ÞþÞ BABAR [782] 5.29� 0.30� 0.34
5.29� 0.45
5.32� 0.45

BðBþ → D̄0Kþπþπ−Þ LHCb [649] 5.02� 0.69þ0.72
−0.71

f 5.0� 1.0
5.2� 2.1

BðBþ → D̄0KþK̄0Þ Belle [667] 5.5� 1.4� 0.8 5.5� 1.6
BðBþ → D̄0K̄�ð892Þ0KþÞ Belle [667] 7.5� 1.3� 1.1 7.5� 1.7

BðBþ → D̄�ð2007Þ0KþÞ
LHCb [446] 4.123� 0.058� 0.270g

3.92� 0.18
none

BABAR [777] 3.939� 0.194þ0.242
−0.199

b,g

LHCb [776] 3.642� 0.283þ0.118
−0.114

d,h

Belle [643] 3.78� 0.92� 0.45g

BðBþ → D̄�ð2007Þ0K�ð892ÞþÞ BABAR [783] 8.3� 1.1� 1.0
8.3� 1.5
4.0� 0.3

BðBþ → D̄�ð2007Þ0KþK̄0Þ Belle [667] <10.6 <11

BðBþ → D̄�ð2007Þ0K̄�ð892Þ0KþÞ Belle [667] 15.3� 3.1� 2.9 15.3� 4.2

BðBþ → D−KþπþÞ LHCb [784] 0.731� 0.019� 0.045
0.731� 0.049
0.772� 0.050

BðBþ → D�ð2010Þ−KþπþÞ LHCb [781] 0.787� 0.033� 0.110i
0.79� 0.12
0.82� 0.14

aUsing BðBþ → D̄0πþÞ.
bUsing non-CP modes for the D0.
cMeasurement of BðBþ → D0KþÞ=BðBþ → D̄0KþÞ used in our fit.
dStatistical and systematic uncertainties are combined.
eMeasurement of BðBþ → D̄�ð2007Þ0KþÞ=BðBþ → D̄0KþÞ used in our fit.
fUsing BðBþ → D̄0πþπþπ−Þ.
gUsing BðBþ → D̄�ð2007Þ0πþÞ.
hUsing BðBþ → D̄0KþÞ.
iUsing BðBþ → D�ð2010Þ−πþπþÞ.
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TABLE 127. Branching fractions for decays to a Dð�Þ meson.

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → D0KþÞ Belle [774] <70
a <70

4� 0

BðBþ → DþK0Þ BABAR [785] −3.8þ2.2
−1.8

þ1.2
−1.6

−3.8� 2.5
<2.9

BðBþ → DþK�ð892Þ0Þ BABAR [785] −5.3þ2.3
−2.0

þ1.4
−1.8

−5.3� 2.7
<0.5

BðBþ → DþKþπ−Þ LHCb [786] 5.31� 0.90� 0.59
5.3� 1.1
5.6� 1.1

BðBþ → D�ð2010ÞþK0Þ BABAR [787] <9.0 <9.0
BðBþ → D�ð2010Þþπ0Þ Belle [788] <3.6 <3.6

aUsing BðBþ → D̄0KþÞ.

TABLE 128. Branching fractions for decays to excited D mesons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → D̄��0πþÞa BABAR [642] 55� 5� 10
55� 12
57� 12

BðBþ → D̄�
0ð2300Þ0πþÞ × BðD�

0ð2300Þ0 → Dþπ−Þ
BABAR [778] 6.8� 0.3� 2.0

6.4� 1.4
Belle [779] 6.1� 0.6� 1.8

BðBþ → D̄1ð2420Þ0πþÞ × BðD1ð2420Þ0 → D�ð2010Þþπ−Þ
BABAR [780] 5.9� 0.3� 1.1 6.23� 0.91
Belle [779] 6.8� 0.7� 1.3 7.43� 0.99

BðBþ → D̄1ð2420Þ0πþÞ × BðD1ð2420Þ0 → D0πþπ−Þ
Belle [679] 1.85� 0.29þ0.35

−0.58 2.55þ0.41
−0.42

LHCb [647] 5.50� 0.80þ0.76
−0.74

b
2.54þ1.61

−1.43
BðBþ → D̄1ð2420Þ0πþÞ × BðD1ð2420Þ0 → D0πþπ−ðNRÞÞ

LHCb [647] 2.14� 0.37� 0.35c,b
2.14� 0.52
2.23þ0.96

−0.95
BðBþ → D̄1ð2420Þ0πþÞ × BðD1ð2420Þ0 → D�ð2007Þ0πþπ−Þ

Belle [679] <0.06 <0.060
BðBþ → D̄1ð2430Þ0πþÞ × BðD1ð2430Þ0 → D�ð2010Þþπ−Þ

Belle [779] 5.0� 0.4� 1.1 4.98� 0.81
LHCb [647] 4.97� 0.85þ0.72

−0.70
b 3.51� 0.61

BðBþ → D̄�
2ð2460Þ0πþÞ × BðD�

2ð2460Þ0 → Dþπ−Þ
BABAR [778] 3.5� 0.2� 0.4 3.47� 0.42
Belle [779] 3.4� 0.3� 0.7 3.56� 0.24

BðBþ → D̄�
2ð2460Þ0πþÞ × BðD�

2ð2460Þ0 → D�ð2010Þþπ−Þ
BABAR [780] 1.8� 0.3� 0.5

1.86� 0.33
1.98� 0.30

Belle [779] 1.8� 0.3� 0.4
LHCb [647] 2.08� 0.64þ0.31

−0.30
b

BðBþ → D̄�
2ð2460Þ0πþÞ × BðD�

2ð2460Þ0 → D0πþπ−Þ
LHCb [647] 0.75� 0.32� 0.13c,b 1.10� 0.32
LHCb [647] 2.14� 0.53� 0.31b 2.23þ1.03

−1.02
BðBþ → D̄�

2ð2460Þ0πþÞ × BðD�
2ð2460Þ0 → D�ð2007Þ0πþπ−Þ

Belle [679] <0.22 <0.22
aD�� refers to the sum of all the nonstrange charm meson states with masses in the range 2.2–2.8 GeV=c2
bUsing BðBþ → D̄0πþπþπ−Þ.
cNon-D�
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TABLE 129. Branching fraction ratios to excited D mesons.

Parameter Measurements Average
BðBþ→D̄�

2
ð2460Þ0πþÞ

BðBþ→D̄1ð2420Þ0πþÞ BABAR [780] 0.8� 0.1� 0.2 0.80� 0.17

TABLE 130. Branching fractions for decays to Dð�Þ
s mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðBþ → D−
s KþπþÞ Belle [789] 19.4þ0.9

−0.8 � 2.6 19.7� 2.3
BABAR [676] 20.2� 1.3� 3.8 18.0� 2.2

BðBþ → D−
s KþKþÞ BABAR [676] 1.1� 0.4� 0.2

1.10� 0.45
0.97� 0.21

BðBþ → D�−
s KþπþÞ Belle [789] 14.7þ1.5

−1.4 � 2.3 15.4� 2.2
BABAR [676] 16.7� 1.6� 3.5 14.5� 2.4

BðBþ → D�−
s KþKþÞ BABAR [676] <1.5 <1.5

BðBþ → Dþ
s π

0Þ BABAR [790] 1.5þ0.5
−0.4 � 0.2

1.50þ0.55
−0.46

1.56þ0.57
−0.52

BðBþ → Dþ
s KþK−Þ LHCb [791]a 0.77þ0.12

−0.11
0.72� 0.11

BðBþ → Dþ
s ϕð1020ÞÞ LHCb [791] 0.012þ0.016

−0.014 � 0.008 0.012þ0.018
−0.016

BABAR [792] <0.19 <0.042

BðBþ → D�þ
s ϕð1020ÞÞ BABAR [792] <1.2 <1.2

aMeasurement of BðBþ → Dþ
s KþK−Þ=ðBðBþ → Dþ

s D̄0ÞBðD0 → KþK−ÞÞ used in our fit.

TABLE 131. Branching fractions for decays to baryons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → D̄0pp̄πþÞ BABAR [681] 3.72� 0.11� 0.25 3.72� 0.27

BðBþ → D̄0Λ̄0pÞ Belle [793] 0.143þ0.028
−0.025 � 0.018

0.143� 0.032
0.143þ0.033

−0.031

BðBþ → D̄�ð2007Þ0pp̄πþÞ BABAR [681] 3.73� 0.17� 0.27 3.73� 0.32

BðBþ → D̄�ð2007Þ0Λ̄0pÞ Belle [793] <0.48
<0.48
<0.50

BðBþ → D−pp̄πþπþÞ BABAR [681] 1.66� 0.13� 0.27 1.66� 0.30

BðBþ → D�ð2010Þ−pp̄πþπþÞ BABAR [681] 1.86� 0.16� 0.19 1.86� 0.25

BðBþ → Dþpp̄Þ Belle [682] <0.15 <0.15

BðBþ → D�ð2010Þþpp̄Þ Belle [682] <0.15 <0.15
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2. Decays to two open charm mesons

Averages of Bþ decays to two open charm mesons are shown in Tables 136–136.

TABLE 132. Branching fractions of lepton number violating decays.

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → D−eþeþÞ Belle [794] <2.6 <2.6

BðBþ → D−μþeþÞ Belle [794] <1.8 <1.8

BðBþ → D−μþμþÞ Belle [794] <1.0
<1.0
<0.7

TABLE 133. Branching fractions for decays to Dð�Þ−Dð�Þ0.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → DþD̄0Þ
Belle [689] 3.85� 0.31� 0.38 3.84� 0.42
BABAR [687] 3.8� 0.6� 0.5
LHCb [795]a,b,c,d,e,f

BðBþ → D̄�ð2007Þ0DþÞ BABAR [687] 6.3� 1.4� 1.0 6.3� 1.7

BðBþ → D�ð2010ÞþD̄0Þ BABAR [687] 3.6� 0.5� 0.4 3.93� 0.52
Belle [796] 4.59� 0.72� 0.56 3.92� 0.52

BðBþ → D�ð2010ÞþD̄�ð2007Þ0Þ BABAR [687] 8.1� 1.2� 1.2 8.1� 1.7
aMeasurement of fc × BðBþ

c → DþD̄0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.
bMeasurement of fc × BðBþ

c → DþD0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.
cMeasurement of fc × ðBðB−

c → D�−D0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−
c → D−D�0ÞÞ=ðfuBðBþ → DþD̄0ÞÞ

used in our fit.
dMeasurement of fc × ðBðB−

c → D�−D̄0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−
c → D−D̄�0ÞÞ=ðfuBðBþ → DþD̄0ÞÞ

used in our fit.
eMeasurement of fc × BðBþ

c → D�ð2010ÞþD̄�ð2007Þ0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.
fMeasurement of fc × BðBþ

c → D�ð2010ÞþD�ð2007Þ0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.

TABLE 134. Branching fractions for decays to two D mesons and a kaon.

Parameter [10−3] Measurements Average HFLAV
PDG

BðBþ → D̄�ð2007Þ0D0KþÞ BABAR [690] 2.26� 0.16� 0.17 2.26� 0.23

BðBþ → D�ð2007Þ0D̄0KþÞ BABAR [690] 6.32� 0.19� 0.45 6.32� 0.49

BðBþ → D�ð2007Þ0D̄�ð2007Þ0KþÞ BABAR [690] 11.23� 0.36� 1.26 11.2� 1.3

BðBþ → D̄�ð2007Þ0DþK0Þ BABAR [690] 2.06� 0.38� 0.30 2.06� 0.48

BðBþ → D�ð2010ÞþD̄0K0Þ BABAR [690] 3.81� 0.31� 0.23 3.81� 0.39

BðBþ → D�ð2010ÞþD̄�ð2007Þ0K0Þ BABAR [690] 9.17� 0.83� 0.90 9.2� 1.2

BðBþ → D0D̄0KþÞ BABAR [690] 1.31� 0.07� 0.12 1.45� 0.13
Belle [797] 2.22� 0.22þ0.26

−0.24 1.45� 0.33

BðBþ → D0D̄0Kþπ0Þ Belle [691] 0.107� 0.031þ0.019
−0.033

0.107þ0.036
−0.045

none

BðBþ → DþD−KþÞ BABAR [690] 0.22� 0.05� 0.05
0.220� 0.071

Belle [798] <0.9

BðBþ → D�ð2010Þ−DþKþÞ BABAR [690] 0.6� 0.1� 0.1 0.60� 0.13

BðBþ → D�ð2010ÞþD−KþÞ BABAR [690] 0.63� 0.09� 0.06 0.63� 0.11

BðBþ → D�ð2010ÞþD�ð2010Þ−KþÞ BABAR [690] 1.32� 0.13� 0.12 1.32� 0.18

BðBþ → DþD̄0K0Þ BABAR [690] 1.55� 0.17� 0.13 1.55� 0.21
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TABLE 135. Branching fractions for decays to Dð�Þ−
s Dð�Þþ.

Parameter [10−3] Measurements Average HFLAV
PDG

BðBþ → Dþ
s D̄0Þ

LHCb [688] 9.54� 0.16þ1.03
−1.04

a

9.58þ0.99
−0.97

9.01� 0.94

BABAR [693] 9.0� 1.4� 1.5b

BABAR [693] 13.3� 1.8� 3.2
LHCb [688]c,d, [795]e,f,g,h,i,j, [791]k

BðBþ → Dþ
s D̄�ð2007Þ0Þ BABAR [693] 6.62� 1.46þ0.95

−0.94
b 7.9þ1.6

−1.5
BABAR [693] 12.1� 2.3� 2.0 8.2� 1.7

BðBþ → D�þ
s D̄0Þ BABAR [693] 9.3� 1.8� 1.9 8.3� 2.0

BABAR [693] 7.03� 2.67� 1.40b 7.6� 1.6

BðBþ → D�þ
s D̄�ð2007Þ0Þ BABAR [693] 17� 3� 2 17.9� 2.7

BABAR [693] 19.24� 3.32þ2.90
−2.88

b 17.1� 2.4
aUsing BðB0 → Dþ

s D−Þ.
bUsing BðDþ

s → ϕð1020ÞπþÞ.
cMeasurement of BðB0

s → D0D̄0Þ=BðBþ → Dþ
s D̄0Þ used in our fit.

dMeasurement of BðB0 → D0D̄0Þ=BðBþ → Dþ
s D̄0Þ used in our fit.

eMeasurement of fc × BðBþ
c → Dþ

s D̄0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

fMeasurement of fc × BðBþ
c → Dþ

s D0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

gMeasurement of fc × BðBþ
c → D�þ

s D̄0 þDþ
s D̄�ð2007Þ0Þ=ðfuBðBþ → Dþ

s D̄0ÞÞ used in our fit.
hMeasurement of fc × BðBþ

c → D�þ
s D0 þDþ

s D�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

iMeasurement of fc × BðBþ
c → D�þ

s D̄�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

jMeasurement of fc × BðBþ
c → D�þ

s D�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

kMeasurement of BðBþ → Dþ
s KþK−Þ=ðBðBþ → Dþ

s D̄0ÞBðD0 → KþK−ÞÞ used in our fit.

TABLE 136. Branching fractions for decays to excited Ds mesons.

Parameter [10−3] Measurements Average HFLAV
PDG

BðBþ → D�
s0ð2317ÞþD̄0Þ Belle [697] 0.80þ0.13

−0.12
þ0.12
−0.20

a
0.83þ0.25

−0.15
BABAR [698] 1.0� 0.3þ0.4

−0.3
a

0.80þ0.16
−0.13

BðBþ → D�
s0ð2317ÞþD̄�ð2007Þ0Þ BABAR [698] 0.9� 0.6þ0.4

−0.3
a 0.90� 0.68

none

BðBþ → Ds1ð2460ÞþD̄0Þ

Belle [699] 3.05þ0.87
−0.82 � 1.04b

3.28� 0.78
3.09þ0.97

−0.87

Belle [699] 2.23þ1.14
−0.92 � 0.76c

BABAR [698] 3.3� 1.1þ1.3
−0.9

b

BABAR [698] 5.1� 1.3þ2.1
−1.7

c

BABAR [693] 4.3� 1.6� 1.3
Belle [699] <2.4d

BðBþ → Ds1ð2460ÞþD̄�ð2007Þ0Þ
BABAR [698] 7.6� 2.2þ3.4

−2.6
b

10.5� 2.412.0þ3.1
−3.0BABAR [693] 11.2� 2.6� 2.0

BABAR [698] 14.2� 3.2þ6.3
−5.0

c

BðBþ → Ds1ð2536ÞþD̄0Þ
BABAR [700] 0.453� 0.109� 0.112e

0.405� 0.084
none

BABAR [700] 0.41� 0.17� 0.09f

Belle [701]g

BðBþ → Ds1ð2536ÞþD̄�ð2007Þ0Þ BABAR [700] 1.144� 0.245� 0.267e 1.14þ0.39
−0.34

BABAR [700] <1.900f none
aUsing BðD�

s0ð2317Þþ → Dþ
s π

0Þ.
bUsing BðDs1ð2460Þþ → Dþ

s γÞ.
cUsing BðDs1ð2460Þþ → D�þ

s π0Þ.
dUsing BðDs1ð2460Þþ → Dþ

s π
þπ−Þ.

eUsing BðDs1ð2536Þþ → D�ð2007Þ0KþÞ.
fUsing BðDs1ð2536Þþ → D�ð2010ÞþK0Þ.
gMeasurement of BðBþ → Ds1ð2536ÞþD̄0ÞðBðDs1ð2536Þþ → D�ð2007Þ0KþÞ þ BðDs1ð2536Þþ →

D�ð2010ÞþK0ÞÞ used in our fit.
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3. Decays to charmonium states

Averages of Bþ decays to charmonium states are shown in Tables 137–143.

TABLE 137. Branching fractions for decays to J=ψ and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → J=ψKþÞ

BABAR [14] 10.61� 0.15� 0.48

10.06� 0.26
10.20� 0.19

Belle [702] 10.1� 0.2� 0.7
Belle [772] 8.9� 0.6� 0.5
Belle [799] 10.37� 0.61� 0.49a

BABAR [800] 10.3� 0.9� 0.5a

BABAR [769] 8.1� 1.3� 0.7
Belle [799] 10.6þ1.8

−1.5 � 1.9b

BABAR [704]c, [801]d, [14]e, [769]c

Belle [802]f, [715]g,h

CDF [705]e, [803]d, [804]d

CMS [805]i

D0 [806]j

LHCb [807]k,i, [711]j, [808]l, [809]m,i

BðBþ → J=ψK�ð892ÞþÞ
BABAR [14] 13.8� 0.5� 0.9n

13.64� 0.83
14.30� 0.81

Belle [810] 12.8� 0.7� 1.4
CDF [703] 15.8� 4.7� 2.7
CDF [705] 19.3� 6.0� 1.8n

BðBþ → J=ψK1ð1270ÞþÞ Belle [715] 18� 3� 3
n

18.1� 4.8
Belle [715]o 18.0� 5.2

BðBþ → J=ψK1ð1400ÞþÞ Belle [715] <5p
<5.4
<5.0

BðBþ → J=ψKþπþπ−Þ
Belle [811] 7.16� 0.10� 0.60 8.07� 0.52
BABAR [812] 11.6� 0.7� 0.9 p ¼ 2.3‰
CDF [813] 6.9� 1.8� 1.2 8.11� 1.28

BðBþ → J=ψηKþÞ Belle [716] 1.27� 0.11� 0.11
1.24� 0.14

BABAR [717] 1.08� 0.23� 0.24

BðBþ → J=ψωð782ÞKþÞ BABAR [713] 3.2� 0.1þ0.6
−0.3 3.22þ0.51

−0.31
BABAR [713]q 3.20þ0.61

−0.32

BðBþ → J=ψϕð1020ÞKþÞ
BABAR [714] 0.44� 0.14� 0.05

0.44� 0.15
0.50� 0.04

D0 [814]r

LHCb [815]s,r, [815]st

aUsing BðJ=ψ → pp̄Þ.
bUsing BðJ=ψ → Λ0Λ̄0Þ.
cMeasurement of BðBþ → ηcKþÞ=BðBþ → J=ψKþÞ used in our fit.
dMeasurement of BðBþ → J=ψπþÞ=BðBþ → J=ψKþÞ used in our fit.
eMeasurement of BðBþ → J=ψK�ð892ÞþÞ=BðBþ → J=ψKþÞ used in our fit.
fMeasurement of BðBþ → χc0KþÞ=BðBþ → J=ψKþÞ used in our fit.
gMeasurement of BðBþ → J=ψK1ð1270ÞþÞ=BðBþ → J=ψKþÞ used in our fit.
hMeasurement of BðB0 → J=ψK1ð1270Þ0Þ=BðBþ → J=ψKþÞ used in our fit.
iMeasurement of fc × BðBþ

c → J=ψπþÞ=ðfuBðBþ → J=ψKþÞÞ used in our fit.
jMeasurement of BðBþ → ψð2SÞKþÞ=BðBþ → J=ψKþÞ used in our fit.
k ffiffiffi

s
p ¼ 7 TeV, pT > 4 GeV and 2.5< y < 4.5.

lMeasurement of ðBðBþ → ηcKþÞBðηc → pp̄ÞÞ=ðBðBþ → J=ψKþÞBðJ=ψ → pp̄ÞÞ used in our fit.
m ffiffiffi

s
p ¼ 8 TeV, 0< pT < 20 GeV and 2.0 < y < 4.5.

nUsing BðBþ → J=ψKþÞ.
oMeasurement of BðBþ → J=ψK1ð1400ÞþÞ=BðBþ → J=ψK1ð1270ÞþÞ used in our fit.
pUsing BðBþ → J=ψK1ð1270ÞþÞ.
qMeasurement of BðB0 → J=ψωð782ÞK0Þ=BðBþ → J=ψωð782ÞKþÞ used in our fit.
rMeasurement of BðBþ → χc1ð4140ÞKþÞ × Bðχc1ð4140Þ → J=ψϕð1020ÞÞ=BðBþ → J=ψϕð1020ÞKþÞ used in our fit.
sThe quoted value is a fit fraction from a Dalitz plot fit.
tMeasurement of BðBþ → χc1ð4274ÞKþÞ × Bðχc1ð4274Þ → J=ψϕð1020ÞÞ=BðBþ → J=ψϕð1020ÞKþÞ used in our fit.
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TABLE 138. Branching fractions for decays to charmonium other than J=ψ and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → ψð2SÞKþÞ

LHCb [711] 5.98� 0.06� 0.27a

6.12� 0.21
6.24� 0.20

BABAR [14] 6.17� 0.32� 0.44
D0 [806] 6.5� 0.4� 0.8a

Belle [702] 6.9� 0.6
Belle [718] 7.7� 0.8� 0.9
Belle [718] 6.3� 0.9� 0.6
Belle [772] 6.4� 1.0� 0.4
CDF [710] 5.5� 1.0� 0.6
BABAR [769] 4.9� 1.6� 0.4
BABAR [14]b

BðBþ → ψð2SÞK�ð892ÞþÞ BABAR [14] 5.88� 0.92� 0.59c
5.9� 1.1
6.7� 1.4

BðBþ → ψð2SÞKþπþπ−Þ Belle [811] 4.31� 0.20� 0.50
4.31� 0.54
4.34� 0.54

BðBþ → ψð2SÞϕð1020ÞKþÞ CMS [816] 0.040� 0.004� 0.006
0.0400� 0.0075
0.0400� 0.0072

BðBþ → ψð3770ÞKþÞ

BABAR [700] 2.69� 0.57þ0.46
−0.48

d

2.51� 0.49
4.34� 1.10

BABAR [700] 2.07� 0.79� 0.56e

Belle [798] 4.8� 1.1� 0.7f

Belle [772] −0.2� 1.4� −0.0
BABAR [769] 3.5� 2.5� 0.3

BðBþ → ηcKþÞ

Belle [817] 3.65� 0.19þ0.80
−0.78

g

10.45þ0.69
−0.68

10.86þ0.77
−0.75

Belle [772] 12.0� 0.8� 0.7
Belle [799] 10.89� 0.84þ1.48

−1.73
h

BABAR [704] 12.9� 0.9� 3.8
BABAR [704] 12.9� 1.0� 3.8a

Belle [722] 12.5� 1.4þ3.9
−4.0

BABAR [800] 13.8þ2.3
−1.5

þ1.9
−1.8

h

BABAR [769] 10.7� 2.3� 0.5a

Belle [799] 9.6þ2.5
−2.2

þ1.9
−2.0

i

BABAR [704]j, [723]k,l,m

LHCb [808]n

BðBþ → ηcK�ð892ÞþÞ BABAR [721] 12.1þ4.3
−3.5

þ6.4
−6.1

o 12.3þ6.0
−5.2

10.9þ5.1
−4.2

BðBþ → ηcð2SÞKþÞ
Belle [817] 1.63þ1.05

−0.72
þ0.75
−0.64

p

4.47� 0.93
4.42� 0.96

Belle [772] 4.8� 1.1� 0.3
BABAR [769] 3.4� 1.8� 0.3

BðBþ → hcKþÞ Belle [818] <0.038 <0.038
BABAR [723]m 0.370þ0.128

−0.120
aUsing BðBþ → J=ψKþÞ.
bMeasurement of BðBþ → ψð2SÞK�ð892ÞþÞ=BðBþ → ψð2SÞKþÞ used in our fit.
cUsing BðBþ → ψð2SÞKþÞ.
dUsing Bðψð3770Þ → D0D̄0Þ.
eUsing Bðψð3770Þ → DþD−Þ.
fAssumed Bðψð3770Þ → DþD−Þ þ Bðψð3770Þ → D0D̄0Þ ¼ 1.
gUsing Bðηc → KK̄πÞ.
hUsing Bðηc → pp̄Þ.
iUsing Bðηc → Λ0Λ̄0Þ.
jMeasurement of BðB0 → ηcK0Þ=BðBþ → ηcKþÞ used in our fit.
kMeasurement of BðB0 → ηcK�ð892Þ0Þ=BðBþ → ηcKþÞ used in our fit.
lMeasurement of BðB0 → hcK�ð892Þ0ÞBðhc → ηcγÞ=BðBþ → ηcKþÞ used in our fit.
mMeasurement of BðBþ → hcKþÞBðhc → ηcγÞ=BðBþ → ηcKþÞ used in our fit.
nMeasurement of ðBðBþ → ηcKþÞBðηc → pp̄ÞÞ=ðBðBþ → J=ψKþÞBðJ=ψ → pp̄ÞÞ used in our fit.
oCalculated using Bðηc → pp̄Þ.
pUsing Bðηcð2SÞÞ → KK̄π.
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TABLE 139. Branching fractions for decays to χc and one kaon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → χc0KþÞ

BABAR [264] 1.84� 0.32� 0.31

2.16� 0.38
1.51þ0.15

−0.13

Belle [772] 2.0� 0.9� 0.1
Belle [802] 6.0þ2.1

−1.8 � 1.1
Belle [802] 6� 2� 1

a

BABAR [769] <1.8

BðBþ → χc0K�ð892ÞþÞ BABAR [725] 1.4� 0.5� 0.2 1.40� 0.54
BABAR [724] <28.6 <2.10

BðBþ → χc1KþÞ

BABAR [727] 4.5� 0.1� 0.3

4.85� 0.22
4.74� 0.22

Belle [726] 4.94� 0.11� 0.33
Belle [772] 5.8� 0.9� 0.5
BABAR [769] 8.0� 1.4� 0.7
CDF [813] 15.5� 5.4� 2.0
BABAR [14]b

Belle [819]c

BðBþ → χc1K�ð892ÞþÞ
BABAR [727] 2.6� 0.5� 0.4

2.89� 0.50
2.96� 0.63

Belle [730] 4.1� 0.6� 0.9
BABAR [14] 2.48� 0.83� 0.78d

BðBþ → χc1Kþπ0Þ Belle [728] 3.29� 0.29� 0.19 3.29� 0.35

BðBþ → χc1K0πþÞ BABAR [729] 5.52� 0.26� 0.61 5.69� 0.35
Belle [728] 5.75� 0.26� 0.32 5.75� 0.41

BðBþ → χc1Kþπþπ−Þ Belle [728] 3.74� 0.18� 0.24 3.74� 0.30

BðBþ → χc2KþÞ Belle [726] 0.111þ0.036
−0.034 � 0.009 0.108� 0.031

BABAR [727] 0.10� 0.06� 0.01 0.111þ0.037
−0.035

BðBþ → χc2K�ð892ÞþÞ BABAR [727] 0.11� 0.43� 0.55
0.11� 0.70
<1.20

BðBþ → χc2K0πþÞ Belle [728] 1.16� 0.22� 0.12 1.16� 0.25

BðBþ → χc2Kþπþπ−Þ Belle [728] 1.34� 0.17� 0.09 1.34� 0.19
aUsing BðBþ → J=ψKþÞ.
bMeasurement of BðBþ → χc1K�ð892ÞþÞ=BðBþ → χc1KþÞ used in our fit.
cMeasurement of BðBþ → χc1π

þÞ=BðBþ → χc1KþÞ used in our fit.
dUsing BðBþ → χc1KþÞ.

TABLE 140. Branching fractions for decays to charmonium and light mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðBþ → J=ψπþÞ
LHCb [820] 3.88� 0.11� 0.15

4.11� 0.16
3.92� 0.08

BABAR [801] 5.40� 0.45� 0.18a

Belle [702] 3.8� 0.6� 0.3
CDF [804] 4.89� 0.82� 0.20a

CDF [803] 5� 2� 0
a

BðBþ → J=ψπþπ0Þ BABAR [733] <0.73b <0.73

BðBþ → J=ψρþð770ÞÞ LHCb [821] 3.81þ0.25
−0.24 � 0.35 4.10� 0.38

BABAR [733] 5.0� 0.7� 0.3 4.10þ0.51
−0.50

BðBþ → ψð2SÞπþÞ LHCb [820] 2.52� 0.26� 0.15
2.52� 0.30
2.44� 0.30

(Table continued)
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TABLE 140. (Continued)

Parameter [10−5] Measurements Average HFLAV
PDG

BðBþ → χc0π
þÞ BABAR [822] <6.1c

<6.1
<0.0

BðBþ → χc1π
þÞ Belle [819] 2.09� 0.39� 0.17d 2.13� 0.32

Belle [819] 2.2� 0.4� 0.3 2.20� 0.50
aUsing BðBþ → J=ψKþÞ.
bNonresonant only.
cComputed using PDG2004 value of Bðχc0 → ππÞ.
dUsing BðBþ → χc1KþÞ.

TABLE 141. Branching fractions for decays to J=ψ and a heavy mesons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → J=ψDþÞ BABAR [748] <1.2 <1.2

BðBþ → J=ψD̄0πþÞ Belle [749] <0.25
<0.25

BABAR [812] <0.52

TABLE 142. Branching fractions for decays to J=ψ and baryons.

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → J=ψΛ̄0pÞ Belle [746] 11.6� 2.8þ1.8
−2.3 11.6� 3.1

BABAR [747] 11.6þ7.4
−5.3

þ4.2
−1.8 14.6� 1.2

BðBþ → J=ψ Σ̄0pÞ Belle [746] <11 <11

BðBþ → J=ψpp̄πþÞ LHCb [745] <0.50 <0.50

TABLE 143. Direct CP violation parameters.

Parameter Measurements Average

ACPðBþ → J=ψKþÞ D0 [823] 0.0059� 0.0036� 0.0007 0.0059� 0.0037

ACPðBþ → J=ψπþÞ D0 [823] −0.042� 0.044� 0.009 −0.042� 0.045

ACPðBþ → J=ψρþð770ÞÞ LHCb [821] −0.045þ0.056
−0.057 � 0.008 −0.054� 0.053

BABAR [733] −0.11� 0.12� 0.08
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4. Decays to charm baryons

Averages of Bþ decays to charm baryons are shown in Table 144.

5. Decays to exotic states

Averages of Bþ decays to exotic states are shown in Tables 145–148.

TABLE 144. Branching fractions.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → Λ̄−
c pπþÞ

BABAR [760] 3.38� 0.12� 0.89

2.71� 0.43
2.25þ0.37

−0.38

BABAR [760] 2.77� 0.32� 0.48a

Belle [753] 1.87þ0.43
−0.40 � 0.56

BABAR [760]b,c

BðBþ → Λþ
c Λ̄−

c KþÞ Belle [824] 4.8� 0.4� 0.6 4.89� 0.73
BABAR [757] 11.4� 1.5� 6.2 4.91� 0.73

BðBþ → Ξ̄0
cΛþ

c Þ
BABAR [757] 14.54� 4.54� 5.40d 18.1þ8.2

−6.2
Belle [758] 33.6þ7.0

−6.3 � 13.7d 9.5� 2.3

BðBþ → Ξ̄cð2930ÞþΛþ
c Þ Belle [824] 3.46� 0.90� 3.49e

3.5� 3.9
none

BðBþ → Σ̄cð2455Þ0pÞ
BABAR [760] 0.333� 0.032� 0.057f 0.336� 0.065
Belle [753] 0.45þ0.26

−0.19 � 0.14 0.295� 0.066

BðBþ → Σ̄cð2520Þ0pÞ Belle [753] <0.46
<0.46
<0.03

BðBþ → Σ̄cð2455Þ−−pπþπþÞ BABAR [825] 2.98� 0.16� 0.78
2.98� 0.80
2.37� 0.20

BðBþ → Σ̄cð2800Þ0pÞ BABAR [760] 0.317� 0.062� 0.082f 0.32þ0.11
−0.10

0.26� 0.09
aUsing BðB0 → Λ̄−

c pÞ.
bMeasurement of BðBþ → Σ̄cð2455Þ0pÞ=BðBþ → Λ̄−

c pπþÞ used in our fit.
cMeasurement of BðBþ → Σ̄cð2800Þ0pÞ=BðBþ → Λ̄−

c pπþÞ used in our fit.
dUsing BðΞ0

c → Ξ−πþÞ.
eUsing BðΞcð2930Þþ → Λþ

c K−Þ.
fUsing BðBþ → Λ̄−

c pπþÞ.

TABLE 145. Branching fractions.

Parameter [10−4] Measurements Average HFLAV
PDG

BðBþ → Xð3872ÞKþÞ

BABAR [727] 1.85� 0.52þ0.54
−0.45

a

2.06þ0.61
−0.49

2.10� 0.68

Belle [772] 1.2� 1.1� 0.1
Belle [726] <0.671a

BABAR [769] <3.2
BABAR [766]b, [713]b

Belle [765]b

BðBþ → Xð3872ÞK�ð892ÞþÞ BABAR [727] 1.24� 1.91þ1.90
−1.89

a 1.2þ2.9
−2.7

<6.0

BðBþ → Xð3872ÞK0πþÞ Belle [767] 3.03� 0.86� 0.94c 3.0þ1.6
−1.1

2.8� 1.2

BðBþ → Xð3915ÞKþÞ Belle [772] 0.4� 1.6� −0.0 0.4� 1.6
<2.8

aUsing BðXð3872Þ → ψð2SÞγÞ.
bMeasurement of BðB0 → Xð3872ÞK0Þ=BðBþ → Xð3872ÞKþÞ used in our fit.
cUsing BðXð3872Þ → J=ψπþπ−Þ.
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TABLE 146. Product branching fractions to Xð3872Þ.
Parameter [10−5] Measurements Average HFLAV

PDG

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → D�ð2007Þ0D̄0Þ
BABAR [700] 16.7� 3.6� 4.7

16.7� 5.9
8.5� 2.6

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → D0D̄0π0Þ
Belle [798] <6.0

<6.0
10.2þ3.7

−4.2

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → D0D̄0Þ
Belle [798] <6.0 <6.0

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → DþD−Þ
Belle [798] <4.0 <4.0

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → J=ψπþπ−Þ
Belle [765] 0.861� 0.062� 0.052 0.857� 0.073
BABAR [766] 0.84� 0.15� 0.07 0.857� 0.084

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → J=ψωð782ÞÞ
BABAR [713] 0.6� 0.2� 0.1 0.60� 0.22

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → J=ψηÞ
BABAR [717] <0.77 <0.77

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → J=ψγÞ
Belle [726] 0.178þ0.048

−0.044 � 0.012 0.206� 0.043
BABAR [727] 0.28� 0.08� 0.01 0.205þ0.046−0.043

BðBþ → Xð3872ÞK�ð892ÞþÞ × BðXð3872Þ → J=ψγÞ
BABAR [727] 0.07� 0.26� 0.01

0.07� 0.26
<0.48

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → χc1γÞ
Belle [718] <0.19

<0.19
none

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → χc2γÞ
Belle [718] <0.67

<0.67
none

TABLE 147. Product branching fractions to neutral states other than Xð3872Þ.
Parameter [10−5] Measurements Average HFLAV

PDG

BðBþ → ψ2ð3823ÞKþÞ × Bðψ2ð3823Þ → χc1γÞ
Belle [718] 0.97� 0.28� 0.11

0.97� 0.30
none

BðBþ → ψ2ð3823ÞKþÞ × Bðψ2ð3823Þ → χc2γÞ
Belle [718] <0.36

<0.36
none

BðBþ → Yð3940ÞKþÞ × BðYð3940Þ → J=ψγÞ
BABAR [826] <1.4

<1.4
none

BðBþ → Yð3940ÞKþÞ × BðYð3940Þ → J=ψωð782ÞÞ
BABAR [713] 3.0þ0.7

−0.6
þ0.5
−0.3

3.00þ0.86
−0.67

none

(Table continued)
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C. Decays of admixtures of B0=B+ mesons

Measurements of B0=Bþ decays to charmed hadrons are summarized in Secs. VIII C 1 to VIII C 3.

1. Decays to two open charm mesons

Averages of B0=Bþ decays to two open charm mesons are shown in Table 149.

TABLE 147. (Continued)

Parameter [10−5] Measurements Average HFLAV
PDG

BðBþ → ψð4260ÞKþÞ × Bðψð4260Þ → J=ψπþπ−Þ
BABAR [827] 2.0� 0.7� 0.2

2.00� 0.73
<1.56

BðBþ → ψð4660ÞKþÞ × Bðψð4660Þ → Λþ
c Λ̄−

c Þ
Belle [824] <12

<12
none

BðBþ → YηKþÞ × BðYη → Λþ
c Λ̄−

c Þ
Belle [824] <20

<20
none

BðBþ → χc1ð4140ÞKþÞ × Bðχc1ð4140Þ → J=ψϕð1020ÞÞ
LHCb [815] 0.57� 0.14þ0.28

−0.21
a,b

0.66þ0.37
−0.27

D0 [814] 0.922� 0.351� 0.358b none

BðBþ → χc1ð4274ÞKþÞ × Bðχc1ð4274Þ → J=ψϕð1020ÞÞ
LHCb [815] 0.312� 0.110þ0.186

−0.149
a,b 0.31þ0.24

−0.16
0.36þ0.22

−0.18
aThe quoted value is a fit fraction from a Dalitz plot fit.
bUsing BðBþ → J=ψϕð1020ÞKþÞ.

TABLE 148. Product branching fractions to charged states.

Parameter [10−5] Measurements Average HFLAV
PDG

BðBþ → Xð3872ÞþK0Þ × BðXð3872Þþ → J=ψπþπ0Þ
BABAR [770] <2.2

<2.2
<0.6

BðBþ → Zcð4430ÞþK0Þ × BðZcð4430Þþ → J=ψπþÞ
BABAR [771] <1.5 <1.5

BðBþ → Zcð4430ÞþK0Þ × BðZcð4430Þþ → ψð2SÞπþÞ
BABAR [771] <4.7 <4.7

TABLE 149. Branching fractions for decays to double charm.

Parameter [10−4] Measurements Average

BðB → D0D̄0Kπ0Þ Belle [691] 1.27� 0.31þ0.22
−0.39 1.27þ0.38

−0.50
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2. Decays to charmonium states

Averages of B0=Bþ decays to charmonium states are shown in Tables 150–154.

TABLE 150. Decay amplitudes for parallel transverse polarization.

Parameter Measurements Average

AkðB → J=ψK�Þ
LHCb [321] 0.227� 0.004� 0.011

0.2219� 0.0072BABAR [318] 0.211� 0.010� 0.006
Belle [319] 0.231� 0.012� 0.008

AkðB → χc1K�Þ BABAR [318] 0.2� 0.1� 0.0 0.200� 0.081

AkðB → ψð2SÞK�Þ BABAR [318] 0.22� 0.06� 0.02 0.220� 0.063

TABLE 151. Decay amplitudes for perpendicular transverse polarization.

Parameter Measurements Average

A⊥ðB → J=ψK�Þ
LHCb [321] 0.201� 0.004� 0.008

0.2100� 0.0063BABAR [318] 0.233� 0.010� 0.005
Belle [319] 0.195� 0.012� 0.008

A⊥ðB → χc1K�Þ BABAR [318] 0.03� 0.04� 0.02 0.030� 0.045

A⊥ðB → ψð2SÞK�Þ BABAR [318] 0.3� 0.1� 0.0 0.300� 0.063

TABLE 152. Decay amplitudes for longitudinal polarization.

Parameter Measurements Average

A0ðB → J=ψK�Þ BABAR [318] 0.556� 0.009� 0.010
0.564� 0.010

Belle [319] 0.574� 0.012� 0.009

A0ðB → χc1K�Þ BABAR [318] 0.77� 0.07� 0.04 0.770� 0.081

A0ðB → ψð2SÞK�Þ BABAR [318] 0.48� 0.05� 0.02 0.480� 0.054

TABLE 153. Relative phases of parallel transverse polarization decay amplitudes.

Parameter Measurements Average

δkðB → J=ψK�Þ
LHCb [321] −2.94� 0.02� 0.03

−2.932� 0.031BABAR [318] −2.93� 0.08� 0.04
Belle [319] −2.887� 0.090� 0.008

δkðB → χc1K�Þ BABAR [318] 0.0� 0.3� 0.1 0.00� 0.32

δkðB → ψð2SÞK�Þ BABAR [318] −2.8� 0.4� 0.1 −2.80� 0.41

TABLE 154. Relative phases of perpendicular transverse polarization decay amplitudes.

Parameter Measurements Average

δ⊥ðB → J=ψK�Þ
LHCb [321] 2.94� 0.02� 0.02

2.935� 0.024BABAR [318] 2.91� 0.05� 0.03
Belle [319] 2.938� 0.064� 0.010

δ⊥ðB → ψð2SÞK�Þ BABAR [318] 2.8� 0.3� 0.1 2.80� 0.32

AVERAGES OF b-HADRON, c-HADRON, AND τ- … PHYS. REV. D 107, 052008 (2023)

052008-153



3. Decays to exotic states

Averages of B0=Bþ decays to exotic states are shown in Table 155.

D. Decays of B0
s mesons

Measurements of B0
s decays to charmed hadrons are summarized in Secs. VIII D 1 to VIII D 4.

1. Decays to a single open charm meson

Averages of B0
s decays to a single open charm meson are shown in Tables 156–159.

TABLE 155. Branching fractions for decays to X=Y states.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB → Xð3872ÞKÞ Belle [828] 2.2� 0.5� 0.6a
2.16þ0.97

−0.70
2.27þ0.67

−0.70

BðB → Yð3940ÞKÞ × BðYð3940Þ → D�ð2007Þ0D̄�ð2007Þ0Þ Belle [828] <0.67 <0.67

BðB → Yð3940ÞKÞ × BðYð3940Þ → J=ψωð782ÞÞ
Belle [829] 0.71� 0.13� 0.31 0.71� 0.34

aUsing BðXð3872Þ → D̄�ð2007Þ0D0Þ.

TABLE 156. Branching fractions for decays to a Dð�Þ
s .

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0
s → D−

s π
þÞ

LHCb [830] 2.95� 0.05þ0.25
−0.28

2.85� 0.18
3.00þ0.22

−0.24

CDF [645] 2.90� 0.21� 0.43a

Belle [35] 3.67þ0.35
−0.33 � 0.65

CDF [831]b

LHCb [647]c, [675]b

BðB0
s → D�−

s πþÞ Belle [832] 2.4þ0.5
−0.4 � 0.4 2.21þ0.61

−0.54
LHCb [833]d 1.95þ0.52

−0.47

BðB0
s → D−

s ρ
þð770ÞÞ Belle [832] 8.5þ1.3

−1.2 � 1.7
7.7þ1.9

−1.8
6.9� 1.4

BðB0
s → D�−

s ρþð770ÞÞ Belle [832] 11.8þ2.2
−2.0 � 2.5

10.6þ3.0
−2.9

9.6þ2.1
−2.2

BðB0
s → D−

s π
þπþπ−Þ

CDF [645] 6.25� 0.60þ1.48
−1.46

e,f

5.9� 1.0
6.1� 1.0

LHCb [647] 5.72� 1.05þ0.67
−0.68

g

LHCb [677]h,i

BðB0
s → D∓

s K�Þ
LHCb [675] 0.2142� 0.0043þ0.0144

−0.0147
g

0.213� 0.014
0.227þ0.018

−0.019

LHCb [830] 0.19� 0.01� 0.02
CDF [831] 0.276� 0.051� 0.031g

Belle [35] 0.24þ0.12
−0.10 � 0.04

BðB0
s → D�∓

s K�Þ LHCb [833] 0.150� 0.011þ0.042
−0.037

j 0.150þ0.044
−0.038

0.133þ0.037
−0.034

(Table continued)
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TABLE 156. (Continued)

Parameter [10−3] Measurements Average HFLAV
PDG

BðB0
s → D−

s Kþπþπ−Þ LHCb [677] 0.309� 0.030þ0.056
−0.053

k 0.308þ0.066
−0.058

LHCb [677]l 0.319� 0.065
aUsing BðB0 → D−πþÞ.
bMeasurement of BðB0

s → D∓
s K�Þ=BðB0

s → D−
s π

þÞ used in our fit.
cMeasurement of BðB0

s → D−
s π

þπþπ−Þ=BðB0
s → D−

s π
þÞ used in our fit.

dMeasurement of BðB0
s → D�∓

s K�Þ=BðB0
s → D�−

s πþÞ used in our fit.
eUsing fs=fd ¼ 0.259� 0.038 from PDG 2006.
fUsing BðB0 → D−πþπþπ−Þ.
gUsing BðB0

s → D−
s π

þÞ.
hMeasurement of BðB0

s → D−
s Kþπþπ−Þ=BðB0

s → D−
s π

þπþπ−Þ used in our fit.
iMeasurement of BðB0

s → Ds1ð2536Þ−πþÞ × BðDs1ð2536Þþ → Dþ
s π

þπ−Þ=BðB0
s → D−

s π
þπþπ−Þ used in our fit.

jUsing BðB0
s → D�−

s πþÞ.
kUsing BðB0

s → D−
s π

þπþπ−Þ.
lMeasurement of BðB0 → D−

s Kþπþπ−Þ=BðB0
s → D−

s Kþπþπ−Þ used in our fit.

TABLE 157. Branching fractions for decays to a Dð�Þ.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → D̄0K̄0Þ LHCb [834] 4.3� 0.5� 0.5

4.30� 0.71
4.30� 0.86

BðB0
s → D̄�ð2007Þ0K̄0Þ LHCb [834] 2.8� 1.0� 0.4 2.8� 1.1

BðB0
s → D̄0K̄�ð892Þ0Þ

LHCb [670] 3.37� 0.30� 0.44a
3.61� 0.44
4.38� 0.58

LHCb [664] 4.54� 1.04� 0.90b

LHCb [670]c

BðB0
s → D̄0ϕð1020ÞÞ

LHCb [661] 0.287� 0.034� 0.022d
0.277� 0.031
0.299� 0.047

LHCb [670] 0.249� 0.047� 0.039e

LHCb [661]f

BðB0
s → D̄�ð2007Þ0ϕð1020ÞÞ LHCb [661] 0.355� 0.042� 0.038d 0.348� 0.046

LHCb [661] 0.341� 0.055� 0.042g 0.370� 0.060

BðB0
s → D�∓π�Þ LHCb [835] <0.061 <0.061

BðB0
s → D̄0f0ð980ÞÞ LHCb [836] <0.031 <0.031

BðB0
s → D̄0KþK−Þ LHCb [662] 7.855� 0.752� 0.688d

7.9� 1.0
0.6� 0.1

BðB0
s → D̄0K−πþÞ LHCb [660] 9.97� 0.42� 1.11d

10.0� 1.2
10.4� 1.3

aUsing BðB0 → D̄0K�ð892Þ0Þ.
bUsing BðB0 → D̄0ρ0ð770ÞÞ.
cMeasurement of BðB0

s → D̄0ϕð1020ÞÞ=BðB0
s → D̄0K̄�ð892Þ0Þ used in our fit.

dUsing BðB0 → D̄0πþπ−Þ.
eUsing BðB0

s → D̄0K̄�ð892Þ0Þ.
fMeasurement of BðB0

s → D̄�ð2007Þ0ϕð1020ÞÞ=BðB0
s → D̄0ϕð1020ÞÞ used in our fit.

gUsing BðB0
s → D̄0ϕð1020ÞÞ.

TABLE 158. Branching fractions for decays to excited Ds mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0
s → Ds1ð2536Þ−πþÞ × BðDs1ð2536Þþ → Dþ

s π
þπ−Þ

LHCb [677] 2.37� 0.59þ0.47
−0.45

a 2.37þ0.81
−0.70

2.46� 0.78
aUsing BðB0

s → D−
s π

þπþπ−Þ.
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2. Decays to two open charm mesons

Averages of B0
s decays to two open charm mesons are shown in Table 160.

TABLE 159. Longitudinal polarization fraction.

Parameter Measurements Average

fLðB0
s → D̄�ð2007Þ0ϕð1020ÞÞ LHCb [661] 0.730� 0.150� 0.030 0.73� 0.15

TABLE 160. Branching fractions.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → Dþ

s D−
s Þ

LHCb [688] 43.8� 2.3� 5.1a

45.0þ5.1
−5.0

44.0� 4.8

CDF [188] 49� 6� 9
b

Belle [31] 58þ11
−9 � 13

D0 [186]c

LHCb [837]c

BðB0
s → D�þ

s D−
s þD�−

s Dþ
s Þ

LHCb [837] 135� 6� 17

131� 13

139� 17

CDF [188] 113� 12� 21
b

Belle [31] 176þ23
−22 � 40

D0 [186]c

LHCb [837]c

BðB0
s → D�þ

s D�−
s Þ

LHCb [837] 127� 8� 17

140� 15

144� 21

CDF [188] 175� 19� 34
b

Belle [31] 198þ33
−31

þ51
−50

D0 [186]c

LHCb [837]c

BðB0
s → D−

s DþÞ LHCb [688] 3.9� 0.6� 0.5a 3.91þ0.81
−0.76

LHCb [694]d,e 2.75� 0.46

BðB0
s → DþD−Þ LHCb [688] 2.38� 0.44� 0.33f

2.38� 0.55
2.20� 0.57

BðB0
s → D0D̄0Þ LHCb [688] 1.82� 0.29� 0.34g 1.82þ0.46

−0.43
1.90� 0.50

aUsing BðB0 → Dþ
s D−Þ.

bUsing fs=fd ¼ 0.269� 0.033 and BðB0 → Dþ
s D−Þ ¼ ð7.2� 0.8Þ × 10−3.

cMeasurement of BðB0
s → Dþ

s D−
s Þ þ BðB0

s → D�þ
s D−

s þD�−
s Dþ

s Þ þ BðB0
s → D�þ

s D�−
s Þ used in our fit.

dAt CL ¼ 95%.
eMeasurement of BðB0

s → Λþ
c Λ̄−

c Þ=BðB0
s → D−

s DþÞ used in our fit.
fUsing BðB0 → DþD−Þ.
gUsing BðBþ → Dþ

s D̄0Þ.
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3. Decays to charmonium states

Averages of B0
s decays to charmonium states are shown in Tables 161–165.

TABLE 161. Branching fractions for decays to J=ψ , I.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → J=ψϕð1020ÞÞ

LHCb [838] 10.5� 0.1� 1.0

10.61� 0.90
10.78� 0.85

Belle [839] 12.5� 0.7� 2.3
CDF [705] 9.3� 2.8� 1.7
CDF [113]a, [840]b

CMS [841]a

D0 [806]b, [842]a, [843]c

LHCb [844]d, [845]a, [845]e,f, [711]b,
[846]g

BðB0
s → J=ψK0K−πþ þ c:c:Þ LHCb [707] 9.15� 0.65� 0.95h 9.2þ1.2

−1.1
9.5� 1.3

BðB0
s → J=ψηÞ

LHCb [734] 4.14� 0.35þ0.61
−0.66

i

4.58þ0.56
−0.51

3.95� 0.70
Belle [847] 5.1� 0.5þ1.2

−0.8
LHCb [736]j

BðB0
s → J=ψη0Þ

LHCb [734] 3.76� 0.33þ0.49
−0.45

i

3.75þ0.52
−0.47

3.34þ0.42
−0.45

Belle [847] 3.71� 0.61þ0.85
−0.60

LHCb [736]k

BðB0
s → J=ψϕð1020Þϕð1020ÞÞ LHCb [846] 0.122� 0.013þ0.012

−0.014
l 0.122� 0.018

0.124þ0.017
−0.019

BðB0
s → J=ψK0

SÞ
CDF [848]m,n

0.180� 0.023
LHCb [706]o 0.192� 0.014

BðB0
s → J=ψK̄�ð892Þ0Þ LHCb [232] 0.417� 0.018� 0.035 0.422� 0.039

CDF [848] 0.83� 0.12� 0.35m 0.414� 0.039

BðB0
s → J=ψK̄0πþπ−Þ LHCb [707] <0.44 <0.44

BðB0
s → J=ψK̄0KþK−Þ LHCb [707] <0.120 <0.12

aMeasurement of BðB0
s → J=ψf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ=BðB0

s → J=ψϕð1020ÞÞ=Bðϕð1020Þ → KþK−Þ
used in our fit.

bMeasurement of BðB0
s → ψð2SÞϕð1020ÞÞ=BðB0

s → J=ψϕð1020ÞÞ used in our fit.
cMeasurement of BðB0

s → J=ψf02ð1525ÞÞBðf02ð1525Þ → KþK−Þ=BðB0
s → J=ψϕð1020ÞÞ=Bðϕð1020Þ →

KþK−Þ used in our fit.
dMeasurement of BðB0

s → J=ψf02ð1525ÞÞ=BðB0
s → J=ψϕð1020ÞÞ used in our fit.

ejmðπþπ−Þ − 980j < 90 MeV.
fMeasurement of BðB0

s → J=ψπþπ−Þ=BðB0
s → J=ψϕð1020ÞÞ=Bðϕð1020Þ → KþK−Þ used in our fit.

gMeasurement of BðB0
s → J=ψϕð1020Þϕð1020ÞÞ=BðB0

s → J=ψϕð1020ÞÞ used in our fit.
hUsing BðB0 → J=ψK0πþπ−Þ.
iUsing BðB0 → J=ψρ0ð770ÞÞ.
jMeasurement of BðB0 → J=ψηÞ=BðB0

s → J=ψηÞ used in our fit.
kMeasurement of BðB0 → J=ψη0Þ=BðB0

s → J=ψη0Þ used in our fit.
lUsing BðB0

s → J=ψϕð1020ÞÞ.
mUsing fs=fd ¼ 0.269� 0.033.
nMeasurement of 2BðB0

s → J=ψK0
SÞ used in our fit.

oMeasurement of 2BðB0
s → J=ψK0

SÞ=BðB0 → J=ψK0Þ used in our fit.
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TABLE 162. Branching fractions for decays to J=ψ , II.

Parameter [10−5] Measurements Average HFLAV
PDG

BðB0
s → J=ψπþπ−Þ LHCb [845]a,b, [732]c 8.5þ1.6

−1.5
20.9� 2.3

BðB0
s → J=ψf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ

Belle [34] 11.6þ3.1
−1.9

þ3.0
−3.1

10.8� 1.2
12:8þ1.8

−1.9

CDF [113]d

CMS [841]d

D0 [842]d

LHCb [845]d, [849]e

BðB0
s → J=ψf0ð1370ÞÞ × Bðf0ð1370Þ → πþπ−Þ

Belle [34] 3.4þ1.1
−1.4

þ0.9
−0.8

2.9þ1.3
−1.5

4.5þ0.7
−4.1

BðB0
s → J=ψf1ð1285ÞÞ LHCb [738] 7.202� 1.000þ0.906

−1.009
f 7.2� 1.4

BðB0
s → J=ψf02ð1525ÞÞ

LHCb [844] 28.0� 2.9� 3.5g 26.9� 4.2
D0 [843]h 26:1þ5.9

−5.4

BðB0
s → J=ψf0ð500ÞÞ × Bðf0ð500Þ → πþπ−Þ

LHCb [849] <0.37i
<0.37
<0.40

BðB0
s → J=ψpp̄Þ LHCb [744] 0.358� 0.019� 0.033 0.358� 0.038

LHCb [745] <0.48 0.358� 0.043

BðB0
s → J=ψγÞ LHCb [742] <0.73 <0.73

ajmðπþπ−Þ − 980j < 90 MeV.
bMeasurement of BðB0

s → J=ψπþπ−Þ=BðB0
s → J=ψϕð1020ÞÞ=Bðϕð1020Þ → KþK−Þ used in our fit.

cMeasurement of BðB0
s → ψð2SÞπþπ−Þ=BðB0

s → J=ψπþπ−Þ used in our fit.
dMeasurement of BðB0

s → J=ψf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ=BðB0
s → J=ψϕð1020ÞÞ=Bðϕð1020Þ → KþK−Þ

used in our fit.
eMeasurement of BðB0

s → J=ψf0ð500ÞÞ × Bðf0ð500Þ → πþπ−Þ=BðB0
s → J=ψf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ

used in our fit.
fUsing Bðf1ð1285Þ → πþπþπ−π−Þ.
gUsing BðB0

s → J=ψϕð1020ÞÞ.
hMeasurement of BðB0

s → J=ψf02ð1525ÞÞBðf02ð1525Þ → KþK−Þ=BðB0
s → J=ψϕð1020ÞÞ=Bðϕð1020Þ →

KþK−Þ used in our fit.
iUsing BðB0

s → J=ψf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ.

TABLE 163. Branching fractions for decays to charmonium other than J=ψ .

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → ψð2SÞϕð1020ÞÞ

LHCb [711] 5.19� 0.28� 0.51a
5.28� 0.57
5.42� 0.56

D0 [806] 5.8� 1.2� 1.1a

CDF [840] 5.5� 1.4� 0.9a

BðB0
s → ψð2SÞK−πþÞ LHCb [720] 0.3120� 0.0209� 0.0304b 0.312� 0.037

BðB0
s → ψð2SÞK̄�ð892Þ0Þ LHCb [720] 0.3255� 0.0345þ0.0346

−0.0344
c 0.326þ0.049

−0.048
0.331þ0.051

−0.052

BðB0
s → ψð2SÞπþπ−Þ LHCb [732] 0.288� 0.034þ0.062

−0.059
d 0.291þ0.075

−0.065
0.711� 0.130

aUsing BðB0
s → J=ψϕð1020ÞÞ.

bUsing BðB0 → ψð2SÞKþπ−Þ.
cUsing BðB0 → ψð2SÞK�ð892Þ0Þ.
dUsing BðB0

s → J=ψπþπ−Þ.
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4. Decays to charm baryons

Averages of B0
s decays to charm baryons are shown in Tables 166,167.

E. Decays of B+
c mesons

Measurements of Bþ
c decays to charmed hadrons are summarized in Secs. VIII E 1 to VIII E 4.

1. Decays to a single open charm meson

Averages of Bþ
c decays to a single open charm meson are shown in Table 168.

TABLE 164. Branching fraction ratios.

Parameter Measurements Average

BðB0
s→χc2KþK−Þ

BðB0
s→χc1KþK−Þ LHCb [850] 0.171� 0.031� 0.010 0.171� 0.033

TABLE 165. Decay amplitudes and relative phases.

Parameter Measurements Average

f0ðB0
s → J=ψK̄�ð892Þ0Þ LHCb [232] 0.497� 0.025� 0.025 0.497� 0.035

fkðB0
s → J=ψK̄�ð892Þ0Þ LHCb [232] 0.179� 0.027� 0.013 0.179� 0.030

δkðB0
s → J=ψK̄�ð892Þ0Þ LHCb [232] −2.7� 0.2� 0.2 −2.70� 0.25

δ⊥ðB0
s → J=ψK̄�ð892Þ0Þ LHCb [232] 0.01� 0.11þ0.12

−0.13 0.01� 0.17

TABLE 166. Branching fractions for decays to one charm baryon.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → Λ̄−

cΛ0πþÞ Belle [851] 3.6� 1.1þ0.9
−1.0

3.6� 1.5
3.6� 1.6

TABLE 167. Branching fractions for decays to two charm baryons.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB0
s → Λþ

c Λ̄−
c Þ LHCb [694] <1.2a,b

<1.2
<0.8

aAt CL ¼ 95%.
bUsing BðB0

s → D−
s DþÞ.

TABLE 168. Branching fractions for decays to one charm meson.

Parameter [10−7] Measurements Average

fc × BðBþ
c → D0KþÞ LHCb [852] 3.79þ1.14

−1.02 � 0.25a 3.8þ1.2
−1.0

aUsing fu.
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2. Decays to two open charm mesons

Averages of Bþ
c decays to two open charm mesons are shown in Table 169.

TABLE 169. Branching fractions for decays to two D mesons.

Parameter [10−6] Measurements Average

fc × BðBþ
c → Dþ

s D̄0Þ LHCb [795]a 1.2þ1.5
−1.4

fc × BðBþ
c → Dþ

s D0Þ LHCb [795]b −1.5� 1.0

fc × BðBþ
c → DþD̄0Þ LHCb [795]c 1.3� 1.2

fc × BðBþ
c → DþD0Þ LHCb [795]d 0.45� 0.83

fc × BðBþ
c → D�þ

s D̄0 þDþ
s D̄�ð2007Þ0Þ LHCb [795]e −0.4� 5.9

fc × BðBþ
c → D�þ

s D0 þDþ
s D�ð2007Þ0Þ LHCb [795]f −1.2� 7.5

fc × BðBþ
c → D�þ

s D̄�ð2007Þ0Þ LHCb [795]g 13� 17

fc × BðBþ
c → D�þ

s D�ð2007Þ0Þ LHCb [795]h 27� 36

fc × ðBðB−
c → D�−D0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−

c → D−D�0ÞÞ
LHCb [795]i 0.3� 5.0

fc × ðBðB−
c → D�−D̄0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−

c → D−D̄�0ÞÞ
LHCb [795]j −2.3� 2.7

fc × BðBþ
c → D�ð2010ÞþD�ð2007Þ0Þ LHCb [795]k −6� 14

fc × BðBþ
c → D�ð2010ÞþD̄�ð2007Þ0Þ LHCb [795]l 53� 36

aMeasurement of fc × BðBþ
c → Dþ

s D̄0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

bMeasurement of fc × BðBþ
c → Dþ

s D0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

cMeasurement of fc × BðBþ
c → DþD̄0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.

dMeasurement of fc × BðBþ
c → DþD0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.

eMeasurement of fc × BðBþ
c → D�þ

s D̄0 þDþ
s D̄�ð2007Þ0Þ=ðfuBðBþ → Dþ

s D̄0ÞÞ used in our fit.
fMeasurement of fc × BðBþ

c → D�þ
s D0 þDþ

s D�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

gMeasurement of fc × BðBþ
c → D�þ

s D̄�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

hMeasurement of fc × BðBþ
c → D�þ

s D�ð2007Þ0Þ=ðfuBðBþ → Dþ
s D̄0ÞÞ used in our fit.

iMeasurement of fc × ðBðB−
c → D�−D0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−

c → D−D�0ÞÞ=ðfuBðBþ → DþD̄0ÞÞ
used in our fit.

jMeasurement of fc × ðBðB−
c → D�−D̄0Þ × BðD�− → D−ðπ0; γÞÞ þ BðB−

c → D−D̄�0ÞÞ=ðfuBðBþ → DþD̄0ÞÞ
used in our fit.

kMeasurement of fc × BðBþ
c → D�ð2010ÞþD�ð2007Þ0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.

lMeasurement of fc × BðBþ
c → D�ð2010ÞþD̄�ð2007Þ0Þ=ðfuBðBþ → DþD̄0ÞÞ used in our fit.
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3. Decays to charmonium states

Averages of Bþ
c decays to charmonium states are shown in Tables 170–171.

4. Decays to a B meson

Averages of Bþ
c decays to a B meson are shown in Table 172.

TABLE 170. Branching fractions for decays to charmonium.

Parameter [10−6] Measurements Average

fc × BðBþ
c → J=ψπþÞ CMS [805]a

2.76� 0.12
LHCb [807]b,a, [809]c,a

fc × BðBþ
c → χc0π

þÞ LHCb [853] 4.00þ1.39
−1.22 � 0.33d 4.0þ1.4

−1.3
aMeasurement of fc × BðBþ

c → J=ψπþÞ=ðfuBðBþ → J=ψKþÞÞ used in our fit.
b ffiffiffi

s
p ¼ 7 TeV, pT > 4 GeV and 2.5< y < 4.5.

c ffiffiffi
s

p ¼ 8 TeV, 0< pT < 20 GeV and 2.0< y < 4.5.
dUsing fu.

TABLE 171. Branching fraction ratios.

Parameter Measurements Average

BðBþ
c →J=ψDþ

s Þ
BðBþ

c →J=ψπþÞ
LHCb [854] 2.9� 0.6� 0.2

3.09� 0.55
ATLAS [855] 3.8� 1.1� 0.4

BðBþ
c →J=ψD�þ

s Þ
BðBþ

c →J=ψDþ
s Þ

ATLAS [855] 2.8þ1.2
−0.8 � 0.3 2.8þ1.2

−0.9

BðBþ
c →J=ψD�þ

s Þ
BðBþ

c →J=ψπþÞ ATLAS [855] 10.4� 3.1� 1.6 10.4� 3.5

BðBþ
c →J=ψπþπþπ−Þ

BðBþ
c →J=ψπþÞ

LHCb [856] 2.41� 0.30� 0.33
2.45� 0.40

CMS [805] 2.55� 0.80� 0.33

BðBþ
c →J=ψD�ð2007Þ0KþÞ
BðBþ

c →J=ψD0KþÞ LHCb [857] 5.1� 1.8� 0.4 5.1� 1.8

BðBþ
c →J=ψD�ð2010ÞþK�ð892Þ0Þ

BðBþ
c →J=ψD0KþÞ LHCb [857] 2.1� 1.1� 0.3 2.1� 1.1

BðBþ
c →J=ψKþÞ

BðBþ
c →J=ψπþÞ LHCb [858] 0.069� 0.019� 0.005 0.069� 0.020

BðBþ
c →J=ψKþK−πþÞ
BðBþ

c →J=ψπþÞ LHCb [859] 0.53� 0.10� 0.05 0.53� 0.11

BðBþ
c →ψð2SÞπþÞ

BðBþ
c →J=ψπþÞ LHCb [860] 0.268� 0.032� 0.009 0.270� 0.033

BðBþ
c →J=ψD0KþÞ

BðBþ
c →J=ψπþÞ LHCb [857] 0.432� 0.136� 0.028 0.43� 0.14

BðBþ
c →J=ψDþK�ð892Þ0Þ
BðBþ

c →J=ψD0KþÞ LHCb [857] 0.63� 0.39� 0.08 0.63� 0.40

TABLE 172. Branching fractions for decays to B0
s meson.

Parameter [10−4] Measurements Average

fc × BðBþ
c → B0

sπ
þÞ LHCb [861] 2.323� 0.304þ0.291

−0.271
a

2.32þ0.43
−0.39

aUsing fs.
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F. Decays of b baryons

Measurements of b baryon decays to charmed hadrons are summarized in Secs. VIII F 1 to VIII F 4.

1. Decays to a single open charm meson

Averages of b baryon decays to a single open charm meson are shown in Table 173.

2. Decays to charmonium states

Averages of b baryon decays to charmonium states are shown in Tables 174–177.

TABLE 173. Branching fractions for decays to D0 mesons.

Parameter [10−5] Measurements Average HFLAV
PDG

BðΛ0
b → D0pK−Þ LHCb [862] 4.28� 0.47þ0.44

−0.48
a

4.28þ0.67
−0.65

LHCb [862]b 4.60þ0.77
−0.80

fΞ0
b

fΛ0
b

× BðΞ0
b → D0pK−Þ LHCb [862] 1.88� 0.39þ0.39

−0.38
c 1.88þ0.58

−0.51
0.17� 0.06

aUsing BðΛ0
b → D0pπ−Þ.

bMeasurement of
fΞ0

b
fΛ0

b

× BðΞ0
b → D0pK−Þ=BðΛ0

b → D0pK−Þ used in our fit.
cUsing BðΛ0

b → D0pK−Þ.

TABLE 174. Λ0
b branching fractions to charmonium.

Parameter [10−4] Measurements Average HFLAV
PDG

BðΛ0
b → J=ψpK−Þ LHCb [863] 3.17� 0.04� 0.08 3.171� 0.088

LHCb [864]a, [865]b,c, [866]d,e,f, [867]g,h 3.170þ0.571
−0.452

BðΛ0
b → J=ψpK−πþπ−Þ LHCb [865] 0.6614� 0.0304� 0.0462i

0.661� 0.055
0.661þ0.130

−0.108

BðΛ0
b → J=ψpπ−Þ LHCb [864] 0.2613� 0.0079� 0.0151i

0.261� 0.017
0.261þ0.050

−0.040

BðΛ0
b → J=ψΛ0Þ

CDF [868] 4.7� 2.1� 1.9

4.7þ2.8
−2.9

none

ATLAS [869]j

CDF [870]k

LHCb [871]j

fΛ0
b
× BðΛ0

b → J=ψΛ0Þ D0 [872] 0.601� 0.060� 0.064 0.601� 0.088
CDF [870]l 0.585� 0.083

BðΛ0
b → ψð2SÞpK−Þ LHCb [865] 0.656� 0.024� 0.026i

0.656� 0.035
0.075þ0.016

−0.014

BðΛ0
b → ψð2SÞΛ0Þ LHCb [871] 2.421� 0.109þ1.446

−1.466
m

2.4þ1.4
−1.5

noneATLAS [869] 2.365� 0.156þ1.412
−1.432

m

(Table continued)
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TABLE 174. (Continued)

Parameter [10−4] Measurements Average HFLAV
PDG

BðΛ0
b → χc1pK−Þ LHCb [867] 0.767� 0.044� 0.054i 0.768� 0.060

LHCb [867]n 0.759þ0.151
−0.126

BðΛ0
b → χc2pK−Þ LHCb [867] 0.786� 0.063� 0.057i 0.785� 0.077

LHCb [867] 0.784� 0.077� 0.074o 0.793þ0.165
−0.140

aMeasurement of BðΛ0
b → J=ψpπ−Þ=BðΛ0

b → J=ψpK−Þ used in our fit.
bMeasurement of BðΛ0

b → ψð2SÞpK−Þ=BðΛ0
b → J=ψpK−Þ used in our fit.

cMeasurement of BðΛ0
b → J=ψpK−πþπ−Þ=BðΛ0

b → J=ψpK−Þ used in our fit.
dMeasurement of BðΛ0

b → Pcð4380Þþπ−Þ=BðΛ0
b → J=ψpK−Þ used in our fit.

eMeasurement of BðΛ0
b → Pcð4457Þþπ−Þ=BðΛ0

b → J=ψpK−Þ used in our fit.
fMeasurement of BðΛ0

b → Zcð4200Þ−pÞ=BðΛ0
b → J=ψpK−Þ used in our fit.

gMeasurement of BðΛ0
b → χc1pK−Þ=BðΛ0

b → J=ψpK−Þ used in our fit.
hMeasurement of BðΛ0

b → χc2pK−Þ=BðΛ0
b → J=ψpK−Þ used in our fit.

iUsing BðΛ0
b → J=ψpK−Þ.

jMeasurement of BðΛ0
b → ψð2SÞΛ0Þ=BðΛ0

b → J=ψΛ0Þ used in our fit.
kMeasurement of

fΞ−
b

fΛ0
b

× BðΞ−
b → J=ψΞ−Þ=BðΛ0

b → J=ψΛ0Þ used in our fit.
lMeasurement of fΩ−

b
× BðΩ−

b → J=ψΩ−Þ=fΛ0
b
× BðΛ0

b → J=ψΛ0Þ used in our fit.
mUsing BðΛ0

b → J=ψΛ0Þ.
nMeasurement of BðΛ0

b → χc2pK−Þ=BðΛ0
b → χc1pK−Þ used in our fit.

oUsing BðΛ0
b → χc1pK−Þ.

TABLE 175. Ξ−
b and Ω−

b branching fractions to charmonium.

Parameter [10−5] Measurements Average HFLAV
PDG

fΞ−
b

fΛ0
b

× BðΞ−
b → J=ψΞ−Þ CDF [870] 7.88þ1.75

−1.18
þ4.73
−4.80

a 7.9þ5.3
−4.8

1.0þ0.3
−0.2

fΩ−
b
× BðΩ−

b → J=ψΩ−Þ CDF [870] 0.270þ0.102
−0.072 � 0.046b

0.27þ0.12
−0.08

0.29þ0.11
−0.08

aUsing BðΛ0
b → J=ψΛ0Þ.

bUsing fΛ0
b
× BðΛ0

b → J=ψΛ0Þ.

TABLE 176. Parity-violating asymmetry in Λ0
b decays to charmonium.

Parameter Measurements Average HFLAV
PDG

αðΛ0
b → J=ψΛ0Þ

CMS [873] −0.14� 0.14� 0.10
0.07� 0.10
none

ATLAS [874] 0.3� 0.2� 0.1
LHCb [875] 0.050� 0.170� 0.070

TABLE 177. Transverse polarization of Λ0
b produced in pp collisions.

Parameter Measurements Average HFLAV
PDG

PðΛ0
b → J=ψΛ0Þ LHCb [875] 0.060� 0.070� 0.020 0.035� 0.055

CMS [873] 0.0� 0.1� 0.1 none
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3. Decays to charm baryons

Averages of b baryon decays to charm baryons are shown in Tables 178–181.

TABLE 178. Λb branching fractions.

Parameter [10−3] Measurements Average HFLAV
PDG

BðΛ0
b → Λþ

c π
−Þ

LHCb [876] 4.3� 0.0� 0.3

4.45� 0.25
4.91� 0.39

CDF [646] 8.5� 0.8� 3.0a

CDF [877]b

LHCb [647]b, [862]c,d, [878]e

BðΛ0
b → Λþ

c π
þπ−π−Þ

LHCb [647] 6.36� 0.71� 0.68f

7.15� 0.96
7.68� 1.13

CDF [877] 13.53� 1.47þ3.21
−2.57

f

CDF [877] 26.8� 2.9þ11.5
−10.9

LHCb [647]g,h,i,j

BðΛ0
b → Λþ

c K−Þ LHCb [862] 0.3253� 0.0071� 0.0198f
0.325� 0.021
0.359� 0.030

BðΛ0
b → Λþ

c pp̄π−Þ LHCb [878] 0.24031� 0.01024� 0.01975f 0.240þ0.023
−0.022

LHCb [878]k,l 0.265� 0.029
aUsing BðB0 → D−πþÞ.
bMeasurement of BðΛ0

b → Λþ
c π

þπ−π−Þ=BðΛ0
b → Λþ

c π
−Þ used in our fit.

cMeasurement of BðΛ0
b → Λþ

c K−Þ=BðΛ0
b → Λþ

c π
−Þ used in our fit.

dMeasurement of BðΛ0
b → D0pπ−ÞBðD0 → K−πþÞ=ðBðΛ0

b → Λþ
c π

−ÞBðΛþ
c → pK−πþÞÞ used in our fit.

eMeasurement of BðΛ0
b → Λþ

c pp̄π−Þ=BðΛ0
b → Λþ

c π
−Þ used in our fit.

fUsing BðΛ0
b → Λþ

c π
−Þ.

gMeasurement of BðΛ0
b → Σcð2455Þ0πþπ−Þ × BðΣcð2455Þ0 → Λþ

c π
−Þ=BðΛ0

b → Λþ
c π

þπ−π−Þ used in our fit.
hMeasurement of BðΛ0

b → Σcð2455Þþþπ−π−Þ × BðΣcð2455Þþþ → Λþ
c π

þÞ=BðΛ0
b → Λþ

c π
þπ−π−Þ used in our fit.

iMeasurement of BðΛ0
b → Λcð2595Þþπ−Þ × BðΛcð2595Þþ → Λþ

c π
þπ−Þ=BðΛ0

b → Λþ
c π

þπ−π−Þ used in our fit.
jMeasurement of BðΛ0

b → Λcð2625Þþπ−Þ × BðΛcð2625Þþ → Λþ
c π

þπ−Þ=BðΛ0
b → Λþ

c π
þπ−π−Þ used in our fit.

kMeasurement of BðΛ0
b → Σcð2455Þ0pp̄Þ × BðΣcð2455Þ0 → Λþ

c π
−Þ=BðΛ0

b → Λþ
c pp̄π−Þ used in our fit.

lMeasurement of BðΛ0
b → Σcð2520Þ0pp̄Þ × BðΣcð2520Þ0 → Λþ

c π
−Þ=BðΛ0

b → Λþ
c pp̄π−Þ used in our fit.

TABLE 179. Ξb branching fractions.

Parameter [10−4] Measurements Average HFLAV
PDG

fΞ−
b

fΛ0
b

× BðΞ−
b → Λ0

bπ
−Þ LHCb [879] 5.7� 1.8þ0.8

−0.9 5.7� 2.0

TABLE 180. Branching fraction ratios.

Parameter Measurements Average HFLAV
PDG

BðΛ0
b→Λþ

c D−Þ
BðΛ0

b→Λþ
c D−

s Þ
LHCb [694] 0.042� 0.003� 0.003

0.0420� 0.0042
0.0005� 0.0001

BðΛ0
b → Λcð2860Þþπ−Þ × BðΛcð2860Þþ → D0pÞ

BðΛ0
b → Λcð2880Þþπ−Þ × BðΛcð2880Þþ → D0pÞ

LHCb [880] 4.51þ0.51
−0.39

þ0.21
−0.45

4.51� 0.57
none

(Table continued)
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4. Decays to exotic states

Averages of b baryon decays to XYZP states are shown in Table 182.

TABLE 180. (Continued)

Parameter Measurements Average HFLAV
PDG

BðΛ0
b → Λcð2940Þþπ−Þ × BðΛcð2940Þþ → D0pÞ

BðΛ0
b → Λcð2880Þþπ−Þ × BðΛcð2880Þþ → D0pÞ

LHCb [880] 0.83þ0.31
−0.10

þ0.18
−0.43

0.83þ0.36−0.45
none

BðΞ0
b→Λþ

c K−Þ
BðΞ0

b→D0pK−Þ LHCb [862]a 0.35� 0.19
0.00� 0.00

aMeasurement of
BðΞ0

b→Λþ
c K−Þ

BðΞ0
b→D0pK−ÞBðΛþ

c → pK−πþÞ=BðD0 → K−πþÞ used in our fit.

TABLE 181. Product branching fractions.

Parameter [10−4] Measurements Average HFLAV
PDG

BðΛ0
b → Σcð2455Þ0pp̄Þ × BðΣcð2455Þ0 → Λþ

c π
−Þ

LHCb [878] 0.2138� 0.0360þ0.0251
−0.0242

a 0.214þ0.045
−0.042

0.236� 0.050

BðΛ0
b → Σcð2520Þ0pp̄Þ × BðΣcð2520Þ0 → Λþ

c π
−Þ

LHCb [878] 0.2859� 0.0481þ0.0434
−0.0425

a 0.286þ0.067
−0.062

0.316� 0.073

BðΛ0
b → Λcð2595Þþπ−Þ × BðΛcð2595Þþ → Λþ

c π
þπ−Þ

LHCb [647] 3.15� 1.22þ0.60
−0.51

b 3.1þ1.4
−1.3

3.4þ1.5
−1.4

BðΛ0
b → Λcð2625Þþπ−Þ × BðΛcð2625Þþ → Λþ

c π
þπ−Þ

LHCb [647] 3.08� 1.07� 0.50b 3.1þ1.2
−1.1

3.3� 1.3

BðΛ0
b → Σcð2455Þ0πþπ−Þ × BðΣcð2455Þ0 → Λþ

c π
−Þ

LHCb [647] 5.29� 1.72� 1.11b 5.3� 2.1
5.7� 2.2

BðΛ0
b → Σcð2455Þþþπ−π−Þ × BðΣcð2455Þþþ → Λþ

c π
þÞ

LHCb [647] 3.00� 1.29� 0.64b 3.0� 1.4
3.2� 1.6

aUsing BðΛ0
b → Λþ

c pp̄π−Þ.
bUsing BðΛ0

b → Λþ
c π

þπ−π−Þ.

TABLE 182. Branching fractions for decays to pentaquarks.

Parameter [10−4] Measurements Average HFLAV
PDG

BðΛ0
b → Pcð4380Þþπ−Þ

LHCb [866] 0.162� 0.048þ0.083
−0.051

a
0.162þ0.095

−0.070
LHCb [866] 0.161� 0.052þ0.386

−0.131
b none

BðΛ0
b → Pcð4380ÞþK−Þ LHCb [866]c 3.2þ7.4

−1.8
0.3� 0.1

BðΛ0
b → Pcð4457Þþπ−Þ LHCb [866] 0.051þ0.025

−0.019
þ0.019
−0.016

a 0.051þ0.032
−0.025

(Table continued)
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IX. b-HADRON DECAYS TO CHARMLESS
FINAL STATES

This section provides branching fractions (BF), polari-
zation fractions, partial rate asymmetries (ACP) and other
observables of b-hadron decays to final states that do
not contain charm hadrons or charmonium mesons,33

except for a few lepton-flavor- and lepton-number-violating
decays reported in Sec. IX F. Four categories of B0 and Bþ
decays are reported: mesonic (i.e., final states containing
only mesons), baryonic (hadronic final states with baryon-
antibaryon pairs), radiative (including a photon or a lepton-
antilepton pair) and semileptonic/leptonic (including/only
leptons). We also report measurements of B0

s , Bþ
c and

b-baryon decays, and measurements of final-state polari-
zation in b-hadron decays. Results of CKM-matrix param-
eters obtained from ACP measurements are listed and
described in Sec. VI. As discussed in Sec. II, measurements
included in our averages are those supported with public
notes, including journal papers, conference contributed
papers, preprints or conference proceedings, except when
a result has not led to a journal publication after an
extended period of time.
The largest improvements since our last report [1] have

come from a variety of new measurements from the LHC,
especially LHCb. Also, the first results from Belle II are
included.
The averaging procedure follows the methodology

described in Sec. III. We perform fits of the full likelihood
function and do not use the approximation described in
Sec. III A. For the cases where more than one measurement
is available, in total 235 fits are performed, with on average
(maximally) 1.3 (20) parameters and 2.9 (23) measure-
ments per fit. Systematic uncertainties are taken as quoted
without the scaling of multiplicative uncertainties discussed

in Sec. III C. In our tables, the individual measurements and
average of each parameter pj are shown in one row. We
quote numerical values of all direct measurements of a
parameter pj. We also show numerical values derived from
measurements of branching-fraction ratios pj=pk, per-
formed with respect to the branching fraction pk of a
normalization mode, as well as measurements of products
pjpk of the branching fraction of interest with that of a
daughter decay. In these cases, the quoted value and
uncertainty of the measurement are determined with the
fitted value of pk, and the uncertainty of pk is included in
the systematic uncertainty. A footnote “Using pk” is added
in these cases. Note that the fit uses pj=pk or pjpk directly
and not the derived value of pj, which is quoted in our
table in order to give a sense of the contribution of the
measurement to the average. When the measurement
depends on pj in some other way, it is also included in
our fit for pj, but in the tables no derived value is shown.
Instead, the measured function f of parameters is given in a
footnote “Measurement of f used in our fit.” Where
available, correlations between measurements are taken
into account. We consider correlations not only between
measurements of the same parameter, as done in our
previous publication [1], but also among parameters. The
correlation coefficients among parameters are quoted in our
web page [881].
If one or more experiments report a BF measurement

with a significance of more than three standard deviations
(σ), all available central values for that BF are used in our
average. For BFs that do not satisfy this criterion, the most
stringent limit is used. Quoted upper limits are at 90% con-
fidence level (CL), unless mentioned otherwise. For
observables that are not BFs, such as ACP or polarization
fractions, we include in our averages all the available
results, regardless of their significance. Most of the
branching fractions from BABAR and Belle assume equal
production of charged and neutral B-meson pairs. The best
measurements to date show that this is still a reasonable
approximation (see Sec. IV), and we make no correction for

TABLE 182. (Continued)

Parameter [10−4] Measurements Average HFLAV
PDG

LHCb [866] 0.051þ0.025
−0.022

þ0.088
−0.035

d none

BðΛ0
b → Pcð4457ÞþK−Þ LHCb [866]e 1.5þ2.6

−0.9
0.1� 0.0

BðΛ0
b → Zcð4200Þ−pÞ LHCb [866] 0.244� 0.089þ0.108

−0.127
a 0.24þ0.14

−0.15
none

aUsing BðΛ0
b → J=ψpK−Þ.

bUsing BðΛ0
b → Pcð4380ÞþK−Þ.

cMeasurement of BðΛ0
b → Pcð4380Þþπ−Þ=BðΛ0

b → Pcð4380ÞþK−Þ used in our fit.
dUsing BðΛ0

b → Pcð4457ÞþK−Þ.
eMeasurement of BðΛ0

b → Pcð4457Þþπ−Þ=BðΛ0
b → Pcð4457ÞþK−Þ used in our fit.

33The treatment of intermediate charm or charmonium states
differs between observables and sometimes among results for the
same observable. In the latter case, when these results are
averaged, we indicate the differences by footnotes.
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it. At the end of some of the sections we list results that
were not included in the tables. Typical cases are mea-
surements of distributions, such as differential branching
fractions or longitudinal polarizations, which are measured
in different binning schemes by the different collaborations,
and thus cannot be directly used to obtain averages.
Observables obtained by Dalitz-plot analyses are marked

by footnotes. In these analyses, different experimental
collaborations often use different models, in particular
for the nonresonant component. When it applies we detail
the model used for the nonresonant component in a
footnote. In addition to this, Dalitz-plot analyses often
yield multiple solutions. In this case, we take the results
corresponding to the global minimum and follow the
conclusions of the papers.
The order of entries in the tables of this section

corresponds in most cases to that in the 2021 Review of
Particle Physics (PDG 2021) [9]. In most of the tables the
averages are compared to those from PDG 2021. When this
is done, the “Average” column quotes the PDG averages (in
green) only if they differ from ours. In general, this is due to
different input parameters, differences in the averaging

methods and different rounding conventions. Unlike the
PDG, no error scaling is applied in our averages when the
fit χ2 is greater than 1. On the other hand, the fit p-value is
quoted if it is below 1%. Input values that appear in red are
not included in the PDG 2021 average. They are new
results published since the closing of PDG 2021 and before
the closing of this report in June 2021. Input values in blue
are results that were unpublished at the closing of this
report (unpublished results are never included in the PDG
averages).
Sections IXA and IXB provide compilations of branch-

ing fractions of B0 and Bþ to mesonic and baryonic charm-
less final states, respectively. Sections IXC and IXD give
branching fractions of b-baryon and B0

s-meson charmless
decays, respectively. In Sec. IX F observables of interest are
given for radiative decays and FCNC decays with leptons of
B0 and Bþ mesons, including limits from searches for
lepton-flavor/number-violating decays. Sections IXG and
IXH give CP asymmetries and results of polarization
measurements, respectively, in various b-hadron charmless
decays. Finally, Sec. IX E gives branching fractions of Bþ

c
meson decays to charmless final states.

TABLE 183. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K0πþÞa
Belle [882] 23.97� 0.53� 0.71

23.5�0.7
23.7�0.8

BABAR [400] 23.9� 1.1� 1.0
Belle II [883] 21.4þ2.3

−2.2 � 1.6
CLEO [884] 18.8þ3.7þ2.1

−3.3−1.8
LHCb [885]b

BðBþ → Kþπ0Þ
Belle [882] 12.62� 0.31� 0.56

12.9� 0.5
BABAR [886] 13.6� 0.6� 0.7
Belle II [887] 11.9þ1.1

−1.0 � 1.6
CLEO [884] 12:9þ2.4

−2.2
þ1.2
−1.1

BðBþ → η0KþÞ

BABAR [888] 71.5� 1.3� 3.2

68.9�2.3
70.4�2.5

Belle [889] 69.2� 2.2� 3.7
Belle II [890] 63.4þ3.4

−3.3 � 3.4
Belle [891] 61þ10

−8 � 1

CLEO [892] 80þ10
−9 � 7

LHCb [893]c

BðBþ → η0K�ð892ÞþÞ BABAR [894] 4.8þ1.6
−1.4 � 0.8

4.8þ1.8
−1.6Belle [895] <2.9

BðBþ → η0ðKπÞ�þ0 Þ BABAR [894] 6.0þ2.2
−2.0 � 0.9

6.0� 2.3
none

BðBþ → η0K�
0ð1430ÞþÞ BABAR [894] 5.2� 1.9� 1.0d 5.2� 2.1

BðBþ → η0K�
2ð1430ÞþÞ BABAR [894] 28.0þ4.6

−4.3 � 2.6
28.0� 5.2
28.0þ5.3

−5.0
aThe PDG average is a result of a fit including input from other measurements.
bMeasurement of BðBþ → KþK̄0Þ=BðBþ → K0πþÞ used in our fit.
cMeasurement of BðB0

s → η0η0Þ=BðBþ → η0KþÞ used in our fit.
dMultiple systematic uncertainties are added in quadrature.
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A. Mesonic decays of B+ and B0 mesons

This section provides branching fractions of charmless
mesonic decays. Tables 183–192 to are for Bþ and
Tables 193–206 to are for B0 mesons. For both, decay
modes with and without strange mesons in the final state

appear in different tables. Finally, Tables 207 and 208 detail
several relative branching fractions of Bþ and B0 decays,
respectively. Figure 69 gives a graphic representation of a
selection of high-precision branching fractions given in this
section.

TABLE 184. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → ηKþÞa
Belle [896] 2.12� 0.23� 0.11

2.36�0.21
2.36þ0.38

−0.37
BABAR [888] 2.94þ0.39

−0.34 � 0.21
CLEO [892] 2.2þ2.8

−2.2

BðBþ → ηK�ð892ÞþÞ
BABAR [897] 18.9� 1.8� 1.3

19.3� 1.6Belle [898] 19.3þ2.0
−1.9 � 1.5

CLEO [892] 26.4þ9.6
−8.2 � 3.3

BðBþ → ηðKπÞ�þ0 Þ BABAR [897] 18.2� 2.6� 2.6
18.2� 3.7
none

BðBþ → ηK�
0ð1430ÞþÞb BABAR [897] 12.9� 1.8� 1.8c

12.9� 2.5
18.2� 3.7

BðBþ → ηK�
2ð1430ÞþÞ BABAR [897] 9.1� 2.7� 1.4 9.1� 3.0

BðBþ → ηð1295ÞKþÞ × Bðηð1295Þ → ηππÞ BABAR [899] 2.9þ0.8
−0.7 � 0.2 2.9þ0.8

−0.7

BðBþ → ηð1405ÞKþÞ × Bðηð1405Þ → ηππÞ BABAR [899] <1.3 <1.3

BðBþ → ηð1405ÞKþÞ × Bðηð1405Þ → K�KÞ BABAR [899] <1.2 <1.2

BðBþ → ηð1475ÞKþÞ × Bðηð1475Þ → K�KÞ BABAR [899] 13.8þ1.8þ1.0
−1.7−0.6 13.8þ2.1

−1.8

BðBþ → f1ð1285ÞKþÞ × Bðf1ð1285Þ → ηππÞ BABAR [899] <0.8
<0.80
none

BðBþ → f1ð1420ÞKþÞ × Bðf1ð1420Þ → ηππÞ BABAR [899] <2.9 <2.9

BðBþ → f1ð1420ÞKþÞ × Bðf1ð1420Þ → K�KÞ BABAR [899] <4.1 <4.1

BðBþ → ϕð1680ÞKþÞ × Bðϕð1680Þ → K�KÞ BABAR [899] <3.4 <3.4

BðBþ → f0ð1500ÞKþÞ BABAR [262] 17� 4� 12
d

17� 12
BABAR [262] 20� 10� 27

e
4� 2

BðBþ → ωð782ÞKþÞf
Belle [385] 6.8� 0.4� 0.4

6.47� 0.40BABAR [900] 6.3� 0.5� 0.3
CLEO [901] 3.2þ2.4

−1.9 � 0.8

BðBþ → ωð782ÞK�ð892ÞþÞ BABAR [902] <7.4 <7.4

BðBþ → ωð782ÞðKπÞ�þ0 Þ BABAR [902] 27.5� 3.0� 2.6 27.5� 4.0

BðBþ → ωð782ÞK�
0ð1430ÞþÞ BABAR [902] 24.0� 2.6� 4.4 24.0� 5.1

BðBþ → ωð782ÞK�
2ð1430ÞþÞ BABAR [902] 21.5� 3.6� 2.4 21.5� 4.3

BðBþ → a0ð980ÞþK0Þ × Bða0ð980Þþ → ηπþÞ BABAR [903] <3.9 <3.9

BðBþ → a0ð980Þ0KþÞ × Bða0ð980Þ0 → ηπ0Þ BABAR [903] <2.5 <2.5
aThe PDG uncertainty includes a scale factor.
bThe PDG entry corresponds to BðBþ → ηðKπÞ�þ0 Þ.
cMultiple systematic uncertainties are added in quadrature.
dResult extracted from Dalitz-plot analysis of Bþ → KþKþK− decays.
eResult extracted from Dalitz-plot analysis of Bþ → K0

SK
0
SK

þ decays.
fThe measurement from the Dalitz-plot analysis of Bþ → Kþπþπ− decays [269] was not included in this average.

It is quoted as a separate entry.
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TABLE 185. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K�ð892Þ0πþÞ
BABAR [269] 10.8� 0.6þ1.2

−1.4
a

10.4� 0.8
10.1� 0.8

Belle [267] 9.67� 0.64þ0.81
−0.89

a

BABAR [904] 14.6� 2.4þ1.4
−1.5

b,c

BðBþ → K�ð892Þþπ0Þ
BABAR [904] 9.2� 1.3þ0.7

−0.8
b,c

8.8� 1.2
6.8� 0.9

BABAR [905] 8.2� 1.5� 1.1
CLEO [901] 7.1þ11.4

−7.1 � 1.0

BðBþ → Kþπþπ−Þ
LHCb [906] 56.05� 0.36� 1.51d

55.7� 1.4
51.0� 2.9

BABAR [269] 54.4� 1.1� 4.6a

Belle [267] 48.8� 1.1� 3.6a

BðBþ → Kþπþπ−ðNRÞÞ BABAR [269] 9.3� 1.0þ6.9
−1.7

a,e

16.3þ2.0
−1.8

16.3þ2.1
−1.5

Belle [267] 16.9� 1.3þ1.7
−1.6

a
16:3þ2.1

−1.5

BðBþ → ωð782ÞKþðKþπþπ−ÞÞf BABAR [269] 5.9þ8.8
−9.0

þ0.5
−0.4

a 5.9� 8.9
5.9þ8.8

−9.0

BðBþ → f0ð980ÞKþÞ × Bðf0ð980Þ → πþπ−Þ BABAR [269] 10.3� 0.5þ2.0
−1.4

a
9.40þ0.84

−0.92
Belle [267] 8.78� 0.82þ0.85

−1.76
a 9.40þ1.02

−1.18

BðBþ → f2ð1270ÞKþÞ Belle [267] 1.33� 0.30þ0.23
−0.34

a 1.07� 0.31
BABAR [269] 0.89þ0.38

−0.33
þ0.01
−0.03

a 1.07� 0.27

BðBþ → f0ð1370ÞKþÞ × Bðf0ð1370Þ → πþπ−Þ BABAR [268] <10.7a <11

BðBþ → ρð1450Þ0KþÞ × Bðρð1450Þ0 → πþπ−Þ BABAR [268] <11.7a <12

BðBþ → f02ð1525ÞKþÞ × Bðf02ð1525Þ → πþπ−Þ BABAR [268] <3.4a <3.4

BðBþ → ρ0ð770ÞKþÞ BABAR [269] 3.56� 0.45þ0.57
−0.46

a
3.74� 0.47
3.74þ0.48

−0.45
Belle [267] 3.89� 0.47þ0.43

−0.41
a

BðBþ → K�
0ð1430Þ0πþÞg

BABAR [269] 32.0� 1.2þ10.8
−6.0

a

46.9� 5.0
39.0þ5.7

−5.0

Belle [267] 51.6� 1.7þ7.0
−7.5

a

BABAR [904] 50.0� 4.8þ6.7
−6.6

b,c

BðBþ → K�
2ð1430Þ0πþÞ

BABAR [269] 5.6� 1.2þ1.8
−0.8

a
5.6þ2.2

−1.4
Belle [263] <6.9a 5.6þ2.2

−1.5

BðBþ → K�ð1410Þ0πþÞ Belle [263] <45.0a <45

BðBþ → K�ð1680Þ0πþÞ Belle [263] <12.0a
<12

BABAR [268] <15.0a

aResult extracted from Dalitz-plot analysis of Bþ → Kþπþπ− decays.
bResult extracted from Dalitz-plot analysis of Bþ → K0

Sπ
þπ0 decays.

cMultiple systematic uncertainties are added in quadrature.
dUsing BðBþ → KþKþK−Þ.
eThe total nonresonant contribution is obtained by combining an exponential nonresonant component with the

effective-range part of the LASS lineshape.
fThis result was not included in the main entry of BðBþ → ωð782ÞKþÞ.
gThe PDG uncertainty includes a scale factor.
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TABLE 186. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 4).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → Kþπ0π0Þ BABAR [905] 16.2� 1.2� 1.5 16.2� 1.9

BðBþ → f0ð980ÞKþÞ × Bðf0ð980Þ → π0π0Þ
BABAR [905] 2.8� 0.6� 0.5 2.8� 0.6� 0.5

BðBþ → K−πþπþÞ
LHCb [907] <0.046

<0.046BABAR [908] <0.95
Belle [909] <4.5

BðBþ → K−πþπþðNRÞÞ CLEO [910] <56 <56

BðBþ → K1ð1270Þ0πþÞ BABAR [420] <40 <40

BðBþ → K1ð1400Þ0πþÞ BABAR [420] <39 <39

BðBþ → K0πþπ0Þ CLEO [911] <66.0 <66

BðBþ → K�
0ð1430Þþπ0Þ BABAR [904] 17.2� 2.4þ1.5

−3.0
a,b 17.2þ2.8

−3.8
11:9þ2.0

−2.3

BðBþ → ρþð770ÞK0Þ BABAR [904] 9.4� 1.6þ1.1
−2.8

a,b 9.4þ1.9
−3.2

7.3þ1.0
−1.2

BðBþ → K�ð892Þþπþπ−Þ BABAR [912] 75.3� 6.0� 8.1 75� 10

BðBþ → K�ð892Þþρ0ð770ÞÞ BABAR [913] 4.6� 1.0� 0.4 4.6� 1.1

BðBþ → f0ð980ÞK�ð892ÞþÞ × Bðf0ð980Þ → πþπ−Þ
BABAR [913] 4.2� 0.6� 0.3 4.2� 0.7

BðBþ → a1ð1260ÞþK0Þ BABAR [914] 34.9� 5.0� 4.4 34.9� 6.7

BðBþ → b1ð1235ÞþK0Þ × Bðb1ð1235Þ0 → ωð782ÞπþÞ
BABAR [918] 9.6� 1.7� 0.9 9.6� 1.9

BðBþ → K�ð892Þ0ρþð770ÞÞ BABAR [915] 9.6� 1.7� 1.5
9.2� 1.5

Belle [916] 8.9� 1.7� 1.2c

BðBþ → K1ð1400Þþρ0ð770ÞÞ ARGUS [917] <780 <780

BðBþ → K�
2ð1430Þþρ0ð770ÞÞ ARGUS [917] <1500 <1500

BðBþ → b1ð1235Þ0KþÞ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [919] 9.1� 1.7� 1.0 9.1� 2.0

BðBþ → b1ð1235ÞþK�ð892Þ0Þ × Bðb1ð1235Þþ → ωð782ÞπþÞ
BABAR [920] <5.9 <5.9

BðBþ → b1ð1235Þ0K�ð892ÞþÞ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [920] <6.7 <6.7

aResult extracted from Dalitz-plot analysis of Bþ → K0
Sπ

þπ0 decays.
bMultiple systematic uncertainties are added in quadrature.
cSee also Ref. [921].
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TABLE 187. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 5).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → KþK̄0Þa
Belle [882] 1.11� 0.19� 0.05

1.31� 0.14
1.31� 0.17

LHCb [885] 1.51� 0.21� 0.10b

BABAR [400] 1.61� 0.44� 0.09

BðBþ → K̄0Kþπ0Þ CLEO [911] <24.0 <24

BðBþ → KþK0
SK

0
SÞc

Belle [922] 10.42� 0.43� 0.22 10.29� 0.37
BABAR [262] 10.1� 0.5� 0.3d,e 10.49� 0.37

BðBþ → f0ð980ÞKþÞ × Bðf0ð980Þ → K0
SK

0
SÞ

BABAR [262] 14.7� 2.8� 1.8d 14.7� 3.3

BðBþ → f0ð1710ÞKþÞ × Bðf0ð1710Þ → K0
SK

0
SÞ

BABAR [262] 0.48þ0.40
−0.24 � 0.11d 0.48þ0.41

−0.26

BðBþ → KþK0
SK

0
SðNRÞÞ BABAR [262] 19.8� 3.7� 2.5f 19.8� 4.5

BðBþ → K0
SK

0
Sπ

þÞ BABAR [923] <0.51
<0.51

Belle [922] <0.87

BðBþ → KþK−πþÞ
LHCb [906] 4.97� 0.13� 0.29g

5.06� 0.26
5.24� 0.42

Belle [924] 5.38� 0.40� 0.35h

BABAR [925] 5.0� 0.5� 0.5

BðBþ → KþK−πþðNRÞÞ LHCb [926] 1.625� 0.075� 0.221i,j 1.62þ0.24
−0.23

1.68� 0.26

BðBþ → K̄�ð892Þ0KþÞ BABAR [927] <1.1 0.57þ0.07
−0.06

LHCb [926]k,l 0.59� 0.08

BðBþ → K̄�
0ð1430Þ0KþÞ BABAR [927] <2.2 0.37þ0.13

−0.12
LHCb [926]k,m 0.38� 0.13

aThe PDG average is a result of a fit including input from other measurements.
bUsing BðBþ → K0πþÞ.
cPDG uses the BABAR result including the χc0 intermediate state.
dResult extracted from Dalitz-plot analysis of Bþ → K0

SK
0
SK

þ decays.
eAll charmonium resonances are vetoed. The analysis also reports BðBþ → K0

SK
0
SK

þÞ ¼ ð10.6� 0.5� 0.3Þ ×
10−6 including the χc0 intermediate state.

fThe nonresonant amplitude is modeled using a polynomial function of order 2.
gUsing BðBþ → KþKþK−Þ.
hAlso measured in bins of mKþK− .
iLHCb uses a model of nonresonant obtained from a phenomenological description of the partonic interaction

that produces the final state. This contribution is called single pole in the paper, see Ref. [926] for details.
jUsing BðBþ → KþK−πþÞ.
kResult extracted from Dalitz-plot analysis of Bþ → KþK−πþ decays.
lMeasurement of ðBðBþ → K̄�ð892Þ0KþÞBðK�ð892Þ0 → KπÞ2=3Þ=BðBþ → KþK−πþÞ used in our fit.
mMeasurement of ðBðBþ → K�

0ð1430Þ0KþÞBðK�ð1430Þ → KπÞ2=3Þ=BðBþ → KþK−πþÞ used in our fit.
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TABLE 188. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 6).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → KþK−πþÞππ ↔ KK rescattering LHCb [926] 0.825� 0.040� 0.065a,b 0.825þ0.078
−0.075

0.853� 0.094

BðBþ → KþKþπ−Þ
LHCb [907] <0.011

<0.011BABAR [908] <0.16
Belle [909] <2.4

BðBþ → f02ð1525ÞKþÞc
BABAR [262] 1.56� 0.36� 0.30d

1.79� 0.42
1.79� 0.48

BABAR [262] 2.8� 0.9þ0.5
−0.4

e

Belle [263] <8.0d

BðBþ → fJð2220ÞKþÞ × BðfJð2220Þ → pp̄Þ Belle [928] <0.41 <0.41

BðBþ → K�ð892ÞþπþK−Þ BABAR [912] <11.8 <12

BðBþ → K�ð892ÞþK̄�ð892Þ0Þ Belle [929] 0.77þ0.35
−0.30 � 0.12 0.91� 0.30

BABAR [930] 1.2� 0.5� 0.1 0.91þ0.30
−0.27

BðBþ → K�ð892ÞþKþπ−Þ BABAR [912] <6.1 <6.1

BðBþ → KþKþK−Þc,f
BABAR [262] 34.6� 0.6� 0.9d,g

32.9� 0.8
34.0� 1.4

Belle [263] 30.6� 1.2� 2.3d

Belle II [931] 32.0� 2.2� 1.4
LHCb [906]i,j,k

BðBþ → ϕð1020ÞKþÞc
BABAR [262] 9.2� 0.4þ0.7

−0.5
d

8.53� 0.47
8.83þ0.67

−0.57

Belle [263] 9.60� 0.92þ1.05
−0.85

d

Belle II [932] 6.7� 1.1� 0.5
CDF [933] 7.6� 1.3� 0.6
CLEO [934] 5.5þ2.1

−1.8 � 0.6

BðBþ → f0ð980ÞKþÞ × Bðf0ð980Þ → KþK−Þ
BABAR [262] 9.4� 1.6� 2.8d 9.4� 3.2

BðBþ → a2ð1320Þ0KþÞ × Bða2ð1320Þ0 → KþK−Þ
Belle [263] <1.1d <1.1

BðBþ → ϕð1680ÞKþÞ × Bðϕð1680Þ → KþK−Þ
Belle [263] <0.8d <0.8

BðBþ → f0ð1710ÞKþÞ × Bðf0ð1710Þ → KþK−Þ
BABAR [262] 1.12� 0.25� 0.50d 1.12� 0.56

BðBþ → KþKþK−ðNRÞÞ Belle [263] 24.0� 1.5þ2.6
−6.0

d 23.7þ3.0−4.9
23.8þ2.8−4.9BABAR [262] 22.8� 2.7� 7.6k

aLHCb uses a dedicated lineshape to take into account ππ ↔ KK rescattering, which is particularly significant in
the region 1 <mKK < 1.5 GeV=c2. See Ref. [926] for details.

bUsing BðBþ → KþK−πþÞ.
cThe PDG uncertainty includes a scale factor.
dResult extracted from Dalitz-plot analysis of Bþ → KþKþK− decays.
eResult extracted from Dalitz-plot analysis of Bþ → K0

SK
0
SK

þ decays.
fTreatment of charmonium intermediate components differs between the results.
gAll charmonium resonances are vetoed, except for χc0. The analysis also reports BðBþ → KþKþK−Þ ¼

ð33.4� 0.5� 0.9Þ × 10−6 excluding χc0.
hMeasurement of BðBþ → KþK−πþÞ=BðBþ → KþKþK−Þ used in our fit.
iMeasurement of BðBþ → Kþπþπ−Þ=BðBþ → KþKþK−Þ used in our fit.
jMeasurement of BðBþ → πþπþπ−Þ=BðBþ → KþKþK−Þ used in our fit.
kThe nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-172



TABLE 189. Branching fractions of charmless mesonic Bþ decays with strange mesons (part 7).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K�ð892ÞþKþK−Þ BABAR [912] 36.2� 3.3� 3.6 36.2� 4.9

BðBþ → ϕð1020ÞK�ð892ÞþÞa
BABAR [935] 11.2� 1.0� 0.9b

10.6� 1.1
10.0� 2.0

Belle [936] 6.7þ2.1þ0.7
−1.9−1.0

Belle II [932] 21.7� 4.6� 1.9
CLEO [934] 10.6þ6.4þ1.8

−4.9−1.6

BðBþ → ϕð1020ÞðKπÞ�þ0 Þ BABAR [937] 8.3� 1.4� 0.8 8.3� 1.6

BðBþ → K1ð1270Þþϕð1020ÞÞ BABAR [937] 6.1� 1.6� 1.1 6.1� 1.9

BðBþ → K1ð1400Þþϕð1020ÞÞ BABAR [937] <3.2 <3.2

BðBþ → K�ð1410Þþϕð1020ÞÞ BABAR [937] <4.3 <4.3

BðBþ → K�
0ð1430Þþϕð1020ÞÞ BABAR [937] 7.0� 1.3� 0.9 7.0� 1.6

BðBþ → K�
2ð1430Þþϕð1020ÞÞ BABAR [937] 8.4� 1.8� 1.0 8.4� 2.1

BðBþ → K2ð1770Þþϕð1020ÞÞ BABAR [937] <15.0 <15

BðBþ → ϕð1020ÞK2ð1820ÞþÞ BABAR [937] <16.3 <16

BðBþ → a1ð1260ÞþK�ð892Þ0Þ BABAR [938] <3.6 <3.6

BðBþ → ϕð1020Þϕð1020ÞKþÞa BABAR [939] 5.6� 0.5� 0.3c 4.98� 0.52
Belle [940] 2.6þ1.1

−0.9 � 0.3c 4.98þ1.22
−1.16

BðBþ → η0η0KþÞ BABAR [941] <25.0 <25

BðBþ → ϕð1020Þωð782ÞKþÞ Belle [942] <1.9 <1.9

BðBþ → Xð1812ÞKþÞ × BðXð1812Þ → ϕð1020Þωð782ÞÞ
Belle [942] <0.32 <0.32

BðBþ → hþX0ðFamilonÞÞd CLEO [943] <49 <49

aThe PDG uncertainty includes a scale factor.
bCombination of two final states of the K�ð892Þ�,K0

Sπ
� and K�π0. In addition to the combined results, the paper

reports separately the results for each individual final state.
cMeasured in the ϕϕ invariant mass range below the ηc resonance (Mϕϕ < 2.85 GeV=c2).
dh ¼ π, K.

TABLE 190. Branching fractions of charmless mesonic Bþ decays without strange mesons (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → πþπ0Þa
Belle [882] 5.86� 0.26� 0.38

5.48� 0.33
5.48� 0.41

BABAR [886] 5.02� 0.46� 0.29
Belle II [887] 5.5þ1.0

−0.9 � 0.7
CLEO [884] 4.6þ1.8

−1.6
þ0.6
−0.7

BðBþ → πþπþπ−Þ LHCb [906] 16.06� 0.16� 0.48b 16.01� 0.49
BABAR [944] 15.2� 0.6þ1.3

−1.2
c,d,e

15.20þ1.43
−1.34

BðBþ → ρ0ð770ÞπþÞ
LHCb [945] 8.82� 0.10� 0.50c,f,e,g

8.76� 0.47
8.29þ1.20

−1.28

BABAR [944] 8.1� 0.7þ1.3
−1.6

c,e

Belle [946] 8.0þ2.3
−2.0 � 0.7

CLEO [901] 10.4þ3.3
−3.4 � 2.1

BðBþ → f0ð980ÞπþÞ × Bðf0ð980Þ → πþπ−Þ BABAR [944] <1.5c <1.5

BðBþ → f2ð1270ÞπþÞ × Bðf2ð1270Þ → πþπ−Þ
LHCb [945] 1.43� 0.05� 0.27c,f,e,g 1.27þ0.20

−0.23
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TABLE 190. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BABAR [944] 0.9� 0.2þ0.3
−0.1

c,e none

BðBþ → f2ð1270ÞπþÞ × Bðf2ð1270Þ → KþK−Þ
LHCb [926] 0.377� 0.040� 0.040h,i 0.377þ0.058

−0.056
none

BðBþ → ρð1450Þ0πþÞ × Bðρð1450Þ0 → πþπ−Þ
LHCb [945] 0.83� 0.05� 0.89c,f,e,g 1.14þ0.59

−0.67
BABAR [944] 1.4� 0.4þ0.5

−0.8
c,e

1.40þ0.64
−0.89

BðBþ → ρð1450Þ0πþÞ × Bðρð1450Þ0 → KþK−Þ
LHCb [926] 1.544� 0.060� 0.089h,i

1.54� 0.11
1.60� 0.14

BðBþ → ρ3ð1690Þ0πþÞ × Bðρ3ð1690Þ0 → πþπ−Þ
LHCb [945] 0.08� 0.02� 0.16c,f,e,g

0.08� 0.16
none

BðBþ → πþπþπ−ÞS–wave LHCb [945] 4.04� 0.08� 0.64j,e,g
4.04� 0.64
none

BðBþ → f0ð1370ÞπþÞ × Bðf0ð1370Þ → πþπ−Þ BABAR [944] <4.0c <4.0

BðBþ → πþπ−πþðNRÞÞ BABAR [944] 5.3� 0.7þ1.3
−0.8

k,e 5.3þ1.4
−1.0

5.3þ1.5
−1.1

aThe PDG uncertainty includes a scale factor.
bUsing BðBþ → KþKþK−Þ.
cResult extracted from Dalitz-plot analysis of Bþ → πþπþπ− decays.
dCharm and charmonium contributions are subtracted.
eMultiple systematic uncertainties are added in quadrature.
fThis analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the

S-wave component. The results are taken from the isobar model with an additional error accounting for the different
S-wave methods as reported in Appendix D of Ref. [947].

gUsing BðBþ → πþπþπ−Þ.
hResult extracted from Dalitz-plot analysis of Bþ → KþK−πþ decays.
iUsing BðBþ → KþK−πþÞ.
jLHCb accounts the S-wave component using a model that comprises the coherent sum of a σ pole. See Ref. [945]

for details.
kThe nonresonant amplitude is modeled using a sum of exponential functions.

TABLE 191. Branching fractions of charmless mesonic Bþ decays without strange mesons (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → πþπ0π0Þ ARGUS [948] <890 <890

BðBþ → ρþð770Þπ0Þ BABAR [949] 10.2� 1.4� 0.9 10.9� 1.5
Belle [950] 13.2� 2.3þ1.4

−1.9 10.9þ1.4
−1.5

BðBþ → πþπþπ−π0Þ ARGUS [948] <4000 <4000

BðBþ → ρþð770Þρ0ð770ÞÞ BABAR [425] 23.7� 1.4� 1.4
24.0� 1.9

Belle [951] 31.7� 7.1þ3.8
−6.7

BðBþ → f0ð980Þρþð770ÞÞ × Bðf0ð980Þ → πþπ−Þ BABAR [425] <2.0 <2.0

BðBþ → a1ð1260Þþπ0Þ BABAR [952] 26.4� 5.4� 4.1 26.4� 6.8

(Table continued)
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TABLE 191. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → a1ð1260Þ0πþÞ BABAR [952] 20.4� 4.7� 3.4 20.4� 5.8

BðBþ → ωð782ÞπþÞ
BABAR [900] 6.7� 0.5� 0.4

6.60þ0.46
−0.45

6.88� 0.49

Belle [953] 6.9� 0.6� 0.5
CLEO [901] 11.3þ3.3

−2.9 � 1.4
LHCb [945]a,b,c,d

BðBþ → ωð782Þρþð770ÞÞ BABAR [902] 15.9� 1.6� 1.4 15.9� 2.1

BðBþ → ηπþÞ
Belle [896] 4.07� 0.26� 0.21

4.02� 0.27
4.02þ0.27

−0.26

BABAR [888] 4.00� 0.40� 0.24
CLEO [892] 1.2þ2.8

−1.2

BðBþ → ηρþð770ÞÞe
BABAR [954] 9.9� 1.2� 0.8

6.9� 1.0
7.0þ2.9

−2.8

Belle [898] 4.1þ1.4
−1.3 � 0.4

CLEO [892] 4.8þ5.2
−3.8

BðBþ → η0πþÞe
BABAR [888] 3.5� 0.6� 0.2

2.68� 0.46
2.70þ0.87

−0.84

Belle [889] 1.76þ0.67
−0.62

þ0.15
−0.14

CLEO [892] 1.0þ5.8
−1.0

BðBþ → η0ρþð770ÞÞ
BABAR [894] 9.7þ1.9

−1.8 � 1.1
9.8� 2.1
9.7þ2.2

−2.1
CLEO [892] 11.2þ11.9

−7.0
Belle [895] <5.8

aResult extracted from Dalitz-plot analysis of Bþ → πþπþπ− decays.
bThis analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the

S-wave component. The results are taken from the isobar model with an additional error accounting for the different
S-wave methods as reported in Appendix D of Ref. [947].

cMultiple systematic uncertainties are added in quadrature.
dMeasurement of ðBðBþ → ωð782ÞπþÞBðωð782Þ → πþπ−ÞÞ=BðBþ → πþπþπ−Þ used in our fit.
eThe PDG uncertainty includes a scale factor.

TABLE 192. Branching fractions of charmless mesonic Bþ decays without strange mesons (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → ϕð1020ÞπþÞ
BABAR [955] <0.24

0.031þ0.015
−0.014

0.032� 0.015
Belle [956] <0.33
LHCb [926]a,b

BðBþ → ϕð1020Þρþð770ÞÞ BABAR [957] <3.0 <3.0

BðBþ → a0ð980Þ0πþÞ × Bða0ð980Þ0 → ηπ0Þ BABAR [903] <5.8 <5.8

BðBþ → πþπþπþπ−π−Þ ARGUS [948] <860 <860

BðBþ → a1ð1260Þþρ0ð770ÞÞ CLEO [958] <620.0c <620

BðBþ → a2ð1320Þþρ0ð770ÞÞ CLEO [958] <720.0c <720

BðBþ → b1ð1235Þ0πþÞ × Bðb1ð1235Þ0 → ωð782Þπ0Þ BABAR [919] 6.7� 1.7� 1.0 6.7� 2.0

BðBþ → bþ1 π
0Þ BABAR [918] <3.3 <3.3

BðBþ → πþπþπþπ−π−π0Þ ARGUS [948] <6300 <6300

BðBþ → b1ð1235Þþρ0ð770ÞÞ × Bðb1ð1235Þ0 → ωð782ÞπþÞ
BABAR [920] <5.2 <5.2

BðBþ → a1ð1260Þþa1ð1260Þ0Þ ARGUS [948] <13000 <13000

(Table continued)
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TABLE 192. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → b1ð1235Þ0ρþð770ÞÞ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [920] <3.3 <3.3

aResult extracted from Dalitz-plot analysis of Bþ → KþK−πþ decays.
bMeasurement of ðBðBþ → ϕð1020ÞπþÞBðϕð1020Þ → KþK−ÞÞ=BðBþ → KþK−πþÞ used in our fit.
cCLEO assumes Bðϒð4SÞ → B0B̄0Þ ¼ 0.43. The result has been modified to account for a branching fraction of 0.50.

TABLE 193. Branching fractions of charmless mesonic B0 decays with strange mesons (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → Kþπ−Þ

Belle [882] 20.00� 0.34� 0.60

19.5� 0.5
19.6� 0.5

BABAR [959] 19.1� 0.6� 0.6
Belle II [883] 18.0� 0.9� 0.9
CLEO [884] 18.0þ2.3þ1.2

−2.1−0.9
CDF [960]a,b, [961]c,d, [962]e,f

LHCb [963]e,f,a, [964]c,d

BðB0 → K0π0Þ
Belle [882] 9.68� 0.46� 0.50

9.96� 0.48
9.93� 0.49

BABAR [421] 10.1� 0.6� 0.4
Belle II [931] 10.9þ2.9

−2.6 � 1.6
CLEO [884] 12.8þ4.0þ1.7

−3.3−1.4

BðB0 → η0K0Þg
BABAR [888] 68.5� 2.2� 3.1

65.0� 2.8
66.1þ4.5

−4.4

Belle [889] 58.9þ3.6
−3.5 � 4.3

Belle II [890] 59.9þ5.8
−5.5 � 2.7

CLEO [892] 89.0þ18.0
−16.0 � 9.0

LHCb [965]h,i

BðB0 → η0K�ð892Þ0Þ Belle [966] 2.6� 0.7� 0.2
2.8� 0.6

BABAR [894] 3.1þ0.9
−0.8 � 0.3

BðB0 → η0K�
0ð1430Þ0Þ BABAR [894] 6.3� 1.3� 0.9j 6.3� 1.6

BðB0 → η0ðKπÞ�00 Þ BABAR [894] 7.4þ1.5
−1.4 � 0.6

7.4� 1.6
none

BðB0 → η0K�
2ð1430Þ0Þ BABAR [894] 13.7þ3.0

−2.9 � 1.2
13.7� 3.2
13:7þ3.2

−3.1
aMeasurement of ðBðB0

s → K−πþÞ=BðB0 → Kþπ−ÞÞ fs
fd

used in our fit.
bMeasurement of ðBðΛ0

b → pπ−Þ=BðB0 → Kþπ−ÞÞðfΛ0
b
=fdÞ used in our fit.

cMeasurement of BðB0 → KþK−Þ=BðB0 → Kþπ−Þ used in our fit.
dMeasurement of ðBðB0

s → πþπ−Þ=BðB0 → Kþπ−ÞÞ fs
fd

used in our fit.
eMeasurement of BðB0 → πþπ−Þ=BðB0 → Kþπ−Þ used in our fit.
fMeasurement of ðBðB0

s → KþK−Þ=BðB0 → Kþπ−ÞÞ fs
fd

used in our fit.
gThe PDG uncertainty includes a scale factor.
hMeasurement of BðΛ0

b → Λ0ηÞ=BðB0 → η0K0Þ used in our fit.
iMeasurement of BðΛ0

b → Λ0η0Þ=BðB0 → η0K0Þ used in our fit.
jMultiple systematic uncertainties are added in quadrature.
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TABLE 194. Branching fractions of charmless mesonic B0 decays with strange mesons (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ηK0Þ Belle [896] 1.27þ0.33
−0.29 � 0.08 1.23� 0.25

BABAR [888] 1.15þ0.43
−0.38 � 0.09 1.23þ0.27

−0.24

BðB0 → ηK�ð892Þ0Þ
BABAR [897] 16.5� 1.1� 0.8

15.9� 1.0Belle [898] 15.2� 1.2� 1.0
CLEO [892] 13.8þ5.5

−4.6 � 1.6

BðB0 → ηðKπÞ�00 Þ BABAR [897] 11.0� 1.6� 1.5
11.0� 2.2
none

BðB0 → ηK�
0ð1430Þ0Þ BABAR [897] 7.8� 1.1� 1.1a

7.8� 1.5
11.0� 2.2

BðB0 → ηK�
2ð1430Þ0Þ BABAR [897] 9.6� 1.8� 1.1 9.6� 2.1

BðB0 → ωð782ÞK0Þ
Belle [385] 4.5� 0.4� 0.3

4.78� 0.43BABAR [900] 5.4� 0.8� 0.3
CLEO [901] 10.0þ5.4

−4.2 � 1.4

BðB0 → a0ð980Þ0K0Þ × Bða0ð980Þ0 → ηπ0Þ
BABAR [903] <7.8 <7.8

BðB0 → b1ð1235Þ0K0Þ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [918] <7.8 <7.8

BðB0 → a0ð980Þ−KþÞ × Bða0ð980Þ− → ηπ−Þ
BABAR [968] <1.9 <1.9

BðB0 → b1ð1235Þ−KþÞ × Bðb1ð1235Þ− → ωð782Þπ−Þ
BABAR [919] 7.4� 1.0� 1.0 7.4� 1.4

BðB0 → b1ð1235Þ0K�ð892Þ0Þ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [920] <8.0 <8.0

BðB0 → b1ð1235Þ−K�ð892ÞþÞ × Bðb1ð1235Þ− → ωð782Þπ−Þ
BABAR [920] <5.0 <5.0

BðB0 → a0ð1450Þ−KþÞ × Bða0ð1450Þ− → ηπ−Þ
BABAR [968] <3.1 <3.1

BðB0 → K0
SX

0ðFamilonÞÞ CLEO [943] <53 <53

BðB0 → ωð782ÞK�ð892Þ0Þ BABAR [902] 2.2� 0.6� 0.2
2.04� 0.49

Belle [967] 1.8� 0.7� 0.3

BðB0 → ωð782ÞðKπÞ�00 Þ BABAR [902] 18.4� 1.8� 1.7 18.4� 2.5

BðB0 → ωð782ÞK�
0ð1430Þ0Þ BABAR [902] 16.0� 1.6� 3.0 16.0� 3.4

BðB0 → ωð782ÞK�
2ð1430Þ0Þ BABAR [902] 10.1� 2.0� 1.1 10.1� 2.3

BðB0 → ωð782ÞKþπ−ðNRÞÞ Belle [967] 5.1� 0.7� 0.7b 5.1� 1.0
aMultiple systematic uncertainties are added in quadrature.
b
0.755<MKπ < 1.250 GeV=c2.
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TABLE 195. Branching fractions of charmless mesonic B0 decays with strange mesons (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → Kþπ−π0Þ BABAR [969] 38.5� 1.0� 3.9a
37.8� 3.2

Belle [970] 36.6þ4.2
−4.1 � 3.0

BðB0 → ρ−ð770ÞKþÞ BABAR [969] 6.6� 0.5� 0.8a
7.01� 0.92

Belle [970] 15.1þ3.4þ2.4
−3.3−2.6

b

BðB0 → ρð1450Þ−KþÞ BABAR [969] 2.4� 1.0� 0.6a 2.4� 1.2

BðB0 → ρð1700Þ−KþÞ BABAR [969] 0.6� 0.6� 0.4a 0.6� 0.7

BðB0 → Kþπ−π0ðNRÞÞ BABAR [969] 2.8� 0.5� 0.4c
2.8� 0.6

Belle [970] <9.4

BðB0 → ðKπÞ�þ0 π−Þ × BððKπÞ�þ0 → Kþπ0Þ
BABAR [969] 34.2� 2.4� 4.1a 34.2� 4.8

BðB0 → ðKπÞ�00 π0Þ × BððKπÞ�00 → Kþπ−Þ
BABAR [969] 8.6� 1.1� 1.3a 8.6� 1.7

BðB0 → K�
2ð1430Þ0π0Þ BABAR [971] <4.0a <4.0

BðB0 → K�ð1680Þ0π0Þ BABAR [971] <7.5a <7.5

BðB0 → K�0
x π0Þ Belle [970] 6.1þ1.6þ0.5

−1.5−0.6
d 6.1� 1.6

6.1þ1.7
−1.6

aResult extracted from Dalitz-plot analysis of B0 → Kþπ−π0 decays.
bMultiple systematic uncertainties are added in quadrature.
cThe nonresonant amplitude is taken to be constant across the Dalitz plane.
d
1.1<mKπ < 1.6 GeV=c2.

TABLE 196. Branching fractions of charmless mesonic B0 decays with strange mesons (part 4).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K0πþπ−Þa,b
BABAR [265] 50.15� 1.47� 1.76c,d

49.7� 1.8
Belle [972] 47.5� 2.4� 3.7c

CLEO [911] 50.0þ10.0
−9.0 � 7.0

LHCb [973]d,e,f,g,h, [974]i, [975]j,k, [975]j,l, [975]j,m, [975]j,n, [975]j,o

BðB0 → K0πþπ−ðNRÞÞp
LHCb [976] 12.60� 0.67� 3.05c,q,d,r 14.0� 1.7
BABAR [265] 11.07þ2.51

−0.99 � 0.90c,s,d p ¼ 1.6‰
Belle [972] 19.9� 2.5þ1.7

−2.0
c,t

13.9þ2.6
−1.8
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TABLE 196. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ρ0ð770ÞK0Þp
BABAR [265] 4.36þ0.71

−0.62 � 0.31c,d 3.45� 0.48
LHCb [976] 1.97þ0.57

−0.83 � 0.42c,d,r p ¼ 1.6‰
Belle [972] 6.1� 1.0þ1.1

−1.2
c

3.41þ1.08
−1.14

aThe PDG average is a result of a fit including input from other measurements.
bTreatment of charmonium intermediate components differs between the results.
cResult extracted from Dalitz-plot analysis of B0 → K0

Sπ
þπ− decays.

dMultiple systematic uncertainties are added in quadrature.
eMeasurement of BðΛ0

b → pK̄0π−Þ=BðB0 → K0πþπ−Þ used in our fit.
fMeasurement of BðΛ0

b → pK0K−Þ=BðB0 → K0πþπ−Þ used in our fit.
gMeasurement of

fΞ0
b

fd
BðΞ0

b → pK̄0π−Þ=BðB0 → K0πþπ−Þ used in our fit.

hMeasurement of
fΞ0

b
fd

BðΞ0
b → pK̄0K−Þ=BðB0 → K0πþπ−Þ used in our fit.

iMeasurement of BðB0 → K�ð892Þ0K̄0 þ c:c:Þ=BðB0 → K0πþπ−Þ used in our fit.
jRegions corresponding to D, Λþ

c and charmonium resonances are vetoed in this analysis.>
kMeasurement of BðB0 → K0Kþπ− þ c:c:Þ=BðB0 → K0πþπ−Þ used in our fit.
lMeasurement of BðB0 → K0KþK−Þ=BðB0 → K0πþπ−Þ used in our fit.
mMeasurement of BðB0

s → K0πþπ−Þ=BðB0 → K0πþπ−Þ used in our fit.
nMeasurement of BðB0

s → K0Kþπ− þ c:c:Þ=BðB0 → K0πþπ−Þ used in our fit.
oMeasurement of BðB0

s → K0KþK−Þ=BðB0 → K0πþπ−Þ used in our fit.
pThe PDG uncertainty includes a scale factor.
qThe nonresonant component is modeled as a flat contribution over the Dalitz plane.
rUsing BðB0 → K0πþπ−Þ.
sThis value includes the flat NR component and the effective range of the LASS lineshape. The value

corresponding to the flat component alone is also given in the article.
tThe nonresonant component is modeled using a sum of two exponential functions.

TABLE 197. Branching fractions of charmless mesonic B0 decays with strange mesons (part 5).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K�ð892Þþπ−Þ

BABAR [265] 8.29þ0.92
−0.81 � 0.82a,b

7.64� 0.44
p ¼ 1.6‰
7.50� 0.44

BABAR [969] 8.0� 1.1� 0.8c

Belle [972] 8.4� 1.1þ1.0
−0.9

a

CLEO [911] 16.0þ6.0
−5.0 � 2.0

LHCb [977]d,e, [976]a,b,f

BðB0 → K�
0ð1430Þþπ−Þg

BABAR [265] 29.9þ2.3
−1.7 � 3.6a,b 33.6þ3.8

−4.0
Belle [972] 49.7� 3.8þ6.8

−8.2
a

33.5þ7.4
−7.2

BðB0 → K�þ
x π−Þ Belle [970] 5.1� 1.5þ0.6

−0.7
h 5.1� 1.6

5.1þ1.6
−1.7

BðB0 → K�ð1410Þþπ−Þ × BðK�ð1410Þþ → K0πþÞ
Belle [972] <3.8a <3.8

BðB0 → ðKπÞ�þ0 π−Þ × BððKπÞ�þ0 → K0πþÞ
LHCb [976] 16.95� 0.73� 1.12a,b,i 18.6� 1.1

p ¼ 1.6‰
16.2� 1.3

BABAR [265] 22.7þ1.7
−1.3 � 1.3a,b

BðB0 → f0ð980ÞK0Þ × Bðf0ð980Þ → πþπ−Þg
LHCb [976] 9.64� 0.41� 0.79a,b,i 8.38� 0.61
BABAR [265] 6.92� 0.77� 0.56a,b p ¼ 1.6‰
Belle [972] 7.6� 1.7þ0.9

−1.3
a

8.15þ0.78
−0.79

(Table continued)
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TABLE 197. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → f0ð500ÞK0Þ LHCb [976] 0.166þ0.207
−0.041 � 0.155a,b,i

0.17þ0.26
−0.16

p ¼ 1.6‰
0.16þ0.25

−0.16

BðB0 → f0ð1500ÞK0Þ × Bðf0ð1500Þ → πþπ−Þ

LHCb [976] 1.348� 0.280� 0.734a,b,i
1.35� 0.79
p ¼ 1.6‰
1.29� 0.75

BðB0 → f2ð1270ÞK0Þ BABAR [265] 2.71þ0.99
−0.83 � 0.87a,b 2.7� 1.3

Belle [972] <2.5a,j 2.7þ1.3
−1.2

BðB0 → fxð1300Þ0K0Þ × Bðfxð1300Þ0 → πþπ−Þ
BABAR [265]

1.81þ0.55
−0.45 � 0.48a,b 1.81þ0.73

−0.66

aResult extracted from Dalitz-plot analysis of B0 → K0
Sπ

þπ− decays.
bMultiple systematic uncertainties are added in quadrature.
cResult extracted from Dalitz-plot analysis of B0 → Kþπ−π0 decays.
dMeasurement of BðB0

s → K�ð892Þ−πþÞ=BðB0 → K�ð892Þþπ−Þ used in our fit.
eMeasurement of BðB0 → K�ð892Þ−Kþ þ c:c:Þ=BðB0 → K�ð892Þþπ−Þ used in our fit.
fMeasurement of ðBðB0 → K�ð892Þþπ−Þ2=3Þ=BðB0 → K0πþπ−Þ used in our fit.
gThe PDG uncertainty includes a scale factor.
h
1.1<mKπ < 1.6 GeV=c2.

iUsing BðB0 → K0πþπ−Þ.
jUsing Bðf2ð1270Þ → πþπ−Þ.

TABLE 198. Branching fractions of charmless mesonic B0 decays with strange mesons (part 6).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K�ð892Þ0π0Þ BABAR [969] 3.3� 0.5� 0.4a
3.3� 0.6

Belle [970] <3.5

BðB0 → K�
2ð1430Þþπ−Þ

Belle [972] <6.3b 3.82� 0.36
BABAR [971] <16.2a p ¼ 1.6‰
LHCb [976]b,c,d 3.65þ0.34

−0.33

BðB0 → K�ð1680Þþπ−Þ
Belle [972] <10.1b 14.7þ1.5

−1.3
BABAR [971] <25.0a p ¼ 1.6‰
LHCb [976]b,c,e 14.1� 1.0

BðB0 → Kþπ−πþπ−Þ DELPHI [978] <230 <230

BðB0 → ρ0ð770ÞKþπ−Þ Belle [979] 2.8� 0.5� 0.5f 2.8� 0.7

BðB0 → f0ð980ÞKþπ−Þ × Bðf0ð980Þ → ππÞ
Belle [979] 1.4� 0.4þ0.3

−0.4
f

1.4þ0.5
−0.6

BðB0 → Kþπ−πþπ−ðNRÞÞ Belle [979] <2.1f,g <2.1

BðB0 → K�ð892Þ0πþπ−Þ BABAR [980] 54.5� 2.9� 4.3 54.5� 5.2

BðB0 → K�ð892Þ0ρ0ð770ÞÞh BABAR [981] 5.1� 0.6þ0.6
−0.8 3.88� 0.77

Belle [979] 2.1þ0.8þ0.9
−0.7−0.5 3.88þ1.33

−1.25

BðB0 → f0ð980ÞK�
0ð892Þ0Þ × Bðf0ð980Þ → ππÞh

(Table continued)
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TABLE 198. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

Belle [979] 1.4þ0.6þ0.6
−0.5−0.4

3.90� 0.55
p ¼ 0.1‰
3.90þ2.12

−1.85
BABAR [981] 5.7� 0.6� 0.4

aResult extracted from Dalitz-plot analysis of B0 → Kþπ−π0 decays.
bResult extracted from Dalitz-plot analysis of B0 → K0

Sπ
þπ− decays.

cMultiple systematic uncertainties are added in quadrature.
dMeasurement of ðBðB0 → K�

2ð1430Þþπ−ÞBðK�
2ð1430Þþ → KπÞ2=3Þ=BðB0 → K0πþπ−Þ used in our fit.

eMeasurement of ðBðB0 → K�ð1680Þþπ−ÞBðK�ð1680Þþ → KπÞ2=3Þ=BðB0 → K0πþπ−Þ used in our fit.
f
0.75<MðKπÞ< 1.20 GeV=c2.
g
0.55<MðππÞ< 1.20 GeV=c2.

hThe PDG uncertainty includes a scale factor.

TABLE 199. Branching fractions of charmless mesonic B0 decays with strange mesons (part 7).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K1ð1270Þþπ−Þ BABAR [420] <30 <30

BðB0 → K1ð1400Þþπ−Þ BABAR [420] <27 <27

BðB0 → a1ð1260Þ−KþÞ BABAR [914] 16.3� 2.9� 2.3 16.3� 3.7

BðB0 → K�ð892Þþρ−ð770ÞÞ BABAR [981] 10.3� 2.3� 1.3 10.3� 2.6

BðB0 → ðKπÞ�þ0 ρ−ð770ÞÞ × BððKπÞ�0 → KπÞ BABAR [981] <48
<48
none

BðB0 → K�
0ð1430Þþρ−ð770ÞÞ BABAR [981] 28� 10� 6

a
28� 12

BðB0 → K1ð1400Þ0ρ0ð770ÞÞ ARGUS [917] <3000 <3000

BðB0 → ðKπÞ�00 ρ0ð770ÞÞ × BððKπÞ�0 → KπÞ BABAR [981] 31� 4� 3
31.0� 5.0
none

BðB0 → K�
0ð1430Þ0ρ0ð770ÞÞ BABAR [981] 27� 4� 4

a 27.0� 5.4
27.0� 5.7

BðB0 → ðKπÞ�00 f0ð980ÞÞ × Bðf0ð980Þ → ππÞ × BððKπÞ�0 → KπÞ
BABAR [981] 3.1� 0.8� 0.7

3.1� 1.1
none

BðB0 → K�
0ð1430Þ0f0ð980ÞÞ × Bðf0ð980Þ → ππÞ

BABAR [981] 2.7� 0.7� 0.6a 2.7� 0.9

BðB0 → K�
2ð1430Þ0f0ð980ÞÞ × Bðf0ð980Þ → ππÞ

BABAR [981] 8.6� 1.7� 1.0 8.6� 2.0

BðB0 → KþK−Þ
LHCb [964] 0.0774� 0.0126� 0.0084b

0.080� 0.015
0.078� 0.015

Belle [882] 0.10� 0.08� 0.04
CDF [961] 0.23� 0.10� 0.10b

BABAR [959] <0.5

BðB0 → K0K̄0Þ Belle [882] 1.26� 0.19� 0.05
1.21� 0.16

BABAR [400] 1.08� 0.28� 0.11

BðB0 → K0Kþπ− þ c:c:Þ
LHCb [975] 6.11� 0.45� 0.78c,d

6.7� 0.5Belle [982] 7.20� 0.66� 0.30
BABAR [983] 6.4� 1.0� 0.6

BðB0 → K�ð892Þ−Kþ þ c:c:Þ LHCb [977] <0.38e <0.4

(Table continued)
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TABLE 199. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K�ð892Þ0K̄0 þ c:c:Þf LHCb [974] <1.0d
<0.99

BABAR [984] <1.9
aMultiple systematic uncertainties are added in quadrature.
bUsing BðB0 → Kþπ−Þ.
cRegions corresponding to D, Λþ

c and charmonium resonances are vetoed in this analysis.
dUsing BðB0 → K0πþπ−Þ.
eUsing BðB0 → K�ð892Þþπ−Þ.
f
0.75<MðKπÞ< 1.20 GeV=c2.

TABLE 200. Branching fractions of charmless mesonic B0 decays with strange mesons (part 8).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → KþK−π0Þ Belle [985] 2.17� 0.60� 0.24 2.17� 0.65

BðB0 → K0
SK

0
Sπ

0Þ BABAR [986] <0.9 <0.9

BðB0 → K0
SK

0
SηÞ BABAR [986] <1.0 <1.0

BðB0 → K0
SK

0
Sη

0Þ BABAR [986] <2.0 <2.0

BðB0 → K0KþK−Þ
LHCb [975] 27.29� 0.89� 1.90a,b

26.8� 1.0
26.8� 1.1

BABAR [262] 26.5� 0.9� 0.8c,d

Belle [909] 28.3� 3.3� 4.0

BðB0 → ϕð1020ÞK0Þ
BABAR [262] 7.1� 0.6þ0.4

−0.3
c

7.25� 0.60
7.32þ0.69

−0.63

Belle II [932] 5.9� 1.8� 0.7
Belle [936] 9.0þ2.2

−1.8 � 0.7
LHCb [987]e, [988]f,g

BðB0 → f0ð980ÞK0Þ × Bðf0ð980Þ → KþK−Þ
BABAR [262] 7.0þ2.6

−1.8 � 2.4c 7.0þ3.5
−3.0

BðB0 → f0ð1500ÞK0Þ BABAR [262] 13.3þ5.8
−4.4 � 3.2c 13.3þ6.6

−5.4

BðB0 → f02ð1525ÞK0Þ BABAR [262] 0.29þ0.27
−0.18 � 0.36c 0.29þ0.45

−0.40

BðB0 → f0ð1710ÞK0Þ × Bðf0ð1710Þ → KþK−Þ
BABAR [262] 4.4� 0.7� 0.5c 4.4� 0.9

BðB0 → K0KþK−ðNRÞÞ BABAR [262] 33� 5� 9
h

33� 10

aRegions corresponding to D, Λþ
c and charmonium resonances are vetoed in this analysis.

bUsing BðB0 → K0πþπ−Þ.
cResult extracted from Dalitz-plot analysis of B0 → K0

SK
þK− decays.

dAll charmonium resonances are vetoed, except for χc0. The analysis also reports BðB0 → K0KþK−Þ ¼ ð25.4� 0.9� 0.8Þ × 10−6

excluding χc0.
eMeasurement of ðBðΛ0

b → Λ0ϕð1020ÞÞ=BðB0 → ϕð1020ÞK0ÞÞðfΛ0
b
=fdÞ2 used in our fit.

fMultiple systematic uncertainties are added in quadrature.
gMeasurement of BðB0

s → K0K̄0Þ=BðB0 → ϕð1020ÞK0Þ used in our fit.
hThe nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.
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TABLE 201. Branching fractions of charmless mesonic B0 decays with strange mesons (part 9).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K0
SK

0
SK

0
SÞa

BABAR [383] 6.19� 0.48� 0.19b,c 6.04� 0.50
Belle [909] 4.2þ1.6

−1.3 � 0.8 6.04þ0.53
−0.52

BðB0 → f0ð980ÞK0
SÞ × Bðf0ð980Þ → K0

SK
0
SÞ

BABAR [383] 2.7þ1.3
−1.2 � 1.3b,c 2.7� 1.8

BðB0 → f0ð1710ÞK0
SÞ × Bðf0ð1710Þ → K0

SK
0
SÞ

BABAR [383] 0.50þ0.46
−0.24 � 0.11b,c 0.50þ0.47

−0.26

BðB0 → f2ð2010ÞK0
SÞ × Bðf2ð2010Þ → K0

SK
0
SÞ

BABAR [383] 0.54þ0.21
−0.20 � 0.52b,c 0.54� 0.56

BðB0 → K0
SK

0
SK

0
SðNRÞÞ BABAR [383] 13.3þ2.2

−2.3 � 0.6d,c
13.3� 2.3
13.3þ3.1

−3.2

BðB0 → K0
SK

0
SK

0
LÞ BABAR [989] <16

e <16

BðB0 → K�ð892Þ0KþK−Þ BABAR [980] 27.5� 1.3� 2.2 27.5� 2.6

BðB0 → ϕð1020ÞK�ð892Þ0Þ

BABAR [388] 9.7� 0.5� 0.5

10.11� 0.48
10.04� 0.52

Belle [990] 10.4� 0.5� 0.6
Belle II [932] 11.0� 2.1� 1.1
CLEO [934] 11.5þ4.5þ1.8

−3.7−1.7
LHCb [991]c,f, [992]c,g, [993]c,h, [417]i

BðB0 → Kþπ−πþK−ðNRÞÞ Belle [994] <71.7j <72

BðB0 → K�ð892Þ0πþK−Þ BABAR [980] 4.6� 1.1� 0.8
4.5� 1.3

Belle [994] 2.11þ5.63þ4.85
−5.26−4.75

j

BðB0 → K�ð892Þ0K̄�ð892Þ0Þa
LHCb [995] 0.834� 0.063� 0.158c,k

0.83� 0.16
0.83þ0.25

−0.23

Belle [994] 0.26þ0.33þ0.10
−0.29−0.08

BABAR [996] 1.28þ0.35
−0.30 � 0.11

aThe PDG uncertainty includes a scale factor.
bResult extracted from Dalitz-plot analysis of B0 → K0

SK
0
SK

0
S decays.

cMultiple systematic uncertainties are added in quadrature.
dThe nonresonant amplitude is modeled using an exponential function.
e
0.75<MðKπÞ< 1.20 GeV=c2.
fMeasurement of BðB0

s → ϕð1020ÞK̄�ð892Þ0Þ=BðB0 → ϕð1020ÞK�ð892Þ0Þ used in our fit.
gMeasurement of BðB0

s → ϕð1020Þϕð1020ÞÞ=BðB0 → ϕð1020ÞK�ð892Þ0Þ used in our fit.
hMeasurement of BðB0

s → K�ð892Þ0K̄�ð892Þ0Þ=BðB0 → ϕð1020ÞK�ð892Þ0Þ used in our fit.
iMeasurement of BðB0 → ρ0ð770Þρ0ð770ÞÞ=BðB0 → ϕð1020ÞK�ð892Þ0Þ used in our fit.
j
0.70 <MðKπÞ< 1.70 GeV=c2.
kUsing BðB0

s → K�ð892Þ0K̄�ð892Þ0Þ.

TABLE 202. Branching fractions of charmless mesonic B0 decays with strange mesons (part 10).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → Kþπ−Kþπ−ðNRÞÞ Belle [994] <6.0a <6.0

BðB0 → K�ð892Þ0Kþπ−Þ BABAR [980] <2.2
<2.2

Belle [994] <7.6a

BðB0 → K�ð892Þ0K�ð892Þ0Þ Belle [994] <0.20
<0.2

BABAR [996] <0.41
BðB0 → K�ð892ÞþK�ð892Þ−Þ BABAR [997] <2.0 <2.0

BðB0 → K1ð1400Þ0ϕð1020ÞÞ ARGUS [917] <5000 <5000

(Table continued)
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TABLE 202. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ðKπÞ�00 ϕð1020ÞÞ Belle [990] 4.3� 0.4� 0.4
4.30� 0.45

BABAR [388] 4.3� 0.6� 0.4

BðB0 → ðKπÞ�00 ϕÞ; 1.60<MKπ < 2.15GeV=c2.
BABAR [998] <1.7 <1.7

BðB0 → K�
0ð1430Þ0πþK−Þ Belle [994] <31.8a <32

BðB0 → K�
0ð1430Þ0K̄�ð892Þ0Þ Belle [994] <3.3 <3.3

BðB0 → K�
0ð1430Þ0K̄�

0ð1430Þ0Þ Belle [994] <8.4 <8.4

BðB0 → ϕð1020ÞK�
0ð1430Þ0Þ BABAR [388] 3.9� 0.5� 0.6 3.90� 0.78

BðB0 → K�
0ð1430Þ0K�ð892Þ0Þ Belle [994] <1.7 <1.7

BðB0 → K�
0ð1430Þ0K�

0ð1430Þ0Þ Belle [994] <4.7 <4.7

BðB0 → ϕð1020ÞK�ð1680Þ0Þ BABAR [998] <3.5 <3.5

BðB0 → ϕð1020ÞK�
3ð1780Þ0Þ BABAR [998] <2.7 <2.7

BðB0 → ϕð1020ÞK�
4ð2045Þ0Þ BABAR [998] <15.3 <15

BðB0 → ρ0ð770ÞK�
2ð1430Þ0Þ ARGUS [917] <1100 <1100

BðB0 → ϕð1020ÞK�
2ð1430Þ0Þb

Belle [990] 5.5þ0.9
−0.7 � 1.0 6.8� 0.8

BABAR [388] 7.5� 0.9� 0.5 6.8þ1.0
−0.9

BðB0 → ϕð1020Þϕð1020ÞK0Þ BABAR [939] 4.5� 0.8� 0.3c 4.5� 0.9

BðB0 → η0η0K0Þ BABAR [941] <31.0 <31

a
0.70<MðKπÞ< 1.70 GeV=c2.
bThe PDG uncertainty includes a scale factor.
cMeasured in the ϕϕ invariant mass range below the ηc resonance (Mϕϕ < 2.85 GeV=c2).

TABLE 203. Branching fractions of charmless mesonic B0 decays without strange mesons (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → πþπ−Þ

LHCb [963] 5.10� 0.18� 0.35a

5.15� 0.19
5.12� 0.19

Belle [882] 5.04� 0.21� 0.18
CDF [962] 5.04� 0.33� 0.33a

BABAR [959] 5.5� 0.4� 0.3
Belle II [883] 5.8� 0.7� 0.3
CLEO [884] 4.5þ1.4þ0.5−1.2−0.4

BðB0 → π0π0Þb Belle [433] 1.31� 0.19� 0.19 1.59� 0.18
BABAR [421] 1.83� 0.21� 0.13 1.59� 0.26

BðB0 → ηπ0Þ
Belle [999] 0.41þ0.17þ0.05

−0.15−0.07
0.41� 0.17
0.41þ0.18

−0.17
BABAR [954] <1.5
CLEO [892] <2.9

BðB0 → ηηÞ BABAR [888] <1.0 <1.0

BðB0 → η0π0Þb BABAR [954] 0.9� 0.4� 0.1 1.2� 0.4
Belle [889] 2.79þ1.02þ0.25

−0.96−0.34 1.2� 0.6

(Table continued)
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TABLE 203. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → η0η0Þ BABAR [888] <1.7
<1.7

Belle [895] <6.5

BðB0 → η0ηÞ BABAR [954] <1.2
<1.2

Belle [895] <4.5

BðB0 → η0ρ0ð770ÞÞ Belle [895] <1.3
<1.3

BABAR [894] <2.8

BðB0 → f0ð980Þη0Þ × Bðf0ð980Þ → πþπ−Þ
BABAR [894] <0.9 <0.9

BðB0 → ηρ0ð770ÞÞ BABAR [968] <1.5
<1.5

Belle [898] <1.9

BðB0 → f0ð980ÞηÞ × Bðf0ð980Þ → πþπ−Þ
BABAR [968] <0.4 <0.4

BðB0 → ωð782ÞηÞ BABAR [888] 0.94þ0.35
−0.30 � 0.09 0.94þ0.36

−0.31
aUsing BðB0 → Kþπ−Þ.
bThe PDG uncertainty includes a scale factor.

TABLE 204. Branching fractions of charmless mesonic B0 decays without strange mesons (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ωð782Þη0Þ BABAR [888] 1.01þ0.46
−0.38 � 0.09

1.01þ0.47
−0.39Belle [895] <2.2

BðB0 → ωð782Þρ0ð770ÞÞ BABAR [902] <1.6 <1.6

BðB0 → f0ð980Þωð782ÞÞ × Bðf0ð980Þ → πþπ−Þ
BABAR [902] <1.5 <1.5

BðB0 → ωð782Þωð782ÞÞ BABAR [1000] 1.2� 0.3þ0.3
−0.2 1.2� 0.4

BðB0 → ϕð1020Þπ0Þ Belle [956] <0.15
<0.15

BABAR [955] <0.28

BðB0 → ϕð1020ÞηÞ BABAR [888] <0.5 <0.5

BðB0 → ϕð1020Þη0Þ Belle [895] <0.5
<0.5

BABAR [888] <1.1

BðB0 → ϕð1020Þπþπ−Þ LHCb [1001] 0.182� 0.025� 0.043a,b 0.182� 0.050

BðB0 → ϕð1020Þρ0ð770ÞÞ BABAR [957] <0.33 <0.33

BðB0 → f0ð980Þϕð1020ÞÞ × Bðf0ð980Þ → πþπ−Þ
BABAR [957] <0.38 <0.38

BðB0 → ωð782Þϕð1020ÞÞ BABAR [1000] <0.7 <0.7

BðB0 → ϕð1020Þϕð1020ÞÞ LHCb [1002] <0.027
<0.027

BABAR [957] <0.2

BðB0 → a0ð980Þþπ− þ c:c:Þ × Bða0ð980Þþ → ηπþÞ
BABAR [968] <3.1 <3.1

BðB0 → a0ð1450Þþπ− þ c:c:Þ × Bða0ð1450Þþ → ηπþÞ
BABAR [968] <2.3 <2.3

BðB0 → πþπ−π0Þ ARGUS [948] <720 <720

(Table continued)
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TABLE 204. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ρ0ð770Þπ0Þ
Belle [275] 3.0� 0.5� 0.7c

2.0� 0.5BABAR [1003] 1.4� 0.6� 0.3
CLEO [901] 1.6þ2.0

−1.4 � 0.8

BðB0 → ρþð770Þπ− þ c:c:Þ
Belle [275] 22.6� 1.1� 4.4c

23.0� 2.3BABAR [279] 22.6� 1.8� 2.2
CLEO [901] 27.6þ8.4

−7.4 � 4.2

BðB0 → πþπ−πþπ−Þ Belle [416] <11.2d
<11

BABAR [415] <23.1e

a
400<Mðπþπ−Þ< 1600 MeV=c2.
bMultiple systematic uncertainties are added in quadrature.
cResult extracted from Dalitz-plot analysis of B0 → πþπ−π0 decays.
d
0.52< mπþπ− < 1.15 GeV=c2.

e
0.55<mπþπ− < 1.050 GeV=c2.

TABLE 205. Branching fractions of charmless mesonic B0 decays without strange mesons (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ρ0ð770Þπþπ−Þ BABAR [415] <8.8a
<8.8

Belle [416] <12.0b

BðB0 → ρ0ð770Þρ0ð770ÞÞ
LHCb [417] 0.95� 0.17� 0.10c

0.96� 0.15Belle [416] 1.02� 0.30� 0.15
BABAR [415] 0.92� 0.32� 0.14

BðB0 → f0ð980Þπþπ−Þ × Bðf0ð980Þ → πþπ−Þ
Belle [416] <3.0b <3.0

BðB0 → f0ð980Þρ0ð770ÞÞ × Bðf0ð980Þ → πþπ−Þ
Belle [416] 0.78� 0.22� 0.11

0.78� 0.25
BABAR [415] <0.40

BðB0 → f0ð980Þf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ × Bðf0ð980Þ → πþπ−Þ
BABAR [415] <0.19

<0.19
Belle [416] <0.2

BðB0 → f0ð980Þf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ × Bðf0ð980Þ → KþK−Þ
BABAR [957] <0.23 <0.23

BðB0 → a1ð1260Þþπ− þ c:c:Þd Belle [419] 22.2� 2.0� 2.8 25.9� 2.8
BABAR [1004] 33.2� 3.8� 3.0 25.9� 5.2

BðB0 → a2ð1320Þþπ− þ c:c:Þ Belle [419] <6.3 <6.3

BðB0 → πþπ−π0π0Þ ARGUS [948] <3100 <3100

BðB0 → ρþð770Þρ−ð770ÞÞ Belle [414] 28.3� 1.5� 1.5
27.7� 1.9

BABAR [413] 25.5� 2.1þ3.6
−3.9

BðB0 → a1ð1260Þ0π0Þ ARGUS [948] <1100 <1100

(Table continued)
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TABLE 205. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ωð782Þπ0Þ BABAR [954] <0.5
<0.5

Belle [953] <2.0

BðB0 → πþπþπ−π−π0Þ ARGUS [948] <9000 <9000

BðB0 → a1ð1260Þþρ−ð770Þ þ c:c:Þ BABAR [1005] <61.0 <61

BðB0 → a1ð1260Þ0ρ0ð770ÞÞ ARGUS [948] <2400 <2400

a
0.55<mπþπ− < 1.050 GeV=c2.
b
0.52< mπþπ− < 1.15 GeV=c2.

cUsing BðB0 → ϕð1020ÞK�ð892Þ0Þ.
dThe PDG uncertainty includes a scale factor.

TABLE 206. Branching fractions of charmless mesonic B0 decays without strange mesons (part 4).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → b1ð1235Þþπ− þ c:c:Þ × Bðb1ð1235Þþ → ωð782ÞπþÞ
BABAR [919] 10.9� 1.2� 0.9 10.9� 1.5

BðB0 → b1ð1235Þ0π0Þ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [918] <1.9 <1.9

BðB0 → b1ð1235Þ−ρþð770ÞÞ × Bðb1ð1235Þ− → ωð782Þπ−Þ
BABAR [920] <1.4 <1.4

BðB0 → b1ð1235Þ0ρ0ð770ÞÞ × Bðb1ð1235Þ0 → ωð782Þπ0Þ
BABAR [920] <3.4 <3.4

BðB0 → πþπþπþπ−π−π−Þ ARGUS [948] <3000 <3000

BðB0 → a1ð1260Þþa1ð1260Þ−Þ × Bða1ð1260Þþ → πþπþπ−Þ × Bða1ð1260Þ− → π−π−πþÞ
BABAR [1006] 11.8� 2.6� 1.6 11.8� 3.1

BðB0 → πþπþπþπ−π−π−π0Þ ARGUS [948] <11000 <11000

TABLE 207. Relative branching fractions of charmless mesonic Bþ decays.

Parameter Measurements Average

BðBþ→KþK−πþÞ
BðBþ→KþKþK−Þ LHCb [906] 0.151� 0.004� 0.008 0.151� 0.009

BðBþ→Kþπþπ−Þ
BðBþ→KþKþK−Þ LHCb [906] 1.703� 0.011� 0.022 1.703� 0.025

BðBþ→πþπþπ−Þ
BðBþ→KþKþK−Þ LHCb [906] 0.488� 0.005� 0.009 0.488� 0.010

AVERAGES OF b-HADRON, c-HADRON, AND τ- … PHYS. REV. D 107, 052008 (2023)

052008-187



TABLE 208. Relative branching fractions of charmless mesonic B0 decays.

Parameter Measurements Average

BðB0→KþK−Þ
BðB0→Kþπ−Þ [10

−3]
LHCb [964] 3.98� 0.65� 0.42

4.07� 0.77
CDF [961] 12� 5� 5

BðB0→K�ð892ÞþK−þc:c:Þ
BðB0→K�ð892Þþπ−Þ [10−2] LHCb [977] <5 <5.0

BðB0→K0
SK

�ð892Þ0þc:c:Þ
BðB0→K0

Sπ
þπ−Þ [10−2] LHCb [974] <2 <2.0

BðB0→πþπ−Þ
BðB0→Kþπ−Þ

LHCb [963] 0.262� 0.009� 0.017
0.261� 0.015

CDF [962] 0.259� 0.017� 0.016

BðB0→K0Kþπ−þc:c:Þ
BðB0→K0πþπ−Þ LHCb [975] 0.123� 0.009� 0.015a 0.123� 0.017

BðB0→K0KþK−Þ
BðB0→K0πþπ−Þ LHCb [975] 0.549� 0.018� 0.033a 0.549� 0.038

BðB0→K�ð892Þ0K̄�ð892Þ0Þ
BðB0

s→K�ð892Þ0K̄�ð892Þ0Þ [10
−2] LHCb [995] 7.58� 0.57� 0.30b 7.58� 0.64

fs
fd

BðB0→KþK−Þ
BðB0

s→KþK−Þ [10
−2] LHCb [963] 1.8þ0.8

−0.7 � 0.9 1.8� 1.2

BðB0→ρ0ð770Þρ0ð770ÞÞ
BðB0→ϕð1020ÞK�ð892Þ0Þ [10

−2] LHCb [417] 9.4� 1.7� 0.9 9.4� 1.9

BðB0→K0K̄0Þ
BðB0

s→K0K̄0Þ [10
−2] LHCb [988] 7.5� 3.1� 0.6b 7.5� 3.2

BðB0→K0K̄0Þ
BðB0→ϕð1020ÞK0Þ LHCb [988] 0.17� 0.08� 0.02 0.17� 0.08

BðB0→πþπ−μþμ−Þ
BðB0→J=ψK�0Þ×BðJ=ψ→μþμ−Þ×BðK�0→Kþπ−Þ [10

−4]
LHCb [1007] 4.1� 1.0� 0.3c,d 4.1� 1.0

aRegions corresponding to D, Λþ
c and charmonium resonances are vetoed in this analysis.

bMultiple systematic uncertainties are added in quadrature.
cThe mass windows corresponding to ϕ and charmonium resonances decaying to μμ are vetoed.
d
0.5 <mπþπ− < 1.3 GeV=c2.
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FIG. 69. A selection of high-precision charmless mesonic B meson branching fraction measurements.
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B. Baryonic decays of B+ and B0 mesons

This section provides branching fractions of charmless
baryonic decays of Bþ and B0 mesons in Tables 209,210

and 211,212, respectively. Relative branching fractions are
given in Table 213. Figures 70 and 71 show graphic
representations of a selection of results given in this section.

TABLE 209. Branching fractions of charmless baryonic Bþ decays (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → pp̄πþÞ Belle [1008] 1.60þ0.22
−0.19 � 0.12a 1.62� 0.21

BABAR [721] 1.69� 0.29� 0.26b 1.62þ0.21
−0.19

BðBþ → pp̄πþÞ; mpp̄ < 2.85 GeV=c2 LHCb [1009]c
1.00� 0.11
none

BðBþ → pp̄πþðNRÞÞ CLEO [910] <53 <53

BðBþ → pp̄πþπ0Þ Belle [1010] 4.58� 1.17� 0.67d 4.6� 1.3

BðBþ → pp̄πþπþπ−Þ ARGUS [1011] <520 <520

BðBþ → pp̄KþÞe Belle [1008] 5.54þ0.27
−0.25 � 0.36a 5.9� 0.4

BABAR [800] 6.7� 0.5� 0.4b 5.9� 0.5

BðBþ → pp̄KþÞ; mpp̄ < 2.85 GeV=c2 LHCb [808]f 4.37þ0.30
−0.29

none

BðBþ → Θþþð1710Þp̄Þ × BðΘþþð1710Þ → pKþÞg
Belle [928] <0.091 <0.091

BðBþ → fJð2220ÞKþÞ × BðfJð2220Þ → pp̄Þ
Belle [928] <0.41 <0.41

BðBþ → pΛ̄ð1520ÞÞ BABAR [800] <1.5 0.305þ0.084
−0.081

LHCb [1009]h 0.315� 0.055

BðBþ → pp̄KþðNRÞÞ CLEO [910] <89 <89

aThe charmonium mass regions are vetoed.
bCharmonium decays to pp̄ have been statistically subtracted.
cMeasurement of BðBþ → pp̄πþÞ; mpp̄ < 2.85 GeV=c2=ðBðBþ → J=ψπþÞBðJ=ψ → pp̄ÞÞ used in our fit.
dmπþπ0 < 1.3 GeV=c2.
eThe PDG uncertainty includes a scale factor.
fMeasurement of BðBþ → pp̄KþÞ; mpp̄ < 2.85 GeV=c2=ðBðBþ → J=ψKþÞBðJ=ψ → pp̄ÞÞ used in our fit.
gPentaquark candidate.
hMeasurement of ðBðBþ → pΛ̄ð1520ÞÞBðΛð1520Þ → KþpÞÞ=ðBðBþ → J=ψKþÞBðJ=ψ → pp̄ÞÞ used in our fit.
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TABLE 210. Branching fractions of charmless baryonic Bþ decays (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → pp̄K�ð892ÞþÞ Belle [1012] 3.38þ0.73
−0.60 � 0.39a

3.6þ0.8
−0.7BABAR [721] 5.3� 1.5� 1.3b

BðBþ → fJð2220ÞK�ð892ÞþÞ × BðfJð2220Þ → pp̄Þ
BABAR [721] <0.77 <0.77

BðBþ → pΛ̄0Þ LHCb [1013] 0.24þ0.10
−0.08 � 0.03

0.24þ0.10
−0.09Belle [1014] <0.32

BðBþ → pΛ̄0π0Þ Belle [1015] 3.00þ0.61
−0.53 � 0.33 3.00þ0.69

−0.62

BðBþ → pΣ̄ð1385Þ0Þ Belle [1015] <0.47 <0.47

BðBþ → Δð1232ÞþΛ̄0Þ Belle [1015] <0.82 <0.82

BðBþ → pΛ̄0πþπ−Þ Belle [1016] 11.28þ0.91
−0.72 � 1.03

11.3� 1.3
11.3þ1.4

−1.3

BðBþ → pΛ̄0πþπ−ðNRÞÞ Belle [1016] 5.92þ0.88
−0.84 � 0.69 5.9� 1.1

BðBþ → pΛ̄0ρ0ð770ÞÞ × Bðρ0ð770Þ → πþπ−Þ
Belle [1016] 4.78þ0.67

−0.64 � 0.60 4.8� 0.9

BðBþ → pΛ̄0f2ð1270ÞÞ × Bðf2ð1270Þ → πþπ−Þ
Belle [1016] 2.03þ0.77

−0.72 � 0.27 2.0� 0.8

BðBþ → pΛ̄0KþK−Þ Belle [1017] 4.10þ0.45
−0.43 � 0.50 4.1� 0.7

BðBþ → pΛ̄0ϕð1020ÞÞ Belle [1017] 0.795� 0.209� 0.077 0.80� 0.22

BðBþ → p̄Λ0KþK−Þ Belle [1017] 3.70þ0.39
−0.37 � 0.44 3.7� 0.6

BðBþ → Λ0Λ̄0πþÞ Belle [685] <0.94c,d <0.94

BðBþ → Λ0Λ̄0KþÞ Belle [685] 3.38þ0.41
−0.36 � 0.41c

3.4� 0.6
3.4þ0.6

−0.5

BðBþ → Λ0Λ̄0K�ð892ÞþÞ Belle [685] 2.19þ1.13
−0.88 � 0.33c,d 2.2þ1.2

−0.9

BðBþ → Λð1520ÞΛ̄0KþÞ Belle [1017] 2.23� 0.63� 0.25 2.2� 0.7

BðBþ → Λ̄ð1520ÞΛ0KþÞ Belle [1017] <2.08 <2.1

BðBþ → Δ̄ð1232Þ0pÞ Belle [1008] <1.38 <1.4

BðBþ → Δþþp̄Þ Belle [1008] <0.14 <0.14
aThe charmonium mass region has been vetoed.
bCharmonium decays to pp̄ have been statistically subtracted.
cThe charmonium mass regions are vetoed.
dMΛ0Λ0 < 2.85 GeV=c2.
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TABLE 211. Branching fractions of charmless baryonic B0 decays (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → pp̄Þ
LHCb [1018] 0.0125� 0.0027� 0.0018

0.0125� 0.0032Belle [1014] <0.11
BABAR [1019] <0.27

BðB0 → pp̄πþπ−Þ LHCb [1020] 2.7� 0.1� 0.2a,b
2.7� 0.2
2.9� 0.2

BðB0 → pp̄πþπ−Þ; mπþπ− < 1.22 GeV=c2

Belle [1010] 0.83� 0.17� 0.17c
0.83� 0.24
none

BðB0 → pp̄Kþπ−Þ LHCb [1020] 5.9� 0.3� 0.5a,b
5.9� 0.6
6.3� 0.5

BðB0 → pp̄K0Þ Belle [1012] 2.51þ0.35
−0.29 � 0.21d

2.7� 0.3
BABAR [721] 3.0� 0.5� 0.3e

BðB0 → Θð1540Þþp̄Þ × BðΘð1540Þþ → pK0
SÞf
BABAR [721] <0.05

<0.05
Belle [928] <0.23

BðB0 → fJð2220ÞK0Þ × BðfJð2220Þ → pp̄Þ
BABAR [721] <0.45 <0.45

BðB0 → pp̄K�ð892Þ0Þ Belle [1012] 1.18þ0.29
−0.25 � 0.11d 1.24� 0.27

BABAR [721] 1.47� 0.45� 0.40e 1.24þ0.28
−0.25

BðB0 → fJð2220ÞK�ð892Þ0Þ × BðfJð2220Þ → pp̄Þ
BABAR [721] <0.15 <0.15

ampp̄ < 2.85 GeV=c2.
bMultiple systematic uncertainties are added in quadrature.
c
0.46<mπþπ− < 0.53 GeV=c2 invariant mass region has been excluded.
dThe charmonium mass region has been vetoed.
eCharmonium decays to pp̄ have been statistically subtracted.
fPentaquark candidate.

TABLE 212. Branching fractions of charmless baryonic B0 decays (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → pp̄KþK−Þ LHCb [1020] 0.113� 0.028� 0.014a,b
0.113� 0.031
0.121� 0.032

BðB0 → pp̄π0Þ Belle [1021] 0.50� 0.18� 0.06 0.50� 0.19

BðB0 → ppp̄ p̄Þ BABAR [1022] <0.2 <0.2

BðB0 → pΛ̄0π−Þ BABAR [1023] 3.07� 0.31� 0.23 3.14� 0.28
Belle [1015] 3.23þ0.33

−0.29 � 0.29 3.14þ0.29
−0.28

BðB0 → pΣ̄ð1385Þ−Þ Belle [1015] <0.26 <0.26

BðB0 → Δð1232Þþp̄þ c:c:Þ Belle [1021] <1.6 <1.6

BðB0 → Δð1232Þ0Λ̄0Þ Belle [1015] <0.93 <0.93

BðB0 → pΛ̄0K−Þ Belle [1024] <0.82 <0.82

BðB0 → Λ̄0Λ0Þ Belle [1014] <0.32 <0.32

BðB0 → Λ̄0Λ0K0Þ Belle [685] 4.76þ0.84
−0.68 � 0.61c 4.8þ1.0

−0.9

(Table continued)
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TABLE 212. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → Λ0Λ̄0K�ð892Þ0Þ Belle [685] 2.46þ0.87
−0.72 � 0.34c 2.46þ0.93

−0.80

BðB0 → Δð1232Þ0Δ̄ð1232Þ0Þ CLEO [958] <1500
d <1500

BðB0 → ΔþþΔ̄−−Þ CLEO [958] <110
d <110

ampp̄ < 2.85 GeV=c2.
bMultiple systematic uncertainties are added in quadrature.
cThe charmonium mass regions are vetoed.
dCLEO assumes Bðϒð4SÞ → B0B̄0Þ ¼ 0.43. The result has been modified to account for a branching fraction of 0.50.

TABLE 213. Baryonic relative branching fractions.

Parameter Measurements Average

BðBþ→pp̄πþ;mpp̄<2.85 GeV=c2Þ
BðBþ→J=ψπþÞ×BðJ=ψ→pp̄Þ LHCb [1009] 12.0� 1.2� 0.3 12.0� 1.2

BðBþ→pp̄KþÞ
BðBþ→J=ψKþÞ×BðJ=ψ→pp̄Þ LHCb [808] 4.91� 0.19� 0.14a 4.91� 0.24

BðBþ→pp̄Kþ;mpp̄<2.85 GeV=c2Þ
BðBþ→J=ψπþÞ×BðJ=ψ→pp̄Þ LHCb [808] 2.02� 0.10� 0.08 2.02� 0.13

BðBþ→Λ̄ð1520ÞpÞ×BðΛ̄ð1520Þ→Kþp̄ÞÞ
BðBþ→J=ψπþÞ×BðJ=ψ→pp̄Þ LHCb [1009] 0.033� 0.005� 0.007 0.033� 0.009

BðB0→pp̄KþK−Þ
BðB0→pp̄Kþπ−Þ LHCb [1020] 0.019� 0.005� 0.002b 0.019� 0.005

BðB0→pp̄πþπ−Þ
BðB0→pp̄Kþπ−Þ LHCb [1020] 0.46� 0.02� 0.02b 0.46� 0.03

aIncludes contribution where pp̄ is produced in charmonium decays.
bmpp̄ < 2.85 GeV=c2.

FIG. 70. Branching fractions of charmless baryonic Bþ and B0 decays into nonstrange baryons.
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C. Decays of b baryons

A compilation of branching fractions of Λ0
b baryon

decays is given in Tables 214 and 215. Table 216 provides

the partial branching fractions of Λ0
b → Λμþμ− decays in

intervals of q2 ¼ m2ðμþμ−Þ. Compilations of branching

fractions of Ξ0
b, Ξ−

b and Ω−
b baryon decays are given in

Tables 217, 218, and 219, respectively. Finally, ratios of

branching fractions of Λ0
b, Ξ0

b and Ω−
b baryon decays are

detailed in Tables 220, 221 and 222, respectively.

Figure 72 shows a graphic representation of branching
fractions of Λ0

b decays.
Measurements that are not included in the tables:
(i) In Ref. [1034], LHCb measures angular observables

of the decay Λ0
b → Λμþμ−, including the lepton-

side, hadron-side and combined forward-backward
asymmetries of the decay in the low recoil re-
gion 15<m2ðllÞ < 20 GeV2=c4.

(ii) In Ref. [1035], LHCb performs a search for baryon-
number-violating Ξ0

b oscillations and set an upper
limit of ω< 0.08 ps−1 on the oscillation rate.

FIG. 71. Branching fractions of charmless baryonic Bþ and B0 decays into strange baryons.
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TABLE 214. Branching fractions of charmless Λ0
b decays (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðΛ0
b → pK̄0π−Þ LHCb [973] 12.4� 2.0� 3.6a,b

12.4� 4.2
12.6� 4.1

BðΛ0
b → pK0K−Þ LHCb [973] <3.5b <3.5

BðΛ0
b → pπ−Þc LHCb [963]

4.68� 0.44� 0.95d 4.5þ0.9
−0.8

CDF [960]e 4.5� 0.8

BðΛ0
b → pK−Þc CDF [960]

6.3� 1.2� 0.8
5.4� 1.1

LHCb [963]f 5.4� 1.0

BðΛ0
b → Λ0μþμ−Þ LHCb [1025] 0.955� 0.186� 0.249a,g 1.09þ0.34

−0.29
CDF [1026] 1.520� 0.366� 0.387g 1.08� 0.28

BðΛ0
b → pπ−μþμ−Þ LHCb [1027]h

0.069þ0.027
−0.023

0.069þ0.025
−0.024

BðΛ0
b → pK−eþe−Þ LHCb [1028] 0.311þ0.044

−0.041
þ0.061
−0.051

i,j 0.31þ0.08
−0.06

0.31þ0.07
−0.06

BðΛ0
b → pK−μþμ−Þ LHCb [1028] 0.266� 0.013þ0.050

−0.040
i,j 0.266þ0.052

−0.041
0.265þ0.051

−0.041
aMultiple systematic uncertainties are added in quadrature.
bUsing BðB0 → K0πþπ−Þ.
cThe PDG average is a result of a fit including input from other measurements.
dUsing BðΛ0

b → pK−Þ.
eMeasurement of ðBðΛ0

b → pπ−Þ=BðB0 → Kþπ−ÞÞðfΛ0
b
=fdÞ used in our fit.

fMeasurement of BðΛ0
b → pπ−Þ=BðΛ0

b → pK−Þ used in our fit.
gUsing BðΛ0

b → J=ψΛ0Þ.
hMeasurement of BðΛ0

b → pπ−μþμ−Þ=ðBðΛ0
b → J=ψpπ−ÞBðJ=ψ → μþμ−ÞÞ used in our fit.

imeasured in the m2
lþl− bin ½0.1; 6.0� GeV2=c4 and for mpK < 2.6 GeV=c2.

jUsing BðΛ0
b → J=ψpK−Þ.

TABLE 215. Branching fractions of charmless Λ0
b decays (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðΛ0
b → Λ0γÞ LHCb [1029]a

6.9� 1.5
7.1� 1.7

BðΛ0
b → Λ0ηÞ LHCb [965] 9.23þ7.15

−5.20 � 0.40b
9.2þ7.2

−5.2
9.4þ7.3

−5.3

BðΛ0
b → Λ0η0Þ LHCb [965] <3.05b <3.1

BðΛ0
b → Λ0πþπ−Þ LHCb [1030]c 4.7þ2.0

−1.9
4.7� 1.9

BðΛ0
b → Λ0Kþπ−Þ LHCb [1030]d 5.7þ1.3

−1.2
5.7� 1.3

BðΛ0
b → Λ0KþK−Þ LHCb [1030]e 16.1þ2.4

−2.2
16.2� 2.3

BðΛ0
b → Λ0ϕð1020ÞÞ LHCb [987]f 10.1þ2.9

−2.5
9.8� 2.6

(Table continued)
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TABLE 215. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðΛ0
b → pπþπ−π−Þ LHCb [1031]g,h,i 21.1þ2.4

−2.3
21.1� 2.3

BðΛ0
b → pK−Kþπ−Þ LHCb [1031]h,j 4.06þ0.66

−0.61
4.07� 0.63

BðΛ0
b → pK−πþπ−Þ LHCb [1031]h,k 50.5þ5.6

−5.3
50.6� 5.4

BðΛ0
b → pK−KþK−Þ LHCb [1031]h,l 12.6þ1.5

−1.4
12.7� 1.4

aMeasurement of ðBðΛ0
b → Λ0γÞ=BðB0 → K�ð892Þ0γÞÞ

fΛ0
b

fd
used in our fit.

bUsing BðB0 → η0K0Þ.
cMeasurement of BðΛ0

b → Λ0πþπ−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → Λ0πþÞÞ used in our fit.
dMeasurement of BðΛ0

b → Λ0Kþπ−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → Λ0πþÞÞ used in our fit.
eMeasurement of BðΛ0

b → Λ0KþK−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → Λ0πþÞÞ used in our fit.
fMeasurement of ðBðΛ0

b → Λ0ϕð1020ÞÞ=BðB0 → ϕð1020ÞK0ÞÞðfΛ0
b
=fdÞ2 used in our fit.

gVetoes on charm and charmonium resonances are applied.
hMultiple systematic uncertainties are added in quadrature.
iMeasurement of BðΛ0

b → pπþπ−π−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → pK−πþÞÞ used in our fit.
jMeasurement of BðΛ0

b → pK−Kþπ−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → pK−πþÞÞ used in our fit.
kMeasurement of BðΛ0

b → pK−πþπ−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → pK−πþÞÞ used in our fit.
lMeasurement of BðΛ0

b → pK−KþK−Þ=ðBðΛ0
b → Λþ

c π
−ÞBðΛþ

c → pK−πþÞÞ used in our fit.

TABLE 216. Partial branching fractions of Λ0
b → Λμþμ− decays in intervals of m2

μþμ− .

Parameter [10−7] Measurements Average HFLAV
PDG

m2
μþμ− < 2.0 GeV2=c4

LHCb [1032] 0.72þ0.24
−0.22 � 0.14

0.7� 0.3
CDF [1026] 0.15� 2.01� 0.05

2.0<m2
μþμ− < 4.3 GeV2=c4

LHCb [1032] 0.253þ0.276
−0.207 � 0.046

0.3þ0.3
−0.2CDF [1026] 1.84� 1.66� 0.59

4.3<m2
μþμ− < 8.68 GeV2=c4

LHCb [1025] 0.66� 0.72� 0.16
0.5� 0.7

CDF [1026] −0.20� 1.64� 0.08

10.09<m2
μþμ− < 12.86 GeV2=c4

LHCb [1032] 2.08þ0.42
−0.39 � 0.42

2.2� 0.6
CDF [1026] 2.97� 1.47� 0.95

14.18<m2
μþμ− < 16.00 GeV2=c4

LHCb [1032] 2.04þ0.35
−0.33 � 0.42 1.7� 0.4

CDF [1026] 0.96� 0.73� 0.31 1.7� 0.5

m2
μþμ− > 16.00 GeV2=c4

CDF [1026] 6.97� 1.88� 2.23 7.0� 2.9
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TABLE 217. Branching fractions of charmless Ξ0
b decays.

Parameter [10−6] Measurements Average HFLAV
PDG

fΞ0
b

fd
BðΞ0

b → pK̄0π−Þ LHCb [973] <1.5a
<1.5
<1.6

fΞ0
b

fd
BðΞ0

b → pK̄0K−Þ LHCb [973] <1.0a
<0.99
<1.10

fΞ0
b

fΛ0
b

BðΞ0
b → Λπþπ−Þ LHCb [1030] <1.7 <1.7

fΞ0
b

fΛ0
b

BðΞ0
b → ΛK−πþÞ LHCb [1030] <0.8 <0.8

fΞ0
b

fΛ0
b

BðΞ0
b → ΛKþK−Þ LHCb [1030] <0.3 <0.3

fΞ0
b

fΛ0
b

BðΞ0
b → pK−πþπ−Þ LHCb [1031]b,c 1.91þ0.41

−0.38
1.91� 0.40

fΞ0
b

fΛ0
b

BðΞ0
b → pK−K−πþÞ LHCb [1031]b,d 1.72þ0.33

−0.30
1.73� 0.32

fΞ0
b

fΛ0
b

BðΞ0
b → pKþK−K−Þ LHCb [1031]b,e 0.18� 0.10

aUsing BðB0 → K0πþπ−Þ.
bMultiple systematic uncertainties are added in quadrature.
cMeasurement of

fΞ0
b

fΛ0
b

BðΞ0
b → pK−πþπ−Þ=ðBðΛ0

b → Λþ
c π

−ÞBðΛþ
c → pK−πþÞÞ used in our fit.

dMeasurement of
fΞ0

b
fΛ0

b

BðΞ0
b → pK−K−πþÞ=ðBðΛ0

b → Λþ
c π

−ÞBðΛþ
c → pK−πþÞÞ used in our fit.

eMeasurement of
fΞ0

b
fΛ0

b

BðΞ0
b → pKþK−K−Þ=ðBðΛ0

b → Λþ
c π

−ÞBðΛþ
c → pK−πþÞÞ used in our fit.

TABLE 218. Relative branching fractions of charmless Ξ−
b decays.

Parameter [10−2] Measurements Average

fΞ−
b

fu

BðΞ−
b→pK−K−Þ

BðB−→KþK−K−Þ LHCb [1033] 0.2650� 0.0350� 0.0470 0.265� 0.059
fΞ−

b
fu

BðΞ−
b→pπ−π−Þ

BðB−→KþK−K−Þ LHCb [1033] <0.1470 <0.15
fΞ−

b
fu

BðΞ−
b→pK−π−Þ

BðB−→KþK−K−Þ LHCb [1033] 0.2590� 0.0640� 0.0490 0.259� 0.081

BðΞ−
b→pπ−π−Þ

BðΞ−
b→pK−K−Þ LHCb [1033] <56 <56

BðΞ−
b→pK−π−Þ

BðΞ−
b→pK−K−Þ LHCb [1033] 98� 27� 9 98� 28

TABLE 219. Branching fractions of charmless Ω−
b decays.

Parameter [10−8] Measurements Average

fΩ−
b

fu
× BðΩ−

b → pK−K−Þ LHCb [1033] <0.59a <0.59
fΩ−

b
fu

× BðΩ−
b → pK−π−Þ LHCb [1033] <1.68a <1.7

fΩ−
b

fu
× BðΩ−

b → pπ−π−Þ LHCb [1033] <3.59a <3.6

aUsing BðBþ → KþKþK−Þ.
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TABLE 220. Relative branching fractions of charmless Λ0
b decays.

Parameter Measurements Average

BðΛ0
b→pπ−Þ

BðΛ0
b→pK−Þ LHCb [963] 0.86� 0.08� 0.05 0.86� 0.09

BðΛ0
b→Λ0ηÞ

BðB0→η0K0Þ LHCb [965] 0.142þ0.110
−0.080 0.14þ0.11

−0.08
fΛ0

b
fd

BðΛ0
b→pπ−Þ

BðB0→Kþπ−Þ
CDF [960] 0.042� 0.007� 0.006 0.042� 0.009

fΛ0
b

fd

BðΛ0
b→pK−Þ

BðB0→Kþπ−Þ
CDF [960] 0.066� 0.009� 0.008 0.066� 0.012

fΛ0
b

fd

BðΛ0
b→Λ0ϕÞ

BðB0→K0
SϕÞ

LHCb [987] 0.55� 0.11� 0.04 0.55� 0.12

BðΛ0
b→pπ−μþμ−Þ

BðΛ0
b→J=ψpπ−Þ×BðJ=ψ→μþμ−Þ LHCb [1027] 0.044� 0.012� 0.007 0.044� 0.014

BðΛ0
b→Λ0πþπ−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →Λ0πþÞ LHCb [1030] 0.073� 0.019� 0.022 0.073� 0.029

BðΛ0
b→Λ0Kþπ−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →Λ0πþÞ LHCb [1030] 0.089� 0.012� 0.013 0.089� 0.018

BðΛ0
b→Λ0KþK−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →Λ0πþÞ LHCb [1030] 0.253� 0.019� 0.019 0.253� 0.027

BðΛ0
b→pπ−πþπ−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →pK−πþÞ LHCb [1031] 0.0685� 0.0019� 0.0033a 0.0685� 0.0038

BðΛ0
b→pK−πþπ−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →pK−πþÞ LHCb [1031] 0.164� 0.003� 0.007a 0.164� 0.008

BðΛ0
b→pK−Kþπ−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →pK−πþÞ LHCb [1031] 0.0132� 0.0009� 0.0013a 0.0132� 0.0016

BðΛ0
b→pK−KþK−Þ

BðΛ0
b→Λþ

c π
−Þ×BðΛþ

c →pK−πþÞ LHCb [1031] 0.0411� 0.0012� 0.0020a 0.0411� 0.0023

BðΛ0
b→pK̄0π−Þ

BðB0→K0πþπ−Þ LHCb [973] 0.25� 0.04� 0.07a 0.25� 0.08

BðΛ0
b→pK̄0K−Þ

BðB0→K0πþπ−Þ LHCb [973] <0.07 <0.07

BðΛ0
b→Λ0μþμ−Þ

BðΛ0
b→J=ψΛ0Þ LHCb [1025] 0.00154� 0.00030� 0.00020a 0.00154� 0.00036

aMultiple systematic uncertainties are added in quadrature.

TABLE 222. Relative branching fractions of charmless Ω−
b decays.

Parameter [10−3] Measurements Average

fΩ−
b

fu

BðΩ−
b→pK−K−Þ

BðB−→KþK−K−Þ LHCb [1033] <0.180 <0.18
fΩ−

b
fu

BðΩ−
b→pπ−π−Þ

BðB−→KþK−K−Þ LHCb [1033] <1.090 <1.1
fΩ−

b
fu

BðΩ−
b→pK−π−Þ

BðB−→KþK−K−Þ LHCb [1033] <0.510 <0.51

TABLE 221. Relative branching fractions of charmless Ξ0
b decays.

Parameter [10−2] Measurements Average

fΞ0
b

fd
×

BðΞ0
b→pK0π−Þ

BðB0→K0πþπ−Þ
LHCb [973] <3 <3.0

fΞ0
b

fd
×

BðΞ0
b→pK0K−Þ

BðB0→K0πþπ−Þ
LHCb [973] <2 <2.0

fΞ0
b

fΛ0
b

×
BðΞ0

b→pK−KþK−Þ
BðΛ0

b→Λþ
c π

−Þ×BðΛþ
c →pK−πþÞ

LHCb [1031] 0.057� 0.028� 0.013a 0.057� 0.031

fΞ0
b

fΛ0
b

×
BðΞ0

b→pK−πþπ−Þ
BðΛ0

b→Λþ
c π

−Þ×BðΛþ
c →pK−πþÞ

LHCb [1031] 0.62� 0.08� 0.08a 0.62� 0.11

fΞ0
b

fΛ0
b

×
BðΞ0

b→pK−πþK−Þ
BðΛ0

b→Λþ
c π

−Þ×BðΛþ
c →pK−πþÞ

LHCb [1031] 0.56� 0.06� 0.06a 0.560� 0.088

aMultiple systematic uncertainties are added in quadrature.
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D. Decays of B0
s mesons

Tables 223–226 and 227,228 detail branching fractions
and relative branching fractions of B0

s meson decays,
respectively. Figures 73 and 74 show graphic representa-
tions of a selection of results given in this section.
Measurements that are not included in the tables (the

definitions of observables can be found in the correspond-
ing experimental papers):

(i) In Ref. [1053], LHCb reports the differential B0
s →

ϕμþμ− branching fraction in bins of m2ðμþμ−Þ.
(ii) In Ref. [1060], LHCb performs an angular analysis

of B0
s → ϕμþμ− decays and reports the differential

branching fractions, FL, S3, S4, S7, A5, A6, A8 and
A9 in bins of m2ðμþμ−Þ.

(iii) In Ref. [1061], LHCb reports the photon polariza-
tion in B0

s → ϕγ decays.

FIG. 72. Branching fractions of charmless Λ0
b decays.

TABLE 223. Branching fractions of charmless B0
s decays (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → πþπ−Þ CDF [961]a 0.70þ0.11

−0.10
LHCb [964]a 0.70� 0.10

BðB0
s → π0π0Þ L3 [1036] <210 <210

BðB0
s → ηπ0Þ L3 [1036] <1000 <1000

BðB0
s → ηηÞ L3 [1036] <1500 <1500

BðB0
s → ρ0ð770Þρ0ð770ÞÞ SLD [1037] <320 <320

BðB0
s → η0η0Þ LHCb [893] 32.4� 6.2� 3.0b

32� 7
33� 7

BðB0
s → η0ϕð1020ÞÞ LHCb [1038] <0.82 <0.82

(Table continued)

AVERAGES OF b-HADRON, c-HADRON, AND τ- … PHYS. REV. D 107, 052008 (2023)

052008-199



TABLE 223. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → ϕð1020Þf0ð980ÞÞ × Bðf0ð980Þ → πþπ−Þ

LHCb [1001] 1.12� 0.16� 0.14c 1.12� 0.21

BðB0
s → f2ð1270Þϕð1020ÞÞ × Bðf2ð1270Þ → πþπ−Þ

LHCb [1001] 0.61� 0.13þ0.13
−0.08

c 0.61þ0.19
−0.15

0.61þ0.18
−0.15

BðB0
s → ϕð1020Þρ0ð770ÞÞ LHCb [1001] 0.27� 0.07� 0.03c 0.27� 0.08

BðB0
s → ϕð1020Þπþπ−Þ LHCb [1001] 3.48� 0.23� 0.39d,c 3.48� 0.45

BðB0
s → ϕð1020Þϕð1020ÞÞ LHCb [992] 18.6� 0.5� 1.6c,e

18.7� 1.5
CDF [1039] 19.1� 1.5� 2.5f

BðB0
s → K−πþÞ LHCb [963] 5.9� 0.7� 0.6

5.8� 0.7
CDF [960] 5.7� 1.0� 0.5

BðB0
s → KþK−Þ

LHCb [963] 25.2� 1.8� 2.4
26.7� 2.2
26.6� 2.2

CDF [962] 27.6� 2.4� 2.6
Belle [1040] 38þ10

−9 � 7
c

BðB0
s → K0K̄0Þ LHCb [988] 16.7� 2.9� 2.1c,g 17.4� 3.1

Belle [1041] 19.6þ5.8
−5.1 � 2.2c 17:6þ3.2

−3.1
aMeasurement of ðBðB0

s → πþπ−Þ=BðB0 → Kþπ−ÞÞ fs
fd

used in our fit.
bUsing BðBþ → η0KþÞ.
cMultiple systematic uncertainties are added in quadrature.
d
400<Mðπþπ−Þ< 1600 MeV=c2.

eUsing BðB0 → ϕð1020ÞK�ð892Þ0Þ.
fUsing BðB0

s → J=ψϕð1020ÞÞ.
gUsing BðB0 → ϕð1020ÞK0Þ.

TABLE 224. Branching fractions of charmless B0
s decays (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → K0πþπ−Þ LHCb [975] 9.50� 1.34� 1.67a 9.5� 2.1

BðB0
s → K0Kþπ− þ c:c:Þ LHCb [975] 84.5� 3.5� 8.0a

84.5� 8.7
84.5� 8.8

BðB0
s → K�ð892Þ−πþÞ LHCb [977] 2.93� 0.98� 0.41b 2.9� 1.1

BðB0
s → K�ð892ÞþK− þ c:c:Þ LHCb [1042] 18.6� 1.2� 4.5c,d 18.6� 4.7

BðB0
s → K�

0ð1430ÞþK− þ c:c:Þ LHCb [1042] 31.3� 2.3� 25.3c,d 31� 25

BðB0
s → K�

2ð1430ÞþK− þ c:c:Þ LHCb [1042] 10.3� 2.5� 16.4c,d 10� 17

BðB0
s → K�ð892Þ0K̄0 þ c:c:Þ LHCb [1042] 19.8� 2.8� 5.0c,d 19.8� 5.7

BðB0
s → K�

0ð1430Þ0K̄0 þ c:c:Þ LHCb [1042] 33.0� 2.5� 9.8c,d 33� 10

BðB0
s → K�

2ð1430Þ0K̄0 þ c:c:Þ LHCb [1042] 16.8� 4.5� 21.3c,d 17� 22

BðB0
s → K0

SK
�ð892Þ0Þ LHCb [974] 16.7� 3.5� 2.3d,e

16.7� 4.2
16.4� 4.1

BðB0
s → K0KþK−Þ LHCb [975] 1.29� 0.55� 0.36a

1.29� 0.66
1.29� 0.65

BðB0
s → K̄�ð892Þ0ρ0ð770ÞÞ SLD [1037] <767 <767

(Table continued)
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TABLE 224. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → K�ð892Þ0K̄�ð892Þ0Þ LHCb [993] 11.2� 2.2� 1.5d,f

11.2� 2.7
11.1� 2.7

BðB0
s → ϕð1020ÞK̄�ð892Þ0Þ LHCb [991] 1.14� 0.24� 0.17d,f 1.14� 0.30

BðB0
s → pp̄Þ LHCb [1018] <0.015 <0.015

BðB0
s → pp̄KþK−Þ LHCb [1020] 4.2� 0.3� 0.4d

4.2� 0.5
4.5� 0.5

BðB0
s → pp̄Kþπ−Þ LHCb [1020] 1.3� 0.2� 0.2d

1.3� 0.3
1.4� 0.3

BðB0
s → pp̄πþπ−Þ LHCb [1020] <0.66

<0.66
0.43� 0.20

BðB0
s → pΛ̄0K− þ c:c:Þ LHCb [1043] 5.46� 0.61� 0.82d 5.5� 1.0

aUsing BðB0 → K0πþπ−Þ.
bUsing BðB0 → K�ð892Þþπ−Þ.
cResult extracted from Dalitz plot analysis of B0

s → K0
SK

þπ− decays.
dMultiple systematic uncertainties are added in quadrature.
eUsing BðB0 → K0πþπ−Þ.
fUsing BðB0 → ϕð1020ÞK�ð892Þ0Þ.

TABLE 225. Branching fractions of charmless B0
s decays (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → γγÞ Belle [1044] <3.1 <3.1

BðB0
s → ϕð1020ÞγÞ LHCb [1045] 33.9� 1.7� 3.1a 34.1� 3.2

Belle [1044] 36.0� 5.0� 7.0 34.2� 3.6

BðB0
s → μþμ−Þb

ATLAS [1046] 0.0028þ0.0008
−0.0007

0.00295� 0.00041
0.00294þ0.00042

−0.00039

LHCb [1047] 0.0030� 0.0006þ0.0003
−0.0002

CMS [108] 0.0029� 0.0007� 0.0002
CDF [1048] 0.013þ0.009

−0.007

BðB0
s → eþe−Þ LHCb [1049] <0.0094

<0.0094
CDF [1050] <0.28

BðB0
s → τþτ−Þc LHCb [1051] <5200.0

<5200
<6800

BðB0
s → μþμ−μþμ−Þ LHCb [1052] <0.0025d <0.0025

BðB0
s → ϕð1020Þμþμ−Þe LHCb [1053] 0.859� 0.023� 0.061f,g 0.865� 0.065

CDF [1026] 1.21� 0.20� 0.11g 0.823þ0.119
−0.116

BðB0
s → K̄�ð892Þ0μþμ−Þ LHCb [1054] 0.029� 0.010� 0.004f 0.029� 0.011

BðB0
s → πþπ−μþμ−Þ LHCb [1007]h,i

0.084� 0.016
0.084� 0.017

BðB0
s → ϕð1020Þνν̄Þ DELPHI [978] <5400 <5400

BðB0
s → eþμ− þ c:c:Þ LHCb [1055] <0.0054

<0.0054
CDF [1050] <0.2

BðB0
s → τþμ− þ c:c:Þc LHCb [1056] <34.0

<34
<42

(Table continued)
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TABLE 225. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → η0ηÞ Belle [1057] <65

<65
none

BðB0
s → f02ð1525Þμþμ−Þ LHCb [1053] 0.166� 0.020� 0.015f,g 0.166� 0.025

none
aUsing BðB0 → K�ð892Þ0γÞ.
bThe ATLAS measurement is correlated with BðB0 → μþμ−Þ. This correlation is not taken into account in our

average. For more information see Ref. [1058].
cPDG shows the result obtained at 95% CL
dAt CL ¼ 95%.
eThe PDG uncertainty includes a scale factor.
fMultiple systematic uncertainties are added in quadrature.
gUsing BðB0

s → J=ψϕð1020ÞÞ.
hMuon pairs do not originate from resonances and 0.5<mπþπ− < 1.3 GeV=c2.
iMeasurement of BðB0

s → πþπ−μþμ−Þ=ðBðB0 → J=ψK�ð892Þ0ÞBðJ=ψ → μþμ−ÞBðK�ð892Þ0 → KπÞ2=3Þ used
in our fit.

TABLE 226. Branching fractions of charmless B0
s decays (part 4).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → γγÞ Belle [1044] <3.1 <3.1

BðB0
s → ϕð1020ÞγÞ LHCb [1045] 33.9� 1.7� 3.1a 34.1� 3.2

Belle [1044] 36.0� 5.0� 7.0 34.2� 3.6

BðB0
s → μþμ−Þb

ATLAS [1046] 0.0028þ0.0008
−0.0007

0.00295� 0.00041
0.00294þ0.00042

−0.00039

LHCb [1047] 0.0030� 0.0006þ0.0003
−0.0002

CMS [108] 0.0029� 0.0007� 0.0002
CDF [1048] 0.013þ0.009

−0.007

BðB0
s → eþe−Þ LHCb [1049] <0.0094

<0.0094
CDF [1050] <0.28

BðB0
s → τþτ−Þc LHCb [1051] <5200.0

<5200
<6800

BðB0
s → μþμ−μþμ−Þ LHCb [1052] <0.0025d <0.0025

BðB0
s → ϕð1020Þμþμ−Þe,

f
LHCb [1053] 0.859� 0.023� 0.061g,h 0.865þ0.066

−0.064
CDF [1026] 1.21� 0.20� 0.11h 0.823þ0.119

−0.116

BðB0
s → K̄�ð892Þ0μþμ−Þ LHCb [1054] 0.029� 0.010� 0.004g 0.029� 0.011

BðB0
s → πþπ−μþμ−Þ LHCb [1007]i,j

0.084� 0.016
0.084� 0.017

BðB0
s → ϕð1020Þνν̄Þ DELPHI [978] <5400 <5400

BðB0
s → eþμ− þ c:c:Þ LHCb [1055] <0.0054

<0.0054
CDF [1050] <0.2

BðB0
s → τþμ− þ c:c:Þc LHCb [1056] <34.0

<34
<42

BðB0
s → η0ηÞ Belle [1057] <65

<65
none

(Table continued)
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TABLE 226. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0
s → f02ð1525Þμþμ−Þ LHCb [1053] 0.166� 0.020� 0.015g,h 0.166þ0.026

−0.024
none

aUsing BðB0 → K�ð892Þ0γÞ.
bThe ATLAS measurement is correlated with BðB0 → μþμ−Þ. This correlation is not taken into account in our

average. For more information see Ref. [1058].
cPDG shows the result obtained at 95% CL
dAt CL ¼ 95%.
eThe PDG uncertainty includes a scale factor.
fTreatment of charmonium intermediate components differs between the results.
gMultiple systematic uncertainties are added in quadrature.
hUsing BðB0

s → J=ψϕð1020ÞÞ.
i
0.5<mπþπ− < 1.3 GeV=c2.
jMeasurement of BðB0

s → πþπ−μþμ−Þ=ðBðB0 → J=ψK�ð892Þ0ÞBðJ=ψ → μþμ−ÞBðK�ð892Þ0 → KπÞ2=3Þ used
in our fit.

TABLE 227. Relative branching fractions of charmless B0
s decays (part 1).

Parameter [10−2] Measurements Average

fs
fd

BðB0
s→πþπ−Þ

BðB0→Kþπ−Þ
LHCb [964] 0.915� 0.071� 0.083

0.893� 0.098
CDF [961] 0.8� 0.2� 0.1

fs
fd

BðB0
s→πþπ−Þ

BðB0→πþπ−Þ LHCb [963] 5.0þ1.1
−0.9 � 0.4 5.0þ1.2

−1.0

BðB0
s→ϕð1020Þϕð1020ÞÞ

BðB0
s→J=ψϕð1020ÞÞ

a CDF [1039] 1.78� 0.14� 0.20 1.78� 0.24

BðB0
s→ϕð1020Þϕð1020ÞÞ

BðB0→ϕð1020ÞK�ð892Þ0Þ LHCb [992] 184� 5� 13
b

184� 14

fs
fd

BðB0
s→Kþπ−Þ

BðB0
d→Kþπ−Þ

LHCb [963] 7.4� 0.6� 0.6
7.30� 0.70

CDF [960] 7.1� 1.0� 0.7

fs
fd

BðB0
s→KþK−Þ

BðB0
d→Kþπ−Þ

LHCb [963] 31.6� 0.9� 1.9
32.7� 1.7

CDF [962] 34.7� 2.0� 2.1

BðB0
s→K0πþπ−Þ

BðB0→K0πþπ−Þ LHCb [975] 19.1� 2.7� 3.3b 19.1� 4.3

BðB0
s→K0Kþπ−þc:c:Þ

BðB0→K0πþπ−Þ LHCb [975] 170� 7� 15
b

170� 16

BðB0
s→K0KþK−Þ

BðB0→K0πþπ−Þ LHCb [975] <5.1 <5.1

BðB0
s→K�ð892Þ−πþÞ

BðB0→K�ð892Þþπ−Þ LHCb [977] 39� 13� 5 39� 14

BðB0
s→K�ð892Þ0K̄�ð892Þ0Þ

BðB0→ϕð1020ÞK�ð892Þ0Þ LHCb [993] 111� 22� 13
b

111� 26

BðB0
s→ϕð1020ÞK̄�ð892Þ0Þ

BðB0→ϕð1020ÞK�ð892Þ0Þ LHCb [991] 11.3� 2.4� 1.6b 11.3� 2.9

BðB0
s→ϕð1020Þμþμ−Þ

BðB0
s→J=ψϕð1020ÞÞ

c LHCb [1053] 0.0800� 0.0021� 0.0016b
0.0806� 0.0026

CDF [1026] 0.113� 0.019� 0.007
aThe PDG average is a result of a fit including input from other measurements.
bMultiple systematic uncertainties are added in quadrature.
cThe PDG uncertainty includes a scale factor.
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TABLE 228. Relative branching fractions of charmless B0
s decays (part 2).

Parameter [10−2] Measurements Average

BðB0
s→pp̄Kþπ−Þ

BðB0→pp̄Kþπ−Þ LHCb [1020] 22� 4� 2
a

22� 5

BðB0
s→pp̄Kþπ−Þ

BðB0
s→pp̄KþK−Þ LHCb [1020] 31� 5� 2 31� 5

BðB0
s→K̄�ð892Þ0μþμ−Þ

BðB0
s→J=ψK̄�ð892Þ0Þ×BðJ=ψ→μþμ−Þ LHCb [1054] 1.4� 0.4� 0.1a 1.4� 0.4

BðB0
s→K̄�ð892Þ0μþμ−Þ

BðB̄0→K̄�ð892Þ0μþμ−Þ LHCb [1054] 3.3� 1.1� 0.4a 3.3� 1.2

BðB0
s→ϕð1020Þϕð1020Þϕð1020ÞÞ
BðB0

s→ϕð1020Þϕð1020ÞÞ LHCb [1059] 11.7� 3.0� 1.5 11.7� 3.4

BðB0
s→K0K̄0Þ

BðB0→ϕð1020ÞK0Þ LHCb [988] 230� 40� 22
a

230� 46

BðB0
s→K0

SK
�ð892Þ0Þ

BðB0→K0
Sπ

þπ−Þ LHCb [974] 33� 7� 4
a

33� 8

BðB0
s→f0

2
ð1525Þμþμ−Þ

BðB0
s→J=ψϕð1020ÞÞ LHCb [1053] 0.0155� 0.0019� 0.0008a 0.0155� 0.0021

BðB0
s→πþπ−μþμ−Þ

BðB0→J=ψK�0Þ×BðJ=ψ→μþμ−Þ×BðK�0→Kþπ−Þ LHCb [1007] 0.167� 0.029� 0.013b 0.167� 0.032

aMultiple systematic uncertainties are added in quadrature.
bMuon pairs do not originate from resonances and 0.5<mπþπ− < 1.3 GeV=c2.

FIG. 73. Branching fractions of charmless leptonic B0
s decays.
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FIG. 74. Branching fractions of charmless nonleptonic B0
s decays.
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E. Decays of B+
c mesons

Table 229 details branching fractions and ratios of
branching fractions of Bþ

c meson decays to charmless
hadronic final states.

F. Rare decays of B0 and B+ mesons with
photons and/or leptons

This section reports different observables for radiative
decays, lepton-flavor/number-violating (LFV/LNV) decays
and flavor-changing-neutral-current (FCNC) decays with
leptons of B0 and Bþ mesons. In all decays listed in this
section, charmonium intermediate states are vetoed.
Tables 230–232, 233–236 and 237–239 provide compila-
tions of branching fractions of radiative and FCNC decays
with leptons of Bþ mesons, B0 mesons and their admixture,
respectively. Tables 236 and 239 also include LFV/LNV
decays. Tables 240 and 241 contain branching fractions of
leptonic and radiative-leptonic Bþ and B0 decays. These
are followed by Tables 242 and 243, which give relative
branching fractions of Bþ and B0 decays, then Table 244,
which gives a compilation of inclusive decays. In the
modes listed in Table 244, the radiated particle is a gluon,
which is an exception in this section. Table 245 contains
isospin asymmetry measurements. Finally, Tables 246 to
247 and 248 provide compilations of branching fractions of
Bþ and B0 mesons to lepton-flavor/number-violating final
states, respectively. Figures 75–80 show graphic represen-
tations of a selection of results given in this section.
Measurements that are not included in the tables (the

definitions of observables can be found in the correspond-
ing experimental papers):

(i) In Ref. [1149], LHCb reports the up-down asym-
metries in bins of the Kππγ mass of the Bþ →
Kþπ−πþγ decay.

(ii) For the B → Kl−lþ channel, LHCb measures FH

and AFB in 17 (5) bins of m2ðlþl−Þ for the Kþ (K0
S)

final state [1150]. Belle measures FL and AFB in
6 m2ðlþl−Þ [1089].

(iii) For the B → K�l−lþ analyses, partial branching
fractions and angular observables in bins of
m2ðlþl−Þ are also available:
B0 → K�0e−eþ: LHCb reports FL, A

ð2Þ
T , AIm

T , ARe
T in

the ½0.0008; 0.257� GeV2=c4 bin of m2ðlþl−Þ
putting constraints on the B → K�0γ photon polari-
zation [1151]. In Ref. [1152], LHCb determines the
branching fraction in the dilepton mass region
½0.0009; 1.0� GeV2=c4.
B → K�l−lþ: Belle measures FL, AFB, isospin
asymmetry in 6 m2ðlþl−Þ bins [1089] and P0

4, P
0
5,

P0
6, P0

8 in 4 m2ðlþl−Þ bins [1153]. In a
more recent paper [1154], they report measure-
ments of P0

4 and P0
5, separately for l ¼ μ or e, in

4 m2ðlþl−Þ bins and in the region ½1;6�GeV2=c4.
The measurements use both B0 and Bþ decays.
They also measure the LFU observables
Qi ¼ Pμ

i − Pe
i , for i ¼ 4, 5. BABAR reports FL,

AFB, P2 in 5 m2ðlþl−Þ bins [1155].
B0 → K�0μ−μþ: LHCb measures FL, AFB, S3 − S9,
A3−A9, P1−P3, P0

4−P0
8 in 8m

2ðlþl−Þ bins [1156].
An updated measurement of the CP-averaged
observables is presented in Ref. [1157]. CMS mea-
sures FL and AFB in 7 m2ðlþl−Þ bins [1158], as
well asP1; P0

5 [1159]. ATLASmeasuresFL, S3;4;5;7;8
and P0

1;4;5;6;8 in 6 m2ðlþl−Þ bins [1160].
Bþ → K�þμ−μþ: LHCb reports the full set of CP-
averaged angular observables in 8 m2ðlþl−Þ bins
[1161]. CMS measures FL and AFB in 3 m2ðlþl−Þ
bins [1162].

(iv) B→Xsl−lþ (where Xs is a hadronic system with an
s quark): Belle measures AFB in bins of m2ðlþl−Þ
with a sum of 10 exclusive final states [1163].

(v) B0 → Kþπ−μþμ−, with 1330 < mðKþπ−Þ<
1530 GeV=c2: LHCb measures the partial

TABLE 229. Branching fractions and relative branching fractions of Bþ
c decays.

Parameter Measurements Average

BðBþ
c → pp̄πþÞ × fc

fu
[10−8] LHCb [1062] <2.8a <2.8

BðBþ
c →KþK0

SÞ
BðBþ→K0

Sπ
þÞ ×

fc
fu

[10−2] LHCb [885] <5.8 <5.8

BðBþ
c → KþK̄0Þb [10−4] LHCb [885] <4.6 <4.6

BðBþ
c → KþK−πþÞ × fc

fu
[10−7] LHCb [853] <1.50c <1.5

BðBþ
c → B0

sπ
þÞ × fc

fs
[10−3] LHCb [861] 2.37� 0.31þ0.20

−0.17
d,e 2.37� 0.36

aMeasured in the region mðpp̄Þ< 2.85 GeV=c2, pTðBÞ< 20 GeV=c and 2.0< yðBÞ< 4.5.
bDerived from the ratio in the previous entry using BðBþ → K0πþÞ ¼ ð23.97� 0.53� 0.71Þ × 10−6, fu ¼ 0.33 and fc ¼ 0.001.
cMeasured in the annihilation region mKþπþ < 1.834 GeV=c2, and in the fiducial region pTðBÞ< 20 GeV=c and 2.0< yðBÞ< 4.5
dIn the pseudorapidity range 2 < ηðBÞ< 5.
eMultiple systematic uncertainties are added in quadrature.
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branching fraction in bins of m2ðμþμ−Þ in the
range ½0.1; 8.0� GeV2=c4, and reports angular mo-
ments [1164].

(vi) In Ref. [1165], LHCb measures the phase difference
between the short- and long-distance contributions
to the Bþ → Kþμþμ− decay. The measurement is
based on the analysis of the dimuon mass distribu-
tion in the regions of the J=ψ and ψð2SÞ resonances
and far from their poles, to probe long and short
distance effects, respectively.

(vii) In Ref. [1166], CMS performs the study of the
angular distribution of the Bþ → Kþμþμ− channel
and measures, in 7 m2ðμþμ−Þ bins, AFB and the

contribution FH from the pseudoscalar, scalar and
tensor amplitudes to the decay.

(viii) In Ref. [1167], LHCb performs a search for a
hidden-sector boson χ decaying into two muons
in B0 → K�0μþμ− decays. Results are given as
function of mass and lifetime in the range 214<
mðχÞ< 4350 MeV=c2 and 0< τðχÞ< 1000 ps.

(ix) In Ref. [1168], LHCb performs a search for a
hypothetical new scalar particle χ, assumed to have
a narrowwidth, through the decayBþ → Kþχðμþμ−Þ
in the ranges of mass 250<mðχÞ< 4700 MeV=c2

and lifetime 0.1< τðχÞ< 1000 ps. Upper limits are
given as a function of mðχÞ and τðχÞ.

TABLE 230. Branching fractions of charmless radiative and FCNC decays with leptons of Bþ mesons
(part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K�ð892ÞþγÞa
Belle [1063] 37.6� 1.0� 1.2

39.2� 1.2
39.2� 2.2

BABAR [1064] 42.2� 1.4� 1.6
CLEO [1065] 37.6þ8.9

−8.3 � 2.8

BðBþ → K1ð1270ÞþγÞ BABAR [404] 44.1þ6.3
−4.4 � 5.8b 43.8þ7.0

−6.3
Belle [1066] 43.0� 9.0� 9.0c 43:8þ7.1

−6.3

BðBþ → ηKþγÞ BABAR [408] 7.7� 1.0� 0.4d 7.89� 0.92
Belle [1067] 8.4� 1.5þ1.2

−0.9
e

7.88þ0.94
−0.92

BðBþ → η0KþγÞ Belle [1068] 3.6� 1.2� 0.4f 2.9� 1.0
BABAR [1069] 1.9þ1.5

−1.2 � 0.1d 2.9þ1.0
−0.9

BðBþ → ϕð1020ÞKþγÞa Belle [410] 2.48� 0.30� 0.24 2.71� 0.34
BABAR [1070] 3.5� 0.6� 0.4g 2.71� 0.42

BðBþ → Kþπ−πþγÞa BABAR [404] 24.5� 0.9� 1.2h 24.6� 1.3
Belle [1066] 25.0� 1.8� 2.2c 25.8� 1.5

BðBþ → K�ð892Þ0πþγÞ BABAR [404] 23.4� 0.9þ0.8
−0.7

h 23.3� 1.2
Belle [1071] 20.0þ7.0

−6.0 � 2.0i 23:3þ1.2
−1.1

BðBþ → Kþρ0ð770ÞγÞ BABAR [404] 8.2� 0.4� 0.8h
8.2� 0.9

Belle [1071] <20.0i

BðBþ → ðKπÞ�00 πþγÞ × BððKπÞ�00 → Kþπ−Þj

BABAR [404] 10.3þ0.7
−0.8

þ1.5
−2.0

h 10.3þ1.7
−2.2

none

BðBþ → Kþπ−πþγðNRÞÞ BABAR [404] 9.9� 0.7þ1.5
−1.9

h,k

9.9þ1.7
−2.0Belle [1071] <9.2l

aThe PDG uncertainty includes a scale factor.
bMultiple systematic uncertainties are added in quadrature.
c
1<MKππ < 2 GeV=c2.
dMKηð0Þ < 3.25 GeV=c2.
eMKη < 2.4 GeV=c2.
fMKη0 < 3.4 GeV=c2
gMϕK < 3.0 GeV=c2.
hMKππ < 1.8 GeV=c2.
iMKππ < 2.4 GeV=c2.
jThis corresponds to the ðKπÞ S-wave obtained with LASS parametrization [338].
kMKπ < 1.6 GeV=c2.
l
1.25<MKπ < 1.6 GeV=c2 and MKππ < 2.4 GeV=c2.
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TABLE 231. Branching fractions of charmless radiative and FCNC decays with leptons of Bþ mesons
(part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K0πþπ0γÞ BABAR [1072] 45.6� 4.2� 3.1a 45.6� 5.2

BðBþ → K1ð1400ÞþγÞ BABAR [404] 9.7þ4.6
−2.9

þ2.9
−2.4

a,b

9.7þ5.4
−3.8Belle [1066] <15.0

BðBþ → K�ð1410ÞþγÞ BABAR [404] 27.1þ5.4
−4.8

þ5.9
−3.7

a,b 27.1þ8.0
−6.1

BðBþ → K�
0ð1430Þ0πþγÞ BABAR [404] 1.32þ0.09

−0.10
þ0.24
−0.30

a,b 1.32þ0.26
−0.31

1.32þ0.26
−0.32

BðBþ → K�
2ð1430ÞþγÞ

BABAR [1073] 14.5� 4.0� 1.5
13.8� 4.0

BABAR [404] 8.7þ7.0
−5.3

þ8.7
−10.4

a,b

BðBþ → K�ð1680ÞþγÞ BABAR [404] 66.7þ9.3
−7.8

þ14.4
−11.4

a,b
67þ17

−14

BðBþ → K�
3ð1780ÞþγÞ Belle [1067] <9.7 <9.7

<39.0

BðBþ → K�
4ð2045ÞþγÞ ARGUS [1074] <9900 <9900

BðBþ → ρþð770ÞγÞ Belle [1075] 0.87þ0.29
−0.27

þ0.09
−0.11 0.98� 0.24

BABAR [1076] 1.2� 0.4� 0.2 0.98þ0.25
−0.24

BðBþ → pΛ̄0γÞ Belle [1015] 2.45þ0.44
−0.38 � 0.22 2.45þ0.49

−0.44

BðBþ → pΣ̄0γÞ Belle [1077] <4.6 <4.6

BðBþ → πþlþl−Þc Belle [1078] <0.049
<0.049

BABAR [1079] <0.066

BðBþ → πþeþe−Þc Belle [1078] <0.08
<0.08

BABAR [1079] <0.125

BðBþ → πþμþμ−Þc
BABAR [1079] <0.055

0.0178� 0.0023Belle [1078] <0.069
LHCb [1080]d,e

BðBþ → πþνν̄Þ Belle [1081] <14.0 <14
BABAR [1082] <100.0

aMKππ < 1.8 GeV=c2.
bMultiple systematic uncertainties are added in quadrature.
cTreatment of charmonium intermediate components differs between the results.
dLHCb also reports the branching fraction in bins of m2

lþl− .
eMeasurement of BðBþ → πþμþμ−Þ=ðBðBþ → J=ψKþÞBðJ=ψ → μþμ−ÞÞ used in our fit.
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TABLE 232. Branching fractions of charmless radiative and FCNC decays with leptons of Bþ mesons
(part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → Kþlþl−Þa
LHCb [1083] 0.429� 0.007� 0.021b 0.463� 0.019
Belle [1084] 0.599þ0.045

−0.043 � 0.014 p ¼ 3.3‰
BABAR [1085] 0.476þ0.092

−0.086 � 0.022 0.471� 0.046

BðBþ → Kþeþe−Þa Belle [1084] 0.575þ0.064
−0.061 � 0.015 0.561� 0.056

BABAR [1085] 0.51þ0.12
−0.11 � 0.02 0.560þ0.058

−0.055

BðBþ → Kþμþμ−Þc,a
LHCb [1083] 0.429� 0.007� 0.021

0.450� 0.021
0.453� 0.035

Belle [1084] 0.624þ0.065
−0.061 � 0.016

BABAR [1085] 0.41þ0.16
−0.15 � 0.02

BðBþ → Kþτþτ−Þ BABAR [1086] <2250.0 <2250

BðBþ → Kþνν̄Þ
BABAR [1087] <16.0

<16Belle [1081] <19.0
Belle II [1088] <41.0

BðBþ → ρþð770Þνν̄Þ Belle [1081] <30.0 <30

BðBþ → K�ð892Þþlþl−Þc,a
LHCb [1083] 0.924� 0.093� 0.067b

1.010� 0.099
1.009þ0.113

−0.112

Belle [1089] 1.24þ0.23
−0.21 � 0.13

BABAR [1085] 1.40þ0.40
−0.37 � 0.09

BðBþ → K�ð892Þþeþe−Þa BABAR [1085] 1.38þ0.47
−0.42 � 0.08 1.55� 0.33

Belle [1089] 1.73þ0.50
−0.42 � 0.20 1.55þ0.36

−0.31

BðBþ → K�ð892Þþμþμ−Þa
LHCb [1083] 0.924� 0.093� 0.067

0.96� 0.10Belle [1089] 1.11þ0.32
−0.27 � 0.10

BABAR [1085] 1.46þ0.79
−0.75 � 0.12

BðBþ → K�ð892Þþνν̄Þ
Belle [1090] <40.0

<40Belle [1081] <61.0
BABAR [1087] <64.0

BðBþ → Kþπþπ−μþμ−Þ LHCb [1091] 0.4337þ0.0287
−0.0268 � 0.0254d

0.434� 0.038
0.433þ0.038

−0.037

BðBþ → ϕð1020ÞKþμþμ−Þ LHCb [1091] 0.0790þ0.0180
−0.0160

þ0.0114
−0.0072

e 0.079þ0.022
−0.017

0.079þ0.021
−0.017

BðBþ → Λ̄0pνν̄Þ BABAR [1092] <30.0 <30

aTreatment of charmonium intermediate components differs between the results.
bOnly muons are used.
cThe PDG uncertainty includes a scale factor.
dUsing BðBþ → ψð2SÞKþÞ.
eUsing BðBþ → J=ψϕð1020ÞKþÞ.
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TABLE 233. Branching fractions of charmless radiative and FCNC decays with leptons of B0 mesons
(part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ηK0γÞ BABAR [408] 7.1þ2.1
−2.0 � 0.4a 7.6� 1.8

Belle [1067] 8.7þ3.1
−2.7

þ1.9
−1.6

b
7.6þ1.8

−1.7

BðB0 → η0K0γÞ Belle [1068] <6.4c
<6.4

BABAR [1069] <6.6a

BðB0 → ϕð1020ÞK0γÞ Belle [410] 2.74� 0.60� 0.32
2.74� 0.68

BABAR [1070] <27
d

BðB0 → Kþπ−γÞ Belle [1071] 4.6þ1.3
−1.2

þ0.5
−0.7

e 4.6� 1.4

BðB0 → K�ð892Þ0γÞf
Belle [1063] 39.6� 0.7� 1.4

41.8� 1.2
41.8� 2.5

BABAR [1064] 44.7� 1.0� 1.6
CLEO [1065] 45.5þ7.2

−6.8 � 3.4
LHCb [1045]g, [1029]h

BðB0 → K�ð1410Þ0γÞ Belle [1071] <130.0e <130

BðB0 → Kþπ−γðNRÞÞ Belle [1071] <2.6e <2.6

BðK�0Xð214ÞÞ × BðXð214Þ → μþμ−Þ
Belle [1093] <0.0226i <0.023

BðB0 → K0πþπ−γÞ
BABAR [404] 20.5� 2.0þ2.6

−2.2
j

19.9� 1.8BABAR [1072] 18.5� 2.1� 1.2j

Belle [1066] 24.0� 4.0� 3.0k

BðB0 → Kþπ−π0γÞ BABAR [1072] 40.7� 2.2� 3.1j 40.7� 3.8

BðB0 → K1ð1270Þ0γÞ Belle [1066] <58.0 <58

aMKηð0Þ < 3.25 GeV=c2.
bMKη < 2.4 GeV=c2.
cMKη0 < 3.4 GeV=c2
dMϕK < 3.0 GeV=c2.
e
1.25<MKπ < 1.6 GeV=c2.
fThe PDG uncertainty includes a scale factor.
gMeasurement of BðB0

s → ϕð1020ÞγÞ=BðB0 → K�ð892Þ0γÞ used in our fit.
hMeasurement of ðBðΛ0

b → Λ0γÞ=BðB0 → K�ð892Þ0γÞÞ
fΛ0

b
fd

used in our fit.
iXð214Þ is searched in the mass range ½212; 300� MeV=c2.
jMKππ < 1.8 GeV=c2.
k
1<MKππ < 2 GeV=c2.

TABLE 234. Branching fractions of charmless radiative and FCNC decays with leptons of B0 mesons
(part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K1ð1400Þ0γÞ Belle [1066] <12.0 <12

BðB0 → K�
2ð1430Þ0γÞ

BABAR [1073] 12.2� 2.5� 1.0
12.4� 2.4

Belle [1071] 13.0� 5.0� 1.0

BðB0 → K�
3ð1780Þ0γÞ Belle [1067] <21 <21

<83

BðB0 → ρ0ð770ÞγÞ Belle [1075] 0.78þ0.17
−0.16

þ0.09
−0.10 0.86� 0.15

BABAR [1076] 0.97þ0.24
−0.22 � 0.06

Bðρ0Xð214ÞÞ × BðXð214Þ → μþμ−Þ Belle [1093] <0.0173a <0.017

(Table continued)
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TABLE 234. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ωð782ÞγÞ Belle [1075] 0.40þ0.19
−0.17 � 0.13 0.44� 0.17

BABAR [1076] 0.50þ0.27
−0.23 � 0.09 0.44þ0.18

−0.16

BðB0 → ϕð1020ÞγÞ Belle [1094] <0.1
<0.1

BABAR [1095] <0.85

BðB0 → pΛ̄0π−γÞ Belle [1096] <0.65 <0.65

BðB0 → π0lþl−Þb BABAR [1079] <0.053
<0.053

Belle [1078] <0.154

BðB0 → π0eþe−Þb BABAR [1079] <0.084
<0.084

Belle [1078] <0.227

BðB0 → π0μþμ−Þb BABAR [1079] <0.069 <0.069
Belle [1078] <0.184

aXð214Þ is searched in the mass range ½212; 300� MeV=c2.
bTreatment of charmonium intermediate components differs between the results.

TABLE 235. Branching fractions of charmless radiative and FCNC decays with leptons of B0 mesons
(part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → ηlþl−Þ BABAR [1079] <0.064 <0.064

BðB0 → ηeþe−Þ BABAR [1079] <0.108 <0.11

BðB0 → ημþμ−Þ BABAR [1079] <0.112 <0.11

BðB0 → π0νν̄Þ Belle [1081] <9.0 <9.0

BðB0 → K0lþl−Þa
LHCb [1083] 0.327� 0.034� 0.017b

0.328� 0.032
0.329þ0.063

−0.055

Belle [1084] 0.351þ0.069
−0.060 � 0.010

BABAR [1085] 0.21þ0.15
−0.13 � 0.02

BðB0 → K0eþe−Þa Belle [1084] 0.306þ0.098
−0.086 � 0.008 0.249� 0.072

BABAR [1085] 0.08þ0.15
−0.12 � 0.01 0.247þ0.109

−0.094

BðB0 → K0μþμ−Þa
LHCb [1083] 0.327� 0.034� 0.017

0.341� 0.034
0.339� 0.035

Belle [1084] 0.394þ0.096
−0.084 � 0.012

BABAR [1085] 0.49þ0.29
−0.25 � 0.03

BðB0 → K0νν̄Þ Belle [1081] <26.0
<26

BABAR [1087] <49.0

BðB0 → ρ0ð770Þνν̄Þ Belle [1081] <40.0 <40

BðB0 → K�ð892Þ0lþl−Þa Belle [1089] 0.97þ0.13
−0.11 � 0.07 0.99� 0.12

BABAR [1085] 1.03þ0.22
−0.21 � 0.07 0.99þ0.12

−0.11

BðB0 → K�ð892Þ0eþe−Þa Belle [1089] 1.18þ0.27
−0.22 � 0.09 1.04� 0.17

BABAR [1085] 0.86þ0.26
−0.24 � 0.05 1.03þ0.19

−0.17

BðB0 → K�ð892Þ0μþμ−Þa
LHCb [1097] 0.904þ0.016

−0.015 � 0.062c
0.94� 0.06
0.94� 0.05

Belle [1089] 1.06þ0.19
−0.14 � 0.07

BABAR [1085] 1.35þ0.40
−0.37 � 0.10

aTreatment of charmonium intermediate components differs between the results.
bOnly muons are used.
cMultiple systematic uncertainties are added in quadrature.
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TABLE 236. Branching fractions of charmless radiative and FCNC decays with leptons of B0 mesons (part 4).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → πþπ−μþμ−Þ LHCb [1007]a,b,c 0.021� 0.005

BðB0 → K�ð892Þ0νν̄Þ
Belle [1081] <18.0

<18Belle [1090] <55.0
BABAR [1087] <120.0

BðB0 → ϕð1020Þνν̄Þ Belle [1090] <127.0 <127

BðB0 → π0eþμ− þ c:c:Þ BABAR [1098] <0.14 <0.14

BðB0 → K0eþμ− þ c:c:Þ Belle [1084] <0.038
<0.038

BABAR [1099] <0.27

BðB0 → K�ð892Þ0eþμ−Þ Belle [1100] <0.16
<0.16

BABAR [1099] <0.53

BðB0 → K�ð892Þ0eþμ−Þ Belle [1100] <0.12
<0.12

BABAR [1099] <0.34

BðB0 → K�ð892Þ0eþμ− þ c:c:Þ Belle [1100] <0.18
<0.18

BABAR [1099] <0.58

BðB0 → Λþ
c μ

−Þ BABAR [1101] <1.4 <1.4

BðB0 → Λþ
c e−Þ BABAR [1101] <4.0 <4.0

aThe mass windows corresponding to ϕ and charmonium resonances decaying to μμ are vetoed.
b
0.5<mπþπ− < 1.3 GeV=c2.

cMeasurement of BðB0 → πþπ−μþμ−Þ=ðBðB0 → J=ψK�ð892Þ0ÞBðJ=ψ → μþμ−ÞBðK�ð892Þ0 → KπÞ2=3Þ used
in our fit.

TABLE 237. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of
B�=B0 admixture (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB → KηγÞ Belle [1067] 8.5� 1.3þ1.2
−0.9

a
8.5þ1.8

−1.6

BðB → K1ð1400ÞγÞ CLEO [1065] <127 <127

BðB → K�
2ð1430ÞγÞ CLEO [1065] 16.6þ5.9

−5.3 � 1.3 16.6þ6.0
−5.5

BðB → K�
3ð1780ÞγÞ Belle [1067] <9.3 <9.3

<37.0

BðB → XsγÞ

Belle [550] 347� 15� 40
b

349� 19

BABAR [1102] 332� 16� 31
b

Belle [1103] 375� 18� 35
b

BABAR [1104] 352� 20� 51
b

CLEO [551] 329� 44� 29
b

BABAR [1105] 390� 91� 64
b

BðB → XdγÞ BABAR [1106] 9.2� 2.0� 2.3 9.2� 3.0

BðB → ργÞc Belle [1075] 1.21þ0.24
−0.22 � 0.12 1.40� 0.22

BABAR [1076] 1.73þ0.34
−0.32 � 0.17 1.39þ0.25

−0.24

BðB → ρ=ωγÞc Belle [1075] 1.14� 0.20þ0.10
−0.12 1.30� 0.18

BABAR [1076] 1.63þ0.30
−0.28 � 0.16 1.30þ0.23

−0.24

(Table continued)
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TABLE 237. (Continued)

Parameter [10−6] Measurements Average HFLAV
PDG

BðB → Xseþe−Þc,d,e
BABAR [1107] 7.69þ0.82

−0.77
þ0.71
−0.60

f 6.67� 0.83
Belle [1108] 4.04� 1.30þ0.87

−0.83 6.67þ1.76
−1.63

BðB → Xsμ
þμ−Þd,e Belle [1108] 4.13� 1.05þ0.85

−0.81 4.27� 0.95
BABAR [1107] 4.41þ1.31

−1.17
þ0.63
−0.50

f
4.27þ0.99

−0.92

BðB → Xslþl−Þd,c,e BABAR [1107] 6.73þ0.70
−0.64

þ0.60
−0.56

f 5.84� 0.69
Belle [1108] 4.11� 0.83þ0.85

−0.81 5.84þ1.31
−1.23

aMKη < 2.4 GeV=c2.
bMeasurement extrapolated to Eγ > 1.6 GeV using the method from Ref. [1109].
cThe PDG uncertainty includes a scale factor.
dBelle uses mlþl− > 0.2 GeV=c2, BABAR uses mlþl− > 0.1 GeV=c2.
eTreatment of charmonium intermediate components differs between the results.
fMultiple systematic uncertainties are added in quadrature.

TABLE 238. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of
B�=B0 admixture (part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB → πlþl−Þa BABAR [1079] <0.059
<0.059

Belle [1078] <0.062

BðB → πeþe−Þ BABAR [1079] <0.11 <0.11

BðB → πμþμ−Þ BABAR [1079] <0.05 <0.05

BðB → Keþe−Þa Belle [1089] 0.48þ0.08
−0.07 � 0.03

0.44� 0.06
BABAR [1085] 0.388þ0.090

−0.083 � 0.020

BðB → K�eþe−Þb,a Belle [1089] 1.39þ0.23
−0.20 � 0.12 1.20� 0.16

BABAR [1085] 0.99þ0.23
−0.21 � 0.06 1.19þ0.21

−0.19

BðB → Kμþμ−Þa
CDF [1026] 0.42� 0.04� 0.02

0.442� 0.036Belle [1089] 0.50� 0.06� 0.03
BABAR [1085] 0.41þ0.13

−0.12 � 0.02

BðB → K�μþμ−Þa
CDF [1026] 1.01� 0.10� 0.05

1.06� 0.09Belle [1089] 1.10þ0.16
−0.14 � 0.08

BABAR [1085] 1.35þ0.35
−0.33 � 0.10

BðB → Klþl−Þa Belle [1089] 0.48þ0.05
−0.04 � 0.03

0.48� 0.04
BABAR [1110] 0.47� 0.06� 0.02

BðB → K�lþl−Þa Belle [1089] 1.07þ0.11
−0.10 � 0.09

1.05� 0.10
BABAR [1110] 1.02þ0.14

−0.13 � 0.05
aTreatment of charmonium intermediate components differs between the results.
bThe PDG uncertainty includes a scale factor.
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TABLE 239. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of
B�=B0 admixture (part 3).

Parameter [10−6] Measurements Average HFLAV
PDG

BðB → Kνν̄Þ Belle [1081] <16.0
<16

BABAR [1087] <17.0

BðB → K�νν̄Þ Belle [1081] <27.0
<27

BABAR [1087] <76.0

BðB → πνν̄Þ Belle [1081] <8.0 <8.0

BðB → ρνν̄Þ Belle [1081] <28.0 <28

BðB → πe�μ∓Þ BABAR [1098] <0.092 <0.092

BðB → ρe�μ∓Þ CLEO [1111] <3.2 <3.2

BðB → Ke�μ∓Þ BABAR [1099] <0.038 <0.038

BðB → K�e�μ∓Þ BABAR [1099] <0.51 <0.51

TABLE 240. Branching fractions of charmless leptonic and radiative-leptonic Bþ and B0 decays (part 1).

Parameter [10−7] Measurements Average HFLAV
PDG

BðBþ → eþνeÞ Belle [1112] <9.8
<9.8

BABAR [1113] <19

BðBþ → μþνμÞ
Belle [1114] <8.6

<8.6BABAR [1113] <10
Belle [1115] <10.7

BðBþ → τþντÞa
Belle [1116] 720þ270

−250 � 110

1094� 208

1094þ247
−236

Belle [1117] 1250� 280� 270

BABAR [1118] 1830þ530
−490 � 240

BABAR [1119] 1700� 800� 200

BðBþ → lþνlγÞ Belle [1120] <30
b

<30
BABAR [1121] <156

BðBþ → eþνeγÞ Belle [1120] <43
b

<43
BABAR [1121] <170

BðBþ → μþνμγÞ Belle [1120] <34
b

<34
BABAR [1121] <260

BðB0 → γγÞ BABAR [1122] <3.3 <3.3
Belle [1123] <6.2 <3.2

BðB0 → eþe−Þ
LHCb [1049] <0.025

<0.025
CDF [1050] <0.83
BABAR [1124] <1.13
Belle [1125] <1.9

BðB0 → eþe−γÞ BABAR [1126] <1.2 <1.2

BðB0 → μþμ−Þ

ATLAS [1046] <0.0021c

<0.0021
0.0005þ0.0017

−0.0015

LHCb [1047] <0.0034c

CMS [108] <0.0036c

CDF [1048] <0.038
BABAR [1124] <0.52
Belle [1125] <1.6

aThe PDG uncertainty includes a scale factor.
bEγ > 1 GeV.
cAt CL ¼ 95%.
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TABLE 241. Branching fractions of charmless leptonic and radiative-leptonic Bþ and B0 decays (part 2).

Parameter [10−7] Measurements Average HFLAV
PDG

BðB0 → μþμ−γÞ BABAR [1126] <1.5 <1.5
<1.6

BðB0 → μþμ−μþμ−Þ LHCb [1052] <0.0069a,b <0.0069

BðB0 → SPÞ × BðS → μþμ−Þ × BðP → μþμ−Þ
LHCb [1052] <0.006a,b <0.0060

BðB0 → τþτ−Þ LHCb [1051] <21000
b

<21000
BABAR [1127] <41000

BðB0 → νν̄Þ BABAR [1128] <240
<240

Belle [1129] <780

BðB0 → νν̄γÞ Belle [1129] <160
c

<160
BABAR [1128] <170

d

BðBþ → μþμ−μþνμÞ LHCb [1130] <0.16b <0.16
aThe mass windows corresponding to ϕ and charmonium resonances decaying to μμ are vetoed.
bAt CL ¼ 95%.
cEγ > 0.5 GeV.
dEγ > 1.2 GeV.

TABLE 242. Relative branching fractions of charmless radiative and FCNC decays with leptons of Bþ and B0

mesons (part 1).

Parameter Measurements Average

BðBþ→πþμþμ−Þ
BðBþ→Kþμþμ−Þ ; 1.0<m2

lþl− < 6.0 GeV2=c4

LHCb [1080] 0.038� 0.009� 0.001 0.038� 0.009

BðBþ→Kþμþμ−Þ
BðBþ→Kþeþe−Þ, Full m

2
lþl− range Belle [1084] 1.08þ0.16

−0.15 � 0.02 1.08� 0.16

BðBþ→Kþμþμ−Þ
BðBþ→Kþeþe−Þ ; 1.1<m2

lþl− < 6.0 GeV2=c4

LHCb [1131] 0.846þ0.042
−0.039

þ0.013
−0.012

a 0.846� 0.042

BðBþ→Kþμþμ−Þ
BðBþ→Kþeþe−Þ ; 0.10<m2

lþl− < 8.12 GeV2=c4 and m2
lþl− > 10.11 GeV2=c4

BABAR [1110] 1.00þ0.31
−0.25 � 0.07 1.00þ0.32

−0.26

BðBþ→Kþμþμ−Þ
BðBþ→Kþeþe−Þ ; 1.0<m2

lþl− < 6.0 GeV2=c4b

Belle [1084] 1.39þ0.36
−0.33 � 0.02 1.39� 0.35

BðB0→K0
Sμ

þμ−Þ
BðB0→K0

Se
þe−Þ, Full m

2
lþl− range Belle [1084] 1.29þ0.52

−0.45 � 0.01 1.29þ0.52
−0.45

BðB0→K0
Sμ

þμ−Þ
BðB0→K0

Se
þe−Þ ; 1.0< m2

lþl− < 6.0 GeV2=c4b

Belle [1084] 0.55þ0.46
−0.34 � 0.01 0.55þ0.46

−0.34

BðB→Kμþμ−Þ
BðB→Keþe−Þ, Full m

2
lþl− range Belle [1084] 1.10þ0.16

−0.15 � 0.02 1.10� 0.16

BðB→Kμþμ−Þ
BðB→Keþe−Þ ; 1.0< m2

lþl− < 6.0 GeV2=c4b

Belle [1084] 1.03þ0.28
−0.24 � 0.01 1.03þ0.28

−0.24
aLHCb has also measured the branching fraction of Bþ → Kþeþe− in the m2

lþl− bin ½1.1; 6.0� GeV2=c4.
bFor the other bins see the text.
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TABLE 243. Relative branching fractions of charmless radiative and FCNC decays with leptons of Bþ and B0

mesons (part 2).

Parameter Measurements Average

BðB→K�μþμ−Þ
BðB→K�eþe−Þ, Full m

2
lþl− range Belle [1089] 0.83� 0.17� 0.08 0.83� 0.19

BðB→K�μþμ−Þ
BðB→K�eþe−Þ ; 0.10<m2

lþl− < 8.12 GeV2=c4 and m2
lþl− > 10.11 GeV2=c4

BABAR [1110] 1.13þ0.34
−0.26 � 0.10 1.13þ0.35

−0.28

BðB→K�μþμ−Þ
BðB→K�eþe−Þ ; 0.045<m2

lþl− < 1.1 GeV2=c4

Belle [1132] 0.52þ0.36
−0.26 � 0.06 0.52þ0.36

−0.27

BðB→K�μþμ−Þ
BðB→K�eþe−Þ ; 1.1<m2

lþl− < 6.0 GeV2=c4

Belle [1132] 0.96þ0.45
−0.29 � 0.11 0.96þ0.46

−0.31

BðB→K�μþμ−Þ
BðB→K�eþe−Þ ; 15<m2

lþl− < 19 GeV2=c4

Belle [1132] 1.18þ0.52
−0.32 � 0.11 1.18þ0.53

−0.34

BðB0→K�ð892Þ0μþμ−Þ
BðB0→K�ð892Þ0eþe−Þ ; 0.045<m2

lþl− < 1.1 GeV2=c4

LHCb [1133] 0.66þ0.11
−0.07 � 0.03

0.65þ0.11
−0.07Belle [1132] 0.46þ0.55

−0.27 � 0.13

BðB0→K�ð892Þ0μþμ−Þ
BðB0→K�ð892Þ0eþe−Þ ; 1.1< m2

lþl− < 6.0 GeV2=c4

LHCb [1133] 0.69þ0.11
−0.07 � 0.05

0.72þ0.12
−0.09Belle [1132] 1.06þ0.63

−0.38 � 0.14

BðB0→K�ð892Þ0μþμ−Þ
BðB0→K�ð892Þ0eþe−Þ ; 15< m2

lþl− < 19 GeV2=c4

Belle [1132] 1.12þ0.61
−0.36 � 0.10 1.12þ0.62

−0.37

BðBþ→K�ð892Þþμþμ−Þ
BðBþ→K�ð892Þþeþe−Þ ; 0.045<m2

lþl− < 1.1 GeV2=c4

Belle [1132] 0.62þ0.60
−0.36 � 0.09 0.62þ0.61

−0.37

BðBþ→K�ð892Þþμþμ−Þ
BðBþ→K�ð892Þþeþe−Þ ; 1.1<m2

lþl− < 6.0 GeV2=c4

Belle [1132] 0.72þ0.99
−0.44 � 0.15 0.7þ1.0

−0.5

BðBþ→K�ð892Þþμþμ−Þ
BðBþ→K�ð892Þþeþe−Þ ; 15<m2

lþl− < 19 GeV2=c4

Belle [1132] 1.40þ1.99
−0.68 � 0.12 1.4þ2.0

−0.7

BðB0→K�ð892Þ0γÞ
BðB0

s→ϕð1020ÞγÞ
LHCb [1045] 1.23� 0.06� 0.11a

1.21� 0.11Belle [1063] 1.10� 0.16� 0.20a

aMultiple systematic uncertainties are added in quadrature.
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TABLE 244. Branching fractions of Bþ=B0 → q̄ gluon decays.

Parameter [10−4] Measurements Average HFLAV
PDG

BðB → ηXÞ Belle [1134] 2.610� 0.300þ0.440
−0.740

a

2.61þ0.53
−0.80CLEO [1135] <4.400b

BðB → η0XÞ BABAR [1136] 3.90� 0.80� 0.90c
4.24� 0.87

CLEO [1137] 4.60� 1.10� 0.60c

BðB → KþXÞ BABAR [1138] <1.87d <1.9

BðB → K0XÞ BABAR [1138] 1.95þ0.51
−0.45 � 0.50d

1.95� 0.69
1.95þ0.71

−0.67

BðB → πþXÞ BABAR [1138] 3.72þ0.50
−0.47 � 0.59e

3.72� 0.76
3.72þ0.77

−0.75
a
0.4<mX < 2.6 GeV=c2.
b
2.1< pη < 2.7 GeV=c.

c
2.0< p�ðη0Þ< 2.7 GeV=c.
dp�ðKÞ< 2.34 GeV=c.
ep�ðπþÞ< 2.36 GeV=c.

TABLE 245. Isospin asymmetry in radiative and FCNC decays with leptons of Bmesons. In some of the B-factory
results it is assumed that Bðϒð4SÞ → BþB−Þ ¼ Bðϒð4SÞ → B0B̄0Þ, and in others a measured value of the ratio of
branching fractions is used. See original papers for details. The averages quoted here are computed naively and
should be treated with caution.

Parameter Measurements Average HFLAV
PDG

Δ0−ðB → XsγÞ Belle [1139] −0.0048� 0.0149� 0.0150a,b −0.005� 0.020
BABAR [548] −0.006� 0.058� 0.026a,b

Δ0−ðB → XsþdγÞ BABAR [1105] −0.06� 0.15� 0.07c −0.06� 0.17

Δ0þðB → K�γÞ Belle [1063] 0.062� 0.015� 0.013b
0.063� 0.017

BABAR [1064] 0.066� 0.021� 0.022

ΓðBþ→ρþγÞ
2ΓðB0→ρ0γÞ − 1

Belle [1075] −0.48þ0.21
−0.19

þ0.08
−0.09 −0.46� 0.17

BABAR [1076] −0.43þ0.25
−0.22 � 0.10

Δ0−ðB → Klþl−Þd
LHCb [1083] −0.10þ0.08

−0.09 � 0.02e

−0.191þ0.073
−0.071

−0.150� 0.060
Belle [1084] −0.31þ0.13

−0.11 � 0.01f

BABAR [1110] −0.41� 0.25� 0.01f

Δ0−ðB → K�lþl−Þd
BABAR [1110] −0.20þ0.30

−0.23 � 0.03f

−0.01þ0.11
−0.09

−0.03þ0.08
−0.07

Belle [1089] 0.33þ0.37
−0.43 � 0.08f

LHCb [1083] 0.00þ0.12
−0.10 � 0.02e

Δ0−ðB → Kð�Þlþl−Þd Belle [1089] −0.30þ0.12
−0.11 � 0.08g −0.45� 0.10

BABAR [1085] −0.64þ0.15
−0.14 � 0.03h −0.45� 0.17

aMXs
< 2.8 GeV=c2.

bMultiple systematic uncertainties are added in quadrature.
cEγ > 2.2 GeV.
dThe PDG uncertainty includes a scale factor.
eOnly muons are used, 1.1<m2

lþl− < 6.0 GeV2=c4.
f
1.0<m2

lþl− < 6.0 GeV2=c4.
gm2

lþl− < 8.68 GeV2=c4.
h
0.1<m2

lþl− < 7.02 GeV2=c4.
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TABLE 246. Branching fractions of charmless semileptonic Bþ decays to LFV and LNV final states (part 1).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → πþeþμ− þ c:c:Þ BABAR [1098] <0.17 <0.17

BðBþ → πþeþτ−Þ BABAR [1140] <74.0 <74

BðBþ → πþe−τþÞ BABAR [1140] <20.0 <20

BðBþ → πþeþτ− þ c:c:Þ BABAR [1140] <75.0 <75

BðBþ → πþμþτ−Þ BABAR [1140] <62.0 <62

BðBþ → πþμ−τþÞ BABAR [1140] <45.0 <45

BðBþ → πþμþτ− þ c:c:Þ BABAR [1140] <72.0 <72

BðBþ → Kþeþμ−Þ
LHCb [1141] <0.0070

<0.007Belle [1084] <0.03
BABAR [1099] <0.091

BðBþ → Kþe−μþÞ
LHCb [1141] <0.0064

<0.0064Belle [1084] <0.085
BABAR [1099] <0.13

BðBþ → Kþeþμ− þ c:c:Þ BABAR [1099] <0.091 <0.091

BðBþ → Kþeþτ−Þ BABAR [1140] <43.0 <43

BðBþ → Kþe−τþÞ BABAR [1140] <15.0 <15

BðBþ → Kþeþτ− þ c:c:Þ BABAR [1140] <30.0 <30

BðBþ → Kþμþτ−Þ BABAR [1140] <45.0 <45

BðBþ → Kþμ−τþÞ BABAR [1140] <28.0
<28

LHCb [1142] <39.0

BðBþ → Kþμþτ− þ c:c:Þ BABAR [1140] <48.0 <48

BðBþ → K�ð892Þþeþμ−Þ BABAR [1099] <1.30 <1.3

BðBþ → K�ð892Þþe−μþÞ BABAR [1099] <0.99 <0.99

BðBþ → K�ð892Þþeþμ− þ c:c:Þ BABAR [1099] <1.40 <1.4

BðBþ → π−eþeþÞ BABAR [1143] <0.023 <0.023

BðBþ → π−μþμþÞ LHCb [1144] <0.0040a
<0.004

BABAR [1143] <0.107

BðBþ → π−eþμþÞ BABAR [1145] <0.15 <0.15

BðBþ → ρ−ð770ÞeþeþÞ BABAR [1145] <0.17 <0.17

BðBþ → ρ−ð770ÞμþμþÞ BABAR [1145] <0.42 <0.42

BðBþ → ρ−ð770ÞeþμþÞ BABAR [1145] <0.47 <0.47
aAt CL ¼ 95%.
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TABLE 247. Branching fractions of charmless semileptonic Bþ decays to LFV and LNV final states
(part 2).

Parameter [10−6] Measurements Average HFLAV
PDG

BðBþ → K−eþeþÞ BABAR [1143] <0.030 <0.030

BðBþ → K−μþμþÞ LHCb [1146] <0.041
<0.041

BABAR [1143] <0.067

BðBþ → K−eþμþÞ BABAR [1145] <0.16 <0.16

BðBþ → K�ð892Þ−eþeþÞ BABAR [1145] <0.40 <0.40

BðBþ → K�ð892Þ−μþμþÞ BABAR [1145] <0.59 <0.59

BðBþ → K�ð892Þ−eþμþÞ BABAR [1145] <0.30 <0.30

BðBþ → D−eþeþÞ BABAR [1145] <2.6
<2.6

BELLE [794] <2.6

BðBþ → D−eþμþÞ BELLE [794] <1.8
<1.8

BABAR [1145] <2.1

BðBþ → D−μþμþÞ
LHCb [1147] <0.69a

<0.69BELLE [794] <1.0
BABAR [1145] <1.7

BðBþ → D�ð2010Þ−μþμþÞ LHCb [1147] <2.4a <2.4

BðBþ → D−
s μ

þμþÞ LHCb [1147] <0.58a <0.58

BðBþ → D̄0π−μþμþÞ LHCb [1147] <1.5a <1.5

BðBþ → Λ0μþÞ BABAR [1101] <0.061 <0.061
<0.060

BðBþ → Λ0eþÞ BABAR [1101] <0.032 <0.032

BðBþ → Λ̄0μþÞ BABAR [1101] <0.062 <0.062
<0.060

BðBþ → Λ̄0eþÞ BABAR [1101] <0.081 <0.081
<0.080

aAt CL ¼ 95%.

TABLE 248. Branching fractions of charmless semileptonic B0 decays to LFV and LNV final states.

Parameter [10−6] Measurements Average HFLAV
PDG

BðB0 → K�ð892Þ0e−μþÞ Belle [1100] <0.12
<0.12

BABAR [1099] <0.34

BðB0 → K�ð892Þ0eþμ−Þ Belle [1100] <0.16
<0.16

BABAR [1099] <0.53

BðB0 → K0eþμ− þ c:c:Þ Belle [1084] <0.038
<0.038

BABAR [1099] <0.27

BðB0 → π0eþμ− þ c:c:Þ BABAR [1098] <0.14 <0.14

BðB0 → eþμ− þ c:c:Þ
LHCb [1055] <0.0010

<0.001
CDF [1050] <0.064
BABAR [1124] <0.092
Belle [1125] <0.17

BðB0 → eþτ− þ c:c:Þ BABAR [1148] <28.0 <28

BðB0 → μþτ− þ c:c:Þ LHCb [1056] <12.0 <12
BABAR [1148] <22.0 <14
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FIG. 75. Branching fractions of Bþ and B0 decays of the type b → slþl−.
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FIG. 76. Branching fractions of Bþ and B0 decays of the type b → ulþl−, purely leptonic and leptonic radiative.

FIG. 77. Compilation of Rð�Þ
K ratios in the low dilepton invariant-mass region. These are ratios between branching fractions of B-meson

decays to Kð�Þμþμ− and Kð�Þeþe−, which provide information on lepton universality.
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FIG. 78. Limits on branching fractions of lepton-flavor-violating Bþ and B0 decays.
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FIG. 79. Limits on branching fractions of lepton-number-violating Bþ and B0 decays.

FIG. 80. Branching fractions of charmless B decays with neutrinos.
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G. Charge asymmetries in b-hadron decays

This section contains, in Tables 249–260, compilations
of CP asymmetries in decays of various b-hadrons: Bþ, B0

mesons, B�=B0 admixtures, B0
s mesons and finally Λ0

b
baryons. The CP asymmetry is defined as

ACP ¼ Nb − Nb̄

Nb þ Nb̄
; ð226Þ

where Nb (Nb̄) is the number of hadrons containing a b
(B̄0) quark decaying into a specific final state (the CP-
conjugate state). This definition is consistent with that
of Eq. (96) in Sec. VI B 1. Measurements of time-
dependent CP asymmetries are not listed here but are
discussed in Sec. VI. Figure 81 shows a graphic
representation of a selection of results given in this
section.

TABLE 249. CP asymmetries of charmless hadronic Bþ decays (part 1).

Parameter Measurements Average

ACPðBþ → K0
Sπ

þÞ

Belle [882] −0.011� 0.021� 0.006

−0.016� 0.015
LHCb [885] −0.022� 0.025� 0.010
BABAR [400] −0.029� 0.039� 0.010
Belle II [883] −0.01� 0.08� 0.05
CLEO [1169] 0.18� 0.24� 0.02

ACPðBþ → Kþπ0Þ

LHCb [1170] 0.025� 0.015� 0.007a

0.027� 0.013
Belle [882] 0.043� 0.024� 0.002
BABAR [886] 0.030� 0.039� 0.010
Belle II [887] −0.09� 0.09� 0.03
CLEO [1169] −0.29� 0.23� 0.02

ACPðBþ → η0KþÞ
LHCb [893] −0.002� 0.012� 0.006a

0.004� 0.011
BABAR [888] 0.008þ0.017

−0.018 � 0.009
Belle [889] 0.028� 0.028� 0.021
CLEO [1169] 0.03� 0.12� 0.02

ACPðBþ → η0K�ð892ÞþÞ BABAR [894] −0.26� 0.27� 0.02 −0.26� 0.27

ACPðBþ → η0ðKπÞ�þ0 Þ BABAR [894] 0.06� 0.20� 0.02 0.06� 0.20

ACPðBþ → η0K�
2ð1430ÞþÞ BABAR [894] 0.15� 0.13� 0.02 0.15� 0.13

ACPðBþ → ηKþÞ BABAR [888] −0.36� 0.11� 0.03 −0.37� 0.08
Belle [896] −0.38� 0.11� 0.01

ACPðBþ → ηK�ð892ÞþÞ BABAR [897] 0.01� 0.08� 0.02
0.02� 0.06

Belle [898] 0.03� 0.10� 0.01

ACPðBþ → ηðKπÞ�þ0 Þ BABAR [897] 0.05� 0.13� 0.02 0.05� 0.13

ACPðBþ → ηK�
2ð1430ÞþÞ BABAR [897] −0.45� 0.30� 0.02 −0.45� 0.30

ACPðBþ → ωð782ÞKþÞ Belle [385] −0.03� 0.04� 0.01 −0.025� 0.036
BABAR [900] −0.01� 0.07� 0.01

ACPðBþ → ωð782ÞK�ð892ÞþÞ BABAR [902] 0.29� 0.35� 0.02 0.29� 0.35

ACPðBþ → ωð782ÞðKπÞ�þ0 Þ BABAR [902] −0.10� 0.09� 0.02 −0.10� 0.09

ACPðBþ → ωð782ÞK�
2ð1430ÞþÞ BABAR [902] 0.14� 0.15� 0.02 0.14� 0.15

ACPðBþ → K�ð892Þ0πþÞ
BABAR [269] 0.032� 0.052þ0.016

−0.013
b,a

−0.04� 0.04Belle [267] −0.149� 0.064� 0.022b,a

BABAR [904] −0.12� 0.21þ0.08
−0.14

c,a

ACPðBþ → K�ð892Þþπ0Þ BABAR [904] −0.52� 0.14þ0.06
−0.04

c,a

−0.39� 0.13
BABAR [905] −0.06� 0.24� 0.04

aMultiple systematic uncertainties are added in quadrature.
bResult extracted from Dalitz-plot analysis of Bþ → Kþπþπ− decays.
cResult extracted from Dalitz-plot analysis of Bþ → K0

Sπ
þπ0 decays.
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TABLE 250. CP asymmetries of charmless hadronic Bþ decays (part 2).

Parameter Measurements Average

ACPðBþ → Kþπþπ−Þa
LHCb [1171] 0.025� 0.004� 0.008b

0.0268� 0.0084BABAR [269] 0.028� 0.020� 0.023c,b

Belle [267] 0.049� 0.026� 0.020c

ACPðBþ → KþKþK−ðNRÞÞ BABAR [262] 0.060� 0.044� 0.019d 0.06� 0.05

ACPðBþ → f0ð980ÞKþÞ
BABAR [269] −0.106� 0.050þ0.036

−0.015
c,b

−0.08� 0.04Belle [267] −0.077� 0.065þ0.046
−0.026

c,b

BABAR [262] −0.08� 0.08� 0.04e

BABAR [905] 0.18� 0.18� 0.04

ACPðBþ → f2ð1270ÞKþÞ BABAR [269] −0.85� 0.22þ0.26
−0.13

c,b

−0.67� 0.19
Belle [267] −0.59� 0.22� 0.04c,b

ACPðBþ → f02ð1525ÞKþÞ BABAR [262] 0.14� 0.10� 0.04e 0.14� 0.11

ACPðBþ → ρ0ð770ÞKþÞ BABAR [269] 0.44� 0.10þ0.06
−0.14

c,b

0.37� 0.12
Belle [267] 0.30� 0.11þ0.11

−0.04
c,b

ACPðBþ → K0πþπ0Þ BABAR [904] 0.07� 0.05� 0.04f,b 0.07� 0.06

ACPðBþ → K�
0ð1430Þ0πþÞ

Belle [267] 0.076� 0.038þ0.028
−0.022

c,b

0.084� 0.043
BABAR [904] 0.14� 0.10þ0.14

−0.06
f,b

ACPðBþ → ðKπÞ�00 πþÞ BABAR [269] 0.032� 0.035þ0.034
−0.028

c,b 0.032� 0.046

ACPðBþ → K�
0ð1430Þþπ0Þ BABAR [904] 0.26� 0.02þ0.14−0.08

f,b
0.26þ0.19−0.14

ACPðBþ → K�
2ð1430Þþπ0Þ BABAR [269] 0.05� 0.23þ0.18−0.08

c,b
0.05þ0.29−0.24

ACPðBþ → Kþπ0π0Þ BABAR [905] −0.06� 0.06� 0.04 −0.06� 0.07

ACPðBþ → ρþð770ÞK0Þ BABAR [904] 0.21� 0.19þ0.24−0.20
f,b

0.21þ0.31−0.28
ACPðBþ → K�ð892Þþπþπ−Þ BABAR [912] 0.07� 0.07� 0.04 0.07� 0.08

ACPðBþ → K�ð892Þþρ0ð770ÞÞ BABAR [913] 0.31� 0.13� 0.03 0.31� 0.13

ACPðBþ → f0ð980ÞK�ð892ÞþÞ BABAR [913] −0.15� 0.12� 0.03 −0.15� 0.12

ACPðBþ → a1ð1260ÞþK0Þ BABAR [914] 0.12� 0.11� 0.02 0.12� 0.11

ACPðBþ → b1ð1235ÞþK0Þ BABAR [918] −0.03� 0.15� 0.02 −0.03� 0.15

ACPðBþ → K�ð892Þ0ρþð770ÞÞ BABAR [915] −0.01� 0.16� 0.02 −0.01� 0.16

ACPðBþ → b1ð1235Þ0KþÞ BABAR [919] −0.46� 0.20� 0.02 −0.46� 0.20
aTreatment of charmonium intermediate components differs between the results.
bMultiple systematic uncertainties are added in quadrature.
cResult extracted from Dalitz-plot analysis of Bþ → Kþπþπ− decays.
dThe nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.
eResult extracted from Dalitz-plot analysis of Bþ → KþKþK− decays.
fResult extracted from Dalitz-plot analysis of Bþ → K0

Sπ
þπ0 decays.

TABLE 251. CP asymmetries of charmless hadronic Bþ decays (part 3).

Parameter Measurements Average

ACPðBþ → KþK0
SÞ

LHCb [885] −0.21� 0.14� 0.01
−0.086� 0.100Belle [882] 0.014� 0.168� 0.002

BABAR [400] 0.10� 0.26� 0.03

ACPðBþ → KþK0
SK

0
SÞa

Belle [922] 0.016� 0.039� 0.009b
0.025� 0.032

BABAR [262] 0.04þ0.04
−0.05 � 0.02c

(Table continued)
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TABLE 251. (Continued)

Parameter Measurements Average

ACPðBþ → KþK−πþÞa
LHCb [1171] −0.123� 0.017� 0.014d

−0.122� 0.021Belle [924] −0.170� 0.073� 0.017e

BABAR [925] 0.00� 0.10� 0.03

ACPðBþ → KþK−πþðNRÞÞ LHCb [926] −0.107� 0.053� 0.035f −0.107� 0.064

ACPðBþ → K̄�ð892Þ0KþÞ LHCb [926] 0.123� 0.087� 0.045g 0.123� 0.098

ACPðBþ → K̄�
0ð1430Þ0KþÞ LHCb [926] 0.104� 0.149� 0.088g 0.10� 0.17

ACPðBþ → ϕð1020ÞπþÞ LHCb [926] 0.098� 0.436� 0.266g 0.10� 0.51

ACPðBþ → KþK−πþÞππ ↔ KK rescattering
LHCb [926] −0.664� 0.038� 0.019g −0.664� 0.042

ACPðBþ → KþKþK−Þ
LHCb [1171] −0.036� 0.004� 0.007d

−0.033� 0.007BABAR [262] −0.017þ0.019
−0.014 � 0.014h

Belle II [931] −0.049� 0.063� 0.022

ACPðBþ → ϕð1020ÞKþÞ
LHCb [893] 0.017� 0.011� 0.006d

0.024� 0.012
BABAR [262] 0.128� 0.044� 0.013h

Belle [936] 0.01� 0.12� 0.05
CDF [933] −0.07� 0.17þ0.03

−0.02
aTreatment of charmonium intermediate components differs between the results.
bACP is also measured in bins of mK0

SK
0
ScResult extracted from Dalitz-plot analysis of B0 → K0

SK
þK− decays.

dMultiple systematic uncertainties are added in quadrature.
eAlso measured in bins of mKþK− .
fLHCb uses a model of nonresonant obtained from a phenomenological description of the partonic interaction

that produces the final state. This contribution is called single pole in the paper, see Ref. [926] for details.
gResult extracted from Dalitz-plot analysis of Bþ → KþK−πþ decays.
hResult extracted from Dalitz-plot analysis of Bþ → KþKþK− decays.

TABLE 252. CP asymmetries of charmless hadronic Bþ decays (part 4).

Parameter Measurements Average

ACPðBþ → K�ð892ÞþKþK−Þ BABAR [912] 0.11� 0.08� 0.03 0.11� 0.09

ACPðBþ → ϕð1020ÞK�ð892ÞþÞ Belle [1172] −0.02� 0.14� 0.03 −0.01� 0.08
BABAR [935] 0.00� 0.09� 0.04a

ACPðBþ → ðKπÞ�þ0 ϕð1020ÞÞ BABAR [937] 0.04� 0.15� 0.04 0.04� 0.16

ACPðBþ → K1ð1270Þþϕð1020ÞÞ BABAR [937] 0.15� 0.19� 0.05 0.15� 0.20

ACPðBþ → K�
2ð1430Þþϕð1020ÞÞ BABAR [937] −0.23� 0.19� 0.06 −0.23� 0.20

ACPðBþ → ϕð1020Þϕð1020ÞKþÞ BABAR [939] −0.10� 0.08� 0.02b −0.10� 0.08

ACPðBþ → K�ð892ÞþγÞ Belle [1063] 0.011� 0.023� 0.003
0.014� 0.018

BABAR [1064] 0.018� 0.028� 0.007

ACPðBþ → XsγÞ Belle [1139] 0.0275� 0.0184� 0.0032c 0.028� 0.019

ACPðBþ → ηKþγÞ Belle [1067] −0.16� 0.09� 0.06d
−0.12� 0.07

BABAR [408] −0.090þ0.104
−0.098 � 0.014e

ACPðBþ → ϕð1020ÞKþγÞ Belle [410] −0.03� 0.11� 0.08f −0.13� 0.10
BABAR [1070] −0.26� 0.14� 0.05g

(Table continued)
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TABLE 252. (Continued)

Parameter Measurements Average

ACPðBþ → ρþð770ÞγÞ Belle [1075] −0.11� 0.32� 0.09 −0.11� 0.33
aCombination of two final states of the K�ð892Þ�,K0

Sπ
� and K�π0. In addition to the combined results, the paper

reports separately the results for each individual final state.
bMeasured in the ϕϕ invariant mass range below the ηc resonance (Mϕϕ < 2.85 GeV=c2).
cMXs

< 2.8 GeV=c2.
dMKη < 2.4 GeV=c2.
eMKηð0Þ < 3.25 GeV=c2.
f
1.4 ≤ E�

γ ≤ 3.4 GeV=c2, where E�
γ is the photon energy in the center-of-mass frame.

gMϕK < 3.0 GeV=c2.

TABLE 253. CP asymmetries of charmless hadronic Bþ decays (part 5).

Parameter Measurements Average

ACPðBþ → πþπ0Þ
Belle [882] 0.025� 0.043� 0.007

0.02� 0.04BABAR [886] 0.03� 0.08� 0.01
Belle II [887] −0.04� 0.17� 0.06

ACPðBþ → πþπþπ−Þa LHCb [1171] 0.058� 0.008� 0.011b
0.057� 0.014

BABAR [944] 0.032� 0.044þ0.040
−0.037

c,b

ACPðBþ → ρ0ð770ÞπþÞ LHCb [945] 0.007� 0.011� 0.040c,d,b
0.016þ0.041

−0.039BABAR [944] 0.18� 0.07þ0.05
−0.15

c,b

ACPðBþ → f2ð1270ÞπþÞ
LHCb [945] 0.468� 0.061� 0.103c,d,b

0.365� 0.079LHCb [926] 0.267� 0.102� 0.048e

BABAR [944] 0.41� 0.25þ0.18
−0.15

c,b

ACPðBþ → ρð1450Þ0πþÞ
LHCb [945] −0.129� 0.033� 0.421c,d,b

−0.109� 0.049LHCb [926] −0.109� 0.044� 0.024e

BABAR [944] −0.06� 0.28þ0.23
−0.40

c,b

ACPðBþ → ρ3ð1690Þ0πþÞ LHCb [945] −0.801� 0.114� 0.511c,d,b −0.80� 0.52

ACPðBþ → f0ð1370ÞπþÞ BABAR [944] 0.72� 0.15� 0.16c,b 0.72� 0.22

ACPðBþ → πþπþπ−Þ; S-wave LHCb [945] 0.144� 0.018� 0.026c,d,b 0.144� 0.032

ACPðBþ → πþπþπ−ðNRÞÞ BABAR [944] −0.14� 0.14þ0.18
−0.08

f,b −0.14þ0.23
−0.16

ACPðBþ → ρþð770Þπ0Þ BABAR [949] −0.01� 0.13� 0.02
0.01� 0.11

Belle [950] 0.06� 0.19þ0.04
−0.06

ACPðBþ → ρþð770Þρ0ð770ÞÞ BABAR [425] −0.054� 0.055� 0.010 −0.051� 0.054
Belle [951] 0.00� 0.22� 0.03

ACPðBþ → ωð782ÞπþÞ
LHCb [945] −0.048� 0.065� 0.049c,d,b

−0.041� 0.048
BABAR [900] −0.02� 0.08� 0.01
Belle [953] −0.02� 0.09� 0.01
CLEO [1169] −0.34� 0.25� 0.02

ACPðBþ → ωð782Þρþð770ÞÞ BABAR [902] −0.20� 0.09� 0.02 −0.20� 0.09
aTreatment of charmonium intermediate components differs between the results.
bMultiple systematic uncertainties are added in quadrature.
cResult extracted from Dalitz-plot analysis of Bþ → πþπþπ− decays.
dThis analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the S-

wave component. The ACP results are taken from the isobar model with an additional error accounting for the
different S-wave methods as reported in Appendix D of Ref. [947].

eResult extracted from Dalitz-plot analysis of Bþ → KþK−πþ decays.
fThe nonresonant amplitude is modeled using a sum of exponential functions.
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TABLE 254. CP asymmetries of charmless hadronic Bþ decays (part 6).

Parameter Measurements Average

ACPðBþ → ηπþÞ Belle [896] −0.19� 0.06� 0.01 −0.14� 0.05
BABAR [888] −0.03� 0.09� 0.03

ACPðBþ → ηρþð770ÞÞ BABAR [954] 0.13� 0.11� 0.02
0.11� 0.11

Belle [898] −0.04þ0.34
−0.32 � 0.01

ACPðBþ → η0πþÞ BABAR [888] 0.03� 0.17� 0.02
0.06� 0.15

Belle [889] 0.20þ0.37
−0.36 � 0.04

ACPðBþ → η0ρþð770ÞÞ BABAR [894] 0.26� 0.17� 0.02 0.26� 0.17

ACPðBþ → b1ð1235Þ0πþÞ BABAR [919] 0.05� 0.16� 0.02 0.05� 0.16

ACPðBþ → pp̄πþÞ BABAR [721] 0.04� 0.07� 0.04 0.04� 0.08

ACPðBþ → pp̄πþÞ; mpp̄ < 2.85 GeV=c2

LHCb [1009] −0.041� 0.039� 0.005 −0.058� 0.037
Belle [1008] −0.17� 0.10� 0.02

ACPðBþ → pp̄KþÞ; mpp̄ < 2.85 GeV=c2

LHCb [1009] 0.021� 0.020� 0.004
0.007� 0.019Belle [1008] −0.02� 0.05� 0.02

BABAR [800] −0.16þ0.07
−0.08 � 0.04

ACPðBþ → pp̄K�ð892ÞþÞa BABAR [721] 0.32� 0.13� 0.05
0.21� 0.11

Belle [1012] −0.01� 0.19� 0.02

ACPðBþ → pΛ̄0γÞ Belle [1015] 0.17� 0.16� 0.05 0.17� 0.17

ACPðBþ → pΛ̄0π0Þ Belle [1015] 0.01� 0.17� 0.04 0.01� 0.17

ACPðBþ → Kþlþl−Þ Belle [1089] 0.04� 0.10� 0.02
0.02� 0.08

BABAR [1110] −0.03� 0.14� 0.01

ACPðBþ → Kþeþe−Þ Belle [1089] 0.14� 0.14� 0.03 0.14� 0.14

ACPðBþ → Kþμþμ−Þ LHCb [1173] 0.012� 0.017� 0.001b,c
0.011� 0.017

Belle [1089] −0.05� 0.13� 0.03d

ACPðBþ → πþμþμ−Þ LHCb [1080] −0.11� 0.12� 0.01 −0.11� 0.12

ACPðBþ → K�ð892Þþlþl−Þ Belle [1089] −0.13þ0.17
−0.16 � 0.01 −0.09� 0.14

BABAR [1085] 0.01þ0.26
−0.24 � 0.02

ACPðBþ → K�ð892Þþeþe−Þ Belle [1089] −0.14þ0.23
−0.22 � 0.02 −0.14� 0.23

ACPðBþ → K�ð892Þþμþμ−Þ Belle [1089] −0.12� 0.24� 0.02 −0.12� 0.24
aTreatment of charmonium intermediate components differs between the results.
bACP is also measured in bins of mμþμ−
cMass regions corresponding to ϕ, J=ψ and ψð2SÞ are vetoed.
dMass regions corresponding to J=ψ and ψð2SÞ are vetoed.

TABLE 255. CP asymmetries of charmless hadronic B0 decays (part 1).

Parameter Measurements Average

ACPðB0 → Kþπ−Þ

LHCb [1174] −0.0831� 0.0034a

−0.0836� 0.0032
CDF [1175] −0.083� 0.013� 0.004
Belle [882] −0.069� 0.014� 0.007
BABAR [421] −0.107� 0.016þ0.006

−0.004
Belle II [883] −0.16� 0.05� 0.01

(Table continued)
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TABLE 255. (Continued)

Parameter Measurements Average

ACPðB0 → η0K�ð892Þ0Þ BABAR [894] 0.02� 0.23� 0.02 −0.07� 0.18
Belle [966] −0.22� 0.29� 0.07

ACPðB0 → η0ðKπÞ�00 Þ BABAR [894] −0.19� 0.17� 0.02 −0.19� 0.17

ACPðB0 → η0K�
2ð1430Þ0Þ BABAR [894] 0.14� 0.18� 0.02 0.14� 0.18

ACPðB0 → ηK�ð892Þ0Þ BABAR [897] 0.21� 0.06� 0.02
0.19� 0.05

Belle [898] 0.17� 0.08� 0.01

ACPðB0 → ηðKπÞ�00 Þ BABAR [897] 0.06� 0.13� 0.02 0.06� 0.13

ACPðB0 → ηK�
2ð1430Þ0Þ BABAR [897] −0.07� 0.19� 0.02 −0.07� 0.19

ACPðB0 → b1ð1235Þ−KþÞ BABAR [919] −0.07� 0.12� 0.02 −0.07� 0.12

ACPðB0 → ωð782ÞK�ð892Þ0Þ BABAR [902] 0.45� 0.25� 0.02 0.45� 0.25

ACPðB0 → ωð782ÞðKπÞ�00 Þ BABAR [902] −0.07� 0.09� 0.02 −0.07� 0.09

ACPðB0 → ωð782ÞK�
2ð1430Þ0Þ BABAR [902] −0.37� 0.17� 0.02 −0.37� 0.17

ACPðB0 → Kþπ−π0Þ BABAR [971] −0.030þ0.045
−0.051 � 0.055b −0.00� 0.06

Belle [970] 0.07� 0.11� 0.01

ACPðB0 → ρ−ð770ÞKþÞ BABAR [969] 0.20� 0.09� 0.08b 0.20� 0.11
Belle [970] 0.22þ0.22

−0.23
þ0.06
−0.02

ACPðB0 → ρð1450Þ−KþÞ BABAR [969] −0.10� 0.32� 0.09b −0.10� 0.33

ACPðB0 → ρð1700Þ−KþÞ BABAR [969] −0.36� 0.57� 0.23b −0.36� 0.61

ACPðB0 → Kþπ−π0ðNRÞÞ BABAR [969] 0.10� 0.16� 0.08c 0.10� 0.18

ACPðB0 → K0πþπ−Þ BABAR [265] −0.01� 0.05� 0.01d −0.01� 0.05

ACPðB0 → K�ð892Þþπ−Þ
LHCb [976] −0.308� 0.060� 0.016d,e

−0.274� 0.045BABAR [265] −0.21� 0.10� 0.02d,e

BABAR [969] −0.29� 0.11� 0.02b

Belle [266] −0.21� 0.11� 0.07d

aLHCb combines results of the 1.9 fb−1 run 2 data analysis with those based on Run 1 dataset [1176]. The full
statistical and systematic covariance matrices are used in the combination.

bResult extracted from Dalitz-plot analysis of B0 → Kþπ−π0 decays.
cThe nonresonant amplitude is taken to be constant across the Dalitz plane.
dResult extracted from Dalitz-plot analysis of B0 → K0

Sπ
þπ− decays.

eMultiple systematic uncertainties are added in quadrature.

TABLE 256. CP asymmetries of charmless hadronic B0 decays (part 2).

Parameter Measurements Average

ACPðB0 → ðKπÞ�þ0 π−Þ
LHCb [976] −0.032� 0.047� 0.031a,b

0.017� 0.043BABAR [265] 0.09� 0.07� 0.03a,b

BABAR [969] 0.07� 0.14� 0.01c

ACPðB0 → K�
2ð1430Þþπ−Þ LHCb [976] −0.29� 0.22� 0.09a,b −0.29� 0.24

ACPðB0 → K�ð1680Þþπ−Þ LHCb [976] −0.07� 0.13� 0.04a,b −0.07� 0.13

ACPðB0 → f0ð980ÞK0
SÞ LHCb [976] 0.28� 0.27� 0.15a,b 0.28� 0.31

ACPðB0 → ðKπÞ�00 π0Þ BABAR [969] −0.15� 0.10� 0.04c −0.15� 0.11

ACPðB0 → K�ð892Þ0π0Þ BABAR [969] −0.15� 0.12� 0.04c −0.15� 0.13

(Table continued)
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TABLE 256. (Continued)

Parameter Measurements Average

ACPðB0 → K�ð892Þ0πþπ−Þ BABAR [980] 0.07� 0.04� 0.03 0.07� 0.05

ACPðB0 → K�ð892Þ0ρ0ð770ÞÞ BABAR [981] −0.06� 0.09� 0.02 −0.06� 0.09

ACPðB0 → f0ð980ÞK�ð892Þ0Þ BABAR [981] 0.07� 0.10� 0.02 0.07� 0.10

ACPðB0 → K�ð892Þþρ−ð770ÞÞ BABAR [981] 0.21� 0.15� 0.02 0.21� 0.15

ACPðB0 → K�ð892Þ0KþK−Þ BABAR [980] 0.01� 0.05� 0.02 0.01� 0.05

ACPðB0 → a1ð1260Þ−KþÞ BABAR [914] −0.16� 0.12� 0.01 −0.16� 0.12

ACPðB0 → K0K̄0Þ Belle [1177] −0.58þ0.73
−0.66 � 0.04d −0.58þ0.73

−0.66

ACPðB0 → ϕð1020ÞK�ð892Þ0Þ Belle [990] −0.007� 0.048� 0.021 −0.001� 0.041
BABAR [388] 0.01� 0.06� 0.03

ACPðB0 → K�ð892Þ0πþK−Þ BABAR [980] 0.22� 0.33� 0.20 0.22� 0.39

ACPðB0 → ðKπÞ�00 ϕð1020ÞÞ Belle [990] 0.093� 0.094� 0.017
0.123� 0.081

BABAR [388] 0.20� 0.14� 0.06

ACPðB0 → K�
2ð1430Þ0ϕð1020ÞÞ

BABAR [388] −0.08� 0.12� 0.05
−0.112� 0.099

Belle [990] −0.155þ0.152
−0.133 � 0.033

ACPðB0 → K�ð892Þ0γÞ
LHCb [1045] 0.008� 0.017� 0.009

−0.006� 0.011Belle [1063] −0.013� 0.017� 0.004
BABAR [1064] −0.016� 0.022� 0.007

ACPðB0 → K�
2ð1430Þ0γÞ BABAR [1073] −0.08� 0.15� 0.01 −0.08� 0.15

ACPðB0 → XsγÞ Belle [1139] −0.0094� 0.0174� 0.0047e −0.009� 0.018
aResult extracted from Dalitz-plot analysis of B0 → K0

Sπ
þπ− decays.

bMultiple systematic uncertainties are added in quadrature.
cResult extracted from Dalitz-plot analysis of B0 → Kþπ−π0 decays.
dResult extracted from a time-dependent analysis.
eMXs

< 2.8 GeV=c2.

TABLE 257. CP asymmetries of charmless hadronic B0 decays (part 3).

Parameter Measurements Average

ACPðB0 → ρþð770Þπ−Þ BABAR [273] 0.09þ0.05
−0.06 � 0.04a

0.13� 0.05
Belle [274] 0.21� 0.08� 0.04a

ACPðB0 → ρ−ð770ÞπþÞ BABAR [273] −0.12� 0.08þ0.04
−0.05

a

−0.08� 0.08
Belle [274] 0.08� 0.16� 0.11a

ACPðB0 → a1ð1260Þþπ− þ c:c:Þ Belle [419] 0.01� 0.11� 0.09b
0.05� 0.11

BABAR [418] 0.10� 0.15� 0.09b

ACPðB0 → b1ð1235Þþπ− þ c:c:Þ BABAR [919] −0.05� 0.10� 0.02 −0.05� 0.10

ACPðB0 → pp̄K�ð892Þ0Þc BABAR [721] 0.11� 0.13� 0.06
0.05� 0.12

Belle [1012] −0.08� 0.20� 0.02

ACPðB0 → pΛ̄0π−Þ BABAR [1023] −0.10� 0.10� 0.02 −0.06� 0.07
Belle [1015] −0.02� 0.10� 0.03

ACPðB0 → K�ð892Þ0lþl−Þ Belle [1089] −0.08� 0.12� 0.02 −0.05� 0.10
BABAR [1085] 0.02� 0.20� 0.02

ACPðB0 → K�ð892Þ0eþe−Þ Belle [1089] −0.21� 0.19� 0.02 −0.21� 0.19

(Table continued)
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TABLE 258. CP asymmetries of charmless hadronic decays of B�=B0 admixture.

Parameter Measurements Average

ACPðB → K�γÞ Belle [1063] −0.004� 0.014� 0.003 −0.004� 0.011
BABAR [1064] −0.003� 0.017� 0.007

ACPðB → XsγÞ Belle [1139] 0.0144� 0.0128� 0.0011a
0.015� 0.011

BABAR [1178] 0.017� 0.019� 0.010b

ACPðB → XsþdγÞ Belle [1179] 0.022� 0.039� 0.009c
0.032� 0.034

BABAR [1102] 0.057� 0.060� 0.018d

ACPðB → Xslþl−Þ BABAR [1107] 0.04� 0.11� 0.01 0.04� 0.11

ACPðB → K�eþe−Þ Belle [1089] −0.18� 0.15� 0.01 −0.18� 0.15

ACPðB → K�μþμ−Þ Belle [1089] −0.03� 0.13� 0.02 −0.03� 0.13

ACPðB → K�lþl−Þ Belle [1089] −0.10� 0.10� 0.01 −0.05� 0.08
BABAR [1110] 0.03� 0.13� 0.01

ACPðB → XsηÞ Belle [1134] −0.13� 0.04þ0.02
−0.03

e −0.13þ0.04
−0.05

ACPðB → Klþl−Þ BABAR [1110] −0.03� 0.14� 0.01 −0.03� 0.14
aMXs

< 2.8 GeV=c2.
b
0.6<MXs

< 2.0 GeV=c2.
cE�

γ ≥ 2.1 GeV where E�
γ is the photon energy in the center-of-mass frame.

d
2.1< E�

γ < 2.8 GeV where E�
γ is the photon energy in the center-of-mass frame.

e
0.4<mX < 2.6 GeV=c2.

TABLE 257. (Continued)

Parameter Measurements Average

ACPðB0 → K�ð892Þ0μþμ−Þ LHCP [1173] −0.035� 0.024� 0.003d,e −0.034� 0.024
Belle [1089] 0.00� 0.15� 0.03f

aResult extracted from Dalitz-plot analysis of B0 → πþπ−π0 decays.
bResult extracted from a time-dependent analysis.
cTreatment of charmonium intermediate components differs between the results.
dACP is also measured in bins of mμþμ−
eMass regions corresponding to ϕ, J=ψ and ψð2SÞ are vetoed.
fMass regions corresponding to J=ψ and ψð2SÞ are vetoed.

TABLE 259. CP asymmetries of charmless hadronic B0
s decays.

Parameter Measurements Average

ACPðB0
s → πþK−Þ LHCb [1174] 0.225� 0.012a

0.225� 0.012
CDF [1175] 0.22� 0.07� 0.02

aLHCb combines results of the 1.9 fb−1 run 2 data analysis with those based on Run 1 dataset [1176]. The full
statistical and systematic covariance matrices are used in the combination.

TABLE 260. CP asymmetries of charmless hadronic Λ0
b decays.

Parameter Measurements Average

ACPðΛ0
b → pπ−Þ LHCb [1180] −0.035� 0.017� 0.020 −0.025� 0.025

CDF [1175] 0.06� 0.07� 0.03

ACPðΛ0
b → pK−Þ LHCb [1180] −0.020� 0.013� 0.019 −0.025� 0.022

CDF [1175] −0.10� 0.08� 0.04

(Table continued)
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TABLE 260. (Continued)

Parameter Measurements Average

ACPðΛ0
b → pK̄0π−Þ LHCb [973] 0.22� 0.13� 0.03 0.22� 0.13

ACPðΛ0
b → Λ0Kþπ−Þ LHCb [1030] −0.53� 0.23� 0.11 −0.53� 0.25

ACPðΛ0
b → Λ0KþK−Þ LHCb [1030] −0.28� 0.10� 0.07 −0.28� 0.12

FIG. 81. A selection among the most precise direct CP asymmetries (ACP) measured in charmless Bþ and B0 decay modes.
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Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

(i) In Ref. [1181], LHCb reports the triple-product
asymmetries (aT̂−oddCP , aT̂−oddP ) for the decays Λ0

b →
pπ−πþπ− and Λ0

b → pπ−KþK−.
(ii) In Ref. [1182], LHCb reports aT̂−oddCP , aT̂−oddP and

ΔðACPÞ¼ACPðΛ0
b→pK−μþμ−Þ−ACPðΛ0

b→pK−J=ψÞ.
(iii) In Ref. [1183], LHCb reports aT̂−oddCP and aT̂−oddP for

the decays Λ0
b → pK−πþπ−, Λ0

b → pK−KþK−

and Ξ0
b → pK−K−πþ.

(iv) In Ref. [1184] LHCb measures differences of CP
asymmetries between Λ0

b and Ξ0
b charmless decays

into a proton and three charged mesons and the
decays to the same final states with an intermediate
charmed baryon.

H. Polarization measurements in b-hadron decays

In this section, compilations of polarization measure-
ments in b-hadron decays are given. Tables 261, 262, and
263 detail measurements of the longitudinal fraction, fL, in
Bþ, B0, and B0

s decays, respectively. They are followed by
Tables 264, 265 and 266, which list polarization fractions
and CP parameters measured in full angular analyses of
Bþ, B0 and B0

s decays. Figures 82 and 83 show graphic
representations of a selection of results shown in this
section.

Most of the final states considered in the tables are pairs
of vector mesons and thus, we detail below the correspond-
ing definitions. For specific definitions, for example
regarding vector-tensor final states or vector recoiling
against dispin-half states, please refer to the articles. In
the decay of a pseudoscalar meson into two vector mesons,
momentum conservation allows for three helicity configu-
rations: H0; H�1. They can be expressed in terms of
longitudinal polarization amplitudes, A0 ¼ H0, and trans-
verse polarization amplitudes, A⊥ ¼ ðHþ1 −H−1Þ=

ffiffiffi
2

p
and

Ak ¼ ðHþ1 þH−1Þ=
ffiffiffi
2

p
and their charge conjugates: A0,

Ak, and A⊥. Using the definitions:

Fk¼0;k;⊥ ¼ jAkj2
jA0j2 þ jA⊥j2 þ jAkj2

;

F̄k¼0;k;⊥ ¼ jAkj2
jA0j2 þ jA⊥j2 þ jAkj2

; ð227Þ

the followingCP conserving andCP violating observables,
which are used in our tables, are defined:

fk¼0;k;⊥ ¼ 1

2
ðFk þ FkÞ; Ak¼0;⊥

CP ¼ Fk − Fk

Fk þ Fk
: ð228Þ

Note that, in the literature, f0 and fL are used interchange-
ably to denote the longitudinal polarization fraction.

TABLE 261. Longitudinal polarization fraction, fL, in Bþ decays.

Parameter Measurements Average HFLAV
PDG

fLðBþ → ωð782ÞK�ð892ÞþÞ BABAR [902] 0.41� 0.18� 0.05 0.41� 0.19

fLðBþ → ωð782ÞK�
2ð1430ÞþÞ BABAR [902] 0.56� 0.10� 0.04 0.56� 0.11

fLðBþ → K�ð892ÞþK̄�ð892Þ0Þ BABAR [930] 0.75þ0.16
−0.26 � 0.03 0.82þ0.13

−0.17
Belle [929] 1.06� 0.30� 0.14 0.82þ0.15

−0.21

fLðBþ → ϕð1020ÞK�ð892ÞþÞ
BABAR [935] 0.49� 0.05� 0.03a

0.50� 0.05Belle [1172] 0.52� 0.08� 0.03
Belle II [932] 0.58� 0.23� 0.02

fLðBþ → ϕð1020ÞK1ð1270ÞþÞ BABAR [937] 0.46þ0.12
−0.13

þ0.06
−0.07 0.46� 0.14

fLðBþ → ϕð1020ÞK�
2ð1430ÞþÞ BABAR [937] 0.80þ0.09

−0.10 � 0.03 0.80� 0.10

fLðBþ → K�ð892Þþρ0ð770ÞÞ BABAR [913] 0.78� 0.12� 0.03 0.78� 0.12

fLðBþ → K�ð892Þ0ρþð770ÞÞ BABAR [915] 0.52� 0.10� 0.04
0.48� 0.08

Belle [916] 0.43� 0.11þ0.05
−0.02

b

fLðBþ → ρþð770Þρ0ð770ÞÞ BABAR [425] 0.950� 0.015� 0.006
0.950� 0.016

Belle [951] 0.948� 0.106� 0.021

fLðBþ → ωð782Þρþð770ÞÞ BABAR [902] 0.90� 0.05� 0.03 0.90� 0.06

fLðBþ → pp̄K�ð892ÞþÞ Belle [1012] 0.32� 0.17� 0.09 0.32� 0.19
aCombination of two final states of the K�ð892Þ�,K0

Sπ
� and K�π0. In addition to the combined results, the paper

reports separately the results for each individual final state.
bSee also Ref. [921].
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TABLE 262. Longitudinal polarization fraction, fL, in B0 decays.

Parameter Measurements Average HFLAV
PDG

fLðB0 → ωð782ÞK�ð892Þ0Þ
BABAR [902] 0.72� 0.14� 0.02

0.69� 0.11LHCb [1185] 0.68� 0.17� 0.16
Belle [967] 0.56� 0.29þ0.18

−0.08

fLðB0 → ωð782ÞK�
2ð1430Þ0Þ BABAR [902] 0.45� 0.12� 0.02 0.45� 0.12

fLðB0 → K�ð892Þ0K̄�ð892Þ0Þ LHCb [995] 0.724� 0.051� 0.016 0.73� 0.05
BABAR [996] 0.80þ0.10

−0.12 � 0.06 0.74� 0.05

fLðB0 → ϕð1020ÞK�ð892Þ0Þ
LHCb [1186] 0.497� 0.019� 0.015

0.497� 0.017
Belle [990] 0.499� 0.030� 0.018
BABAR [388] 0.494� 0.034� 0.013
Belle II [932] 0.57� 0.20� 0.04

fLðB0 → ϕð1020ÞK�
2ð1430Þ0Þ

Belle [990] 0.918þ0.029
−0.060 � 0.012 0.912þ0.032

−0.046
BABAR [388] 0.901þ0.046

−0.058 � 0.037 0.913þ0.028
−0.050

fLðB0 → K�ð892Þ0ρ0ð770ÞÞ LHCb [1185] 0.164� 0.015� 0.022
0.173� 0.026

BABAR [981] 0.40� 0.08� 0.11

fLðB0 → K�ð892Þþρ−ð770ÞÞ BABAR [981] 0.38� 0.13� 0.03 0.38� 0.13

fLðB0 → ρþð770Þρ−ð770ÞÞ Belle [414] 0.988� 0.012� 0.023 0.990� 0.020
BABAR [413] 0.992� 0.024þ0.026

−0.013 0.990þ0.021
−0.019

fLðB0 → ρ0ð770Þρ0ð770ÞÞa
LHCb [417] 0.745þ0.048

−0.058 � 0.034
0.71� 0.06
0.71þ0.08

−0.09

BABAR [415] 0.75þ0.11
−0.14 � 0.04

Belle [416] 0.21þ0.18
−0.22 � 0.15

fLðB0 → a1ð1260Þþa1ð1260Þ−Þ BABAR [1006] 0.31� 0.22� 0.10 0.31� 0.24

fLðB0 → pp̄K�ð892Þ0Þ Belle [1012] 1.01� 0.13� 0.03 1.01� 0.13

fLðB0 → Λ0Λ̄0K�ð892Þ0Þ Belle [685] 0.60� 0.22� 0.08b,c 0.60� 0.23

fLðB0 → K�0μþμ−Þ; 0.04< q2 < 6.0 GeV2=c4

ATLAS [1160] 0.50� 0.06� 0.04 0.50� 0.07

fLðB0 → K�0eþe−Þ; 0.002< q2 < 1.120 GeV2=c4

LHCb [1187] 0.16� 0.06� 0.03 0.16� 0.07
aThe PDG uncertainty includes a scale factor.
bThe charmonium mass regions are vetoed.
cMΛ0Λ̄0 < 2.85 GeV=c2.

TABLE 263. Longitudinal polarization fraction, fL, in B0
s decays.

Parameter Measurements Average HFLAV
PDG

fLðB0
s → ϕð1020Þϕð1020ÞÞ LHCb [1002] 0.381� 0.007� 0.012

0.378� 0.013
CDF [1039] 0.348� 0.041� 0.021

fLðB0
s → K�ð892Þ0K̄�ð892Þ0Þ LHCb [995] 0.240� 0.031� 0.025 0.24� 0.04

fLðB0
s → ϕð1020ÞK̄�ð892Þ0Þ LHCb [991] 0.51� 0.15� 0.07 0.51� 0.17

fLðB0
s → K̄�

2ð1430Þ0K�ð892Þ0Þ LHCb [399] 0.911� 0.020� 0.165 0.91� 0.17

fLðB0
s → K�

2ð1430Þ0K̄�ð892Þ0Þ LHCb [399] 0.62� 0.16� 0.25 0.62� 0.30

fLðB0
s → K�

2ð1430Þ0K̄�
2ð1430Þ0Þ LHCb [399] 0.25� 0.14� 0.18 0.25� 0.23
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Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

(i) In the angular analysis of B0 → ϕK�ð892Þ0 decays
[1186], in addition to the results quoted in Table 265,
LHCb reports observables related to the S-wave
component contributing the final state KþK−Kþπ−:
fSðKπÞ, fSðKKÞ, δsðKπÞ, δsðKKÞ, ASðKπÞCP,
ASðKKÞCP, δSðKπÞCP, δSðKKÞCP.

(ii) In the amplitude analysis of B0
s → ϕϕ decays, in

addition to the results quoted in Table 266,
LHCb, in Ref. [395], extracts the CP-violating
phase ϕsss

s and the CP-violating parameter jλj
from a decay-time-dependent and polarization
independent fit. The CP-violating phases ϕs;k
and ϕs;⊥ are obtained in a polarization-dependent
fit. A time-integrated fit is performed to extract the
triple-product asymmetries AU and AV . CDF, in

TABLE 264. Results of full angular analyses of Bþ decays.

Parameter Measurements Average HFLAV
PDG

f⊥ðBþ → ϕð1020ÞK�ð892ÞþÞ BABAR [935] 0.21� 0.05� 0.02a
0.20� 0.05

Belle [1172] 0.19� 0.08� 0.02

A0
CPðBþ → ϕð1020ÞK�ð892ÞþÞ BABAR [935] 0.17� 0.11� 0.02a 0.17� 0.11

A⊥
CPðBþ → ϕð1020ÞK�ð892ÞþÞ BABAR [935] 0.22� 0.24� 0.08a 0.22� 0.25
aCombination of two final states of the K�ð892Þ�,K0

Sπ
� and K�π0. In addition to the combined results, the paper

reports separately the results for each individual final state.

TABLE 265. Results of full angular analyses of B0 decays.

Parameter Measurements Average HFLAV
PDG

f⊥ðB0 → ϕð1020ÞK�ð892Þ0Þ
LHCb [1186] 0.221� 0.016� 0.013

0.224� 0.015Belle [990] 0.238� 0.026� 0.008
BABAR [388] 0.212� 0.032� 0.013

A0
CPðB0 → ϕð1020ÞK�ð892Þ0Þ

LHCb [1186] −0.003� 0.038� 0.005
−0.007� 0.030Belle [990] −0.030� 0.061� 0.007

BABAR [388] 0.01� 0.07� 0.02

A⊥
CPðB0 → ϕð1020ÞK�ð892Þ0Þ

LHCb [1186] 0.047� 0.074� 0.009
−0.02� 0.06Belle [990] −0.14� 0.11� 0.01

BABAR [388] −0.04� 0.15� 0.06

f⊥ðB0 → ϕð1020ÞK�
2ð1430Þ0Þa

BABAR [388] 0.002þ0.018
−0.002 � 0.031 0.029þ0.024

−0.026
Belle [990] 0.056þ0.050−0.035 � 0.009 0.027þ0.031

−0.025

A0
CPðB0 → ϕð1020ÞK�

2ð1430Þ0Þ
Belle [990] −0.016þ0.066−0.051 � 0.031 −0.031� 0.04
BABAR [388] −0.05� 0.06� 0.01

A⊥
CPðB0 → ϕð1020ÞK�

2ð1430Þ0Þ Belle [990] −0.01þ0.85−0.67 � 0.09 −0.01þ0.85−0.68
aThe PDG uncertainty includes a scale factor.

TABLE 266. Results of full angular analyses of B0
s decays.

Parameter Measurements Average HFLAV
PDG

f⊥ðB0
s → ϕð1020Þϕð1020ÞÞ LHCb [1002] 0.290� 0.008� 0.007 0.293� 0.010

CDF [1039] 0.365� 0.044� 0.027 0.292� 0.009

fkðB0
s → ϕð1020ÞK̄�ð892Þ0Þ LHCb [991] 0.21� 0.11� 0.02 0.21� 0.11

f⊥ðB0
s → K�ð892Þ0K̄�ð892Þ0Þ LHCb [995] 0.526� 0.032� 0.019 0.526� 0.037

0.380� 0.120

fkðB0
s → K�ð892Þ0K̄�ð892Þ0Þ LHCb [995] 0.234� 0.025� 0.010 0.23� 0.03

0.30� 0.05
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FIG. 82. Longitudinal polarization fraction in charmless B decays.

FIG. 83. Longitudinal polarization fraction in charmless B0
s decays.
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Ref. [1039] also reports the triple-product asym-
metries AU and AV .

(iii) In Ref. [399], LHCb presents a flavor-tagged, decay-
time-dependent amplitude analysis of B0

s →
ðKþπ−ÞðK−πþÞ decays in the K�π∓ mass range
from 750 to 1600 MeV=c2. The paper includes
measurements of 19CP-averaged amplitude param-
eters corresponding to scalar, vector and tensor final
states as well as the first measurement of the CP-
violating phase ϕdd̄

s .
(iv) Reference [1185] presents an amplitude analysis of

B0 → ρK�ð892Þ0 realized by LHCb. Scalar (S) and
vector (V) contributions to the final state
ðπþπþÞðKþπ−Þ are considered through partial
waves sharing the same angular dependence (VV,
SS, SV, VS) and the corresponding amplitudes are
extracted for each case. Triple product asymmetries
are also reported.

X. CHARM CP VIOLATION AND OSCILLATIONS

A. D0-D̄0 mixing and CP violation

1. Introduction

The first evidence forD0-D̄0 oscillations, or mixing, was
obtained in 2007 by Belle [1188] and BABAR [1189].
These results were confirmed by CDF [1190] and, in 2013
with high statistics, by LHCb [1191]. There are now
numerous measurements of D0-D̄0 mixing with various
levels of sensitivity. In 2019, LHCb used all its available
data (8.9 fb−1) to observe CP violation in D decays for the
first time [1192]. Recently, LHCb measured the mixing
parameters x and y (see below) with much higher precision
[1193] than that of previous measurements. All these
measurements, plus others, are input into a global fit
performed by HFLAV to determine world average values
for mixing parameters, CP violation (CPV) parameters,
and strong phase differences.
Our notation is as follows. We use the phase convention

CPjD0i ¼ −jD̄0i and CPjD̄0i ¼ −jD0i [1194] and denote
the mass eigenstates as

D1 ¼ pjD0i − qjD̄0i ð229Þ

D2 ¼ pjD0i þ qjD̄0i: ð230Þ

With this phase convention, in the absence of CP violation
(p ¼ q), D1 is CP-even and D2 is CP-odd. The mixing
parameters are defined as x ≡ ðm1 −m2Þ=Γ and
y ≡ ðΓ1 − Γ2Þ=ð2ΓÞ, where m1, m2 and Γ1;Γ2 are the
masses and decay widths, respectively, of the mass eigen-
states, and Γ ≡ ðΓ1 þ Γ2Þ=2. The global fit determines
central values and uncertainties for ten underlying param-
eters. These parameters, in addition to x and y, consist of
the following:

(i) CPV parameters jq=pj and Argðq=pÞ ≡ ϕ, which
give rise to indirect CPV (see Sec. X B for a
discussion of indirect and direct CPV). Here we
assume indirect CPV is “universal,” i.e., indepen-
dent of the final state in D0 → f decays.

(ii) direct CPV asymmetries

AD ≡
ΓðD0 → Kþπ−Þ − ΓðD̄0 → K−πþÞ
ΓðD0 → Kþπ−Þ þ ΓðD̄0 → K−πþÞ

AK ≡
ΓðD0 → KþK−Þ − ΓðD̄0 → K−KþÞ
ΓðD0 → KþK−Þ þ ΓðD̄0 → K−KþÞ

Aπ ≡
ΓðD0 → πþπ−Þ − ΓðD̄0 → π−πþÞ
ΓðD0 → πþπ−Þ þ ΓðD̄0 → π−πþÞ ;

where, as indicated, the decay rates are for the pure
D0 and D̄0 flavor eigenstates.

(iii) the ratio of doubly Cabibbo-suppressed (DCS) to
Cabibbo-favored decay rates

RD ≡
ΓðD0 → Kþπ−Þ þ ΓðD̄0 → K−πþÞ
ΓðD0 → K−πþÞ þ ΓðD̄0 → Kþπ−Þ ;

where the decay rates are for pure D0 and D̄0 flavor
eigenstates.

(iv) the strong phase difference δ between the amplitudes
AðD̄0 → K−πþÞ and AðD0 → K−πþÞ; and

(v) the strong phase difference δKππ between the am-
plitudes AðD̄0 → K−ρþÞ and AðD0 → K−ρþÞ.

The 61 observables used in the fit are measured from the
following decays:34 D0 → Kþl−ν̄, D0 → KþK−,
D0 → πþπ−, D0→Kþπ−, D0→Kþπ−π0, D0 → K0

Sπ
þπ−,

D0 → π0πþπ−, D0 → K0
SK

þK−, and D0 → Kþπ−πþπ−.
The fit also uses measurements of mixing parameters
and strong phases determined from double-tagged branch-
ing fractions measured at the ψð3770Þ resonance. The
relationships between measured observables and fitted
parameters are given in Table 267. Correlations among
observables are accounted for by using covariance matrices
provided by the experimental collaborations. Uncertainties
are assumed to be Gaussian, and systematic uncertainties
among different experiments are assumed to be uncorre-
lated unless specific correlations have been identified. We
have compared this method with a second method that adds
together three-dimensional log-likelihood functions for x,
y, and δ obtained from several independent measurements;
this combination accounts for non-Gaussian uncertainties.
When both methods are applied to the same set of
measurements, equivalent results are obtained. We have
furthermore compared the results to those obtained from an
independent fit based on the GAMMACOMBO framework
[432] and found good agreement.

34Charge-conjugate modes are implicitly included.
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Mixing in the heavy flavor B0 and B0
s systems is

governed by a short-distance box diagram. In the D0

system, this box diagram is both doubly Cabibbo-
suppressed and GIM-suppressed [1195], and consequently
the short-distance mixing rate is tiny. Thus, D0-D̄0 mixing
is dominated by long-distance processes. These are difficult
to calculate, and theoretical estimates for x and y range
over three orders of magnitude, up to the percent level
[1196–1199].
Almost all experimental analyses besides that of the

ψð3770Þ → D̄D measurements [1200] identify the flavor
of theD0 or D̄0 when produced by reconstructing the decay
D�þ → D0πþ or D�− → D̄0π−. The charge of the pion,
which has low momentum in the lab frame relative to that
of the D0 daughters and is often referred to as the “soft”
pion, identifies the D0 flavor. For D�þ → D0πþ,
MD� −MD0 −Mπþ ≡Q ≈ 6 MeV, which is close to the
kinematic threshold; thus, analyses typically require that
the reconstructedQ be less than some value (e.g., 20 MeV)
to suppress backgrounds. In several analyses, LHCb
identifies the flavor of the D0 by partially reconstructing
B̄ → Dð�Þμ−X and B → D̄ð�ÞμþX decays; in this case the
charge of the μ∓ identifies the flavor of the D0 or D̄0.

For time-dependent measurements, the D0 decay time is
calculated as t ¼ MD0ðd⃗ · p̂Þ=p, where d⃗ is the displace-
ment vector from the D�þ decay vertex to the D0 decay
vertex; p̂ is the direction of the D0 momentum; and p is its
magnitude. The D�þ vertex position is taken as the
intersection of the D0 momentum vector with the beam
spot profile for eþe− experiments, and at the primary
interaction vertex for pp and p̄p experiments.

2. Input observables

The global fit determines central values and uncertainties
for ten parameters by minimizing a χ2 statistic. The fitted
parameters are x, y, RD, AD, jq=pj, ϕ, δ, δKππ , AK , and Aπ .
In the D → Kþπ−π0 Dalitz plot analysis [1201], the phases
of intermediate resonances in the D̄0 → Kþπ−π0 decay
amplitude are fitted relative to the phase for
AðD̄0 → Kþρ−Þ, and the phases of intermediate resonan-
ces for D0 → Kþπ−π0 are fitted relative to the phase for
AðD0 → Kþρ−Þ. As the D̄0 and D0 Dalitz plots are fitted
separately, the phase difference δKππ ¼ Arg½AðD̄0 →
Kþρ−Þ=AðD0 → Kþρ−Þ� between the reference ampli-
tudes cannot be determined from these individual fits.

TABLE 267. Left column: decay modes used to determine the fitted parameters x, y, δ, δKππ , RD, AD, AK , Aπ , jq=pj, and ϕ. Middle
column: measured observables for each decay mode. Right column: relationships between the measured observables and the fitted
parameters. The symbol hti denotes the mean reconstructed decay time for D0 → KþK− or D0 → πþπ− decays.

Decay Mode Observables Relationship

D0 → KþK−=πþπ−
yCP 2yCP ¼ ðjq=pj þ jp=qjÞy cosϕ − ðjq=pj − jp=qjÞx sinϕ
AΓ 2AΓ ¼ ðjq=pj − jp=qjÞy cosϕ − ðjq=pj þ jp=qjÞx sinϕ

D0 → K0
Sπ

þπ−
x
y

jq=pj
ϕ

D0 → Kþl−ν̄ RM RM ¼ x2þy2

2

D0 → Kþπ−π0 (Dalitz plot analysis)
x00 x00 ¼ x cos δKππ þ y sin δKππ

y00 y00 ¼ y cos δKππ − x sin δKππ

“Double-tagged” branching fractions measured in
ψð3770Þ → DD decays

RM

RM ¼ x2þy2

2

y
RDffiffiffiffiffiffi

RD
p

cos δ

D0 → Kþπ−
x02; y0 x0 ¼ x cos δþ y sin δ

x02þ; x02− y0 ¼ y cos δ − x sin δ
y0þ; y0− x0� ¼ jq=pj�1ðx0 cosϕ� y0 sinϕÞ

y0� ¼ jq=pj�1ðy0 cosϕ ∓ x0 sinϕÞ

D0 → Kþπ−=K−πþ (time-integrated)
RD
AD

D0 → KþK−=πþπ− (time-integrated)
ΓðD0→KþK−Þ−ΓðD̄0→KþK−Þ
ΓðD0→KþK−ÞþΓðD̄0→KþK−ÞAK þ hti

τD
Aindirect

CP (Aindirect
CP ≈ −AΓ)

ΓðD0→πþπ−Þ−ΓðD̄0→πþπ−Þ
ΓðD0→πþπ−ÞþΓðD̄0→πþπ−Þ Aπ þ hti

τD
Aindirect

CP (Aindirect
CP ≈ −AΓ)
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However, this phase difference can be constrained in the
global fit and thus is included as a fitted parameter.
All input measurements are listed in Tables 268–270.

There are three observables input to the fit that are world
average values:

RM ¼ x2 þ y2

2
ð231Þ

yCP¼
1

2

�				qp
				þ

				pq
				
�
ycosϕ−

1

2

�				qp
				−
				pq

				
�
xsinϕ ð232Þ

AΓ¼
1

2

�				qp
				−
				pq

				
�
ycosϕ−

1

2

�				qp
				þ

				pq
				
�
xsinϕ: ð233Þ

TABLE 268. Observables used in the global fit, except those from time-dependent D0 → Kþπ− measurements and those from direct
CPV measurements. The latter measurements are listed in Tables 269 and 270, respectively.

Mode Observable Values Correlation coefficients

D0 → KþK−=πþπ−, ϕK0
S

yCP ð0.719� 0.113Þ%
AΓ ð0.0089� 0.0113Þ%

D0 → K0
Sπ

þπ− [1211]
(Belle: no CPV)

x ð0.56� 0.19þ0.067
−0.127 Þ% þ0.012

y ð0.30� 0.15þ0.050
−0.078 Þ%

D0 → K0
Sπ

þπ− [1211]
(Belle: no direct CPV)

jq=pj 0.90þ0.16
−0.15

þ0.078
−0.064

8>><
>>:

1 0.054 −0.074 −0.031
1 0.034 −0.019

1 0.044
1

9>>=
>>;ϕ ð−6� 11þ4.2

−5.0 Þ degrees

D0 → K0
Sπ

þπ− [1211]
(Belle: direct CPV
allowed)

x ð0.58� 0.19þ0.0734
−0.1177 Þ%

Same as above
y ð0.27� 0.16þ0.0546

−0.0854 Þ%
jq=pj 0.82þ0.20

−0.18
þ0.0807
−0.0645

ϕ ð−13þ12
−13

þ4.15
−4.77 Þ degrees

D0 → K0
Sπ

þπ− [1213]
(LHCb: 1 fb−1 no CPV)

x ð−0.86� 0.53� 0.17Þ% þ0.37
y ð0.03� 0.46� 0.13Þ%

D0 → K0
Sπ

þπ− [1214]
(LHCb: 3 fb−1 CPV
allowed)

xCP ð0.27� 0.16� 0.04Þ% 8>><
>>:

1 ð−0.17þ 0.15Þ ð0.04þ 0.01Þ ð−0.02 − 0.02Þ
1 ð−0.03 − 0.05Þ ð0.01 − 0.03Þ

1 ð−0.13þ 0.14Þ
1

9>>=
>>;

Notation: above coefficients are (statisticalþ systematic). For
ðx; y; jq=pj;ϕÞ → ðxCP; yCP;Δx;ΔyÞ mapping, see [1217].

yCP ð0.74� 0.36� 0.11Þ%
Δx ð−0.053� 0.070� 0.022Þ%

Δy ð0.06� 0.16� 0.03Þ%

D0 → K0
Sπ

þπ− [1193]
(LHCb: 5.4 fb−1 CPV
allowed)

xCP ð0.397� 0.046� 0.029Þ% 8>><
>>:

1 ð0.11þ 0.13Þ ð−0.02þ 0.01Þ ð−0.01þ 0.01Þ
1 ð−0.01 − 0.02Þ ð−0.05þ 0.01Þ

1 ð0.08þ 0.31Þ
1

9>>=
>>;

yCP ð0.459� 0.120� 0.085Þ%
Δx ð−0.027� 0.018� 0.001Þ%
Δy ð0.020� 0.036� 0.013Þ%

D0 → K0
Sπ

þπ− [1212]
K0

SK
þK− (BABAR: no

CPV)

x ð0.16� 0.23� 0.12� 0.08Þ%
þ0.0615

y ð0.57� 0.20� 0.13� 0.07Þ%

D0 → π0πþπ− [1215]
(BABAR: no CPV)

x ð1.5� 1.2� 0.6Þ% −0.006
y ð0.2� 0.9� 0.5Þ%

D0 → Kþl−ν̄ RM ð0.0130� 0.0269Þ%

D0 → Kþπ−π0 [1201]
x00 ð2.61þ0.57

−0.68 � 0.39Þ% −0.75
y00 ð−0.06þ0.55

−0.64 � 0.34Þ%
D0 → Kþπ−πþπ− [491] RM=2 ð4.8� 1.8Þ × 10−5

ψð3770Þ → D̄D [1200]
(CLEOc)

RD ð0.533� 0.107� 0.045Þ% 8>>><
>>>:

1 0 0 −0.42 0.01
1 −0.73 0.39 0.02

1 −0.53 −0.03
1 0.04

1

9>>>=
>>>;

x2 ð0.06� 0.23� 0.11Þ%
y ð4.2� 2.0� 1.0Þ%

cos δ 0.81þ0.22
−0.18

þ0.07
−0.05

sin δ −0.01� 0.41� 0.04
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TABLE 269. Time-dependent D0 → Kþπ− observables used for the global fit. The observables Rþ
D and R−

D are related to parameters
RD and AD via R�

D ¼ RDð1� ADÞ.
Mode Observable Values Correlation coefficients

D0 → Kþπ− [1189] (BABAR 384 fb−1)
RD ð0.303� 0.0189Þ% (

1 0.77 −0.87
1 −0.94

1

)
x02þ ð−0.024� 0.052Þ%
y0þ ð0.98� 0.78Þ%

D̄0 → K−πþ [1189] (BABAR 384 fb−1)
AD ð−2.1� 5.4Þ%

Same as abovex02− ð−0.020� 0.050Þ%
y0− ð0.96� 0.75Þ%

D0 → Kþπ− [1207] (Belle 976 fb−1 No CPV)
RD ð0.353� 0.013Þ% (

1 0.737 −0.865
1 −0.948

1

)
x02 ð0.009� 0.022Þ%
y0 ð0.46� 0.34Þ%

D0 → Kþπ− [1206] (Belle 400 fb−1 CPV-allowed)
RD ð0.364� 0.018Þ% (

1 0.655 −0.834
1 −0.909

1

)
x02þ ð0.032� 0.037Þ%
y0þ ð−0.12� 0.58Þ%

D̄0 → K−πþ [1206] (Belle 400 fb−1 CPV-allowed)
AD ðþ2.3� 4.7Þ%

Same as abovex02− ð0.006� 0.034Þ%
y0− ð0.20� 0.54Þ%

D0 → Kþπ− [1208] (CDF 9.6 fb−1 No CPV)
RD ð0.351� 0.035Þ% (

1 0.90 −0.97
1 −0.98

1

)
x02 ð0.008� 0.018Þ%
y0 ð0.43� 0.43Þ%

D0 → Kþπ− [1209] (LHCb 3.0 fb−1 B → D�μX tag CPV-allowed)
Rþ
D ð0.338� 0.0161Þ% (

1 0.823 −0.920
1 −0.962

1

)
x02þ ð−0.0019� 0.0447Þ%
y0þ ð0.581� 0.526Þ%

D̄0 → K−πþ [1209] (LHCb 3.0 fb−1 B → D�μX tag CPV-allowed)
R−
D ð0.360� 0.0166Þ% (

1 0.812 −0.918
1 −0.956

1

)
x02− ð0.0079� 0.0433Þ%
y0− ð0.332� 0.523Þ%

D0 → Kþπ− [1210] (LHCb 5.0 fb−1 D� tag CPV-allowed)
Rþ
D ð0.3454� 0.0045Þ% (

1 0.843 −0.935
1 −0.963

1

)
x02þ ð0.0061� 0.0037Þ%
y0þ ð0.501� 0.074Þ%

D̄0 → K−πþ [1210] (LHCb 5.0 fb−1 D� tag CPV-allowed)
R−
D ð0.3454� 0.0045Þ% (

1 0.846 −0.935
1 −0.964

1

)
x02− ð0.0016� 0.0039Þ%
y0− ð0.554� 0.074Þ%

TABLE 270. Measurements of time-integrated CP asymmetries. The observable ACPðfÞ ¼ ½ΓðD0 → fÞ − ΓðD̄0 → fÞ�=
½ΓðD0 → fÞ þ ΓðD̄0 → fÞ�. The symbol Δhti denotes the difference between the mean reconstructed decay times for D0 → KþK−

and D0 → πþπ− decays due to different trigger and reconstruction efficiencies.

Mode Observable Values Δhti=τD
D0 → hþh− [1218] (BABAR 386 fb−1)

ACPðKþK−Þ ðþ0.00� 0.34� 0.13Þ%
0

ACPðπþπ−Þ ð−0.24� 0.52� 0.22Þ%

D0 → hþh− [1219] (Belle 540 fb−1)
ACPðKþK−Þ ð−0.43� 0.30� 0.11Þ%

0
ACPðπþπ−Þ ðþ0.43� 0.52� 0.12Þ%

D0 → hþh− [1220,1221] (CDF 9.7 fb−1)
ACPðKþK−Þ − ACPðπþπ−Þ ð−0.62� 0.21� 0.10Þ%

0.27� 0.01ACPðKþK−Þ ð−0.32� 0.21Þ%
ACPðπþπ−Þ ðþ0.31� 0.22Þ%

D0 → hþh− [1192] (LHCb 9.0 fb−1,
D�þ → D0πþ þ B̄ → D0μ−X tags combined)

ACPðKþK−Þ − ACPðπþπ−Þ ð−0.154� 0.029Þ% 0.115� 0.002
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These are calculated using the COMBOS program [6]. The
world average for RM is calculated from measurements of
D0 → Kþl−ν̄ decays [1202–1205]; see Fig. 84. A meas-
urement of RM using D0 → Kþπ−πþπ− decays [491] is
separately input to the global fit. The inputs used for the
world averages of yCP and AΓ are plotted in Figs. 85 and 86,
respectively.
The D0 → Kþπ− measurements used are from Belle

[1206,1207], BABAR [1189], CDF [1208], and LHCb
[1209,1210]; earlier measurements are either superseded
or have much less precision and are not used. The observ-
ables from D0 → K0

Sπ
þπ− decays are measured in two

ways: assuming CP conservation (D0 and D̄0 decays
combined), and allowing for CP violation (D0 and D̄0

decays fitted separately). The no-CPV measurements are
fromBelle [1211], BABAR [1212], and LHCb [1213]; for the
CPV-allowed case, Belle [1211] and LHCb [1193,1214]
measurements are available. The D0→Kþπ−π0,
D0 → K0

SK
þK−, and D0 → π0πþπ− results are from

BABAR [1201,1215]; theD0 → Kþπ−πþπ− results are from
LHCb [491]; and the ψð3770Þ → D̄D results are from
CLEOc [1200]. A measurement of the strong phase δ by
BESIII [1216] using ψð3770Þ → D̄D events use HFLAV’s
world averages for RD and y as external inputs; thus, we do
not include this BESIII result in the global fit.
For each set of correlated observables, we construct a

difference vector V⃗ between the measured values and those
calculated from the fitted parameters using the relations of
Table 267. For example, for D0 → K0

Sπ
þπ− decays,

V⃗ ¼ ðΔx;Δy;Δjq=pj;ΔϕÞ, where Δx ≡ xmeasured − xfitted
and similarly for Δy;Δjq=pj, and Δϕ. The contribution
of a set of observables to the fit χ2 is calculated as
V⃗ · ðM−1Þ · V⃗T , where M−1 is the inverse of the covariance
matrix for the measured observables. Covariance matrices
are constructed from the correlation coefficients among the
observables. These correlation coefficients are furnished by
the experiments and listed in Tables 268–270.

-4 -3 -2 -1 0 1 2 3 4 5
yCP (%)

917.0egarevadlroW � 0.113 %

Belle 2020 (KS )  0.960 � 0.910 � 0.643 %

LHCb 2019  0.570 � 0.130 � 0.090 %

Belle 2016 (K+K-/ + -)  1.110 � 0.220 � 0.090 %

BESIII 2015 -2.000 � 1.300 � 0.700 %

BABAR 2012  0.720 � 0.180 � 0.124 %

Belle 2009 (K+K-KS)  0.110 � 0.610 � 0.520 %

CLEO 2002 -1.200 � 2.500 � 1.400 %

FOCUS 2000  3.420 � 1.390 � 0.740 %

237.09991197E � 2.890 � 1.030 %

FIG. 85. World average value of yCP as calculated from D0 →
KþK−; πþπ−; KþK−K0

S, and K0
Sω measurements [1222–1230].

The confidence level from the fit is 0.21.

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

RM (%)

310.0egarevadlroW � 0.027 %

Belle 2008  0.013 � 0.022 � 0.020 %

BABAR 2007  0.004 + 0.070  % 0.004  - 0.060

CLEO 2005  0.160 � 0.290 � 0.290 %

E791 1996  0.110 + 0.300  % 0.110  - 0.270

FIG. 84. World average value of RM ¼ ðx2 þ y2Þ=2 as calcu-
lated from D0 → Kþl−ν̄ measurements [1202–1205]. The con-
fidence level from the fit is 0.97.

-0.2 -0.1 -0 0.1 0.2 0.3
 A  (%)

900.0egarevadlroW � 0.011 %

LHCb 2021 � + D*+ tag  0.010 � 0.011 � 0.003 %

Belle 2016 -0.030 � 0.200 � 0.070 %

CDF 2014 KK+ -0.120 � 0.120 %

BABAR  2012  0.088 � 0.255 � 0.058 %

FIG. 86. World average value of AΓ calculated from D0 →
KþK−; πþπ− measurements [1226,1228,1231,1232]. The con-
fidence level from the fit is 0.73.
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3. Fit results

The global fitter uses MINUIT with the MIGRAD
minimizer, and all uncertainties are obtained from MINOS
[1233]. Three types of fits are performed, as described below.
(1) Assuming CP conservation, i.e., fixing AD ¼ 0,

AK ¼ 0, Aπ ¼ 0, ϕ ¼ 0, and jq=pj ¼ 1. All other
parameters (x, y, δ, RD, δKππ) are floated.

(2) Assuming no subleading amplitudes in CF and DCS
decays. In addition, subleading amplitudes in SCS
decays are neglected in indirect CPV observables, as
their contribution is suppressed by the mixing
parameters x and y. These simplifictions have two
consequences [1234]: (a) no direct CPV in CF or
DCS decays (AD ¼ 0); and (b) only short-distance

dispersive amplitudes contribute to indirect CPV.
The latter implies that all indirect CPV is due to a
phase difference between M12 and Γ12, the off-
diagonal elements of the mass and decay matrices. In
this case the four parameters fx; y; jq=pj;ϕg are
related, and one fits for only three of them, in our
case fx; y;ϕg or fx; y; jq=pjg.

(2b) The same assumptions as for Fit 2a, but fitting for
parameters x12 ≡ 2jM12j=Γ, y12 ≡ jΓ12j=Γ, and
ϕ12 ≡ ArgðM12=Γ12Þ [1234,1235]. The parameter
ϕ12 is the phase difference responsible for all indirect
CPV. The conventional parameters fx; y; jq=pj;ϕg
can be derived from fx12; y12;ϕ12g; the result is
[1234,1236]

x ¼
�
x212 − y212 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx212 þ y212Þ2 − 4x212y

2
12sin

2ϕ12

p
2

�1=2

y ¼
�
y212 − x212 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx212 þ y212Þ2 − 4x212y

2
12sin

2ϕ12

p
2

�1=2
				 qp

				 ¼
�
x212 þ y212 þ 2x12y12 sinϕ12

x212 þ y212 − 2x12y12 sinϕ12

�
1=4

tan 2ϕ ¼ −
sin 2ϕ12

cos 2ϕ12 þ ðy12=x12Þ2
:

(3) Allowing full CPV and fitting for all ten parameters:
x, y, δ, RD, AD, δKππ , jq=pj, ϕ, AK , and Aπ.

For fit (2a), we reduce four independent parameters to
three using the relation [1234,1236,1237] tanϕ ¼ ðx=yÞ×
ð1 − jq=pj2Þ=ð1þ jq=pj2Þ.35 This constraint is imposed in
two ways: first we float fx; y;ϕg and from these derive
jq=pj; second, we float fx; y; jq=pjg and from these derive
ϕ. The central values returned by the two fits are identical,
but the first fit yields MINOS errors for ϕ, while the second
fit yields MINOS errors for jq=pj. For fit (2b), the floated
parameters are fx12; y12;ϕ12g: from these we derive
fx; y; jq=pj;ϕg, and the latter are compared to measured
observables to calculate the fit χ2. All results are listed in
Table 271. The χ2 for the all-CPV-allowed Fit 3 is 63.6 for
61 − 10 ¼ 51 degrees of freedom. Table 272 lists the
individual contributions to this χ2.
Confidence contours in the two dimensions ðx; yÞ or

ðjq=pj;ϕÞ are obtained by finding the minimum χ2 for each
fixed point in the two-dimensional plane. The resulting
1σ–5σ contours are shown in Fig. 87 for Fit 2, and in
Fig. 88 for Fit 3. The contours are determined from the
increase of the χ2 above the minimum value. For the all-
CPV-allowed Fit 3, the χ2 at the no-mixing point ðx; yÞ ¼
ð0; 0Þ is 2099 units above the minimum value; this

corresponds to a statistical significance greater than
11.5σ (for two degrees of freedom). Thus, the no-mixing
hypothesis is excluded at this high level. In the ðjq=pj;ϕÞ
plot (Fig. 88, bottom), the χ2 at the no-CPV point
ðjq=pj;ϕÞ ¼ ð1; 0Þ is 5.63 units above the minimum value;
this corresponds to a statistical significance of 1.6σ.
One-dimensional likelihood curves for individual param-

eters are obtained by finding theminimum χ2 for fixed values
of the parameter of interest. The resulting functions
Δχ2 ¼ χ2 − χ2min, where χ

2
min is the overall minimum value,

are shown inFig. 89. ThepointswhereΔχ2 ¼ 3.84determine
95% C.L. intervals for the parameters. These intervals are
listed in Table 271. The value ofΔχ2 at x ¼ 0 is 68.3 (Fig. 89,
upper left), and the value of Δχ2 at y ¼ 0 is 477 (Fig. 89,
upper right). These correspond to statistical significances of
8.2σ and > 11.4σ, respectively. These large values demon-
strate that neutral D mesons undergo both dispersive mixing
(ΔM ≠ 0) and absorptive mixing (ΔΓ ≠ 0).

4. Conclusions

From the results listed in Table 271 and shown in
Figs. 88 and 89, we conclude the following:

(i) The experimental data consistently indicate D0-D̄0

mixing. The no-mixing point x ¼ y ¼ 0 is excluded
at > 11.5σ. The parameter x differs from zero with a
significance of 8.2σ, and y differs from zero with a

35One can also use Eq. (16) of Ref. [1235] to reduce four
parameters to three.
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TABLE 272. Individual contributions to the χ2 for the all-CPV-allowed Fit 3.

Observable Degrees of freedom χ2
P

χ2

yCP World Average (Fig. 85) 1 0.87 0.87
AΓ World Average (Fig. 86) 1 0.24 1.12

xK0πþπ− Belle [1211] 1 0.59 1.70
yK0πþπ− Belle [1211] 1 3.61 5.32
jq=pjK0πþπ− Belle [1211] 1 0.65 5.97
ϕK0πþπ− Belle [1211] 1 0.63 6.60

xCPðK0πþπ−Þ LHCb 3 fb−1 [1214] 1 0.71 7.31
yCPðK0πþπ−Þ LHCb 3 fb−1 [1214] 1 0.11 7.42
ΔxðK0πþπ−Þ LHCb 3 fb−1 [1214] 1 0.11 7.53
ΔyðK0πþπ−Þ LHCb 3 fb−1 [1214] 1 0.02 7.54

xCPðK0πþπ−Þ LHCb 5.4 fb−1 [1193] 1 0.04 7.59
yCPðK0πþπ−Þ LHCb 5.4 fb−1 [1193] 1 1.11 8.70
ΔxðK0πþπ−Þ LHCb 5.4 fb−1 [1193] 1 0.01 8.71
ΔyðK0πþπ−Þ LHCb 5.4 fb−1 [1193] 1 −0.03 8.69

xK0hþh− BABAR [1212] 1 0.84 9.52
yK0hþh− BABAR [1212] 1 0.02 9.54

xπ0πþπ− BABAR [1215] 1 0.66 10.20
yπ0πþπ− BABAR [1215] 1 0.16 10.36

ðx2 þ y2ÞKþl−ν World Average (Fig. 84) 1 0.15 10.51

xKþπ−π0 BABAR [1201] 1 7.24 17.75
yKþπ−π0 BABAR [1201] 1 4.12 21.86

CLEOc [1200]
(x=y=RD= cos δ= sin δ) 5 10.32 32.19

Rþ
D=x

02þ=y0þ BABAR [1189] 3 8.45 40.63
R−
D=x

02−=y0− BABAR [1189] 3 4.17 44.80

(Table continued)

TABLE 271. Results of the global fit for different assumptions regarding CPV. The χ2=d:o:f: for Fits no. 2 and no. 3 are considered
satisfactory, although care should be taken when interpreting them in terms of probability due to unknown systematic uncertainties. The
χ2=d:o:f: for Fit no. 1 (no CPV) is large due to the LHCb measurement of ACPðKþK−Þ − ACPðπþπ−Þ [1192], which heavily disfavors
both AK and Aπ being zero.

No CPV No subleading ampl. in indirect CPV CPV-allowed

Parameter (Fit no. 1) (Fit no. 2) (Fit no. 3)
CPV-allowed

95% CL Interval

xð%Þ 0.44þ0.13
−0.15 0.409� 0.048 0.409þ0.048

−0.049 ½0.313; 0.503�
yð%Þ 0.63� 0.07 0.603þ0.057

−0.056 0.615þ0.056
−0.055 ½0.509; 0.725�

δKπð∘Þ 8.9þ8.9
−9.8 5.5þ8.3

−9.9 7.2þ7.9
−9.2 ½−12.6; 21.8�

RDð%Þ 0.344� 0.002 0.343� 0.002 0.343� 0.002 ½0.340; 0.347�
ADð%Þ � � � � � � −0.70� 0.36 ½−1.40; 0.00�
jq=pj � � � 1.005� 0.007 0.995� 0.016 ½0.96; 1.03�
ϕð∘Þ � � � −0.18þ0.28

−0.29 −2.5� 1.2 ½−4.91;−0.19�
δKππð∘Þ � � � 22:3þ21.9

−23.0 23:0þ21.8
−22.9 ½−22.6; 64.9�

Aπð%Þ 21:8þ23.5
−23.9 0.027� 0.137 0.045� 0.137 ½−0.22; 0.31�

AKð%Þ � � � −0.133� 0.136 −0.113� 0.137 ½−0.38; 0.15�
x12ð%Þ � � � 0.409� 0.048 � � � ½0.314; 0.503�
y12ð%Þ � � � 0.603þ0.057

−0.056 � � � ½0.495; 0.715�
ϕ12ð∘Þ � � � 0.58þ0.91

−0.90 � � � ½−1.20; 2.42�
χ2=d:o:f: 98.68=52 ¼ 1.90 66.27=53 ¼ 1.25 63.64=51 ¼ 1.25
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FIG. 87. Two-dimensional contours for theoretical parameters ðx12; y12Þ (top left), ðx12;ϕ12Þ (top right), and ðy12;ϕ12Þ (bottom), under
the assumption of no direct CPV in DCS decays (Fit 3).

TABLE 272. (Continued)

Observable Degrees of freedom χ2
P

χ2

Rþ
D=x

02þ=y0þ Belle [1207] 3 1.93 46.73
R−
D=x

02−=y0− Belle [1207] 3 2.36 49.09
RD=x02=y0 CDF [1208] 3 1.00 50.09
Rþ
D=x

02þ=y0þ LHCb D� tag [1210] 3 1.40 51.49
R−
D=x

02−=y0− LHCb D� tag [1210] 3 0.13 51.62
Rþ
D=x

02þ=y0þ LHCb B → D�μX tag [1209] 3 0.62 52.24
R−
D=x

02−=y0− LHCb B → D�μX tag [1209] 3 1.78 54.02

AKK=Aππ BABAR [1218] 2 0.35 54.38
AKK=Aππ Belle [1219] 2 1.45 55.83
AKK=Aππ CDF [1220] 2 4.08 59.91
AKK − Aππ LHCb [1192] (D�, B0 → D0μX tags) 1 0.08 59.99

ðx2 þ y2ÞKþπ−πþπ− LHCb [491] 1 3.65 63.64
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significance> 11.4σ. Mixing at the observed level is
dominated by long-distance processes, which are
difficult to calculate.

(ii) Since yCP is positive, the (mostly) CP-even state is
shorter-lived, as in the K0-K̄0 system. However,
since x also appears to be positive, the (mostly) CP-
even state is heavier, unlike in the K0-K̄0 system.

(iii) There is no evidence for indirect CPV arising from
D0-D̄0 mixing (jq=pj ≠ 1) or from a phase differ-
ence between the mixing amplitude and a direct
decay amplitude (ϕ ≠ 0). The fitted values for these
parameters differ from the no-CPV case with a
statistical significance of 1.6σ, and more data is
needed to indicate any indirect CPV. In contrast,
small direct CPV (at the level of 0.15%) has been
observed in time-integrated D0 → KþK−; πþπ− de-

cays by LHCb [1192]. CP asymmetries are dis-
cussed in Sec. X B.

B. CP asymmetries

One manifestation of CP violation is a difference in
decay rates between that of a particle and that of its CP-
conjugate antiparticle [1238]. Such phenomena can be
classified into two broad categories: direct CP violation
and indirect CP violation [1239].
Direct CP violation refers to charm-changing ΔC ¼ 1

processes and can occur in both charged and neutral charm
hadron decays. It results from interference between two
different decay amplitudes, e.g., a penguin amplitude and a
tree amplitude, that have different weak and strong phases.
The weak phase difference between the interfering ampli-
tudes (Δϕ) has opposite signs for D → f and D̄ → f̄
decays, while the strong phase difference (Δδ) has the same
sign. As a result, squaring the total amplitudes to obtain the
decay rates gives an interference term proportional to
cosðΔϕþ ΔδÞ for D → f decays, and proportional to
cosð−Δϕþ ΔδÞ for D̄ → f̄ decays. Thus, the decay rates
differ. This difference is time-independent and can be
measured in time-integrated measurements.
In the Standard Model (SM), the strong-phase difference

can arise due to differences in the final-state interactions
(FSI) [1240], isospin amplitudes, intermediate-resonance
contributions, or partial waves of the interfering decay
amplitudes. A difference in weak phases arises from
different CKM vertex factors, as is often the case for tree
and penguin diagrams. Within the SM, direct CP violation
is expected only in singly Cabibbo-suppressed (SCS)
charm decays, as only these decays receive a non-negligible
contribution from the penguin amplitude. This type of CP
violation depends on the decay mode, and the CP asym-
metries can reach the percent level.
Indirect CP violation refers to ΔC ¼ 2 processes and

arises inD0 decays due toD0-D̄0 mixing. It can occur as an
asymmetry in the mixing itself, or result from interference
between a decay amplitude following mixing and a non-
mixed amplitude. Within the SM, charm indirect CP
violation is expected to be universal, i.e., independent of
final state. Current experimental limits on indirect CP
violation are discussed in Sec. X A.
The time-integrated CP asymmetry ACP is defined as

the difference between D and D̄ partial widths divided by
their sum:

ACP ¼ ΓðDÞ − ΓðD̄Þ
ΓðDÞ þ ΓðD̄Þ : ð234Þ

In the case of Dþ and Dþ
s decays, ACP measures direct CP

violation; in the case of D0 decays, ACP measures direct
and indirect CP violation combined (see also Sec. X D).
Given experimental constraints on AΓ, shown in Fig. 86, a
contribution from indirect CP violation would be
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negligible compared to current ACP sensitivities. Values of
ACP for Dþ, D0 and Dþ

s decays are listed in Tables 273,
274, 275, 276, and 279 respectively. Modes with a single
KS meson in the final state can exhibit aCP asymmetry due
to CP violation in K0-K̄0 mixing [1241]; i.e., the rate for
K̄0 → KS differs slightly from that forK0 → KS. This small
effect is visible thus far only in Dþ → KSπ

þ decays (see
Table 273). For modes with a K0 or K̄0 in the final state, the
table entries are already corrected for this effect. The
asymmetry for the DCS decay D0 → Kþπ− is not included
in these tables, as it is a by-product of charm-mixing
measurements and thus is discussed in Sec. X A (where it is
referred to as AD).

In each experiment, care must be taken to correct for
production and detection asymmetries, as they can reach
the percent level. To take into account differences in
production rates between D and D̄, which would affect
the number of respective decays observed, some experi-
ments (such as E791 and FOCUS) normalize ACP to that
measured in a Cabibbo-favored mode. This method
assumes there is negligible CP violation in the normali-
zation mode. Explicitly, the CP asymmetry is calculated as

ACP ¼ ηðDÞ − ηðD̄Þ
ηðDÞ þ ηðD̄Þ ; ð235Þ

TABLE 273. CP asymmetries ACP ¼ ½ΓðDþÞ − ΓðD−Þ�=½ΓðDþÞ þ ΓðD−Þ� for two-body D� decays. For each
entry, the first uncertainty is statistical, and the second is systematic. The third uncertainty in the ACPðDþ → πþη0Þ
measurement from LHCb is due to ACPðDþ → πþKSÞ used for calibration.

Mode Year Collaboration ACP

Dþ→μþν 2008 CLEO [1258] þ0.08� 0.08

Dþ→πþπ0

2021 LHCb [1257] −0.013� 0.009� 0.006
2018 Belle [1256] þ0.0231� 0.0124� 0.0023
2010 CLEO [1259] þ0.029� 0.029� 0.003

HFLAV average þ0.004� 0.008

Dþ→πþη

2021 LHCb [1257] −0.002� 0.008� 0.004
2011 Belle [1260] þ0.0174� 0.0113� 0.0019
2010 CLEO [1259] −0.020� 0.023� 0.003

HFLAV average þ0.003� 0.007

Dþ→πþη0
2017 LHCb [1261] −0.0061� 0.0072� 0.0053� 0.0012
2011 Belle [1260] −0.0012� 0.0112� 0.0017
2010 CLEO [1259] −0.040� 0.034� 0.003

HFLAV average −0.006� 0.007

Dþ→Kþπ0
2021 LHCb [1257] −0.032� 0.047� 0.021
2010 CLEO [1259] −0.035� 0.107� 0.009

HFLAV average −0.033� 0.046

Dþ→Kþη 2021 LHCb [1257] −0.06� 0.10� 0.04

Dþ→KSπþ

2014 CLEO [1262] −0.011� 0.006� 0.002
2012 Belle [1263] −0.00363� 0.00094� 0.00067
2011 BABAR [1264] −0.0044� 0.0013� 0.0010
2002 FOCUS [1265] −0.016� 0.015� 0.009

HFLAV average −0.0041� 0.0009

Dþ→KSKþ

2018 BESIII [1243] −0.018� 0.027� 0.016
2013 BABAR [1266] þ0.0013� 0.0036� 0.0025
2013 Belle [1267] −0.0025� 0.0028� 0.0014
2010 CLEO [1259] −0.002� 0.015� 0.009
2002 FOCUS [1265] þ0.071� 0.061� 0.012

HFLAV average −0.0011� 0.0025

Dþ→KLKþ 2018 BESIII [1243] −0.042� 0.032� 0.012

Dþ→(̄K0=K0)Kþ
2019 LHCb [1268] −0.00004� 0.00061� 0.00045
2013 BABAR [1266] þ0.0046� 0.0036� 0.0025
2013 Belle [1267] −0.0008� 0.0028� 0.0014

HFLAV average þ0.0001� 0.0007
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TABLE 274. CP asymmetries ACP ¼ ½ΓðDþÞ − ΓðD−Þ�=½ΓðDþÞ þ ΓðD−Þ� for three- and four-body D� decays.
For each entry, the first uncertainty is statistical, and the second (if quoted) is systematic.

Mode Year Collaboration ACP

Dþ→KLeþνe 2015 BESIII [1269] −0.0059� 0.0060� 0.0148

Dþ→πþπ−πþ 2014 LHCb [1270] Model independent technique, no evidence for CPV
1997 E791 [1271] −0.017� 0.042 (stat.)

Dþ→K−πþπþ
2014 D0 [1272] −0.0016� 0.0015� 0.0009
2014 CLEO [1262] −0.003� 0.002� 0.004

HFLAV average −0.0018� 0.0016

Dþ→KSπþπ0 2014 CLEO [1262] −0.001� 0.007� 0.002

Dþ→KSπ
þη 2020 BESIII [1273] −0.009� 0.029� 0.010

Dþ→KSKþπ0 2018 BESIII [1243] þ0.014� 0.037� 0.024

Dþ→KLKþπ0 2018 BESIII [1243] −0.006� 0.041� 0.017

Dþ→ϕ[→KþK−]πþ 2019 LHCb [1268] þ0.00003� 0.00040� 0.00029

Dþ→KþK−πþ

2014 CLEO [1262] −0.001� 0.009� 0.004
2013 BABAR [1274] þ0.0037� 0.0030� 0.0015
2008 CLEO [1275] Dalitz plot analysis, no evidence for CPV
2000 FOCUS [1276] þ0.006� 0.011� 0.005
1997 E791 [1271] −0.014� 0.029 (stat.)

HFLAV average þ0.0032� 0.0031

Dþ→K−πþπþπ0 2014 CLEO [1262] −0.003� 0.006� 0.004

Dþ→KSπþπþπ− 2014 CLEO [1262] þ0.000� 0.012� 0.003

Dþ→KSKþπþπ− 2005 FOCUS [1277] −0.042� 0.064� 0.022

Dþ→πþπþπ−η 2020 BESIII [1273] 0.025� 0.050� 0.016

Dþ→Kþπþπ−π0 2020 BESIII [1278] −0.0004� 0.0006� 0.0001

TABLE 275. CP asymmetries ACP ¼ ½ΓðD0Þ − ΓðD̄0Þ�=½ΓðD0Þ þ ΓðD̄0Þ� for two-body D0; D̄0 decays. In each
entry, the first uncertainty is statistical, and the second (if quoted) is systematic, unless explicitly stated that they
have been combined. The third uncertainty in the Belle and LHCb ACPðD0 → KSKSÞ measurements is due to ACP

of the normalization channels D0 → KSπ
0 (Belle) and D0 → KþK− (LHCb).

Mode Year Collaboration ACP

D0→πþπ−

2017 LHCb [1279] þ0.0007� 0.0014� 0.0011
2012 CDF [1280] þ0.0022� 0.0024� 0.0011
2008 BABAR [1218] −0.0024� 0.0052� 0.0022
2012 Belle [1219] þ0.0043� 0.0052� 0.0012
2002 CLEO [1224] þ0.019� 0.032� 0.008
2000 FOCUS [1276] þ0.048� 0.039� 0.025
1998 E791 [1281] −0.049� 0.078� 0.030

HFLAV average þ0.0012� 0.0014

D0→π0π0
2014 Belle [1282] −0.0003� 0.0064� 0.0010
2001 CLEO [1283] þ0.001� 0.048 (stat and syst combined)

HFLAV average −0.0003� 0.0064

D0→KSπ0
2014 Belle [1282] −0.0021� 0.0016� 0.0007
2001 CLEO [1283] þ0.001� 0.013 (stat and syst combined)

HFLAV average −0.0020� 0.0017

D0→KSη 2011 Belle [1284] þ0.0054� 0.0051� 0.0016

(Table continued)
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TABLE 275. (Continued)

Mode Year Collaboration ACP

D0→KSη0 2011 Belle [1284] þ0.0098� 0.0067� 0.0014

D0→KSKS

2021 LHCb [1285] −0.031� 0.012� 0.004� 0.002
2017 Belle [1286] −0.0002� 0.0153� 0.0002� 0.0017
2001 CLEO [1283] −0.23� 0.19 (stat and syst combined)

HFLAV average −0.019� 0.010

D0→K−πþ 2014 CLEO [1262] þ0.003� 0.003� 0.006

D0→KþK−

2017 LHCb [1279] þ0.0004� 0.0012� 0.0010
2012 CDF [1280] −0.0024� 0.0022� 0.0009
2008 BABAR [1218] þ0.0000� 0.0034� 0.0013
2012 Belle [1219] −0.0043� 0.0030� 0.0011
2002 CLEO [1224] þ0.000� 0.022� 0.008
2000 FOCUS [1276] −0.001� 0.022� 0.015
1998 E791 [1281] −0.010� 0.049� 0.012

HFLAV average −0.0009� 0.0011

TABLE 276. CP asymmetries ACP ¼ ½ΓðD0Þ − ΓðD̄0Þ�=½ΓðD0Þ þ ΓðD̄0Þ� for three- and four-body D0; D̄0

decays. In each entry, the first uncertainty is statistical, and the second (if quoted) is systematic, unless explicitly
stated that they have been combined. The Belle study of D0 → KþK−πþπ− [1287] employs a T-odd method for P-
even variables, which corresponds to measuring a global ACP.

Mode Year Collaboration ACP

D0→πþπ−π0

2015 LHCb [1288] Model-independent method, no evidence for CPV
2008 BABAR [1247] þ0.0031� 0.0041� 0.0017
2008 Belle [1289] þ0.0043� 0.0130 (stat and syst combined)
2005 CLEO [1290] þ0.01þ0.09

−0.07 � 0.05
HFLAV average þ0.0032� 0.0042

D0→K−πþπ0 2014 CLEO [1262] þ0.001� 0.003� 0.004

D0→K−πþη 2020 BESIII [1273] −0.019� 0.013� 0.010

D0→Kþπ−π0
2005 Belle [1291] −0.006� 0.053 (stat)
2001 CLEO [1292] þ0.09þ0.25

−0.22 (stat)
HFLAV average −0.0014� 0.0517

D0→KSπþπ−
2012 CDF [1293] −0.0005� 0.0057� 0.0054
2004 CLEO [1294] −0.009� 0.021þ0.016

−0.057
HFLAV average −0.0008� 0.0077

D0→KSπ0η 2020 BESIII [1273] −0.039� 0.032� 0.008

D0→KSK−πþ 2016 LHCb [490] Amplitude analysis, no evidence for CPV

D0→KSKþπ− 2016 LHCb [490] Amplitude analysis, no evidence for CPV

D0→KþK−π0 2008 BABAR [1247] −0.0100� 0.0167� 0.0025

D0→πþπ−πþπ− 2013 LHCb [1250] Model-independent method, no evidence for CPV

D0→πþπ−π0η 2020 BESIII [1273] −0.055� 0.052� 0.024

D0→K−πþπþπ− 2014 CLEO [1262] þ0.002� 0.003� 0.004

D0→K−πþπ0η 2020 BESIII [1273] −0.079� 0.048� 0.025

D0→Kþπ−πþπ− 2005 Belle [1291] −0.018� 0.044 (stat)

(Table continued)
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where (considering, for example, D0 → K−Kþ)

ηðDÞ ¼ NðD0 → K−KþÞ
NðD0 → K−πþÞ ; ð236Þ

ηðD̄Þ ¼ NðD̄0 → K−KþÞ
NðD̄0 → Kþπ−Þ ; ð237Þ

and NðD → fÞ is the number of D → f decays recon-
structed. In this method there is the additional advantage
that most corrections due to reconstruction inefficiencies
cancel out, reducing systematic uncertainties.
Other experiments (such as Belle and LHCb) determine

ACP via the relation

Ameas ¼ ACP þ Aprod þ Adet; ð238Þ

where Ameas is the measured (raw) asymmetry, Aprod is the
asymmetry in the charm hadron production, and Adet is due
to a difference in detection efficiencies between positively
and negatively charged hadrons. The production asymmetry
at the LHC arises from a charge asymmetry of the colliding
particles: in pp collisions more charm baryons are produced
than antibaryons, and, as a result, charm mesons are less
abundantly produced than anticharm mesons. Though not
yet experimentally confirmed [1242], such a production
asymmetry is expected to be dependent on the kinematics of
the produced charm hadrons. The production asymmetry in
eþe− collisions appears as a forward-backward (FB) asym-
metry caused by an interference of the photon and off-shell
Z0 contributions. The detection asymmetries typically arise
from differences in hadron interactions with detector
material. In particular, the interaction cross sections for
Kþ and K− significantly differ, with the differences being
dependent on the kaon momentum.
The B-factory strategy to separate the production andCP

asymmetries relies on the former being odd, while the latter
is even, with respect to the center-of-mass production polar
angle (θ�). The Ameas is measured in j cos θ�j bins and
subsequently averaged; this removes the Aprod contribution.
At LHCb, the production asymmetry is removed by
measuring ACP for D�-tagged D0 → K−πþ decays; this
also corrects for the soft π detection asymmetry.
Subsequently, Dþ → K−πþπþ decays are used to correct

for the detection asymmetry introduced by the K−πþ

system itself, and Dþ → KSπ
þ decays are then used to

remove the asymmetries in Dþ production and πþ detec-
tion. Finally, the asymmetry related to the neutral kaon, i.e.,
from regeneration and different interactions of K0 and K̄0

with the detector, as well as from CP violation occurring in
the K0-K̄0 mixing, is calculated. Put together, this gives

ACPðKþK−Þ¼AmeasðKþK−Þ−AmeasðK−πþÞ
þAmeasðK−πþπþÞ−AmeasðKSπ

þÞ
þAðK̄0−K0Þ:

For some decays, typically the ones with lower statistics,
one corrects for nuisance asymmetries by measuring ACP
relative to some well-measured reference channel, for
instance

ACPðDþ
s →η0πþÞ¼AmeasðDþ

s →η0πþÞ−AmeasðDþ
s →ϕπþÞ

þACPðDþ
s →ϕπþÞ:

The uncertainty of the reference ACP is treated as an
external-input uncertainty.
There are also ACP measurements performed recently for

Dþ
ðsÞ decays by BESIII using data collected at the DðsÞD̄ðsÞ

threshold. Employing the double-tag technique, where both
charm mesons produced are reconstructed, results in quite a
limited statistical sensitivity. Therefore any impact of the
production asymmetry, expected to be smaller than at the B-
factories, would have a negligible impact and is not corrected
for. Some of these BESIII measurements are for final states
involving KL [1243,1244], which makes them unique.
Measurements of ACP differences, denoted ΔACP, are often
easier to interpret theoretically than individual ACP mea-
surements. The most important difference is that for D0 →
KþK− and D0 → πþπ− decays, which is discussed in
Sec. XD. Notably, its measurement by LHCb, ΔACP ¼
ð−15.4� 2.9Þ × 10−4, constitutes the first observation of
CP violation in the charm sector [1192]. The difference
ΔACP of CP asymmetries for the baryon decays Λþ

c →
pKþK− andΛþ

c → pπþπ− was recently measured by LHCb
[1245]. We note that, in the limit of U-spin symmetry, direct
CP violation in D0 → KþK− and D0 → πþπ− decays is

TABLE 276. (Continued)

Mode Year Collaboration ACP

D0→KþK−πþπ−

2018 Belle [1287] þ0.0034� 0.0036� 0.0006
2018 LHCb [1251] Amplitude analysis, no evidence for CPV
2013 LHCb [1250] Model-independent method, no evidence for CPV
2012 CLEO [1295] Amplitude analysis, no evidence for CPV
2005 FOCUS [1277] −0.082� 0.056� 0.047

HFLAV average þ0.0032� 0.0036
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expected to have equal magnitude but opposite sign [1246];
thus the measurement of ΔACP “doubles” the effect.
However, no such U-spin argument exists for Λþ

c →
pKþK− and Λþ

c → pπþπ− decays.
Direct CP asymmetries require the presence of both

weak and strong phase differences. The larger these phase
differences are, the larger the CP asymmetry. Strong phase
differences typically vary over the phase space of multi-
body decays, which usually proceed via intermediate states;
thus, local CP asymmetries, i.e., those corresponding to a
local region of phase space or those involving specific
intermediate states, can offer better sensitivity to CP
violation than a global asymmetry. Probing the multibody
phase space is often done in a model-dependent way by
employing a Dalitz-plot analysis or, more generally, an
amplitude analysis, separately for D and D̄ decays. A CP
asymmetry is then determined for each contributing ampli-
tude. The CP-violating observables are asymmetries in
magnitudes and phases of CP-conjugate amplitudes, as
well as asymmetries in the amplitude fit fractions.
For multibody decays, some experiments use model-

independent techniques to search for local CP asymmetries.
One technique (see Refs. [1247,1248]) uses a binned χ2

approach to compare the relative density in a bin of phase
space for D → f with that of the CP-conjugate decay.
Another technique (the “energy test technique” [1249]) uses
a test statistic variable (T) to determine the average distance
between events in phase space. If the distribution of events in
two CP-conjugate samples are identical (the CP-symmetric
case), T will fluctuate around a value close to zero. This
technique yields a p-value for the no-CP violation hypoth-
esis and identifies any CP-asymmetric phase space regions.
CP asymmetries measured for charm-meson decays are

listed in Tables 273, 274, 275, 276, 277, 279, and 280. The
asymmetries for three- and four-body decays are reported
for their observed final state, i.e., resonant substructure is
implicitly included but not considered separately. Most
asymmetries measured for three- and four-body channels
are still only global asymmetries. The reported model-
independent tests, which attempt to probe the decay phase
space, yield p-values typically at the level of a few percent
or higher and thus are consistent with no CP violation. The

lowest p-value of 0.6%, corresponding to a significance for
CP violation of 2.7σ, is obtained for the P-odd (parity-odd)
test of D0 → πþπ−πþπ− decays [1250]. This implies that
the effect, if not a statistical fluctuation, originates in a
P-odd amplitude such as D0 → ½ρ0ρ0�L¼1. For D0 →
KþK−πþπ− decays [1251], a model-dependent amplitude
analysis was performed, and CP asymmetries were mea-
sured for 25 intermediate amplitudes. The uncertainties on
these asymmetries ranged from 1% to 15% and were
dominated by statistical errors. No significant CP violation
was observed, and the most significant asymmetry of 2.8σ
was observed for the phase of the P-odd amplitude
D0 → ½ϕð1020Þρð1450Þ0�L¼1. CP violation arising through
P violation is discussed further in Sec. X C.
CP asymmetries have also been measured for decays

classified as rare: radiative modes D0 → Vγ, with
V ¼ K̄�0;ϕð1020Þ; ρ0, as well as dimuon decays D0 →
πþπ−μþμ− and D0 → KþK−μþμ− (see Table 277). For the
dimuon modes, in addition to their global asymmetries
listed in Table 276, CP asymmetries in bins of the dimuon
invariant mass have been measured by LHCb for the ranges
with significant signal yields. They are given in Table 278.
Asymmetries for mass regions away from μþμ− production
via η, ρ − ω or ϕ decays still have very limited sensitivities,

TABLE 278. CP asymmetries of D0; D̄0 → hþh−μþμ− decays
in different dimuon invariant mass ranges, measured by LHCb. In
each entry, the first uncertainty is statistical, and the second is
systematic. Measurements are not performed for mass intervals
with insignificant signal yields.

Mode
mðμþμ−Þ
[MeV=c2] ACP

D0→KþK−μþμ−
[1297]

<525 þ0.17� 0.20� 0.02
525–565 � � �
565–780 −0.129� 0.071� 0.007
780–950 þ0.17� 0.10� 0.01
950–1020 þ0.075� 0.065� 0.007
1020–1100 þ0.099� 0.055� 0.007

D0→πþπ−μþμ−
[1297]

<525 −0.33� 0.26� 0.04
525–565 � � �
>565 þ0.13� 0.02� 0.01

TABLE 277. CP asymmetries ACP ¼ ½ΓðD0Þ − ΓðD̄0Þ�=½ΓðD0Þ þ ΓðD̄0Þ� for rare D0; D̄0 decays. In each entry,
the first uncertainty is statistical, and the second is systematic.

Mode Year Collaboration ACP

D0→K̄�0[→K−πþ]γ 2016 Belle [1296] −0.003� 0.020� 0.000

D0→ϕ[→KþK−]γ 2016 Belle [1296] −0.094� 0.066� 0.001

D0→ρ0[→πþπ−]γ 2016 Belle [1296] þ0.056� 0.152� 0.006

D0→KþK−μþμ− 2018 LHCb [1297] þ0.00� 0.11� 0.02

D0→πþπ−μþμ− 2018 LHCb [1297] þ0.049� 0.038� 0.007
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with uncertainties ranging from 12% to 26%. These non-
resonance regions are particularly important for new
physics searches (see Sec. XI F). Overall, CP asymmetries
have been measured for more than 50 charm decay modes,
and in several modes the uncertainty on ACP is well below
5 × 10−3. Only the modes D0 → KþK− and D0 → πþπ−
exhibit any CP violation. The CP asymmetry observed for
the mode Dþ → KSπ

þ is consistent with that expected
from K0-K̄0 mixing [1241]; thus, it is not attributed to
direct CP violation in charm but to the K0-K̄0 mixing.
In the charm baryon sector, there is no evidence of CP

violation. Until recently, there were only two measurements
for Λþ

c ; these were performed by CLEO [1252] and
FOCUS [1253] and had limited sensitivity. The CLEO
measurement used the semileptonic decay Λþ

c → Λeþνe,
while the FOCUS measurement used the CF decay

TABLE 279. CP asymmetries ACP ¼ ½ΓðDþ
s Þ − ΓðD−

s Þ�=½ΓðDþ
s Þ þ ΓðD−

s Þ� for two-body D�
s decays. In each

entry, the first uncertainty is statistical and the second is systematic. The third uncertainty in ACPðDþ
s → πþη0Þ from

LHCb is due to ACPðDþ → πþϕÞ used for calibration.

Mode Year Collaboration ACP

Dþ
s →μþν 2009 CLEO [1298] þ0.048� 0.061

Dþ
s →πþη

2021 Belle [1299] þ0.002� 0.003� 0.003
2021 LHCb [1257] þ0.008� 0.007� 0.005
2013 CLEO [1300] þ0.011� 0.030� 0.008

HFLAV average þ0.003� 0.004

Dþ
s →πþη0

2017 LHCb [1261] −0.0082� 0.0036� 0.0022� 0.002
2013 CLEO [1300] −0.022� 0.022� 0.006

HFLAV average −0.0088� 0.0049

Dþ
s →KSπþ

2013 BABAR [1266] þ0.006� 0.020� 0.003
2010 Belle [1301] þ0.0545� 0.0250� 0.0033
2010 CLEO [1259] þ0.163� 0.073� 0.003

HFLAV average þ0.0311� 0.0154

Dþ
s →(̄K0=K0)πþ

2019 LHCb [1268] þ0.0016� 0.0017� 0.0005
2013 BABAR [1266] þ0.003� 0.020� 0.003

HFLAV average þ0.0016� 0.0018

Dþ
s →KSKþ

2019 BESIII [1244] þ0.006� 0.028� 0.006
2013 CLEO [1300] þ0.026� 0.015� 0.006
2013 BABAR [1266] −0.0005� 0.0023� 0.0024
2010 Belle [1301] þ0.0012� 0.0036� 0.0022

HFLAV average þ0.0008� 0.0026

Dþ
s →KLKþ 2019 BESIII [1244] −0.011� 0.026� 0.006

Dþ
s →Kþπ0

2021 LHCb [1257] −0.008� 0.039� 0.012
2021 Belle [1299] þ0.064� 0.044� 0.011
2010 CLEO [1259] þ0.266� 0.228� 0.009

HFLAV average þ0.020� 0.030

Dþ
s →Kþη

2021 Belle [1299] þ0.021� 0.021� 0.004
2021 LHCb [1257] þ0.009� 0.037� 0.011
2010 CLEO [1259] þ0.093� 0.152� 0.009

HFLAV average þ0.019� 0.019

Dþ
s →Kþη0 2010 CLEO [1259] þ0.060� 0.189� 0.009

TABLE 280. CP asymmetries ACP ¼ ½ΓðDþ
s Þ − ΓðD−

s Þ�=
½ΓðDþ

s Þ þ ΓðD−
s Þ� for multibody D�

s decays measured by CLEO
in 2013 [1300]. In each entry, the first uncertainty is statistical,
and the second is systematic.

Mode ACP

Dþ
s →πþπþπ− −0.007� 0.030� 0.006

Dþ
s →πþπ0η −0.005� 0.039� 0.020

Dþ
s →πþπ0η0 −0.004� 0.074� 0.019

Dþ
s →KSKþπ0 −0.016� 0.060� 0.011

Dþ
s →KSKSπþ þ0.031� 0.052� 0.006

Dþ
s →Kþπþπ− þ0.045� 0.048� 0.006

Dþ
s →KþK−πþ −0.005� 0.008� 0.004

Dþ
s →KSK−πþπþ þ0.041� 0.027� 0.009

Dþ
s →KSKþπþπ− −0.057� 0.053� 0.009

Dþ
s →KþK−πþπ0 þ0.000� 0.027� 0.012
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Λþ
c → Λπþ. Both searched for CP violation through an

angular analysis. Exploiting the Λ helicity angle, CP
violation was probed by comparing the P (parity) asym-
metry in decays ofΛþ

c andΛ−
c . This was done by measuring

the weak-asymmetry parameters αΛc
and αΛ̄c

, respectively.
The αΛc

(αΛ̄c
) parameter is defined as the difference

between the rates of the Λþ
c (Λ−

c ) decays occurring through
Λ (Λ̄) with helicity þ 1

2
and − 1

2
; it thus describes a

longitudinal polarization of the Λ (Λ̄) baryon.
The αΛc

parameter is accessed through studying an
angular distribution, which forΛþ

c → Λπþ decays followed
by Λ → pπ− is given by

dΓ
d cos θp

≃ 1þ αΛc
αΛ cos θp; ð239Þ

where θp is the Λ helicity angle, defined as the angle
between the momentum vector of the proton in the Λ rest
frame and the Λ momentum in the Λþ

c rest frame. Aweak-
asymmetry parameter for Λ → pπ− decays, αΛ, is defined
similar to αΛc

but considering the proton helicities of � 1
2
.

The corresponding angular distribution for charge conju-
gate process, Λ−

c → Λ̄π− with Λ̄ → p̄πþ, involves αΛ̄c
and

αΛ̄. The weak-asymmetry parameters for the Λ and Λ̄
decays are well measured [9] and used as external param-
eters. An angular distribution of the semileptonic decays
Λþ
c → Λeþνe is more complicated, owing to contribution

from one more weakly decaying system, Wþ → eþνe (see
Sec. XI A). Therefore, in addition to the Λ helicity angle, it
also depends on the Wþ helicity angle, an angle between
the decay planes of the Wþ and Λ, as well as
q2 ≡m2ðeþνeÞ, making the CLEO measurement a four-
dimensional analysis [1252].
As αΛc

¼ −αΛ̄c
in the case of P-parity conservation, the

CP-violating asymmetry is defined as

Aα
CP ¼ αΛc

þ αΛ̄c

αΛc
− αΛ̄c

: ð240Þ

The CLEO measurement [1252] gives

Aα
CPðΛþ

c → ΛeþνeÞ ¼ 0.00� 0.03� 0.01� 0.02;

where the third error is related to the uncertainty of the Λ
weak-asymmetry parameter. The asymmetry measured by
FOCUS [1253] is

Aα
CPðΛþ

c → ΛπþÞ ¼ −0.07� 0.19� 0.12:

This method of accessing CP violation occurring through
P violation has also been applied by Belle [1254] to the
channel Ξ0

c → Ξ−πþ;Ξ− → Λπ−. Belle measures

Aα
CPðΞ0

c → Ξ−πþÞ ¼ 0.015� 0.052� 0.017:

The first high-statistics CPV measurement of charm
baryons comes from LHCb in the form of ΔACP for the
Λþ
c → pKþK− and Λþ

c → pπþπ− SCS decays [1245],
where the result is

ΔACPðΛþ
c → phþh−Þ ≡ ACPðpKþK−Þ − ACPðpπþπ−Þ

¼ 0.003� 0.009� 0.006:

The measurement, performed in a phase-space-integrated
manner, has limited sensitivity and does not facilitate an
interpretation. However, the production asymmetry
between Λþ

c and Λ−
c baryons cancels in this difference.

Given the potentially rich dynamics of these decays in
their five-dimensional phase space,36 ΔACP measured in
phase-space regions or a model-dependent measurement
of intermediate amplitude asymmetries would be very
desirable.
For charm decays, one can construct various SU(3)-

based sum rules which, in addition to testing SU(3)
symmetry itself, are also useful for performing model-
independent tests of the SM. Particularly useful are sum
rules exploiting SU(3) subgroups such as U-spin or isospin
(I), as they involve fewer decays and offer more precise
tests. WhileU-spin symmetry in charm decays is broken by
a non-negligible amount due to the s-quark mass, isospin
symmetry holds at the ðmu −mdÞ level and thus is very
precise. Important for our considerations are isospin sum
rules that relate individual CP asymmetries of the isospin-
related processes. Verifying such rules allows for tests to
be performed with reduced uncertainty from strong inter-
action effects.
Such a sum rule has been proposed for D → ππ

decays in Ref. [1255]. Following the phase convention
of [1255], the isospin decomposition of D → ππ ampli-
tudes gives

Aπþπ− ¼
ffiffiffi
2

p
A3 þ

ffiffiffi
2

p
A1;

Aπ0π0 ¼ 2A3 −A1;

Aπþπ0 ¼ 3A3;

where A1 and A3 are amplitudes corresponding to the
ΔI ¼ 1=2 and ΔI ¼ 3=2 transitions, respectively (i.e.,
transitions to ππ final states with I ¼ 0 and I ¼ 2).
From this, one can get an amplitude isospin sum rule

1ffiffiffi
2

p Aπþπ− þ Aπ0π0 − Aπþπ0 ¼ 0: ð241Þ

36For unpolarized Λc, the decay phase space reduces to a two-
dimensional Dalitz distribution.
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Probing such a sum requires knowledge of strong phases,
which are accessible only at charm-threshold experiments.
However, without this knowledge the sum of differences of
decay rates for D and D̄ decays can be measured:

jAπþπ− j2 − jĀπþπ− j2 þ jAπ0π0 j2 − jĀπ0π0 j2

−
2

3
ðjAπþπ0 j2 − jĀπ−π0 j2Þ ¼ 3ðjA1j2 − jĀ1j2Þ: ð242Þ

This equation suggests several SM tests. As the penguin
amplitude is, to excellent approximation within the SM,
purely ΔI ¼ 1=2, any CP asymmetry observed in Dþ →
πþπ0 would be a sign of new physics in the ΔI ¼ 3=2
amplitude. If the sum in Eq. (242), depending only on A1,

is found to be nonzero, this would mean that CP violation
arises from the ΔI ¼ 1=2 transitions. Moreover, a scenario
in which the sum in Eq. (242) is zero and individual
asymmetries are nonzero would suggest new physics
contributing to the ΔI ¼ 3=2 amplitude.
To facilitate an experimental test, one can exploit also the

sum of decay rates:

jAπþπ− j2 þ jĀπþπ− j2 þ jAπ0π0 j2 þ jĀπ0π0 j2

−
2

3
ðjAπþπ0 j2 þ jĀπ−π0 j2Þ ¼ 3ðjA1j2 þ jĀ1j2Þ: ð243Þ

Dividing Eq. (242) by Eq. (243) gives

R ≡
jAπþπ− j2 − jĀπþπ− j2 þ jAπ0π0 j2 − jĀπ0π0 j2 − 2

3
ðjAπþπ0 j2 − jĀπ−π0 j2Þ

jAπþπ− j2 þ jĀπþπ− j2 þ jAπ0π0 j2 þ jĀπ0π0 j2 − 2
3
ðjAπþπ0 j2 þ jĀπ−π0 j2Þ

: ð244Þ

Note that the last term of the denominator enters with the
sign opposite compared to the one in the sum tested in
Refs. [1256,1257]. An advantage of the ratio in Eq. (244) is
that it corresponds to the CP asymmetry in the ΔI ¼ 1=2
process and has no dependence on the ΔI ¼ 3=2 ampli-
tude, which facilitates an interpretation.
Relating the amplitude, the branching fraction, the

lifetime, and the asymmetry with jAj2 ∝ B=τD and
jAj2 − jĀj2 ¼ ACPðjAj2 þ jĀj2Þ, we rewrite Eq. (244) as

R ¼ ACPðD0 → πþπ−Þ
1þ τD0

Bþ−
ðB00

τD0
− 2

3

Bþ0

τDþÞ
þ ACPðD0 → π0π0Þ
1þ τD0

B00
ðBþ−
τD0

− 2
3

Bþ0

τDþÞ

þ ACPðDþ → πþπ0Þ
1 − 3

2

τDþ
Bþ0

ðB00

τD0
þ Bþ−

τD0
Þ ; ð245Þ

where Bþ−, B00, and Bþ0 denote the branching fractions for
D0 → πþπ−, D0 → π0π0, and Dþ → πþπ0, respectively.
The sum R is calculated using our averages for CP
asymmetries (Tables 273 and 275) and PDG averages
[9] for branching fractions and lifetimes. The result is

R ¼ ðþ0.09� 3.22Þ × 10−3; ð246Þ

which is consistent with zero. In addition, all the individual
asymmetries contributing to R are consistent with zero. The
uncertainty on R is dominated by the uncertainties on
individual asymmetries.
The sum rule for D → K̄K decays involves full SU(3)

considerations and thus is imprecise. Reference [1255]
proposes a set of isospin sum rules for D → ρπ or
D → K̄ð�ÞKð�Þπ, but to test these sum rules requires a
number of experimental measurements that have not yet
been performed.

C. T-odd asymmetries

Measuring T-odd asymmetries provides a complemen-
tary way to search for CP violation in the charm sector,
exploiting CPT invariance. T-odd asymmetries are mea-
sured using triple-products of the form a⃗ · ðb⃗ × c⃗Þ, where a,
b, and c are spins or momenta. This combination is odd
under time reversal (T). If a triple product is formed using
both spin and momenta, i.e.,

s1
! · ð p2

�! × p3
�!Þ;

it can be even under P-conjugation. However, if only
momenta are used, i.e.,

p1
�! · ð p2

�! × p3
�!Þ;

it is odd under P-conjugation. Thus, in this case the T-odd
method becomes P-odd and allows one to probe CP
violation occurring via P violation. This type of CPV,
arising in P-odd amplitudes, can be studied in decays of
mesons into final states with at least four spinless particles.
Two- and three-body hadronic decays of charm mesons to
spinless particles involve only P-even amplitudes,37 for
which CP violation can arise only through C-violation.
Taking as an example the decay mode D0 →

KþK−πþπ−, involving spinless particles only, one forms
a triple-product correlation using momenta of the final-state
particles in the D0 center-of-mass frame.38 Defining the
T-odd (and P-odd) correlation for D0

37P-even amplitudes are accessed with P-even variables, like
invariant masses or helicity angles.

38For momentum-only triple products, at least four-daughter
final states are required to give a nonzero correlation, as only
three out of four momenta are independent. For three-body
decays, the daughters are in a plane and the triple product is zero.
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CT ≡ p⃗Kþ · ðp⃗πþ × p⃗π−Þ; ð247Þ

and the corresponding quantity for D0

C̄T ≡ p⃗K− · ðp⃗π− × p⃗πþÞ; ð248Þ

one can construct the asymmetry for the D0 decays as

AT ¼ ΓðCT > 0Þ − ΓðCT < 0Þ
ΓðCT > 0Þ þ ΓðCT < 0Þ ; ð249Þ

and for their CP-conjugate decays as

ĀT ¼ Γð−C̄T > 0Þ − Γð−C̄T < 0Þ
Γð−C̄T > 0Þ þ Γð−C̄T < 0Þ : ð250Þ

In these expressions, Γ represents a partial width, and the
following applies:

PðCTÞ¼−CT; CðCTÞ¼CT; CPðATÞ¼AT: ð251Þ

The asymmetries AT and ĀT depend on angular distribu-
tions of the daughter particles and may be nonzero due to
final-state interactions or P violation in weak decays. Given
Eq. (251), one can construct the CP-violating, i.e. CP-odd
(and P-odd, T-odd) asymmetry

AT ≡
AT − ĀT

2
; ð252Þ

where a nonzero value indicates CP violation (see
Refs. [1302–1307]). This asymmetry is referred to in the
literature by several names: ATviol, aPCP, and aT−oddCP .
Values ofAT forDþ,Dþ

s , andD0 decay modes are listed
in Table 281. Despite relatively high precision (<1%),
there is no evidence for CP violation. In order to increase
sensitivity to CP violation (see Sec. X B), some of the

measurements in Table 281 are also performed
locally in phase-space regions. Decay phase space is
divided according to two- or three-body invariant mass
(for D0 → KSπ

þπ−π0 decays in Ref. [1308]), helicity
angles of the two-body systems (D0 → KþK−πþπ− in
Ref. [1287]) or using both mass and angular observables
(D0 → KþK−πþπ− in Ref. [1309]). None of the local AT

asymmetries is found to be significant.
All P-even contributions contributing toAT cancel out in

the difference. Thus, AT is only sensitive to P-odd
amplitudes or to interference between P-odd and P-even
ones. The cancellation typically applies also to detection
asymmetries and, at the hadron-collider experiments, the
production asymmetry, making this is a significant advan-
tage of the T-odd method.
Another way to probe P-odd amplitudes is through

amplitude analysis using P-odd variables. One example
is sinΦ, where Φ is the angle in the D0 frame between the
KþK− decay plane and the πþπ− decay plane for the decay
D0 → KþK−πþπ− [1251]. It can be shown that sinΦ is
proportional to the triple product. However, P-odd ampli-
tudes in four-body decays of charm mesons, for instance
D → ½VV�L¼1, i.e. final states involving two vector mesons
in a P-wave state, are typically quite suppressed (<10%)
[1251,1312]. This makes searches for CP violation in these
amplitudes challenging. As discussed in Sec. X B, no
significant CP violation was observed for any of the
amplitudes contributing into the D0 → KþK−πþπ− decays
studied by LHCb [1251]. The most significant asymmetry
of 2.8σ was observed for the phase of the P-odd amplitude
D0 → ½ϕð1020Þρð1450Þ0�L¼1. In another method, the
model-independent technique used to search for CP asym-
metries inD0 → πþπ−πþπ− decays (see Sec. X B) has been
carried out separately for P-odd and P-even contributions,
separated out using a triple product [1250]. The p-value of
0.6%, corresponding to a significance for CP violation of

TABLE 281. Measurements of the T-odd CP asymmetry AT ¼ ðAT − ĀTÞ=2.
Mode Year Collaboration AT

D0→KþK−πþπ−

2018 Belle [1287] þ0.0052� 0.0037� 0.0007
2014 LHCb [1309] þ0.0018� 0.0029� 0.0004
2010 BABAR [1310] þ0.0010� 0.0051� 0.0044
2005 FOCUS [1277] þ0.010� 0.057� 0.037

HFLAV average þ0.0035� 0.0021

D0→KSπþπ−π0 2017 Belle [1308] −0.00028� 0.00138þ0.00023
−0.00076

Dþ→KSKþπþπ−
2011 BABAR [1311] −0.0120� 0.0100� 0.0046
2005 FOCUS [1277] þ0.023� 0.062� 0.022

HFLAV average −0.0110� 0.0109

Dþ
s →KSKþπþπ−

2011 BABAR [1311] −0.0136� 0.0077� 0.0034
2005 FOCUS [1277] −0.036� 0.067� 0.023

HFLAV average −0.0139� 0.0084
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2.7σ, is obtained for the P-odd test of D0 → πþπ−πþπ−
decays.
Decays of charm baryons also offer access to P-odd

amplitudes, e.g.,Λþ
c decays with a weakly decaying baryon

in the final state, such as Λþ
c → Λπþ. Moreover, for

polarized charm baryons, e.g., Λc produced weakly in
Λb decays, one can build a triple product using the Λc spin.
Recently, the topic of symmetries has been revisited (see
Refs. [1313,1314]), with the suggestion to exploit addi-
tional asymmetries constructed from triple products in
multibody decays.

D. Interplay between direct and indirect CP violation

In decays of D0 mesons, CP asymmetry measurements
have contributions from both direct and indirect CP
violation, as discussed in Sec. X A. The contribution from
indirect CP violation depends on the decay-time distribu-
tion of the data sample [1234]. This section describes a
combination of measurements that allows the determination
of the individual contributions of the two types of CP
violation. At the same time, the level of agreement for a no-
CP-violation hypothesis is tested. The first observable is

AΓ ≡
τðD̄0 → hþh−Þ − τðD0 → hþh−Þ
τðD̄0 → hþh−Þ þ τðD0 → hþh−Þ ; ð253Þ

where hþh− can be KþK− or πþπ− and τðD0 → hþh−Þ
indicates the effective D0 lifetime as measured in the decay
to hþh−. The second observable is

ΔACP ≡ ACPðKþK−Þ − ACPðπþπ−Þ; ð254Þ

where ACP are time-integrated CP asymmetries. The
underlying theoretical parameters are

adirCP≡
jAD0→fj2− jAD̄0→fj2
jAD0→fj2þjAD̄0→fj2

;

aindCP≡
1

2

��				qp
				þ

				pq
				
�
xsinϕ−

�				qp
				−
				pq

				
�
ycosϕ

�
; ð255Þ

whereAD→f is the amplitude forD → f [1315]. We use the
relations [1316]

AΓ ¼ −aindCP − adirCPyCP; ð256Þ

ΔACP ¼ ΔadirCP

�
1þ yCP

hti
τ

�
þ aindCP

Δhti
τ

þ adirCPyCP
Δhti
τ

;

≈ ΔadirCP

�
1þ yCP

hti
τ

�
þ aindCP

Δhti
τ

ð257Þ

between the observables and the underlying parameters.
Equation (256) constrains mostly indirect CP violation,
and the direct CP violation contribution can differ for
different final states. In Eq. (257), hti=τ denotes the mean
decay time in units of the D0 lifetime; ΔX denotes the
difference in quantity X between KþK− and πþπ− final
states; and X̄ denotes the average for quantityX.We neglect
the last term in this relation, as all three factors areOð10−2Þ
or smaller, and thus this term is negligible with respect to
the other two terms. Note that Δhti=τ ≪ hti=τ, and it is
expected that jadirCPj<jΔadirCPj because adirCPðKþK−Þ and
adirCPðπþπ−Þ are expected to have opposite signs in the
Standard Model [1315].
We perform a χ2 fit to extract ΔadirCP and aindCP using the

HFLAV average value yCP ¼ ð0.719� 0.113Þ% (see
Sec. X A) and the measurements listed in Table 282. For
the BABARmeasurements of ACPðKþK−Þ and ACPðπþπ−Þ,
we calculate ΔACP adding all uncertainties in quadrature.

TABLE 282. Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is statistical and the
second is systematic. The uncertainties on Δhti=τ and hti=τ are ≤ 0.01 and are not quoted here.

Year Experiment Results Δhti=τ hti=τ Reference

2012 BABAR AΓ ¼ ðþ0.09� 0.26� 0.06Þ% � � � � � � [1226]
2021 LHCb ΔYðKKÞ ¼ ð−0.003� 0.013� 0.003Þ% � � � � � � [1232]

ΔYðππÞ ¼ ð−0.036� 0.024� 0.004Þ% � � � � � �
2014 CDF AΓ ¼ ð−0.12� 0.12Þ% � � � � � � [1231]
2015 Belle AΓ ¼ ð−0.03� 0.20� 0.07Þ% � � � � � � [1228]
2008 BABAR ACPðKKÞ ¼ ðþ0.00� 0.34� 0.13Þ%

ACPðππÞ ¼ ð−0.24� 0.52� 0.22Þ% 0.00 1.00 [1218]
2012 CDF ΔACP ¼ ð−0.62� 0.21� 0.10Þ% 0.25 2.58 [1221]
2014 LHCb SL ΔACP ¼ ðþ0.14� 0.16� 0.08Þ% 0.01 1.07 [1317]
2016 LHCb prompt ΔACP ¼ ð−0.10� 0.08� 0.03Þ% 0.12 2.10 [1318]
2019 LHCb SL2 ΔACP ¼ ð−0.09� 0.08� 0.05Þ% 0.00 1.21 [1192]
2019 LHCb prompt2 ΔACP ¼ ð−0.18� 0.03� 0.09Þ% 0.13 1.74 [1192]
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This may overestimate the systematic uncertainty for the
difference, as it neglects correlated uncertainties.
However, the result is conservative, and the effect is
small, as all measurements are statistically limited. For all
measurements, statistical and systematic uncertainties are
added in quadrature when calculating the χ2. In this fit,
AΓðKKÞ and AΓðππÞ are assumed to be identical but are
plotted separately in Fig. 90 to visualize their level of
agreement. This approximation, which holds in the SM, is
supported by all measurements to date. A significant
relative shift of ΔACP due to final-state-dependent AΓ
values and different mean decay times, corresponding to a
contribution from the last term in Eq. (257), is excluded by
these measurements. The latest LHCb measurement mea-
sures ΔY, which is approximately equal to −AΓ with the
relative difference being yCP.
The fit results are shown in Fig. 90. From the fit, the

change in χ2 from the minimum value for the no-CPV point
(0, 0) is 33.0, which corresponds to a C.L. of 6.9 × 10−8 for
two degrees of freedom or 5.4 standard deviations. The
central values and �1σ uncertainties for the individual
parameters are

aindCP ¼ ð−0.010� 0.012Þ%
ΔadirCP ¼ ð−0.161� 0.028Þ%: ð258Þ

Relative to the average reported in our previous report [1],
the level of rejection of the hypothesis of CP symmetry
remains approximately unchanged, and the uncertainty on
indirect CP violation has more than halved. The average

clearly points at CP violation in the decays to two charged
hadrons.

XI. CHARM DECAYS

A. Semileptonic decays

1. Introduction

Semileptonic decays ofDmesons involve the interaction
of a leptonic current with a hadronic current. The latter is
nonperturbative and cannot be calculated from first prin-
ciples; thus it is usually parametrized in terms of form
factors. The transition matrix element is written

M ¼ −i
GFffiffiffi
2

p Vcq Lμ Hμ; ð259Þ

where GF is the Fermi constant and Vcq is a CKM matrix
element. The leptonic current Lμ is evaluated directly from
the lepton spinors and has a simple structure; this allows
one to extract information about the form factors (in Hμ)
from data on semileptonic decays [1319]. Conversely,
because there are no strong final-state interactions between
the leptonic and hadronic systems, semileptonic decays for
which the form factors can be calculated allow one to
determine jVcqj [3].

2. D → Plνl decays

When the final state hadron is a pseudoscalar, the
hadronic current is given by [1320]

FIG. 90. Plot of all data and the fit result. Individual measurements are plotted as bands showing their �1σ range. The no-CPV point
(0,0) is shown as a filled circle, and the best fit value is indicated by a cross showing the one-dimensional uncertainties. Two-
dimensional 68% C.L., 99.7% C.L., and 99.99997% C.L. regions are plotted as ellipses.
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Hμ ¼ hPðpÞjq̄γμcjDðp0Þi

¼ fþðq2Þ
�
ðp0 þ pÞμ −

m2
D −m2

P

q2
qμ

�

þ f0ðq2Þ
m2

D −m2
P

q2
qμ; ð260Þ

where mD and p0 are the mass and four momentum of the
parentDmeson,mP and p are those of the daughter meson,
fþðq2Þ and f0ðq2Þ are form factors, and q ¼ p0 − p.
Kinematics require that fþð0Þ ¼ f0ð0Þ. The contraction
qμLμ results in terms proportional to ml [1321], and thus
for l ¼ e the terms proportional to qμ in Eq. (260) are
negligible and only the fþðq2Þ vector form factor is
relevant. The corresponding differential partial width is

dΓðD → PeνeÞ
dq2 d cos θe

¼ G2
FjVcqj2
32π3

p�3jfþðq2Þj2 sin θ2e; ð261Þ

where p� ¼ ½ðm2
D−ðmPþqÞÞ2ðm2

D−ðmP−qÞÞ�1=2
2mD

is the magnitude of
the momentum of the final state hadron in theD rest frame,
and θe is the angle of the electron in the eν rest frame with
respect to the direction of the pseudoscalar meson in the D
rest frame.

3. Form factor parametrizations

The form factor is traditionally parametrized with an
explicit pole and a sum of effective poles:

fþðq2Þ ¼
fþð0Þ
ð1 − αÞ

��
1

1 − q2=m2
pole

�

þ
XN
k¼1

ρk
1 − q2=ðγkm2

poleÞ
�
; ð262Þ

where ρk and γk are expansion parameters and α is a
parameter that normalizes the form factor at q2 ¼ 0, fþð0Þ.
The parameter mpole is the mass of the lowest-lying cq̄
resonance with the vector quantum numbers; this is
expected to provide the largest contribution to the form
factor for the c → q transition. The sum over N gives the
contribution of higher mass states. For example, for D → π
transitions the dominant resonance is expected to be the
D�ð2010Þ, and thus mpole ¼ mD�ð2010Þ. For D → K tran-
sitions, the dominant resonance is expected to be the
D�

sð2112Þ, and thus mpole ¼ mD�
sð2112Þ.

4. Simple pole

Equation (262) can be simplified by neglecting the sum
over effective poles, leaving only the explicit vector meson
pole. This approximation is referred to as “nearest pole
dominance” or “vector-meson dominance.” The resulting
parametrization is

fþðq2Þ ¼
fþð0Þ

ð1 − q2=m2
poleÞ

: ð263Þ

However, values of mpole that give a good fit to the data do
not agree with the expected vector meson masses [1320].
To address this problem, the “modified pole” or Becirevic-
Kaidalov (BK) parametrization [1322] was introduced. In
this parametrization mpole=

ffiffiffiffiffiffiffiffi
αBK

p
is interpreted as the mass

of an effective pole higher thanmpole, i.e., it is expected that
αBK < 1. The parametrization takes the form

fþðq2Þ ¼
fþð0Þ

ð1 − q2=m2
poleÞ

1�
1 − αBK

q2

m2
pole

� ; ð264Þ

where αBK is a free parameter that takes into
account contributions from higher states in the form of

TABLE 283. Results for mpole and αBK from various experiments for D0 → K−lþν and Dþ → K̄0lþν decays.
The last two rows list results for other c → seþνe decays, for comparison, because some theories [1344,1345] stated
that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks.

D → Klνl experiment Mode References mpole (GeV=c2) αBK

CLEO III ðD0;l ¼ e; μÞ [1346] 1.89� 0.05þ0.04−0.03 0.36� 0.10þ0.03−0.07
FOCUS ðD0;l ¼ μÞ [1347] 1.93� 0.05� 0.03 0.28� 0.08� 0.07
Belle ðD0;l ¼ e; μÞ [1335] 1.82� 0.04� 0.03 0.52� 0.08� 0.06
BABAR ðD0;l ¼ eÞ [1336] 1.889� 0.012� 0.015 0.366� 0.023� 0.029
CLEO-c (tagged) ðD0; Dþ;l ¼ eÞ [1337] 1.93� 0.02� 0.01 0.30� 0.03� 0.01
CLEO-c (untagged) ðD0;l ¼ eÞ [1338] 1.97� 0.03� 0.01 0.21� 0.05� 0.03
CLEO-c (untagged) ðDþ;l ¼ eÞ [1338] 1.96� 0.04� 0.02 0.22� 0.08� 0.03
BESIII ðD0;l ¼ eÞ [1334] 1.921� 0.010� 0.007 0.309� 0.020� 0.013
BESIII ðDþ;l ¼ eÞ [1269] 1.953� 0.044� 0.036 0.239� 0.077� 0.065
BESIII Dþ → K̄0

πþπ−e
þνe [1339] 1.935� 0.017� 0.006 0.294� 0.031� 0.010

BESIII Dþ
s → ηeþνe [1348] 3.759� 0.084� 0.045 0.304� 0.044� 0.22

BESIII Dþ
s → η0eþνe [1348] 1.88� 0.60� 0.08 1.62� 0.90� 0.13
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an additional effective pole. This parametrization is
used by several experiments to determine form factor
parameters. Measured values of mpole and αBK are listed
in Tables 283 and 284 for D → Klνl and D → πlνl
decays, respectively.

5. z expansion

Alternatively, a power series expansion around some
value q2 ¼ t0 can be used to parametrize fþðq2Þ
[1319,1323–1325]. This parametrization is model-indepen-
dent and satisfies general QCD constraints. The expansion
is given in terms of a complex parameter z, which is the
analytic continuation of q2 into the complex plane:

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð265Þ

where t0 ¼ tþð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t−=tþ

p Þ and t� ≡ ðmD �mPÞ2. In
this parametrization, q2 ¼ t0 corresponds to z ¼ 0, and the
physical region extends in either direction up to �jzjmax ¼
�0.051 for D → Klνl decays, and up to �0.17 for
D → πlνl decays.
The form factor is expressed as

fþðq2Þ ¼
1

Pðq2Þϕðq2; t0Þ
X∞
k¼0

akðt0Þ½zðq2; t0Þ�k; ð266Þ

where the Blaschke factor Pðq2Þ is used to remove
subthreshold poles, for instance, Pðq2Þ ¼ 1 for D → π
and Pðq2Þ ¼ zðq2;M2

D�
s
Þ. The “outer” function ϕðt; t0Þ can

be any analytic function, but a preferred choice (see, e.g.,
Refs. [1323,1324,1326]), obtained from the operator prod-
uct expansion (OPE), is

ϕðq2;t0Þ¼αð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ−q2

q
þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ− t0
p Þ

×
tþ−q2

ðtþ− t0Þ1=4
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ−q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ− t−
p Þ3=2

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ−q2

p
þ ffiffiffiffiffi

tþ
p Þ5 ; ð267Þ

with α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πm2

c=3
p

. The OPE analysis provides a constraint
upon the expansion coefficients,

P
N
k¼0 a

2
k ≤ 1. These coef-

ficients receive 1=MD corrections, and thus the constraint is
only approximate. However, the expansion is expected to
converge rapidly since jzj < 0.051ð0.17Þ for D → K
(D → π) over the entire physical q2 range, and Eq. (266)
remains a useful parametrization. The main disadvantage as
compared to phenomenological approaches is that there is no
physical interpretation of the fitted coefficients aK .

6. Three-pole formalism

An update of the vector pole dominance model has been
developed for the D → πlνl channel [1327]. It uses
information of the residues of the semileptonic form factor
at its first two poles, the D�ð2010Þ and D�0 ð2600Þ reso-
nances. The form factor is expressed as an infinite sum of
residues from JP ¼ 1− states with masses mD�

n
:

fþðq2Þ ¼
X∞
n¼0

Res
q2¼m2

D�
n

fþðq2Þ

m2
D�

n
− q2

; ð268Þ

with the residues given by

Res
q2¼m2

D�
n

fþðq2Þ ¼
1

2
mD�

n
fD�

n
gD�

nDπ: ð269Þ

Values of the fD� and fD�0 decay constants have been
calculated relative to fD via lattice QCD, with 2% and 28%
precision, respectively [1327]. The couplings to the Dπ

TABLE 284. Results formpole and αBK from various experiments forD0 → π−lþν andDþ → π0lþν decays. The
last two rows list results for other c → deþνe decays, for comparison, because some theories [1344,1345] stated that
the form factors of the semileptonic decays are possibly insensitive to the spectator quarks.

D → πlνl experiment Mode References mpole (GeV=c2) αBK

CLEO III ðD0;l ¼ e; μÞ [1346] 1.86þ0.10þ0.07−0.06−0.03 0.37þ0.20−0.31 � 0.15
FOCUS ðD0;l ¼ μÞ [1347] 1.91þ0.30−0.15 � 0.07 � � �
Belle ðD0;l ¼ e; μÞ [1335] 1.97� 0.08� 0.04 0.10� 0.21� 0.10
CLEO-c (tagged) ðD0; Dþ;l ¼ eÞ [1337] 1.91� 0.02� 0.01 0.21� 0.07� 0.02
CLEO-c (untagged) ðD0;l ¼ eÞ [1338] 1.87� 0.03� 0.01 0.37� 0.08� 0.03
CLEO-c (untagged) ðDþ;l ¼ eÞ [1338] 1.97� 0.07� 0.02 0.14� 0.16� 0.04
BESIII ðD0;l ¼ eÞ [1334] 1.911� 0.012� 0.004 0.279� 0.035� 0.011
BABAR ðD0;l ¼ eÞ [1333] 1.906� 0.029� 0.023 0.268� 0.074� 0.059
BESIII Dþ → π0eþνe [1339] 1.898� 0.020� 0.003 0.285� 0.057� 0.010

CLEO-c Dþ → ηeþνe [1349] 1.87� 0.24� 0.00 0.21� 0.44� 0.05
BESIII Dþ → ηeþνe [1350] 1.73� 0.17� 0.03 0.50� 0.54� 0.08
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state, gD�Dπ and gD�0 Dπ , are extracted from measurements
of the D�ð2010Þ and D�0ð2600Þ widths by the BABAR and
LHCb experiments [1328–1330]. This results in the con-
tribution from the first pole being determined with 3%
accuracy. The contribution from the D�0ð2600Þ pole is
determined with poorer accuracy, ∼30%, mainly due to
lattice uncertainties. A superconvergence condition [1331]X∞

n¼0

Res
q2¼m2

D�
n

fþðq2Þ ¼ 0 ð270Þ

is applied, protecting the form factor behavior at large q2.
Within this model, the first two poles are not sufficient to
describe the data, and a third effective pole needs to be
included.
One of the advantages of this phenomenological model

is that it can be extrapolated outside the charm physical
region, providing a method to extract the magnitude of the
CKMmatrix element Vub using the ratio of the form factors
of the D → πlν and B → πlν decay channels. It will be
used once lattice calculations provide the form factor ratio
fþBπðq2Þ=fþDπðq2Þ at the same pion energy.
This form factor description can be extended to the D →

Klν decay channel, considering the contribution of several
cs̄ resonances with JP ¼ 1−. The first two pole masses
contributing to the form factor correspond to the D�

sð2112Þ
and D�

s1ð2700Þ resonant states [9]. A constraint on the first
residue can be obtained using information of the fK decay
constant [9] and the g coupling extracted from the D�þ
width [1328]. The contribution from the second pole can be
evaluated using the decay constants from [1332], the
measured total width, and the ratio of D�K and DK decay
branching fractions [9].

7. Experimental techniques and results

Various techniques have been used by several experi-
ments to measure D semileptonic decays with a pseudo-
scalar particle in the final state. The most recent results are
provided by the BABAR [1333] and BESIII [1269,1334]
collaborations. Belle [1335], BABAR [1336], and CLEO-c
[1337,1338] have all previously reported results. Belle fully
reconstructs eþe− → DD̄X events from the continuum
under the ϒð4SÞ resonance, achieving very good q2

resolution (15 MeV2) and a low background level but with
a low efficiency. Using 282 fb−1 of data, about 1300 D →
Klþν (Cabibbo-favored) and 115 D → πlþν (Cabibbo-
suppressed) decays are reconstructed, considering the
electron and muon channels together. The BABAR experi-
ment uses a partial reconstruction technique in which the
semileptonic decays are tagged via D�þ → D0πþ decays.
The D direction and neutrino energy are obtained using
information from the rest of the event. With 75 fb−1 of data,
74000 signal events in the D0 → K−eþν mode are
obtained. This technique provides a large signal yield

but also a high background level and a poor q2 resolution
(ranging from 66 to 219 MeV2). In this case, the meas-
urement of the branching fraction is obtained by normal-
izing to the D0 → K−πþ decay channel; thus the
measurement would benefit from future improvements in
the determination of the branching fraction for this refer-
ence channel. The Cabibbo-suppressed mode has been
recently measured using the same technique and 350 fb−1

data. For this measurement, 5000 D0 → π−eþν signal
events were reconstructed [1333].
The CLEO-c experiment uses two different methods to

measure charm semileptonic decays. The tagged analyses
[1337] rely on the full reconstruction of ψð3770Þ → DD̄
events. One of the D mesons is reconstructed in a hadronic
decay mode, and the other in the semileptonic channel. The
only missing particle is the neutrino, and thus the q2

resolution is very good and the background level very low.
With the entire CLEO-c data sample of 818 pb−1, 14123
and 1374 signal events are reconstructed for the D0 →
K−eþν and D0 → π−eþν channels, respectively, and 8467
and 838 are reconstructed for the Dþ → K̄0eþν and Dþ →
π0eþν decays, respectively. An alternative method that
does not tag the D decay in a hadronic mode (referred to as
untagged analyses) has also been used by CLEO-c [1338].
In this method, the entire missing energy and momentum in
an event are associated with the neutrino four momentum,
with the penalty of larger backgrounds as compared to the
tagged method.
Using the tagged method, the BESIII experiment mea-

sures the D0 → K−eþν and D0 → π−eþν decay channels.
With 2.93 fb−1 of data, they fully reconstruct 70700 and
6300 signal events, respectively, for the two channels
[1334]. In a separate analysis, BESIII measures the semi-
leptonic decay Dþ → K0

Le
þν [1269], with about 20100

semileptonic candidates. Since 2016, BESIII has reported
additional measurements of D → K̄lþνl and πlþνl.
The signal yields are 26008, 5013, 47100, 20714, 3402,
2265, and 1335 events for Dþ→ K̄0ðπþπ−Þeþνe,
Dþ→ K̄0ðπ0π0Þeþνe, D0→K−μþνμ, Dþ → K̄0ðππÞμþνμ,
Dþ → π0eþνe, D0 → π−μþνμ, and Dþ → π0μþνμ [1339–
1343], respectively. The corresponding branching fractions
are determined with good precision. The most precise
products of the c → sðdÞ CKM matrix element and the
semileptonic form factor reported by BESIII are

jVcsjfD→Kþ ð0Þ ¼ 0.7053� 0.0040� 0.0112; ð271Þ

jVcsjfD→Kþ ð0Þ ¼ 0.7133� 0.0038� 0.0030; ð272Þ

jVcdjfD→πþ ð0Þ ¼ 0.1400� 0.0026� 0.0007; ð273Þ

from D0 → K−eþνe [1334], D0 → K−μþνμ [1340], D0 →
π−eþνe [1334], respectively. These results are all based on
a two-parameter series expansion, respectively.
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Results of the hadronic form factor parameters,mpole and
αBK, obtained from the measurements discussed above, are
given in Tables 283 and 284. The z-expansion formalism
has been used by BABAR [1333,1336], BESIII [1334] and
CLEO-c [1337,1338]. Their fits use the first three terms of
the expansion, and the results for the ratios r1 ≡ a1=a0 and
r2 ≡ a2=a0 are listed in Tables 285 and 286.

8. Combined results for the D → Plνl channels

Results and world averages for the products fKþð0ÞjVcsj
and fπþð0ÞjVcdj as measured by CLEO-c, Belle, BABAR,

and BESIII are summarized in Tables 288 and 289, and
plotted in Fig. 91 (left) and Fig. 91 (middle), respectively.
When calculating these world averages, the systematic
uncertainties of the BESIII analyses are conservatively
taken to be fully correlated.
The results and world averages of the products

fD→η
þ ð0ÞjVcdj, which have been measured by CLEO-c

and BESIII, are summarized in Tables 290 and plotted
in Fig. 91 (right). In averaging, the systematic uncertainties
of the two BESIII analyses are conservatively taken to be
fully correlated.

TABLE 285. Results for r1 and r2 from various experiments for D → Klνl decays. Some theories [1344,1345]
stated that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks. For
comparison, the last four rows list results for c → seþνe decays in which only the first two terms of the z expansion
were used.

Experiment D → Klνl Mode References r1 r2

BABAR (D0; l ¼ e) [1336] −2.5� 0.2� 0.2 0.6� 6.0� 5.0
CLEO-c (tagged) (D0; l ¼ e) [1337] −2.65� 0.34� 0.08 13� 9� 1
CLEO-c (tagged) (Dþ; l ¼ e) [1337] −1.66� 0.44� 0.10 −14� 11� 1
CLEO-c (untagged) (D0; l ¼ e) [1338] −2.4� 0.4� 0.1 21� 11� 2
CLEO-c (untagged) (Dþ; l ¼ e) [1338] −2.8� 6� 2 32� 18� 4
BESIII (D0; l ¼ e) [1334] −2.334� 0.159� 0.080 3.42� 3.91� 2.41
BESIII (Dþ; l ¼ e) [1269] −2.23� 0.42� 0.53 11.3� 8.5� 8.7

BESIII D0 → K−μþνμ [1340] −1.90� 0.21� 0.07 � � �
BESIII Dþ → K̄0

πþπ−e
þνe [1339] −1.76� 0.25� 0.06 � � �

BESIII Dþ
s → ηeþνe [1348] −7.3� 1.7� 0.4 � � �

BESIII Dþ
s → η0eþνe [1348] −13.1� 7.6� 1.0 � � �

TABLE 286. Results for r1 and r2 from various experiments for D → πlνl decays. Some theories [1344,1345]
stated that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks. For
comparison, the last three rows list results for c → deþνe decays in which only the first two terms of the z expansion
were used.

Experiment D → πlνl Mode References r1 r2

CLEO-c (tagged) ðD0; l ¼ e) [1337] −2.80� 0.49� 0.04 6� 3� 0

CLEO-c (tagged) ðDþ; l ¼ e) [1337] −1.37� 0.88� 0.24 −4� 5� 1

CLEO-c (untagged) ðD0; l ¼ e) [1338] −2.1� 0.7� 0.3 −1.2� 4.8� 1.7
CLEO-c (untagged) ðDþ; l ¼ e) [1338] −0.2� 1.5� 0.4 −9.8� 9.1� 2.1
BESIII ðD0; l ¼ e) [1334] −1.85� 0.22� 0.07 −1.4� 1.5� 0.5
BABAR ðD0; l ¼ e) [1333] −1.31� 0.70� 0.43 −4.2� 4.0� 1.9

BESIII Dþ → π0eþνe [1339] −2.23� 0.42� 0.06 � � �
CLEO-c Dþ → ηeþνe [1349] 1.83� 2.23� 0.28 � � �
BESIII Dþ → ηeþνe [1350] 1.88� 0.60� 0.08 � � �
BESIII Dþ → ημþνμ [1351] −0.9� 2.7� 0.2 � � �
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TABLE 287. Comparison between theory and experiment for hadronic form factors of otherDðsÞ → P transitions.
The BESIII result for fD→η

þ ð0Þ withDþ → ηeþνe is obtained by dividing the measured product fD→η
þ ð0ÞjVcdj by the

world average value for jVcdj. The uncertainties listed in the first and second parentheses are statistical and
systematic uncertainties, respectively.

fDs→η
þ ð0Þ fDs→η0

þ ð0Þ fD→η
þ ð0Þ fD→η0

þ ð0Þ fDs→K
þ ð0Þ

CLEO-c(e) � � � � � � 0.38(03)(01)
[1349]

� � � � � �

BESIII(e)
0.458(05)(04)

[1348]
0.49(05)(01)

[1348]
0.35(03)(01)

[1350]
� � � 0.72(08)(01)

[1352]

BESIII(μ) � � � � � � 0.39(04)(01)
[1349]

� � � � � �
LQCDmπ¼470 MeV

[1353]
0.564� 0.011 0.437� 0.018 � � � � � � � � �

LQCDmπ¼370 MeV

[1353]
0.542� 0.013 0.404� 0.025 � � � � � � � � �

LCSR [1354] 0.495þ0.030
−0.029 0.558þ0.047

−0.045 0.429þ0.165
−0.141 0.292þ0.113

−0.104
LCSR [1355] 0.432� 0.033 0.520� 0.080 0.552� 0.051 0.458� 0.105 � � �
LCSR [1356] 0.45� 0.14 0.55� 0.18 � � � � � � � � �
3PSR [1357] 0.50� 0.04 � � � � � � � � � � � �
LFQM [1358] 0.76 � � � 0.71 � � � 0.66
LFQM(I) [1359] 0.50 0.62 � � � � � � � � �
LFQM(II) [1359] 0.48 0.60 � � � � � � � � �
CQM [1360] 0.78 0.78 � � � � � � 0.72
CCQM [1361] 0.78� 0.12 0.73� 11 0.67� 0.11 0.76� 0.11 0.60� 0.09

TABLE 288. Results for fKþð0ÞjVcsj from various experiments. BABAR 2007 [1336] and Belle 2006 [1335] only
reported fKþð0Þ values. The listed jVcsjfKþð0Þ values of these two experiments are obtained by multiplying fKþð0Þ
with their quoted jVcsj.
D → Klνl measurement Mode jVcsjfKþð0Þ Comment

BESIII 2019 [1340] (D0;l ¼ μ) 0.7133(38)(30) z expansion, 2 terms
BESIII 2017 [1339] (Dþ;l ¼ e) 0.6983(56)(112) z expansion, 3 terms
BESIII 2015B [1269] (Dþ;l ¼ e) 0.7370(60)(90) z expansion, 3 terms
BESIII 2015A [1334] (D0;l ¼ e) 0.7195(35)(41) z expansion, 3 terms
CLEO-c 2009 [1337] (D0, Dþ;l ¼ e) 0.7189(64)(48) z expansion, 3 terms

BABAR 2007 [1336] (D0;l ¼ e) 0.7211(69)(85)

Fitted pole mass +
modified pole ansatze;
jVcsj ¼ 0.9729� 0.0003;
corrected for BðD0 → K−πþÞ

Belle 2006 [1335] (D0;l ¼ e, μ) 0.6762(68)(214)
jVcsj ¼ 0.97296� 0.00024
(PDG 2006 w/unitarity)

World average 0.7180ð33Þ BESIII syst. fully correlated
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9. Form factors of other DðsÞ → Plνl decays

In the past two decades, rapid progress in lattice QCD
calculations of fD→KðπÞ

þ ð0Þ has been achieved, motivated by
much improved experimental measurements of D → K̄lνl
and D → πlνl. However, in contrast, progress in theoreti-
cal calculations of form factors in other DðsÞ → Plþνl
decays has been slow, and experimental measurements
sparse. Before BESIII, only CLEO reported a measure-
ment, that of fD→η

þ ð0Þ [1349]. For this analysis both tagged
and untagged methods were used. Recently, BESIII

reported measurements of fD→η
þ ð0Þ, fDs→η

þ ð0Þ, fDs→η0
þ ð0Þ

and fDs→K
þ ð0Þ using a tagged method [1348,1350,1352].

These measurements greatly expand experimental knowl-
edge of hadronic form factors in D → Plþνl decays. To

date, there is still no measurement of fD→η0
þ ð0Þ due to the

small amount of data available.
On the theory side, lattice QCD calculations of fDs→ηð0Þ

þ ð0Þ
for Dþ

s → ηð0Þeþνe were presented in Ref. [1353], but with
no systematic uncertainties included. Other calculations of

f
Dþ

ðsÞ→ηð0Þ

þ ð0Þ and fDs→K
þ ð0Þ have been reported based on

QCD light-cone sum rules (LCSR) [1354–1356], three-point
QCD sum rules (3PSR) [1357], a light-front quark model

TABLE 289. Results for fπþð0ÞjVcdj from various experiments.

D → πlνl measurement Mode jVcdjfπþð0Þ Comment

BESIII 2017 [1339] (Dþ;l ¼ e) 0.1413(35)(12) z expansion, 3 terms
BESIII 2015A [1334] (D0;l ¼ e) 0.1420(24)(10) z expansion, 3 terms
CLEO-c 2009 [1337] (D0, Dþ;l ¼ e) 0.1500(40)(10) z expansion, 3 terms
BABAR 2015 [1333] (D0;l ¼ e) 0.1374(38)(24) z expansion, 3 terms

Belle 2006 [1335] (D0;l ¼ e, μ) 0.1417(45)(68)
jVcdj ¼ 0.2271� 0.0010
(PDG 2006 w/unitarity)

World average 0.1426ð18Þ BESIII syst. fully correlated
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FIG. 91. Comparison of the results of fKþð0ÞjVcsj measured by the Belle [1335], BABAR [1336], CLEO-c [1337], and BESIII
[1269,1334,1339,1340] experiments.

TABLE 290. Results for fD→η
þ ð0ÞjVcdj from various experiments.

Dþ → ηlνl measurement Mode jVcdjfD→η
þ ð0Þ Comment

BESIII 2017 [1351] (Dþ;l ¼ e) 0.087(8)(2) z expansion, 2 terms
BESIII 2015A [1350] (D0;l ¼ e) 0.079(6)(2) z expansion, 2 terms
CLEO-c 2009 [1349] (D0, Dþ;l ¼ e) 0.085(6)(1) z expansion, 2 terms
World average 0.083ð4Þ BESIII syst fully correlated
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(LFQM) [1358,1359], a constituent quark model (CQM)
[1360], and a covariant confined quark model (CCQM)
[1361]. Table 287 summarizes both experimental measure-
ments and theoretical calculations of these form factors.
The fDs→K

þ ð0Þ value measured by BESIII is consistent with

current theoretical calculations. The fDs→η
þ ð0Þ and fDs→η0

þ ð0Þ
values measured by BESIII are consistent with the LCSR
calculations of Refs. [1354,1355]; however, the calculation
of Ref. [1355] is inconsistent with the measured value of
fD→η
þ ð0Þ. More robust theoretical calculations of these form

factors for bothDþ andDþ
s semileptonic decays are desired.

10. Determinations of jVcsj and jVcdj
Assuming unitarity of the CKM matrix, the values of the

CKM matrix elements entering in charm semileptonic
decays are evaluated as [9]

jVcsj ¼ 0.97320� 0.00011;

jVcdj ¼ 0.22636� 0.00048: ð274Þ

Using the world average values of fKþð0ÞjVcsj and
fπþð0ÞjVcdj from Tables 288 and 289 leads to the form
factor values

fKþð0Þ ¼ 0.7361� 0.0034;

fπþð0Þ ¼ 0.6351� 0.0081;

where the former one deviates with the present average of
lattice QCD calculations by 2.1σ while good consistency is
found for the latter one. Table 291 summarizes fD→πþ ð0Þ
and fD→Kþ ð0Þ results based on Nf ¼ 2þ 1þ 1 flavor
lattice QCD of the ETM collaboration [1362], and earlier
results based on Nf ¼ 2þ 1 flavor lattice QCD of the
HPQCD collaboration [1363,1364]. Recently, the Fermilab
Lattice and MILC collaborations released their preliminary
results of fD→Kþ ð0Þ and fD→πþ ð0Þ based on Nf ¼ 2þ 1þ 1

flavor lattice QCD calculations [1365]. The weighted
averages are fD→πþ ð0Þ ¼ 0.634� 0.015 and fD→Kþ ð0Þ ¼
0.760� 0.011, respectively. The experimental accuracy
is at present better than that from lattice calculations.
Alternatively, if one assumes the lattice QCD form factor

values, the averages in Tables 288 and 289 give

jVcsj ¼ 0.9447� 0.0043ðexpÞ � 0.0137ðLQCDÞ;
jVcdj ¼ 0.2249� 0.0028ðexpÞ � 0.0055ðLQCDÞ:

Here, the uncertainties are dominated by the lattice QCD
calculations. These values are consistent within 1.9σ and
0.1σ, respectively, with those obtained from the PDG
global fit assuming CKM unitarity [9].

11. Test of e− μ lepton flavor universality

In the Standard Model (SM), the couplings between the
three families of leptons and gauge bosons are expected to
be equal; this is known as lepton flavor universality (LFU).
The semileptonic decays of pseudoscalar mesons are well
understood in the SM and thus offer a robust way to test
LFU and search for new physics. Various tests of LFU with
B semileptonic decays have been reported by BABAR,
Belle, and LHCb. The average of the ratio of the branching
fractions BB→D̄ð�Þτþντ=BB→D̄ð�Þlþνl (l ¼ μ, e) deviates from
the SM prediction by 3.4σ (see Sec. VII F). Precision
measurements of the semileptonic D decays also test LFU,
and in a manner complimentary to that of B decays [1366].
Within the SM, the ratios BD→K̄μþνμ=BD→K̄eþνe and
BD→πμþνμ=BD→πeþνe are predicted to be 0.975� 0.001
and 0.985� 0.002, respectively [1367]. The ratios are
expected to be close to unity with negligible uncertainty
mainly due to high correlation of the corresponding
hadronic form factors [1367].
In the SM, the semimuonic D decays are expected to

have lower branching fraction than their semielectronic
counterparts. Before BESIII, however, the information
related to the semimuonic D decays is relatively poor,
mainly due to higher backgrounds caused due to difficulty
of distinguishing muon and charged pions. In the charmed
meson sector, only D0 → K−μþνμ, D0 → K�−μþνμ,
D0 → π−μþνμ, Dþ → K̄0μþνμ, Dþ → ρ0μþνμ, and Dþ →
K̄�0μþνμ have been investigated in experiments previously.
Except for Dþ → K̄�0μþνμ, all measurements of the other
decays are dominated by FOCUS and Belle experiments
and the existing measurements suffer large uncertainties.
Since 2016, BESIII performed a series of studies of

semimuonic D decays, including improved measurements
of Dþ → K̄0μþνμ [1341], D0 → π−μþνμ [1343], and
D0 → K−μþνμ [1340], and the first observations of

TABLE 291. Summary of the latest LQCD calculations of fD→πþ ð0Þ and fD→Kþ ð0Þ from the Fermilab/MILC, ETM,
and HPQCD collaborations.

Collaboration fD→πþ ð0Þ fD→Kþ ð0Þ
Fermilab Lattice and MILC [1365] 0.625� 0.017� 0.013 0.768� 0.012� 0.011
ETM(2þ 1þ 1) [1362] 0.612� 0.035 0.765� 0.031
HPQCD(2þ 1) [1363,1364] 0.666� 0.029 0.747� 0.019

Average 0.634� 0.015 0.760� 0.011
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Dþ → π0μþνμ [1343], Dþ → ωμþνμ [1368], Dþ → ημþνμ
[1351]. All these analyses used the tagged method and
2.93 fb−1 of data taken at 3.773 GeV. The reported
branching fractions are

BðDþ → K̄0μþνμÞ ¼ ð8.72� 0.07� 0.18Þ%; ð275Þ

BðD0 → π−μþνμÞ ¼ð0.272� 0.008� 0.006Þ%; ð276Þ

BðDþ → π0μþνμÞ ¼ð0.350� 0.011� 0.010Þ%; ð277Þ

BðD0 → K−μþνμÞ ¼ð3.413� 0.019� 0.035Þ%; ð278Þ

BðDþ → ωμþνμÞ ¼ð0.177� 0.018� 0.011Þ%; ð279Þ

BðDþ → ημþνμÞ ¼ð0.104� 0.010� 0.005Þ%: ð280Þ

Combining these results with previous BESIII measure-
ments of their counterparts of the semielectronic decays
using the same data sample, the ratios of branching
fractions are

BðD0 → π−μþνμÞ
BðD0 → π−eþνeÞ

¼ 0.922� 0.030� 0.022; ð281Þ

BðDþ → π0μþνμÞ
BðDþ → π0eþνeÞ

¼ 0.964� 0.037� 0.026; ð282Þ

BðD0 → K−μþνμÞ
BðD0 → K−eþνeÞ

¼ 0.974� 0.007� 0.012; ð283Þ

BðDþ → ωμþνμÞ
BðDþ → ωeþνeÞ

¼ 1.05� 0.14; ð284Þ

BðDþ → ημþνμÞ
BðDþ → ηeþνeÞ

¼ 0.91� 0.13: ð285Þ

In addition, using the world average for BðDþ → K̄0eþνeÞ
[9] gives

BðDþ → K̄0μþνμÞ
BðDþ → K̄0eþνeÞ

¼ 1.00� 0.03: ð286Þ

These results indicate that any e − μ LFU violation in D
semileptonic decays has to be at the level of a few percent
or less. BESIII also tested e − μ LFU in separate q2

intervals using D0ðþÞ → π−ð0Þlþνl [1343] and D0 →
K−lþνl [1340] decays. No indication of LFU above the
2σ level was found.
In 2018, using 0.482 fb−1 of data taken at a center-of-

mass energy of 4.009 GeV, BESIII reported measurements
of the branching fractions for semileptonic decays
Dþ

s → ϕμþνμ, Dþ
s → ημþνμ, and Dþ

s → η0μþνμ [1369].
Combining these results with previous measurements of

Dþ
s → ϕeþνe [1369], Dþ

s → ηeþνe, and Dþ
s → η0eþνe

[1370] gives the ratios

BðDþ
s → ϕμþνμÞ

BðDþ
s → ϕeþνeÞ

¼ 0.86� 0.29; ð287Þ

BðDþ
s → ημþνμÞ

BðDþ
s → ηeþνeÞ

¼ 1.05� 0.24; ð288Þ

BðDþ
s → η0μþνμÞ

BðDþ
s → η0eþνeÞ

¼ 1.14� 0.68: ð289Þ

These values are all consistent with unity. The uncertainties
include both statistical and systematic uncertainties, the
former of which dominates.

12. D → Vlνl decays

When the final state hadron is a vector meson, the decay
can proceed through both vector and axial vector currents,
and four form factors are needed. The hadronic current is
Hμ ¼ Vμ þ Aμ, where [1321]

Vμ ¼ hVðp; εÞjq̄γμcjDðp0Þi ¼ 2Vðq2Þ
mD þmV

εμνρσε
�νp0ρpσ;

ð290Þ

Aμ ¼ hVðp; εÞj − q̄γμγ5cjDðp0Þi
¼ −iðmD þmVÞA1ðq2Þε�μ
þ i

A2ðq2Þ
mD þmV

ðε� · qÞðp0 þ pÞμ

þ i
2mV

q2
ðA3ðq2Þ − A0ðq2ÞÞ½ε� · ðp0 þ pÞ�qμ: ð291Þ

In this expression, mV is the invariant mass of the daughter
particles of the V meson and

A3ðq2Þ ¼
mD þmV

2mV
A1ðq2Þ −

mD −mV

2mV
A2ðq2Þ: ð292Þ

To avoid divergence of the i 2mV
q2 ðA3ðq2Þ − A0ðq2ÞÞ item,

kinematics require that A3ð0Þ ¼ A0ð0Þ. Terms proportional
to qμ are negligible for l ¼ e. Thus, only the three form
factors A1ðq2Þ, A2ðq2Þ and Vðq2Þ are relevant for charm
decays.
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The differential decay rate is

dΓðD → Vl̄νlÞ
dq2 d cos θl

¼ G2
FjVcqj2

128π3m2
D
p�q2

�ð1 − cos θlÞ2
2

jH−j2

þ ð1þ cos θlÞ2
2

jHþj2 þ sin2θljH0j2
�
;

ð293Þ

whereH� andH0 are helicity amplitudes, corresponding to
helicities of the vector (V) meson. The helicity amplitudes
can be expressed in terms of the form factors as

H� ¼ 1

mD þmV
½ðmD þmVÞ2A1ðq2Þ ∓ 2mDp�Vðq2Þ�;

ð294Þ

H0¼
1

jqj
m2

D

2mVðmDþmVÞ
��

1−
m2

V−q2

m2
D

�
ðmDþmVÞ2A1ðq2Þ

−4p�2A2ðq2Þ
�
: ð295Þ

Here p� ¼ ½ðm2
D−ðmVþqÞÞ2ðm2

D−ðmV−qÞÞ�1=2
2mD

is the magnitude of
the three-momentum of the V system as measured in the D
rest frame, and θl is the angle of the lepton momentumwith
respect to the direction opposite that of the D in the W rest
frame (see Fig. 92 for the electron case, θe). The left-
handed nature of the quark current manifests itself as
jH−j > jHþj. The differential decay rate for D → Vlν
followed by the vector meson decaying into two pseudo-
scalars is

dΓðD→ Vl̄ν;V →P1P2Þ
dq2d cosθVd cos θldχ

¼ 3G2
F

2048π4
jVcqj2

p�ðq2Þq2
m2

D
BðV →P1P2Þ

×fð1þ cosθlÞ2 sin2 θV jHþðq2Þj2þð1− cosθlÞ2sin2θV jH−ðq2Þj2þ 4sin2θlcos2θV jH0ðq2Þj2
−4 sinθlð1þ cosθlÞ sin θV cos θV cos χHþðq2ÞH0ðq2Þ
þ 4 sin θlð1− cosθlÞ sin θV cos θV cos χH−ðq2ÞH0ðq2Þ
−2sin2 θl sin2 θV cos 2χHþðq2ÞH−ðq2Þg; ð296Þ

where the helicity angles θl, θV , and acoplanarity angle χ
are defined as shown in Fig. 92. Usually, the ratios of the
form factors at q2 ¼ 0 are defined as

rV ≡
Vð0Þ
A1ð0Þ

; ð297Þ

r2 ≡
A2ð0Þ
A1ð0Þ

: ð298Þ

From the experimental point of view, these ratios can be
obtained without any assumption about the total decay rates
or the CKM matrix elements.

13. Vector form factor measurements

In 2002 FOCUS reported an asymmetry in the observed
cosðθVÞ distribution in Dþ→K−πþμþν decays [1371]. This
was interpreted as evidence for an S-wave K−πþ component
in the decay amplitude. It should be noted that H0ðq2Þ is
equal to zero at for q2 ¼ q2m max but dominated over a wide
range of q2, especially at q2 ¼ 0 [1372]. The distribution
given by Eq. (296) is, after integration over χ, roughly
proportional to cos2 θV . Inclusion of a constant S-wave
amplitude of the form Aeiδ leads to an interference term
proportional to jAH0 sin θl cos θV j which then causes an
asymmetry in cosðθVÞ. When FOCUS fit their data including
this S-wave amplitude, they obtained A¼0.330�0.022�
0.015GeV−1 and δ ¼ 0.68� 0.07� 0.05 [1373]. Both
BABAR [1374] and CLEO-c [1375] have also found
evidence for an f0 → KþK− component in semileptonic
Ds decays.
The CLEO-c collaboration extracted the form factors

Hþðq2Þ,H−ðq2Þ, andH0ðq2Þ from 11000Dþ→K−πþlþνl
events with purity greater than 96% in a model-independent

FIG. 92. Decay angles θV , θl and χ. Note that the angle χ
between the decay planes is defined in the D-meson reference
frame, whereas the angles θV and θl are defined in the V meson
and W reference frames, respectively.
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fashion directly as functions of q2 [1376]. They also
determined the S-wave form factor h0ðq2Þ via the interfer-
ence term, despite the fact that the Kπ mass distribution
appears dominated by the vector K�ð892Þ state. It is
observed that H0ðq2Þ dominates over a wide range of q2,
especially at low q2. The transverse form factor,

Htðq2Þ¼
MDK

mKπ

ffiffiffiffiffi
q2

p �
ðMDþmKπÞA1ðq2Þ

−
ðM2

D−m2
Kπþq2Þ

MDþmKπ
A2ðq2Þþ

2q2

MDþmKπ
A3ðq2Þ

�
;

which can be related to A3ðq2Þ, is small compared to LQCD
calculations and suggests that the form factor ratio r3 ≡
A3ð0Þ=A1ð0Þ is large and negative.
The BABAR collaboration selected a large sample of

244 × 103 Dþ → K−πþeþνe candidates with a ratio S=B ∼
2.3 from an integrated luminosity of 347 fb−1 [1377]. With
four particles emitted in the final state, the differential
decay rate depends on five variables. In addition to the four
variables defined in previous sections there is also m2, the
mass squared of the Kπ system. To analyze the Dþ →
K−πþeþνe decay channel, it was assumed that all form
factors have a q2 variation given by the simple pole model,
and an effective pole mass of mA ¼ ð2.63� 0.10�
0.13Þ GeV=c2 is fitted. This value is compatible with

expectations when comparing to the mass of JP ¼ 1þ
charm mesons. For the mass dependence of the form
factors, a Breit-Wigner with a mass-dependent width
and a Blatt-Weisskopf damping factor is used. For the
S-wave amplitude, a polynomial below the K̄�

0ð1430Þ, and
a Breit-Wigner distribution above, are used [1377]. These
are consistent with measurements of Dþ → K−πþπþ
decays. For the polynomial part, a linear term is sufficient
to fit the data. It is verified that the variation of the S-wave
phase is compatible with expectations from elastic Kπ
scattering [338,1378] (after correcting for δ3=2) according
to Watson’s theorem [1379]. As compared with elastic
K−πþ scattering, there is an additional negative sign
between the S and P waves. Contributions from other
spin-1 and spin-2 resonances decaying into K−πþ are also
considered.
In 2013, CLEO-c reported the first measurements of

form factors in D0;þ → ρeþνe [1380]. Since 2016, several
new measurements of form factors inDðsÞ → Veþνe decays
have been reported by BESIII. These measurements greatly
increase the information available on D → Vlþνe decays.
The BESIII data was recorded at center-of-mass energies
of 3.773 GeV (2.93 fb−1) and 4.178 GeV (3.19 fb−1). The
D → Veþνe samples are reconstructed using a tagged
method, and 18262, 3112, 978, 491, and 155 signal events,
respectively, are obtained for the Dþ → K̄�0eþνe,
D0 → K�−eþνe, D0;þ → ρeþνe, Dþ → ωeþνe, and

TABLE 292. Results for rV and r2 from various experiments. Experiments marked with � did not consider a
separate S-wave contribution.

Experiment References rV r2

Dþ → K̄�0lþνl
E691� [1385] 2.0� 0.6� 0.3 0.0� 0.5� 0.2
E653� [1386] 2.00� 0.33� 0.16 0.82� 0.22� 0.11
E687� [1387] 1.74� 0.27� 0.28 0.78� 0.18� 0.11
E791 ðeÞ� [1388] 1.90� 0.11� 0.09 0.71� 0.08� 0.09
E791 ðμÞ� [1389] 1.84� 0.11� 0.09 0.75� 0.08� 0.09
Beatrice� [1390] 1.45� 0.23� 0.07 1.00� 0.15� 0.03
FOCUS [1373] 1.504� 0.057� 0.039 0.875� 0.049� 0.064
BESIII (e) [1381] 1.406� 0.058� 0.022 0.784� 0.041� 0.024

D0 → K̄0π−lþνl
FOCUS (μ) [1391] 1.706� 0.677� 0.342 0.912� 0.370� 0.104
BABAR (μ) [1377] 1.493� 0.014� 0.021 0.775� 0.011� 0.011
BESIII (e) [1382] 1.46� 0.07� 0.02 0.67� 0.06� 0.01

Dþ → ωeþνe
BESIII [1383] 1.24� 0.09� 0.06 1.06� 0.15� 0.05

D0;þ → ρeνe
CLEO-c [1380] 1.48� 0.15� 0.05 0.83� 0.11� 0.04
BESIII [1384] 1.695� 0.083� 0.051 0.845� 0.056� 0.039

Dþ
s → ϕeþνe
BABAR [1374] 1.849� 0.060� 0.095 0.763� 0.071� 0.065

Dþ
s → K�0eþνe
BESIII� [1352] 1.67� 0.34� 0.16 0.77� 0.28� 0.07
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Dþ
s →K�0eþνe decay modes [1352,1381–1384]. The form

factor ratios rV¼ Vð0Þ
A1ð0Þ and r2¼A2ð0Þ

A1ð0Þ are subsequently

extracted.
Table 292 lists measurements of rV and r2 from several

experiments. Most of the measurements assume that the q2

dependence of the form factors is given by the simple pole
ansatz. Some of these measurements do not consider a
separate S-wave contribution; in this case such a contri-
bution is implicitly included in the measured values.

14. D → Slνl decays

In 2018, BESIII reported measurements of semileptonic
D decays into a scalar meson, D → Slν. The experiment
measured D0ðþÞ → a0ð980Þeþνe, with a0ð980Þ → ηπ.
Signal yields of 25.7þ6.4

−5.7 events for D0 → a0ð980Þ−eþνe,
and 10.2þ5.0

−4.1 events for Dþ → a0ð980Þ0eþνe, were
obtained, resulting in statistical significances of greater
than 6.5σ and 3.0σ, respectively [1392]. As the branching
fraction for a0ð980Þ → ηπ is not well measured, BESIII
reports the product branching fractions

BðD0 → a0ð980Þ−eþνeÞ × Bða0ð980Þ− → ηπ−Þ
¼ ð1.33þ0.33

−0.29 � 0.09Þ × 10−4; ð299Þ

BðDþ → a0ð980Þ0eþνeÞ × Bða0ð980Þ0 → ηπ0Þ
¼ ð1.66þ0.81

−0.66 � 0.11Þ × 10−4: ð300Þ

The ratio of these values can be compared to a prediction
based on QCD light-cone sum rules [1393], after relating
the a0ð980Þ → ηπ branching fractions via isospin. The
result is a difference of more than 2σ. Taking the lifetimes
of the D0 and Dþ into account, and assuming
Bða0ð980Þ− → ηπ−Þ ¼ Bða0ð980Þ0 → ηπ0Þ, the ratio of
the partial widths is

ΓðD0 → a0ð980Þ−eþνeÞ
ΓðDþ → a0ð980Þ0eþνeÞ

¼ 2.03� 0.95� 0.06: ð301Þ

This value is consistent with the prediction based on isospin
symmetry.
Recently, BESIII searched for the semileptonic decay of

Dþ
s → a0ð980Þeþνe, with a0ð980Þ0 → ηπ0. No significant

signal is observed. The product branching fraction upper
limit at the 90% confidence level is BðDþ

s →
a0ð980ÞeþνeÞ × Bða0ð980Þ0 → ηπ0Þ< 1.2 × 10−4 [1394].

15. D → Alνl decays

Experimental studies of semileptonic D decays into an
axial-vector meson D → Alν are challenging due to low
statistics and high backgrounds. In 2007, CLEO-c reported
first evidence for the Cabibbo-favored decay D0 →
K1ð1270Þ−eþνe with a statistical significance of 4σ [1395].

The branching fraction was measured to be
BðD0 → K1ð1270Þ−eþνeÞ ¼ ð7.6þ4.1

−3.0 � 0.6� 0.7Þ × 10−4.
In 2019, BESIII reported the first observation of
Dþ → K̄1ð1270Þ0eþνe, with statistical significance greater
than 10σ [1396]. The branching fraction was measured to
be BðDþ→K̄1ð1270Þ0eþνeÞ¼ð23.0�2.6þ1.8

−2.1�2.5Þ×10−4.
In 2021, the D0 → K1ð1270Þ−eþνe decay was observed
for the first time by BESIII with a statistical significance
greater than 10σ [1397]. The reported branching fraction is
BðDþ → K̄1ð1270Þ0eþνeÞ ¼ ð10.9�1.3þ0.9

−1.3 �1.2Þ×10−4.
Here, the third errors listed arise from the branching
fraction for K1ð1270Þ → Kππ. The obtained branching
fractions are consistent with the theoretical calculations
with the K1 mixing angle of 33° or 57°. Taking the lifetimes
of D0 and Dþ into account, the ratio of the partial widths is

ΓðDþ → K̄1ð1270Þ0eþνeÞ
ΓðD0 → K1ð1270Þ−eþνeÞ

¼ 1.20� 0.20� 0.15: ð302Þ

This value agrees with unity as predicted by isospin
symmetry.
In addition, BESIII has searched for the Cabibbo-

suppressed semileptonic decays Dþ → b1ð1235Þ0eþνe
and D0 → b1ð1235Þ0eþνe. No significant signal is
observed. The product branching fraction upper limits at
the 90% confidence level are BðDþ→b1ð1235Þ0eþνeÞ×
Bðb1ð1235Þ0→ωπ0Þ<1.12×10−4 and BðD0 →
b1ð1235Þ−eþνeÞ × Bðb1ð1235Þ0 → ωπ0Þ < 1.75 × 10−4,
respectively [1398].

B. Leptonic decays

Purely leptonic decays ofDþ andDþ
s mesons are among

the simplest and best understood probes of c → d and
c → s quark flavor-changing transitions. The amplitude of
purely leptonic decays consists of the annihilation of the
initial quark-antiquark pair (cd̄ or cs̄) into a virtualWþ that
subsequently materializes as an antilepton-neutrino pair
(lþνl). The Standard Model branching fraction is given by

BðDþ
q → lþνlÞ ¼

G2
F

8π
τDqf2Dq

jVcqj2mDq
m2

l

�
1 −

m2
l

m2
Dq

�
2

;

ð303Þ
where mDq

is the Dq meson mass, τDq
is its lifetime, ml is

the charged lepton mass, jVcqj is the magnitude of the
relevant CKM matrix element, and GF is the Fermi
coupling constant. The parameter fDq

is the Dq meson
decay constant and parametrizes the overlap of the wave
functions of the constituent quark and antiquark. The decay
constants have been calculated using several theory meth-
ods, the most accurate and robust being that of lattice
QCD (LQCD). Using the Nf ¼ 2þ 1þ 1 flavor LQCD
calculations of fDþ and fDþ

s
from the ETM [1399] and
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FNAL/MILC [1400] Collaborations, the Flavour Lattice
Averaging Group (FLAG) calculates world average
values [1401]

fFLAGDþ ¼ 212.0� 0.7 MeV; ð304Þ

fFLAGDþ
s

¼ 249.9� 0.5 MeV; ð305Þ

and the ratio�
fDþ

s

fDþ

�
FLAG

¼ 1.1783� 0.0016: ð306Þ

These values are used within this section to determine the
magnitudes jVcdj and jVcsj from the measured branching
fractions of Dþ → lþνl and Dþ

s → lþνl.
The leptonic decays of pseudoscalar mesons are helicity-

suppressed, meaning their decay rates are proportional to
the square of the charged lepton mass. Thus, decays to τþντ
are favored over decays to μþνμ, and decays to eþνe, with
an expected B ≲ 10−7, are not yet experimentally observ-
able. The ratio of τþντ to μþντ decays is given by

R
Dq

τ=μ ≡
BðDþ

q → τþντÞ
BðDþ

q → μþνμÞ
¼

�
m2

τ

m2
μ

� ðm2
Dq

−m2
τÞ2

ðm2
Dq

−m2
μÞ2

; ð307Þ

and equals 9.75� 0.01 for Dþ
s decays and 2.67� 0.01 for

Dþ decays, based on the well-measured values of mμ, mτ,
and mDðsÞ [9]. A significant deviation from this expectation
would be interpreted as LFU violation in charged cur-
rents [1402].
In this section we present world average values for the

product fDq
jVcqj, where q ¼ d, s. For these averages,

correlations between measurements and dependencies on
input parameters are taken into account. In 2019, BESIII
reported a measurement of Dþ

s → μþνμ [1403], by analyz-
ing 3.19 fb−1 of eþe− collision data sample taken at a
center-of-mass energy of 4.178 GeV. The muon counter is
used to identify μþ lepton, thereby offering low back-
ground. In 2021, BESIII reported an updated measurement

of Dþ
s → μþνμ [1404], by analyzing 6.32 fb−1 of eþe−

collision data sample taken at center-of-mass energies of
4.178–4.226 GeV without using the muon counter. The
new measurement of Dþ

s → μþνμ supersedes the 2019
result. Moreover, measurements of Dþ

s → τþντ were also
reported with τþ → πþν̄τ [1404], τþ → ρþν̄τ [1405] and
τþ → eþνeν̄τ [1406] decays. In 2019, BESIII reported the
first observation of Dþ

s → τþντ with a statistical signifi-
cance of 5.1σ [1407].

1. D+ → l+ νl decays and jVcdj
The branching fraction BðDþ → μþνμÞ has been deter-

mined by CLEO-c [1258] and BESIII [1408]. These lead to
the world average (WA) value

BWAðDþ → μþνμÞ ¼ ð3.77� 0.17Þ × 10−4: ð308Þ
For Dþ → τþντ, the recent BESIII measurement [1407]
gives

BWAðDþ → τþντÞ ¼ ð1.20� 0.27Þ × 10−4: ð309Þ
Based on these two branching fractions, we extract the
weighted product of the decay constant and the CKM
matrix element to be

fDjVcdj ¼ ð46.2� 1.0Þ MeV: ð310Þ

The uncertainty listed includes the uncertainty on
BWAðDþ → μþνμÞ, and also uncertainties on the external
parameters mμ, mD, and τD [9] needed to extract fDjVcdj
from the branching fraction via Eq. (303). Using the LQCD
value for fD from FLAG [Eq. (304)], we calculate the
magnitude of the CKM matrix element Vcd to be

jVcdj ¼ 0.2181� 0.0049ðexpÞ � 0.0007ðLQCDÞ; ð311Þ

where the first and second uncertainties are from experi-
ment and from LQCD, respectively. All input values and
the resulting world average are summarized in Table 293
and plotted in Fig. 93 (left).

TABLE 293. Experimental results and world averages for BðDþ → lþνlÞ and fDjVcdj. The first uncertainty is
statistical and the second is experimental systematic. The third uncertainty in the case of fDþ jVcdj is due to external
inputs (dominated by the uncertainty on τD). Here, we take the unconstrained result from CLEO-c.

Mode B (10−4) fDjVcdj (MeV) References

μþνμ
3.95� 0.35� 0.09 47.2� 2.1� 0.5� 0.2 CLEO-c [1258]
3.71� 0.19� 0.06 45.7� 1.2� 0.4� 0.2 BESIII [1408]

3.77� 0.17� 0.05 46.1� 1.0� 0.3�0.2 Average

τþντ 12.0� 2.4� 1.2 50.4� 5.0� 2.5� 0.2 BESIII [1407]

μþνμ þ τþντ 46.2� 1.0� 0.3� 0.2 Average

eþνe <0.088 at 90% C.L. CLEO-c [1258]
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Using the WAvalues of the branching fractions BðDþ →
μþνμÞ and BðDþ → τþντÞ [Eq. (308) and Eq. (314)], the
ratio of these two branching fractions is determined to be

RDþ
τ=μ ¼ 3.18� 0.73; ð312Þ

which is consistent with the ratio expected in the SM.

2. D+
s → l+ νl decays and jVcsj

We use measurements of the branching fraction BðDþ
s →

μþνμÞ from CLEO-c [1298], BABAR [1409], Belle [1410],
and BESIII [1404,1411] to obtain a WA value of

BWAðDþ
s → μþνμÞ ¼ ð5.43� 0.16Þ × 10−3: ð313Þ

The WA value for BðDþ
s → τþντÞ is also calculated from

CLEO-c, BABAR, Belle, and BESIII measurements.
CLEO-c made separate measurements using τþ →
eþνeν̄τ [1412], τþ → πþν̄τ [1298], and τþ → ρþν̄τ decays
[1413]; BABAR made separate measurements using τþ →
eþνeν̄τ and τþ → μþνμν̄τ decays [1409]; Belle made
separate measurements using τþ→eþνeν̄τ, τþ → μþνμν̄τ,
and τþ → πþν̄τ decays [1410]; and BESIII made measure-
ments using τþ → πþν̄τ [1404,1411], τþ → ρþν̄τ [1405]
and τþ → eþνeν̄τ [1406] decays. Combining all these
results and accounting for correlations, we obtain a WA
value of

BWAðDþ
s → τþντÞ ¼ ð5.33� 0.12Þ × 10−2: ð314Þ

The ratio of branching fractions is found to be

RDs
τ=μ ¼ 9.82� 0.36; ð315Þ

which is consistent with the ratio expected in the SM.
Taking the average of BWAðDþ

s → μþνÞ and BWAðDþ
s →

τþνÞ [Eqs. (313) and (314)], and using the most recent
values for mτ, mDs

, and τDs
[9], we calculate the product of

the Ds decay constant and jVcsj. The result is

fDs
jVcsj ¼ ð245.4� 2.4Þ MeV; ð316Þ

where the uncertainty is due to the uncertainties on
BWAðDþ

s → μþνμÞ, BWAðDþ
s → τþντÞ, and the external

inputs. All input values and the resulting world average
are summarized in Table 294 and plotted in Fig. 93 (right).
To calculate this average, we take into account correlations
within each experiment39 for uncertainties related to nor-
malization, tracking, particle identification, signal and
background parametrizations, and peaking background
contributions.
Using the LQCD value for fDs

from FLAG [Eq. (305)],
we calculate the magnitude of the CKMmatrix element Vcs
to be

jVcsj ¼ 0.9820� 0.0096ðexpÞ � 0.0020ðLQCDÞ; ð317Þ

where the first and second uncertainties are from experi-
ment and from lattice calculations, respectively.
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FIG. 93. WAvalues for fDjVcdj (left) and fDs
jVcsj (right). For each point, the first error is statistical and the second error is systematic.

BESIII(a) represents results based on 0.48 fb−1 of data recorded at
ffiffiffi
s

p ¼ 4.009 GeV [1412], and BESIII(b) represents results based on
6.32 fb−1 of data recorded at

ffiffiffi
s

p ¼ 4.178–4.226 GeV [1405–1407].

39In the case of BABAR, we use the covariance matrix from the
Errata of Ref. [1410].
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3. Comparison with other determinations
of jVcdj and jVcsj

Table 295 summarizes, and Fig. 94 displays, all determi-
nations of the magnitudes jVcdj and jVcsj. The table and
figure show that, currently, the most precise direct

determinations are from leptonic Dþ and Dþ
s decays. The

values obtained are in agreement within uncertainties with
those obtained from a global fit assuming CKM unitarity
[242]. However, there is a 2.1σ tension for the jVcsj values
determined from leptonic and semileptonic DðsÞ decays.

TABLE 294. Experimental results and world averages for BðDþ
s → lþνlÞ and fDs

jVcsj. The first uncertainty is
statistical and the second is experimental systematic. The third uncertainty in the case of fDs

jVcsj is due to external
inputs (dominated by the uncertainty on τDs

). We have adjusted the BðDþ
s → τþντÞ values quoted by CLEO-c and

BABAR to account for the most recent values of Bðτþ → πþν̄τÞ, Bðτþ → μþνμν̄τÞ, and Bðτþ → eþνeν̄τÞ [9]. CLEO-
c and BABAR include the uncertainty in the number of Ds tags (denominator in the calculation of the branching
fraction) in the statistical uncertainty of B; however, we subtract this uncertainty from the statistical one and include
it in the systematic uncertainty. When averaging the BESIII results of BðDþ

s → τþντÞ, small correlations among
various measurements have been taken into account.

Mode B (10−2) fDs
jVcsj (MeV) References

μþνμ

0.565� 0.044� 0.020 249.8� 9.7� 4.4� 1.0 CLEO-c [1298]
0.602� 0.037� 0.032 257.8� 7.9� 6.9� 1.0 BABAR [1409]
0.531� 0.028� 0.020 242.2� 6.4� 4.6� 1.0 Belle [1410]
0.517� 0.075� 0.021 238.9� 17.3� 4.9� 0.9 BESIII [1411]
0.535� 0.013� 0.016 243.1� 3.0� 3.6� 1.0 BESIII [1404]

0.543� 0.011� 0.011 244.9� 2.4� 2.5� 1.0 Average

τþðeþÞντ 5.32� 0.47� 0.22 245.4� 10.9� 5.1� 1.0 CLEO-c [1413]
τþðπþÞντ 6.47� 0.80� 0.22 270.1� 16.8� 4.6� 1.1 CLEO-c [1298]
τþðρþÞντ 5.50� 0.54� 0.24 249.8� 12.3� 5.5� 1.0 CLEO-c [1412]

τþντ 5.59� 0.32� 0.14 251.7� 7.2� 3.2� 1.0 CLEO-c

τþðeþÞντ 5.09� 0.52� 0.68 240.1� 12.3� 16.1� 1.0
BABAR [1409]

τþðμþÞντ 4.90� 0.46� 0.54 235.7� 11.1� 13.0� 1.0

τþντ 4.96� 0.37� 0.57 237.1� 8.8� 13.6� 1.0 BABAR

τþðeþÞντ 5.38� 0.33þ0.35
−0.31 246.8� 7.6þ8.1

−7.1 � 1.0
Belle [1410]τþðμþÞντ 5.86� 0.37þ0.34

−0.59 257.8� 8.1þ7.5
−13.0 � 1.0

τþðπþÞντ 6.05� 0.43þ0.46
−0.40 261.7� 9.3þ10.0

−8.7 � 1.0

τþντ 5.70� 0.21� 0.31 254.1� 4.7� 6.9� 1.0 Belle

τþðπþÞντ 3.28� 1.83� 0.37 193� 54� 11� 1 BESIII [1411]

τþðπþÞντ 5.21� 0.25� 0.17 243.0� 5.8� 4.0� 1.0 BESIII [1404]

τþðρþÞντ 5.29� 0.25� 0.20 244.8� 5.8� 4.6� 1.0 BESIII [1405]

τþðeþÞντ 5.27� 0.10� 0.12 244.4� 2.3� 2.8� 1.0 BESIII [1406]

τþντ 5.26� 0.09� 0.11 244.1� 2.0� 2.6� 1.0 BESIII

5.33� 0.08� 0.09 245.7� 1.8� 2.2�1.0 Average

μþνμ þ τþντ 245.4� 1.4� 1.7� 1.0 Average

eþνe <0.0083 at 90% C.L. Belle [1410]
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4. Extraction of DðsÞ meson decay constants

As listed in Table 295 (and plotted in Fig. 94), the values
of jVcsj and jVcdj can be determined from a global fit of the
CKM matrix assuming unitarity [242]. These values can be
used to extract the Dþ and Dþ

s decay constants from the
world average values of fDjVcdj and fDs

jVcsj given in
Eqs. (310) and (316). The results are

fexpD ¼ ð205.1� 4.4Þ MeV; ð318Þ

fexpDs
¼ð252.2� 2.5Þ MeV; ð319Þ

and the ratio of the decay constants is

fexpDs

fexpD
¼ 1.230� 0.030: ð320Þ
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FIG. 94. Comparison of magnitudes of CKM matrix elements jVcdj (left) and jVcsj (right), as determined from leptonic and
semileptonic DðsÞ decays. Also listed are results from neutrino scattering, from W decays, and from a global fit of the CKM matrix
assuming unitarity [242].

TABLE 295. Averages of the magnitudes of CKM matrix elements jVcdj and jVcsj, as determined from leptonic
and semileptonic DðsÞ decays. In calculating these averages, we conservatively assume that uncertainties due to
LQCD are fully correlated. For comparison, values determined from neutrino scattering, fromW decays, and from a
global fit to the CKM matrix assuming unitarity [242] are also listed.

Method References Value

jVcdj
D → lνl This section 0.2181� 0.0049ðexpÞ � 0.0007ðLQCDÞ
D → πlνl Sec. XI A 0.2249� 0.0028ðexpÞ � 0.0055ðLQCDÞ
D → lνl Average 0.2208� 0.0040
D → πlνl

νN PDG [9] 0.230� 0.011
Global CKM Fit CKM Fitter [242] 0.22636� 0.00048

jVcsj
Ds → lνl This section 0.9820� 0.0096ðexpÞ � 0.0020ðLQCDÞ
D → Klνl Sec. XI A 0.9447� 0.0043ðexpÞ � 0.0137ðLQCDÞ
Ds → lνl Average 0.9701� 0.0081
D → Klνl

W → cs̄ PDG [9] 0.94þ0.32
−0.26 � 0.13

Global CKM Fit CKMFitter [242] 0.97320� 0.00011
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These values are in agreement within their uncertainties
with the LQCD values given by FLAG [Eqs. (304)–(306)].
The only discrepancy is in the ratio of decay constants; in
this case the measurement is higher by 1.7σ than the LQCD
prediction.

C. Hadronic D0 decays and final state radiation

Measurements of the branching fractions for the decays
D0 → K∓π�, D0 → πþπ−, and D0 → KþK− have reached
sufficient precision to allow averages with Oð1%Þ relative
uncertainties. At this precision, final state radiation (FSR)
must be treated correctly and consistently across the input
measurements for the accuracy of the averages to match the
precision. The sensitivity of measurements to FSR arises
because of a tail in the distribution of radiated energy that
extends to the kinematic limit. The tail beyond

P
Eγ ≈

30 MeV causes typical selection variables like the hadronic
invariant mass to shift outside the selection range dictated
by experimental resolution, as shown in Fig. 95. While the
differential rate for the tail is small, the integrated rate
amounts to several percent of the total hþh−ðnγÞ rate
because of the tail’s extent. The tail therefore translates
directly into a several percent loss in experimental
efficiency.
All measurements that include a FSR correction have a

correction based on the use of PHOTOS [1414–1418] within
the experiment’s Monte Carlo simulation. PHOTOS itself,
however, has evolved, over the period spanning the set of
measurements [1417]. In particular, the incorporation of
interference between radiation from the two separate
mesons has proceeded in stages: it was first available for
particle-antiparticle pairs in version 2.00 (1993), extended
to any two-body, all-charged, final states in version 2.02
(1999), and further extended to multibody final states in
version 2.15 (2005). The effects of interference are clearly
visible, as shown in Fig. 95, and cause a roughly 30%
increase in the integrated rate into the high energy photon
tail. To evaluate the FSR correction incorporated into a
given measurement, we must therefore note whether any
correction was made, the version of PHOTOS used in
correction, and whether the interference terms in PHOTOS

were turned on. Also worth noting, an exponentiated
multiple-photon mode was introduced in PHOTOS version

2.09, which allows PHOTOS to also simulate photons with
low energies; this mode can be switched on or off.

1. Updates to the branching fractions

Before averaging the measured branching fractions, the
published results are updated, as necessary, to the FSR
prediction of PHOTOS 2.15 with interference included and
exponentiated multiple-photon mode turned on. The update
will always shift a branching fraction to a higher value:
with no FSR correction or a FSR correction suboptimally
modeled, the experimental efficiency determination will be

biased high, and therefore the branching fraction will be
biased low.
Most of the branching fraction analyses used the

kinematic quantity sensitive to FSR in the candidate
selection criteria. For the analyses at the ψð3770Þ, this
variable was ΔE, the difference between the candidate D0

energy and the beam energy (e.g., EK þ Eπ − Ebeam for
D0 → K−πþ). In the remainder of the analyses, the relevant
quantity was the reconstructed hadronic two-body mass
mhþh− . To make a FSR correction, we need to evaluate the
fraction of decays that FSR moves outside of the range
accepted for the analysis. The corrections were evaluated
using an event generator (EVTGEN [1419,1420]) that
incorporates PHOTOS to simulate the portions of the decay
process most relevant to the correction.
We compared corrections determined both with and

without smearing to account for experimental resolution;
for the analyses using mhþh− as the kinematic quantity
sensitive to FSR, the differences were negligible, typically
of Oð1%Þ of the correction itself. The immunity of the
correction to resolution effects comes about because most
of the long FSR-induced tail in the mhþh− distribution
resides well away from the selection boundaries. The
smearing from resolution, on the other hand, mainly affects
the distribution of events right at the boundary. For the
analyses using ΔE however, events with low energy
photons are found to substantially move events across
the selection boundary; thus PHOTOS versions with expo-
nentiated multiple-photon mode turned on and off, respec-
tively, can give substantially different FSR corrections. In

FIG. 95. The Kπ invariant mass distribution for D0 →
K−πþðnγÞ decays. The three curves correspond to three different
configurations of PHOTOS for modeling FSR: version 2.02 with-
out interference (blue/gray), version 2.02 with interference (red
dashed) and version 2.15 with interference (black). The true
invariant mass has been smeared with a typical experimental
resolution of 10 MeV=c2. Inset: The corresponding spectrum of
total energy radiated per event. The arrow indicates the

P
Eγ

value that begins to shift kinematic quantities outside of the range
typically accepted in a measurement.
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the case that this mode is on, smearing of the events with
low energy photons increases the amount of the FSR
correction by about 10%. This is well within the uncer-
tainty on the FSR correction, as discussed later in this
section, and thus ignored.
For measurements incorporating a FSR correction that

did not include interference and/or use exponentiated
multiple-photon mode, we update by assessing the FSR-
induced efficiency loss for both the PHOTOS version and
configuration used in the analysis and our nominal version
2.15 (with interference included and exponentiated multi-
ple-photon mode turned on). For measurements that pub-
lished their sensitivity to FSR, our generator-level
predictions for the original efficiency loss agreed to within
a few percent of the correction. This agreement lends
additional credence to the procedure.
Once the event loss from FSR in the most sensitive

kinematic quantity is accounted for, the event loss in other
quantities is typically very small. For example, analyses
using D�þ tags show very little sensitivity to FSR in the
reconstructed D�þ −D0 mass difference, i.e., in
mhþh−πþ −mhþh− . In this case, the effect of FSR tends to
cancel in the difference of reconstructed masses. In the
ψð3770Þ analyses, the beam-constrained mass distributions
(e.g.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jp⃗K þ p⃗πj2

p
) have some sensitivity, but

provide negligible independent sensitivity after the ΔE
selection.
The FOCUS [1421] analysis of the branching fraction

ratios BðD0 → πþπ−Þ=BðD0 → K−πþÞ and BðD0 →
KþK−Þ=BðD0 → K−πþÞ obtained yields using fits to the
two-body mass distributions. FSR will both distort the low
end of the signal mass peak, and will contribute a signal
component to the low side tail used to estimate the
background. The fitting procedure is not sensitive to signal
events out in the FSR tail, which would be counted as part
of the background.
A more complex toy Monte Carlo procedure was

required to analyze the effect of FSR on the fitted yields,
which were published with no FSR corrections applied.
Determining the update involved an iterative procedure in
which samples of similar size to the FOCUS sample were

generated and then fit using the FOCUS signal and back-
ground parametrizations. The MC parametrizations were
tuned based on differences between the fits to the toy MC
data and the FOCUS fits, and the procedure was repeated.
These steps were iterated until the fit parameters matched
the original FOCUS parameters.
The toy MC samples for the first iteration were based on

the generator-level distributions of mK−πþ , mπþπ− , and
mKþK− , including the effects of FSR, smeared according
to the original FOCUS resolution function, and on back-
grounds generated using the parametrization from the final
FOCUS fits. For each iteration, 400 to 1600 individual
data-sized samples were generated and fit. The central
values of the parameters from these fits determined the
corrections to the generator parameters for the following
iteration. The ratio between the number of signal events
generated and the final signal yield provides the required
FSR correction in the final iteration. Only a few iterations
were required in each mode. Figure 96 shows the FOCUS
data, the published FOCUS fits, and the final toy MC
parametrizations. The toy MC provides an excellent
description of the data.
The corrections obtained to the individual FOCUS yields

were 1.0298� 0.0001 for K−πþ, 1.062� 0.001 for πþπ−,
and 1.0183� 0.0003 for KþK−. These corrections tend to
cancel in the branching ratios, leading to corrections
(update shifts) of 1.031� 0.001 (3.10%) for BðD0 →
πþπ−Þ=BðD0 → K−πþÞ, and 0.9888� 0.0003 (−1.12%)
for BðD0 → KþK−Þ=BðD0 → K−πþÞ.
Table 296 summarizes the updated branching fractions.

The published FSR-related modeling uncertainties have
been replaced with a new, common estimate; this estimate
is based on the assumption that the dominant uncertainty in
the FSR corrections comes from the fact that the mesons are
treated as structureless particles. No contributions from
structure-dependent terms in the decay process (e.g.,
radiation from individual quarks) are included in
PHOTOS. Internal studies performed by various experiments
have indicated that in Kπ decays, the PHOTOS corrections
agree with data at the 20%–30% level. We therefore
attribute a 25% uncertainty to the (updated) FSR correction

FIG. 96. FOCUS data (dots), original fits (blue) and toy MC parametrization (red) for D0 → K−πþ (left), D0 → πþπ− (center), and
D0 → πþπ− (right).
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from potential structure-dependent contributions. For the
other two modes, the only difference in structure is the final
state valence quark content. While radiative corrections
typically enter with a 1=M dependence, the additional
contribution from the structure terms enters on a timescale
shorter than the hadronization timescale. Thus, this con-
tribution corresponds to M ∼ ΛQCD rather than that of the
quark masses and would be the same for all three modes.
We make this assumption when treating the correlations
among measurements. We also assume that the PHOTOS

amplitudes and any missing structure amplitudes interfere
constructively. The uncertainties largely cancel in the
branching fraction ratios. For the final average branching
fractions, the FSR uncertainty on Kπ is as large as the
uncertainty due to other systematic effects. Note that
because of the relative sizes of FSR in the different modes,
the ππ=Kπ branching ratio uncertainty from FSR is
positively correlated with that for the Kπ branching
fraction, while the KK=Kπ branching ratio FSR uncer-
tainty is negatively correlated.
The BðD0 → K−πþÞ measurement of Ref. [1430]

(CLEO II), the BðD0 → πþπ−Þ=BðD0 → K−πþÞ measure-
ments of Refs. [1281] (E791) and [1224] (CLEO II.V), and
the BðD0 → KþK−Þ=BðD0 → K−πþÞ measurement of
Ref. [1224] are excluded from the branching fraction

averages presented here. These measurements appear not
to have incorporated any FSR corrections, and insufficient
information is available to determine the 2%–3% update
shifts that would be required.

2. Average branching fractions for
D0 → K − π + , D0 → π +π − and D0 → K+K −

The average branching fractions for D0 → K−πþ, D0 →
πþπ− and D0 → KþK− decays are obtained from a single
χ2 minimization procedure, in which the three branching
fractions are floating parameters. The central values are
obtained from a fit in which the full covariance matrix,
accounting for all statistical, systematic (excluding FSR),
and FSR measurement uncertainties, is used. Table 297
presents the correlation matrix for this nominal fit. We then
obtain the three reported uncertainties on those central
values as follows: The statistical uncertainties are obtained
from a fit using only the statistical covariance matrix. The
systematic uncertainties are obtained by subtracting (in
quadrature) the statistical uncertainties from the uncertain-
ties determined via a fit using a covariance matrix that
accounts for both statistical and systematic measurement
uncertainties. The FSR uncertainties are obtained by
subtracting (in quadrature) the uncertainties determined
via a fit using a covariance matrix that accounts for both

TABLE 296. The experimental measurements relating to BðD0 → K−πþÞ, BðD0 → πþπ−Þ, and BðD0 → KþK−Þ
after updating them to the common version and configuration of PHOTOS. The uncertainties are statistical and total
systematic, with the FSR-related systematic estimated in this procedure shown in parentheses. Also listed are the
percent shifts in the results from those with the original correction (if any), in the case an update is applied here, as
well as the original PHOTOS and interference configuration for each publication.

Experiment (acronym) Result (rescaled) Update shift [%] PHOTOS

D0 → K−πþ
BES III 18 (BE18) [1422] 3.931� 0.006� 0.067ð44Þ% 1.25 2.03/Yes
CLEO-c 14 (CC14) [1262] 3.934� 0.021� 0.061ð31Þ% – 2.15/Yes
BABAR 07 (BA07) [1423] 4.035� 0.037� 0.074ð24Þ% 0.69 2.02/No
CLEO II 98 (CL98) [1424] 3.917� 0.154� 0.167ð27Þ% 2.80 none
ALEPH 97 (AL97) [1425] 3.931� 0.091� 0.124ð27Þ% 0.79 2.0/No
ARGUS 94 (AR94) [1426] 3.490� 0.123� 0.287ð20Þ% 2.33 none
CLEO II 93 (CL93) [1427] 3.965� 0.080� 0.171ð13Þ% 0.38 2.0/No
ALEPH 91 (AL91) [1428] 3.733� 0.351� 0.455ð28Þ% 3.12 none

D0 → πþπ−
BES III 18 [1422] 0.1529� 0.0018� 0.0032ð23Þ% 1.39 2.03/Yes

D0 → πþπ−=D0 → K−πþ
CLEO-c 10 (CC10) [1259] 0.0370� 0.0006� 0.0009ð02Þ – 2.15/Yes
CDF 05 (CD05) [1429] 0.03594� 0.00054� 0.00043ð15Þ – 2.15/Yes
FOCUS 02 (FO02) [1421] 0.0364� 0.0012� 0.0006ð02Þ 3.10 none

D0 → KþK−

BES III 18 [1422] 0.4271� 0.0021� 0.0069ð27Þ% 0.89 2.03/Yes

D0 → KþK−=D0 → K−πþ
CLEO-c 10 [1259] 0.1041� 0.0011� 0.0012ð03Þ – 2.15/Yes
CDF 05 [1429] 0.0992� 0.0011� 0.0012ð01Þ – 2.15/Yes
FOCUS 02 [1421] 0.0982� 0.0014� 0.0014ð01Þ −1.12 none
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statistical and systematic measurement uncertainties from
the uncertainties determined via the fit using the full
covariance matrix.
In forming the full covariance matrix, the FSR uncer-

tainties are treated as fully correlated (or anticorrelated) as
described above. For the covariance matrices involving
systematic measurement uncertainties, ALEPH’s system-
atic uncertainties in the θD� parameter are treated as fully
correlated between the ALEPH 97 and ALEPH 91 mea-
surements. Similarly, the tracking efficiency uncertainties
in the CLEO II 98 and the CLEO II 93 measurements are
treated as fully correlated. For the three BES III 18 results,
both tracking and particle identification efficiencies for any
particles shared between decay modes are treated as fully
correlated. Finally, the BES III 18 results also have a fully
correlated statistical dependence on the number of D0D̄0

pairs produced.
The averaging procedure results in a final χ2 of 36.0 for

13 (16 − 3) degrees of freedom (p-value ¼ 5.9 × 10−4).
The branching fractions obtained are

BðD0 → K−πþÞ ¼ ð3.999� 0.006� 0.031� 0.032Þ%;

ð321Þ

BðD0→πþπ−Þ¼ð0.1490�0.0012�0.0015�0.0019Þ%;

ð322Þ

BðD0→KþK−Þ¼ð0.4113�0.0017�0.0041�0.0025Þ%:

ð323Þ

The uncertainties, estimated as described above, are stat-
istical, systematic (excluding FSR), and FSR modeling.
The correlation coefficients from the fit using the total
uncertainties are

K−πþ πþπ− KþK−

K−πþ 1.00 0.77 0.76

πþπ− 0.77 1.00 0.58

KþK− 0.76 0.58 1.00

These results are explained in detail as follows. As
Fig. 97 shows, the average value for BðD0 → K−πþÞ and
the input branching fractions agree very well. For the
BðD0 → K−πþÞ measurements only, the partial χ2 is 4.9 in
the final fit. With the estimated uncertainty in the FSR
modeling used here, the FSR uncertainty dominates the
statistical uncertainty in the average, suggesting that
experimental work in the near future should focus on
verification of FSR with

P
Eγ ≳ 100 MeV. Note that the

systematic uncertainty excluding FSR has now approached
the level of the FSR uncertainty; in the most preciseTA
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measurements of these branching fractions, the competing
uncertainty is the uncertainty on the tracking efficiency.
The BðD0 → KþK−Þ and BðD0 → πþπ−Þ measure-

ments inferred from the branching ratio measurements
do not agree as well (Fig. 98). There is some tension
among the results when all measurements related to
BðD0 → KþK−Þ and BðD0 → πþπ−Þ are included in the
average together. For the measurements related to BðD0 →
KþK−Þ [BðD0 → πþπ−Þ] only, the partial χ2 is 15.7 [6.0] in
the final fit.
The BðD0 → K−πþÞ average obtained here is approx-

imately two standard deviations higher than the PDG 2020
update average [9]. Table 298 shows the evolution from a fit
similar to the PDG fit (no FSR updates or correlations,

Ref. [1430] included) to the average presented here. There
are three main contributions to the difference. The branch-
ing fraction in Ref. [1430] is low, and its exclusion shifts
the result upwards. A subsequently larger shift (þ0.035%)
is due to the FSR updates, which as expected shift the result
upwards. The largest shift (þ0.050%) occurs as all of the
measurements related to BðD0 → KþK−Þ and BðD0 →
πþπ−Þ are included in the average together with the
BðD0 → K−πþÞ measurements.

3. Average branching fraction for D0 → K+ π −

There is no reason to presume that the effects of FSR
should be different in D0 → Kþπ− and D0 → K−πþ
decays, as both decay to one charged kaon and one charged
pion; indeed, for the same version of PHOTOS the FSR
simulations of these decays are identical. Measurements of
the relative branching fraction ratio between the doubly
Cabibbo-suppressed decay D0 → Kþπ− and the Cabibbo-
favored decay D0 → K−πþ (RD, determined in Sec. X A)
have now approached Oð1%Þ relative uncertainties. This
makes it worthwhile to combine our RD average with the
BðD0 → K−πþÞ average obtained in Eq. (321), to provide a
measurement of the branching fraction:

BðD0 → Kþπ−Þ ¼ ð1.372� 0.017Þ × 10−4: ð324Þ

Note that, by definition of RD, these branching fractions do
not include any contribution from Cabibbo-favored D̄0 →
Kþπ− decays. Our result is more precise than the PDG
2020 value of ð1.364� 0.026Þ × 10−4 [9] due to our using
a more precise value for the ratio RD (obtained from a
global fit to a range of mixing data, see Sec. X A).
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FIG. 97. Comparison of measurements of BðD0 → K−πþÞ
(blue) with the average branching fraction obtained here (red,
and yellow band). For these measurements only, the partial χ2 is
4.9 in the final fit.
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FIG. 98. The BðD0 → KþK−Þ (left) and BðD0 → πþπ−Þ (right) values obtained either from absolute measurements or by scaling the
measured branching ratios with the BðD0 → K−πþÞ branching fraction average obtained here. For the measurements (blue points), the
error bars correspond to the statistical, systematic and either the Kπ normalization uncertainties or, in case of an absolute measurement,
the FSR modeling uncertainty. The average obtained here (red point, yellow band) lists the statistical, systematics excluding FSR, and
the FSR systematic. For the measurements related to BðD0 → KþK−Þ [BðD0 → πþπ−Þ] only, the partial χ2 is 15.7 [6.0] in the final fit.
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4. Consideration of PHOTOS++

The versions of PHOTOS that existing measurements were
performed with are now well over a decade out of date. The
newest version, PHOTOS++ 3.61 [1431], is now fully based
on C++ instead of the original FORTRAN. None of the
measurements used in our branching fraction averages use
PHOTOS++, so we have not yet undertaken an effort to
update all results to this newest version. However, at this
time it is worth continuing our procedure to evaluate
whether there is any continued low bias in the branching
fractions, due to suboptimal modeling of FSR.
We find that the FSR spectra for PHOTOS 2.15, with

interference included and exponentiated multiple-photon
mode turned on, and PHOTOS++ (in its default mode) are
compatible. The distributions of mKπ for simulated D
mesons from B → D�X decays produced at ϒð4SÞ thresh-
old are nearly identical. As an example, the BABAR 07
selection criteria were applied to decays simulated with
PHOTOS++ and our nominal version of PHOTOS 2.15; both
produce identical FSR corrections to within 0.01%.
The distributions of ΔE for simulated D mesons pro-

duced at ψð3770Þ threshold also are nearly identical. As an
example, for the BES III 18D0 → K−πþ,D0 → πþπ−, and
D0 → KþK− branching fraction results, the additional
update shifts required to correct from our nominal version
of PHOTOS 2.15 to PHOTOS++ are less than or equal to 0.02%.
However, if smearing is applied with the BES III 18 ΔE
resolution, while the update for D0 → K−πþ remains
negligible, the update shifts for D0 → πþπ− and D0 →
KþK− are modest at −0.25% and 0.19%, respectively; this
level of shifts are well within the systematic uncertainty of
our averages.

D. Excited DðsÞ mesons

Excited “open” charm mesons have received increased
attention since the first observation of low mass, narrow
DsJ states that were inconsistent with QCD predictions
[1432–1435]. Their properties can be measured in both
prompt analyses as well as in amplitude analyses of

multibody B decays. Tables 299, 300, and 301 summarize
the measurements of masses and widths of excited D and
Ds states. If a preferred assignment of spin and parity was
measured, it is listed in the column JP, where the label
“natural” denotes P ¼ ð−1ÞJ (JP ¼ 0þ; 1−; 2þ…) and
“unnatural” denotes P ¼ ð−1ÞJþ1 (JP ¼ 0−; 1þ; 2−…). In
some studies, it was possible to identify only whether the
state has natural or unnatural spin-parity, but not the values
of the quantum numbers.
For states in which multiple measurements are available,

an average mass and width are calculated; these are listed in
the gray shaded rows. For simplicity, when calculating
averages we neglect possible correlations among individual
measurements. All averaged masses and widths are sum-
marized in Fig. 99. The resonances listed in the tables and
figures are as they appear in the respective publications. In
some cases, it is unclear whether separately listed states are
in fact distinct or are the same resonance. An example is the
D�

1ð2680Þ0 state [1447], which has parameters close to
those of the D�ð2650Þ0. Further measurements are needed
to resolve these ambiguities. Additionally, subsequent
measurements can change the average value such as to
change the relative masses of states, which may be in
contradiction with the naming. An example is the
D1ð2430Þ0 state, whose average mass has been lowered
by the latest LHCb measurement [1438] to become smaller
than the average mass of the D1ð2420Þ states.
The masses and widths of narrow (Γ< 50 MeV) orbitally

excited D mesons (1P states), both neutral and charged, are
well established. Measurements of broad states (Γ∼
200–400 MeV) are less abundant, as identifying the signal
is more challenging. The measured masses and widths, as
well as the JP values, are in agreement with theoretical
predictions based on potential models [527,1470–1472].
The spectroscopic assignment of heavier states remains

less clear. Further theoretical studies suggest the identity of
some 2S and 1D states [1473,1474] and tentatively discuss
possible 1F, 3S and 2P states. Possible new states to be
found in the future are suggested in Refs. [1474,1475].
Following precise measurements from LHCb, recent

TABLE 298. Evolution of the D0 → K−πþ branching fraction from a fit with no FSR updates or correlations
(similar to the average in the PDG 2020 update [9]) to the nominal fit presented here.

Modes fit Description BðD0 → K−πþÞ (%) χ2/(degree of freedom)

K−πþ PDG 2020 [9] equivalent 3.910� 0.006� 0.033 5.1=ð9 − 1Þ ¼ 0.64
K−πþ Drop Ref. [1430] 3.913� 0.006� 0.033 5.1=ð8 − 1Þ ¼ 0.73
K−πþ Add FSR updates 3.948� 0.006� 0.032� 0.019 3.5=ð8 − 1Þ ¼ 0.50
K−πþ Add FSR correlations 3.949� 0.006� 0.032� 0.033 3.7=ð8 − 1Þ ¼ 0.53
All Add CLEO-c, CDF, and FOCUS hþh− 3.956� 0.006� 0.032� 0.033 11.1=ð14 − 3Þ ¼ 1.01
All Add BES III hþh− 3.999� 0.006� 0.031� 0.032 36.0=ð16 − 3Þ ¼ 2.77
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TABLE 299. Measurements of masses and widths for excited D mesons. The column JP lists the assignment of spin and parity. If
possible, an average mass or width is calculated. Table 1 of 2.

Resonance JP Decay mode Mass [MeV=c2] Width [MeV] Measured by References

D�
0ð2400Þ0 0þ

Dþπ− 2297� 8� 20 273� 12� 48 BABAR [778]
Dþπ− 2308� 17� 32 276� 21� 63 Belle [779]
Dþπ− 2407� 21� 35 240� 55� 59 FOCUS [1436]

2318.2� 16.9 267.4� 35.6 Our average

D�
0ð2400Þ� 0þ

D0πþ 2360� 15� 12� 28 255� 26� 20� 47 LHCb [1437]
D0πþ 2349� 6� 1� 4 217� 13� 5� 12 LHCb [659]
D0πþ 2403� 14� 35 283� 24� 34 FOCUS (m & Γ) + Belle (JP) [650]

2351.3� 7.0 229.9� 16.1 Our average

D1ð2420Þ0 1þ

D�þπ− 2424.8� 0.1� 0.7 33.6� 0.3� 2.7 LHCb [1438]
D�þπ− 2419.6� 0.1� 0.7 35.2� 0.4� 0.9 LHCb [1330]
D�þπ− 2423.1� 1.5þ0.4

−0.7 38.8� 5þ1.9
−5.4 ZEUS [1439]

D�þπ− 2420.1� 0.1� 0.8 31.4� 0.5� 1.3 BABAR [1329]
D�þπ− 20� 1.7� 1.3 CDF [1440]
D�þπ− 2421.4� 1.5� 0.9 23.7� 2.7� 4 Belle [779]
D0πþπ− 2426� 3� 1 24� 7� 8 Belle [679]
D�þπ− 2421þ1

−2 � 2 20þ6
−5 � 3 CLEO [1441]

D�þπ− 2422� 2� 2 15� 8� 4 E387 [1442]
D�þπ− 2414� 2� 5 13� 6þ10

−5 ARGUS [1443]
D�þπ− 2428� 3� 2 23þ8

−6
þ10
−4 CLEO [1444]

D�þπ− 2428� 8� 5 58� 14� 20 TPS [1445]
2421.8� 0.4 31.8� 0.7 Our average

D1ð2420Þ� 1þ

D�0πþ 2421.9� 4.7þ3.4
−1.2 ZEUS [1439]

Dþπ−πþ 2421� 2� 1 21� 5� 8 Belle [679]
D�0πþ 2425� 2� 2 26þ8

−7 � 4 CLEO [1446]
D�0πþ 2443� 7� 5 41� 19� 8 TPS [1445]

2423.2� 1.6 25.0� 6.0 Our average

D1ð2430Þ0 1þ
D�þπ− 2411� 3� 9 309� 9� 28 LHCb [1438]
D�þπ− 2427� 26� 25 384þ107

−75 � 74 Belle [779]
2412.0� 9.2 312.6� 28.6 Our average

D�
2ð2460Þ0 2þ

Dþπ− 2463.7� 0.4� 0.4� 0.6 47� 0.8� 0.9� 0.3 LHCb [1447]
Dþπ− 2460.4� 0.1� 0.1 45.6� 0.4� 1.1 LHCb [1330]
D�þπ− 2464� 1.4� 0.5� 0.2 43.8� 2.9� 1.7� 0.6 LHCb [784]

D�þπ−, Dþπ− 2462.5� 2.4þ1.3
−1.1 46.6� 8.1þ5.9

−3.8 ZEUS [1439]
Dþπ− 2462.2� 0.1� 0.8 50.5� 0.6� 0.7 BABAR [1329]
Dþπ− 2460.4� 1.2� 2.2 41.8� 2.5� 2.9 BABAR [778]
Dþπ− 49.2� 2.3� 1.3 CDF [1440]
Dþπ− 2461.6� 2.1� 3.3 45.6� 4.4� 6.7 Belle [779]
Dþπ− 2464.5� 1.1� 1.9 38.7� 5.3� 2.9 FOCUS [1436]
Dþπ− 2465� 3� 3 28þ8

−7 � 6 CLEO [1441]
Dþπ− 2455� 3� 5 15þ13

−10
þ5
−10 ARGUS [1448]

Dþπ− 2459� 3� 2 20� 10� 5 TPS [1445]
D�þπ− 2461� 3� 1 20þ9

−12
þ9
−10 CLEO [1444]

2453� 3� 2 25� 10� 5 E687 [1442]
2460.6� 0.1 47.6� 0.6 Our average
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studies based on unitarized chiral perturbation theory and
lattice QCD propose a two-pole structure of the D�ð2400Þ0
and predict the existence of a lighter state D�ð2100Þ0
[1476,1477].

Tables 302, 303, and 304 summarize branching fractions
of Bmeson decays to excitedD andDs states, respectively.
The measurements listed are the products of the B meson
branching fraction and the daughter D meson branching

TABLE 300. Measurements of masses and widths for excited D mesons. The column JP lists the assignment of spin and parity. If
possible, an average mass or width is calculated. Table 2 of 2.

Resonance JP Decay mode Mass [MeV=c2] Width [MeV] Measured by References

D�
2ð2460Þ� 2þ

D0πþ 2463.1� 0.2� 0.6 48.6� 1.3� 1.9 LHCb [1330]
D0πþ 2465.6� 1.8� 0.5� 1.2 46� 3.4� 1.4� 2.9 LHCb [1437]
D0πþ 2468.6� 0.6� 0.0� 0.3 47.3� 1.5� 0.3� 0.6 LHCb [659]

D�0πþ, D0πþ 2460.6� 4.4þ3.6
−0.8 ZEUS [1439]

D0πþ 2465.4� 0.2� 1.1 BABAR [1329]
D0πþ 2465.7� 1.8þ1.4

−4.8 49.7� 3.8� 6.4 Belle [650]
D0πþ 2467.6� 1.5� 0.8 34.1� 6.5� 4.2 FOCUS [1436]
D0πþ 2463� 3� 3 27þ11

−8 � 5 CLEO [1446]
D0πþ 2453� 3� 2 23� 9� 5 E687 [1442]
D0πþ 2469� 4� 6 ARGUS [1449]

2465.6� 0.4 46.7� 1.2 Our average

Dð2550Þ0 0−
D�þπ− 2518� 2� 7 199� 5� 17 LHCb [1438]
D�þπ− 2539.4� 4.5� 6.8 130� 12� 13 BABAR [1329]

2527.5� 5.4 164.4� 12.5 Our average

Dð2580Þ0 Unnatural D�þπ− 2579.5� 3.4� 5.5 117.5� 17.8� 46 LHCb [1330]

Dð2600Þ0 1−
D�þπ− 2641.9� 1.8� 4.5 149� 4� 20 LHCb [1438]
Dþπ− 2608.7� 2.4� 2.5 93� 6� 13 BABAR [1329]

2619.9� 2.8 111.5� 11.7 Our average

Dð2600Þ� Natural D0πþ 2621.3� 3.7� 4.2 BABAR [1329]

D�ð2640Þ� 1− D�þπþπ− 2637.0� 2� 6 Delphi [1450]

D�ð2650Þ0 Natural D�þπ− 2649.2� 3.5� 3.5 140.2� 17.1� 18.6 LHCb [1330]

D�ð2680Þ0 1− Dþπ− 2681.1� 5.6� 4.9� 13.1 186.7� 8.5� 8.6� 8.2 LHCb [1447]

Dð2740Þ0 2−
D�þπ− 2751� 3� 7 102� 6� 26 LHCb [1438]
D�þπ− 2737.0� 3.5� 11.2 73.2� 13.4� 25 LHCb [1330]

2746.9� 6.4 88.5� 19.4 Our average

Dð2750Þ0 3−
D�þπ− 2753� 4� 6 66� 10� 14 LHCb [1438]
D�þπ− 2752.4� 1.7� 2.7 71� 6� 11 BABAR [1329]

2752.5� 2.9 69.3� 10.1 Our average

D�
1ð2760Þ0 1þ

Dþπ− 2781� 18� 11� 6 177� 32� 20� 7 LHCb [784]
D�þπ− 2761.1� 5.1� 6.5 74.4� 3.4� 37 LHCb [1330]
Dþπ− 2760.1� 1.1� 3.7 74.4� 3.4� 19.1 LHCb [1330]
Dþπ− 2763.3� 2.3� 2.3 60.9� 5.1� 3.6 BABAR [1329]

2762.1� 2.4 65.1� 5.8 Our average

D�
3ð2760Þ0 3− Dþπ− 2775.5� 4.5� 4.5� 4.7 95.3� 9.6� 7.9� 33.1 LHCb [1447]

D�
3ð2760Þ� 3−

D0πþ 2771.7� 1.7� 3.8 66.7� 6.6� 10.5 LHCb [1330]
D0πþ 2798� 7� 1� 7 105� 18� 6� 23 LHCb [659]
D0πþ 2769.7� 3.8� 1.5 BABAR [1329]

2772.8� 2.8 72.3� 11.5 Our average

D�
2ð3000Þ0 2þ Dþπ− 3214� 29� 33� 36 186� 38� 34� 63 LHCb [1447]
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fraction. It is notable that the branching fractions for B
mesons decaying to a narrowD� state and a pion are similar
for charged and neutral B initial states, while the branching
fractions to a broad D� state and πþ are much larger for Bþ

than for B0. This may be due to the fact that color-

suppressed amplitudes contribute only to the Bþ decay
and not to the B0 decay (for a theoretical discussion, see
Refs. [1478,1479]). Values for the branching fractions of
the D mesons are difficult to extract due to the unknown
(and difficult to calculate) B → D�X branching fractions.

TABLE 301. Measurements of masses and widths for excited Ds mesons. The column JP lists the of spin and parity. If possible, an
average mass or width is calculated.

Resonance JP Decay mode Mass [MeV=c2] Width [MeV] Measured by References

D�
s0ð2317Þ� 0þ

Dþ
s π

0 2319.6� 0.2� 1.4 BABAR [1451]
Dþ

s π
0 2317.3� 0.4� 0.8 BABAR [1435]

Dþ
s π

0 2318.3� 1.2� 1.2 BESIII [1452]
2318.0� 0.7 Our average

Ds1ð2460Þ� 1þ

D�þ
s π0;

Dþ
s π

0Γ; Dþ
s Γ; Dþ

s π
þπ−

2460.1� 0.2� 0.8 BABAR [1451]

Dþ
s π

0Γ 2458� 1� 1 BABAR [1435]
2459.6� 0.7 Our average

Ds1ð2536Þ� 1þ

2537.7� 0.5� 3.1 1.7� 1.2� 0.6 BESIII [1453]
D�þK0

S 0.92� 0.03� 0.04 BABAR [1454]
D�þK0

S 2535.7� 0.6� 0.5 DØ [1455]
D�þK0

S; D
�0Kþ 2534.78� 0.31� 0.4 BABAR [700]

Dþ
s π

þπ− 2534.6� 0.3� 0.7 BABAR [1451]
D�þK0

S; D
�0Kþ 2535.0� 0.6� 1.0 E687 [1442]

D�0Kþ 2535.3� 0.2� 0.5 CLEO [1456]
D�þK0

S 2534.8� 0.6� 0.6 CLEO [1456]
D�0Kþ 2535.2� 0.5� 1.5 ARGUS [1457]
D�þK0

S 2535.6� 0.7� 0.4 CLEO [1444]
D�þK0

S 2535.9� 0.6� 2.0 ARGUS [1458]
2535.1� 0.3 0.9� 0.0 Our average

D�
s2ð2573Þ� 2þ

2570.7� 2.0� 1.7 17.2� 3.6� 1.1 BESIII [1453]
D0Kþ; D�þK0

S 2568.39� 0.29� 0.26 16.9� 0.5� 0.6 LHCb [1459]
DþK0

S; D
0Kþ 2569.4� 1.6� 0.5 12.1� 4.5� 1.6 LHCb [1460]

DþK0
S; D

0Kþ 2572.2� 0.3� 1.0 27.1� 0.6� 5.6 BABAR [1461]
D0Kþ 2574.25� 3.3� 1.6 10.4� 8.3� 3.0 ARGUS [1462]
D0Kþ 2573.2þ1.7−1.6 � 0.9 16þ5−4 � 3 CLEO [1463]

2569.1� 0.3 16.9� 0.7 Our average

Ds0ð2590Þ� 0− DþK−π− 2591� 6.0� 7 89� 16� 12 LHCb [1464]

D�
s1ð2700Þ� 1−

D0þK0
S; D

�0Kþ 2732.3� 4.3� 5.8 136� 19� 24 LHCb [1465]
D0Kþ 2699þ14−7 127þ24−19 BABAR [1466]

D�þK0
S; D

�0Kþ 2709.2� 1.9� 4.5 115.8� 7.3� 12.1 LHCb [1467]
DK;D�K 2710� 2þ12−7 149� 7þ39−52 BABAR [1468]

D0Kþ 2708� 9þ11−10 108� 2þ36−31 Belle [797]
2713.0� 3.5 120.9� 10.3 Our average

D�
s1ð2860Þ� 1 D0Kþ 2859� 12� 24 159� 23� 77 LHCb [1469]

D�
s3ð2860Þ� 3−

D�þK0
S; D

�0Kþ 2867.1� 4.3� 1.9 50� 11� 13 LHCb [1465]
D0Kþ 2860.5� 2.6� 6.5 52.2� 8.6 LHCb [1469]

2865.0� 3.9 52.2� 8.6 Our average

DsJð3040Þ� Unnatural D�K 3044� 8þ30−5 239� 35þ46−42 BABAR ðm & ΓÞ þ LHCbðJPÞ [1468]
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FIG. 99. (a) Average masses for excited Ds mesons; (b) average masses for excited D mesons; (c) average widths for excited Ds
mesons; (d) average widths for excited D mesons. The vertical shaded regions distinguish between different spin-parity states.

TABLE 302. Product of the B meson branching fraction and the daughter (excited) D meson branching fraction. Table 1 of 2.

Resonance Decay B½10−4� Measured by References

D�
0ð2400Þ0

B− → D�
0ð2400Þ0ð→ Dþπ−Þπ−

6.1� 0.6� 1.8 Belle [779]
6.8� 0.3� 2.0 BABAR [778]

6.4� 1.4 Our average

B− → D�
0ð2400Þ0ð→ Dþπ−ÞK− 0.061� 0.019� 0.005� 0.014� 0.004 LHCb [784]

D�
0ð2400Þ�

B̄0 → D�
0ð2400Þþð→ D0πþÞπ−

0.77� 0.05� 0.03� 0.03� 0.04 LHCb [659]
0.60� 0.13� 0.27 Belle [650]

0.76� 0.07 Our average

B̄0 → D�
0ð2400Þþð→ D0πþÞK− 0.177� 0.026� 0.019� 0.067� 0.20 LHCb [1437]

D1ð2420Þ0
B− → D1ð2420Þ0ð→ D�þπ−Þπ−

6.8� 0.7� 1.3 Belle [779]
8.42� 0.08� 0.40� 1.40 LHCb [1438]

7.6� 1.0 Our average

B− → D1ð2420Þ0ð→ D0πþπ−Þπ− 1.85� 0.29� 0.27� 0.41 Belle [679]

B̄0 → D1ð2420Þ0ð→ D�þπ−Þω 0.7� 0.2þ0.1
−0.0 � 0.1 Belle [655]

(Table continued)

Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

052008-282



The discoveries of theD�
s0ð2317Þ� andDs1ð2460Þ� have

triggered increased interest in properties of, and searches
for, excitedDs mesons. While the masses and widths of the
Ds1ð2536Þ� and D�

s2ð2573Þ� states are in relatively good
agreement with potential model predictions, the masses of
the D�

s0ð2317Þ� and Ds1ð2460Þ� states are significantly
lower than expected (see Ref. [1480] for a discussion of cs̄
models). Moreover, the mass splitting between these two
states greatly exceeds that between the Ds1ð2536Þ� and

Ds2ð2573Þ�. These unexpected properties have led to
interpretations of the D�

s0ð2317Þ� and Ds1ð2460Þ� as
exotic four-quark states [1481,1482]. A molecule-like
(DK) interpretation of the D�

s0ð2317Þ� and Ds1ð2460Þ�
[1481,1482] that can account for their low masses and
isospin-breaking decay modes is tested by searching for
charged and neutral isospin partners of these states; thus far
such searches have yielded negative results. Therefore the
models that predict equal production rates for different

TABLE 302. (Continued)

Resonance Decay B½10−4� Measured by References

D1ð2420Þ� B̄0 → D1ð2420Þþð→ Dþπ−πþÞπ− 0.89� 0.15� 0.22 Belle [679]

D1ð2430Þ0
B− → D1ð2430Þ0ð→ D�þπ−Þπ−

5.0� 0.4� 1.08 Belle [779]
3.51� 0.06� 0.23� 0.57 LHCb [1438]

4.5� 0.7 Our average

B̄0 → D1ð2430Þ0ð→ D�þπ−Þω 2.5� 0.4þ0.7
−0.2

þ0.4
−0.1 Belle [655]

D�
2ð2460Þ0

B− → D�
2ð2460Þ0ð→ Dþπ−Þπ−

3.4� 0.3� 0.7 Belle [779]
3.5� 0.2� 0.5 BABAR [778]

3.62� 0.06� 0.14� 0.09� 0.25 LHCb [1447]

3.58� 0.23 Our average

B− → D�
2ð2460Þ0ð→ D�þπ−Þπ−

1.8� 0.3� 0.4 Belle [779]
2.08� 0.03� 0.14� 0.34 LHCb [1438]

1.8� 0.3 Our average

B− → D�
2ð2460Þ0ð→ D�þπ−Þω 0.4� 0.1þ0.0

−0.1 � 0.1 Belle [655]

B− → D�
2ð2460Þ0ð→ Dþπ−ÞK− 0.232� 0.011� 0.006� 0.010� 0.016 LHCb [784]

D�
2ð2460Þ�

B̄0 → D�
2ð2460Þþð→ D0πþÞπ−

2.44� 0.07� 0.10� 0.04� 0.12 LHCb [659]
2.15� 0.17� 0.31 Belle [650]

2.38� 0.16 Our average

B̄0 → D�
2ð2460Þþð→ D0πþÞK− 0.212� 0.010� 0.011� 0.011� 0.25 LHCb [1437]

TABLE 303. Product of the B meson branching fraction and the daughter (excited) D meson branching fraction. Table 2 of 2.

Resonance Decay B½10−4� Measured by References

D0ð2550Þ0 B− → D0ð2550Þ0ð→ D�þπ−Þπ− 0.72� 0.01� 0.07� 0.12 LHCb [1438]

D�
1ð2600Þ0 B− → D�

1ð2600Þ0ð→ D�þπ−Þπ− 0.68� 0.01� 0.07� 0.11 LHCb [1438]

D�
1ð2680Þ0 B− → D�

1ð2680Þ0ð→ Dþπ−Þπ− 0.84� 0.06� 0.07� 0.18� 0.06 LHCb [1447]

D2ð2740Þ0 B− → D2ð2740Þ0ð→ D�þπ−Þπ− 0.33� 0.02� 0.14� 0.05 LHCb [1438]

D�
1ð2760Þ0 B− → D�

1ð2760Þ0ð→ Dþπ−ÞK− 0.036� 0.009� 0.003� 0.007� 0.002 LHCb [784]

D�
3ð2760Þ0 B̄− → D�

3ð2760Þ0ð→ Dþπ−Þπ− 0.10� 0.01� 0.01� 0.02� 0.01 LHCb [1447]

B̄− → D�
3ð2760Þ0ð→ D�þπ−Þπ− 0.11� 0.01� 0.02� 0.02 LHCb [1438]

D�
3ð2760Þ� B̄0 → D�

3ð2760Þþð→ D0πþÞπ− 0.103� 0.016� 0.007� 0.008� 0.005 LHCb [659]

D�
2ð3000Þ0 B̄0 → D�

2ð3000Þ0ð→ Dþπ−Þπ− 0.02� 0.01� 0.01� 0.01� 0.00 LHCb [1447]
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charged states are excluded. The molecular picture can also
be tested by measuring the rates for the radiative processes

D�
s0ð2317Þ�=Ds1ð2460Þ� → Dð�Þ

s γ and comparing to theo-
retical predictions. The predicted rates, however, are below
the sensitivity of current experiments.
Another model successful in explaining the total widths

and theD�
s0ð2317Þ�–Ds1ð2460Þ� mass splitting is based on

the assumption that these states are chiral partners of the
ground states Dþ

s and D�
s [1483]. While some measured

branching fraction ratios agree with predicted values,
further experimental tests with better sensitivity are needed
to confirm or refute this scenario. A summary of the mass
difference measurements is given in Table 305.

Recently, a new study proposed modified properties
when treating the D�

s0ð2317Þ as a four-quark state in
thermal medium using thermal QCD sum rules [1484].
Measurements by BABAR [1468] and LHCb [1467] first

indicated the existence of the D�
sJð2860Þ� meson. An

LHCb study of B0
s → D̄0K−πþ decays, in which they

searched for excited Ds mesons [1469], showed with
10σ significance that this state comprises two different
particles, one of spin 1 and one of spin 3. This represents
the first measurement of a heavy flavored spin-3 particle,
and the first observation of B meson decays to spin-3

particles. A subsequent study of Dð�Þ
sJ mesons by the LHCb

collaboration [1465] supports the natural parity

TABLE 304. Product of the B meson branching fraction and the daughter (excited) Ds meson branching fraction.

Resonance Decay B½10−4� Measured by References

D�
s0ð2317Þ�

B0 → D�
s0ð2317Þþð→ Dþ

s π
0ÞD−

8.6þ3.3
−2.6 � 2.6 Belle [699]

18.0� 4.0þ6.7
−5.0 BABAR [698]

10.1þ1.3
−1.2 � 1.0� 0.4 Belle [697]
10.2� 1.5 Our average

Bþ → D�
s0ð2317Þþð→ Dþ

s π
0ÞD̄0 8.0þ1.3

−1.2 � 1.0� 0.4 Belle [697]

B0 → D�
s0ð2317Þþð→ Dþ

s π
0ÞK− 0.53þ0.15

−0.13 � 0.16 Belle [680]

Ds1ð2460Þ�

B0 → Ds1ð2460Þþð→ D�þ
s π0ÞD−

22.7þ7.3
−6.2 � 6.8 Belle [699]

28.0� 8.0þ11.2
−7.8 BABAR [698]

24.7� 7.6 Our average

B0 → Ds1ð2460Þþð→ D�þ
s γÞD−

8.2þ2.2
−1.9 � 2.5 Belle [699]

8.0� 2.0þ3.2
−2.3 BABAR [698]

8.1� 2.3 Our average

Ds1ð2460Þþ → D�þ
s π0 ð56� 13� 9Þ% BABAR [693]

Ds1ð2460Þþ → D�þ
s γ ð16� 4� 3Þ% BABAR [693]

Ds1ð2536Þ�

B0 → Ds1ð2536Þþð→ D�0KþÞD− 1.71� 0.48� 0.32 BABAR [700]

B0 → Ds1ð2536Þþð→ D�þK0ÞD− 2.61� 1.03� 0.31 BABAR [700]

B0 → Ds1ð2536Þþð→ D�0KþÞD�− 3.32� 0.88� 0.66 BABAR [700]

B0 → Ds1ð2536Þþð→ D�þK0ÞD�− 5.00� 1.51� 0.67 BABAR [700]

Bþ → Ds1ð2536Þþð→ D�0KþÞD̄0 2.16� 0.52� 0.45 BABAR [700]

Bþ → Ds1ð2536Þþð→ D�þK0ÞD̄0 2.30� 0.98� 0.43 BABAR [700]

Bþ → Ds1ð2536Þþð→ D�0KþÞD̄�0 5.46� 1.17� 1.04 BABAR [700]

Bþ → Ds1ð2536Þþð→ D�þK0ÞD̄�0 3.92� 2.46� 0.83 BABAR [700]

D�
s2ð2573Þ�

B0 → D�
s2ð2573Þð→ D0KþÞD− 0.34� 0.17� 0.05 BABAR [1466]

Bþ → D�
s2ð2573Þð→ D0KþÞD̄0 0.08� 14� 0.05 BABAR [1466]

Ds1
�ð2700Þ� Bþ → Ds1

�ð2700Þþð→ D0KþÞD̄0

11.3� 2.2 þ1.4
−2.8 Belle [797]

5.02� 0.71� 0.93 BABAR [1466]

5.83� 1.09 Our average

B0 → Ds1
�ð2700Þþð→ D0KþÞD− 7.14� 0.96� 0.69 BABAR [1466]
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assignment for these states. This study also shows weak
evidence for a further structure at a mass around
3040 MeV=c2 with unnatural parity, which was first
hinted at by a BABAR analysis [1468]. The second
observation of a spin-3 charm meson was a subsequent
LHCb analysis of B0 → D̄0πþπ− decays, which measured
the spin-parity assignment of the state D�

3ð2760Þ� to be
JP ¼ 3− [659]. This resonance was in fact observed
previously by BABAR [1329] and LHCb [1330]. The
measurement suggests a spectroscopic assignment
of 3D3. Recently, also the corresponding neutral state
was observed by LHCb, the D�

3ð2760Þ0 [1447].
Other observed excited Ds states include D�

s1ð2700Þ�
and D�

s2ð2573Þ�. The properties of both (mass, width, JP)
have been measured and determined in several analyses.
A theoretical discussion [1485] investigates the possibility
that the Ds1ð2700Þ� could represent radial excitations
of the D��

s . Similarly, the D�
s1ð2860Þ� and DsJð3040Þ�

could be excitations of D�
s0ð2317Þ� and Ds1ð2460Þ� or

Ds1ð2536Þ�, respectively. The most recently discovered
state is denoted asDs0ð2590Þ�, and is a strong candidate to
be the missing 21S0 state, the radial excitation of the
pseudoscalar ground-state Dþ

s meson [1464].
Table 306 summarizes measurements of the helicity

parameter AD (also referred to as the polarization parameter).
In decays of orbitally excited charm mesons (D��) to D�π,
D� → Dπ, the helicity distribution varies like
1þ AD cos2 θH, where θH is the angle in the D� rest frame
between the two pions emitted by decayD�� → D�π and the
D� → Dπ. The parameter is sensitive to possible
S-wave contributions in the decay. In the case of a D meson
decaying purely via D-wave, the helicity parameter is
predicted to give AD ¼ 3. Studies of the D1ð2420Þ0 meson
by the ZEUS and BABAR collaborations suggest that there is
an S-wave admixture in the decay, which is contrary to the
expectationbasedonheavyquarkeffective theory [494,1486].

TABLE 305. Measurements of mass differences for excited D mesons.

Resonance Relative to Δm [MeV=c2] Measured by References

D�
1ð2420Þ0 D�þ

410.2� 2.1� 0.9 ZEUS [1487]
411.7� 0.7� 0.4 CDF [1440]

411.5� 0.8 Our average

D1ð2420Þ� D�
1ð2420Þ0 4þ2

−3 � 3 CLEO [1446]

D�
2ð2460Þ0

Dþ 593.9� 0.6� 0.5 CDF [1440]

D�þ 458.8� 3.7þ1.2
−1.3 ZEUS [1487]

D�
2ð2460Þ� D�

2ð2460Þ0
3.1� 1.9� 0.9 FOCUS [1436]
−2� 4� 4 CLEO [1446]
14� 5� 8 ARGUS [1449]

3.0� 1.9 Our average

D�
s0ð2317Þ� D�

s

348.7� 0.5� 0.7 Belle [1434]
350.0� 1.2� 1.0 CLEO [1433]
351.3� 2.1� 1.9 Belle [699]

349.2� 0.7 Our average

Ds1ð2460Þ�
D��

s

344.1� 1.3� 1.1 Belle [1434]
351.2� 1.7� 1.0 CLEO [1433]
346.8� 1.6� 1.9 Belle [699]

347.1� 1.1 Our average

D�
s

491.0� 1.3� 1.9 Belle [1434]
491.4� 0.9� 1.5 Belle [1434]

491.3� 1.4 Our average

Ds1ð2536Þ�
D�ð2010Þ�

524.83� 0.01� 0.04 BABAR [1454]
525.30þ0.44

−0.41 � 0.10 ZEUS [1487]
525.3� 0.6� 0.1 ALEPH [1488]

524.84� 0.04 Our average

D�ð2007Þ0 528.7� 1.9� 0.5 ALEPH [1488]

D�
s2ð2573Þ� D0 704� 3� 1 ALEPH [1488]
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E. Excited charmed baryons

In this section we summarize the present status of excited
charmed baryons decaying strongly or electromagnetically.
We list their masses (or the mass difference between
the excited baryon and the corresponding ground state),
natural widths, decay modes, and assigned quantum num-
bers. The present ground-state measurements are:
MðΛþ

c Þ ¼ 2286.46� 0.14 MeV=c2 measured by BABAR
[1489], MðΞ0

cÞ ¼ ð2470.90þ0.22
−0.29Þ MeV=c2 and MðΞþ

c Þ ¼
ð2467.94þ0.17

−0.20Þ MeV=c2, both dominated by CDF [131],
and MðΩ0

cÞ ¼ ð2695.2� 1.7Þ MeV=c2, dominated by
Belle [1490]. Should these values change, so will many
of the values for the masses of the excited states.
Table 307 summarizes the excited Λþ

c baryons. The first
two states listed, namely theΛcð2595Þþ andΛcð2625Þþ, are
well established. The measured masses and decay patterns
suggest that they are orbitally excited Λþ

c baryons with total
angular momentum of the light quarks L ¼ 1. Thus their
quantum numbers are assigned to be JP ¼ 1

2
− and JP ¼ 3

2
−,

respectively. Their mass measurements are dominated by
CDF [1491]: MðΛcð2595ÞþÞ ¼ ð2592.25� 0.28Þ MeV=c2

and MðΛcð2625ÞþÞ ¼ ð2628.11� 0.19Þ MeV=c2. Earlier

measurements did not fully take into account the restricted
phase-space of the Λcð2595Þþ decays.
The next two states, Λcð2765Þþ and Λcð2880Þþ, were

discovered by CLEO [1492] in the Λþ
c π

þπ− final state.
CLEO found that a significant fraction of the Λcð2880Þþ
decays proceeds via an intermediate Σcð2445Þþþ;0π−;þ.
Later, BABAR [1493] observed that this state has also a
D0p decay mode. This was the first example of an excited
charmed baryon decaying into a charm meson plus a
baryon; previously all excited charmed baryons were found
via hadronic transitions into lower lying charmed baryons.
In the same analysis, BABAR observed for the first time an
additional state, Λcð2940Þþ, decaying into D0p. Studying
the Dþp final state, BABAR found no signal and this
implies that the Λcð2880Þþ and Λcð2940Þþ are Λþ

c excited
states rather than Σc excitations. Belle reported the result of
an angular analysis that favors 5=2 for the Λcð2880Þþ spin
hypothesis. Moreover, the measured ratio of branching
fractions BðΛcð2880Þþ → Σcð2520Þπ�Þ=BðΛcð2880Þþ →
Σcð2455Þπ�Þ ¼ ð0.225� 0.062� 0.025Þ, combined with
theoretical predictions based on HQS [527,1494], favor
even parity. However this prediction is only valid if the
P-wave portion of Σcð2520Þπ is suppressed. LHCb [880]

TABLE 306. Measurements of polarization amplitudes for excited D mesons.

Resonance AD Measured by References

D1ð2420Þ0

7.8þ6.7
−2.7

þ4.6
−1.8 ZEUS [1439]

5.72� 0.25 BABAR [1329]
5.9þ3.0

−1.7
þ2.4
−1.0 ZEUS [1487]

3.8� 0.6� 0.8 BABAR [535]

5.61� 0.24 Our average

D1ð2420Þ� 3.8� 0.6� 0.8 BABAR [535]

D�
2ð2460Þ0 −1.16� 0.35 (stat.) ZEUS [1439]

Dð2750Þ0 0.33� 0.28 (stat.) BABAR [1329]

TABLE 307. Summary of excited Λþ
c baryons. The uncertainties are the total of the statistical and systematic

uncertainties.

Charmed baryon excited state Mode Mass (MeV=c2) Natural width (MeV) JP

Λcð2595Þþ Λþ
c π

þπ−, Σcð2455Þπ 2592.25� 0.28 2.59� 0.57 1
2
−

Λcð2625Þþ Λþ
c π

þπ− 2628.11� 0.19 <0.97 3
2
−

Λcð2765Þþ Λþ
c π

þπ−, Σcð2455Þπ 2766.6� 2.4 50 ?

Λcð2860Þþ D0p 2856.1þ2.3
−5.6 67.6þ11.8

−21.6
3
2
þ

Λcð2880Þþ Λþ
c π

þπ−, Σcð2455Þπ, 2881.63� 0.24 5.6þ11.3
−10.0

5
2
þ

Σcð2520Þπ, D0p

Λcð2940Þþ D0p, Σcð2455Þπ 2939.6þ1.3
−1.5 20þ6

−5 ?
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have analyzed the D0p system in the resonant substructure
of Λb decays. They confirm the 5

2
þ identification of the

Λcð2880Þþ. In addition they find evidence for a further,
wider, state they name the Λcð2860Þþ, with JP ¼ 3

2
þ (the

parity is measured with respect to that of the Λcð2880Þþ).
The explanation for these states in the heavy quark-light
diquark model is that they are a pair of orbital D-wave
excitations. Furthermore, LHCb [880] find evidence for the
spin-parity of the Λcð2940Þþ to be 3

2
−, and improve the

world average measurements of both the mass and width of
this particle.
A current open question concerns the nature of the

Λcð2765Þþ state. However, it has now been experimentally
shown by Belle [1495] to be a Λc rather than a Σc, and
implicit in this analysis is that the data can be explained by
one resonance. The state has also been observed, but not
measured, by LHCb [1496].
Table 308 summarizes the excited Σþþ;þ;0

c baryons.
The ground state iso-triplets of Σcð2455Þþþ;þ;0 and
Σcð2520Þþþ;þ;0 baryons are well established. Belle
[1497] precisely measured the mass differences and widths
of the doubly charged and neutral members of this triplet.
The short list of excited Σc baryons is completed by the
triplet of Σcð2800Þ states observed by Belle [1498]. Based
on the measured masses and theoretical predictions
[1499,1500], these states are thought by some to be
members of the predicted Σc2

3
2
− triplet, where the subscript

2 refers to the total spin of the light quark degrees of
freedom. From a study of resonant substructure in B− →
Λþ
c p̄π− decays, BABAR found a significant signal in the

Λþ
c π

− final state with a mean value higher than measured
for the Σcð2800Þ by Belle by about 3σ (Table 308). The
decay widths measured by Belle and BABAR are consistent,
but it is an open question if the observed state is the same as
the Belle state.It is possible that the present excesses will
prove to be due to two or more overlapping states.

Circumstantial evidence for this can be found by comparing
with the Ξc and Ωc states of similar excitation energies.
Table 309 summarizes the excited Ξþ;0

c . The list of
excited Ξc baryons has many states, of unknown quantum
numbers, having masses above 2900 MeV=c2 and
decaying through three different types of modes: ΛcKnπ
or ΣcKnπ, Ξcnπ, and ΛD. Some of these states
(Ξcð2970Þþ, Ξcð3055Þ and Ξcð3080Þþ;0) have been
observed by both Belle [1501–1503] and BABAR [757],
are produced in the charm continuum, and are considered
well established. Recently LHCb [1504] reported three
narrow states in Λþ

c K−. The masses of two of these states,
named the Ξcð2923Þ and Ξcð2939Þ bookend the already
discovered, wide Ξcð2930Þ0. This state, also decaying into
Λþ
c K−, was found in B decays by BABAR [1505]. It was

also observed by Belle [824], who in addition observed a
similar charged state. Table 309 shows the parameters
measured by Belle, as they allow for the interference and
other resonances in their analysis. However, given the low
statistics of these observations in eþe− annihilation, it is
possible that the LHCb data explains the peaks found by
Belle and BABAR as the manifestation of these two states
overlapping, and thus there is no distinct Ξcð2930Þ state.
LHCb [1504] note that there may well be a fourth
resonance at a lower mass of ≈2880 MeV=c2 and also
that the pattern of masses of these states bears a remarkable
similarity to that of the excited Ωc masses, implying the
same underlying spin-structure of the quarks. The highest
mass of the LHCbΩc quintuplet does not appear to have an
analogous state here. This state had the lowest signal of the
five in the LHCb data and was not confirmed by Belle, so
this may imply that it is of a completely different nature to
the other four states. Alternatively there may exist an
equivalent state in the excited Λþ

c K− data but it cannot
be seen because of its large width and alternative decay
modes. The highest-mass of the three new states reported
by LHCb is very close in mass to the Ξcð2970Þ; formerly

TABLE 308. Summary of the excited Σþþ;þ;0
c baryon family. The mass difference is given with respect to

the Λþ
c .

Charmed baryon excited state Mode Mass difference (MeV=c2) Natural width (MeV) JP

Σcð2455Þþþ Λþ
c π

þ 167.510� 0.17 1.89þ0.09
−0.18

1
2
þ

Σcð2455Þþ Λþ
c π

0 166.4� 0.4 <4.6 @ 90% C.L. 1
2
þ

Σcð2455Þ0 Λþ
c π

− 167.29� 0.17 1.83þ0.11
−0.19

1
2
þ

Σcð2520Þþþ Λþ
c π

þ 231.95þ0.17
−0.12 14.78þ0.30

−0.40
3
2
þ

Σcð2520Þþ Λþ
c π

0 231.0� 2.3 <17 @ 90% C.L. 3
2
þ

Σcð2520Þ0 Λþ
c π

− 232.02þ0.15
−0.14 15.3þ0.4

−0.5
3
2
þ

Σcð2800Þþþ Λþ
c π

þ 514þ4
−6 75þ22

−17
3
2
−?

Σcð2800Þþ Λþ
c π

0 505þ15
−5 62þ64

−44
Σcð2800Þ0 Λþ

c π
− 519þ5

−7 72þ22
−15

Λþ
c π

− 560� 13 86þ33
−22
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named by the PDG as the Ξcð2980Þ. A recent analysis by
Belle [1506] reveals that the favored spin-parity of this state
is JP ¼ 1

2
þ, which corresponds to it being a (2S) radial

excitation. The Ξcð2765Þ and Ξcð2970Þ properties seem to
differ by enough to be able to say with reasonable
confidence that they are completely different states, though
the confusion due to their similar masses might help
explain the poor consistency of the historical measurements
of the Ξcð2970Þ. The properties of the Ξcð2970Þ can be
seen to have similarities to the Λcð2765Þ, not only in its
mass difference with respect to the ground state, but also its
decay pattern and large production in eþe− annihilation
data. This strengthens the confidence in their identification
as “Roper-like” resonances [1507], that is, as the charmed
equivalents of the light quark P11ð1440Þ which is often
identified as a radial excitation.
In addition to the Ξcð2970Þ, Belle [1508] have analyzed

large samples of Ξ0
c, Ξcð2645Þ, Ξcð2790Þ, and Ξcð2815Þ

decays. From this analysis they obtain the most precise mass
measurements of all five iso-doublets, and the first signifi-
cant width measurements of the Ξcð2645Þ, Ξcð2790Þ and

Ξcð2815Þ. Though the spin-parity of these particles have not
been directly measured, there seems little controversy that
the simple quark-diquark model can explain the data. We
note that the precision of the mass measurements allows for
added information from the isospin mass-splitting to be used
in identifying the underlying structure. In addition, the recent
observation by Belle [1509] of photon transitions to the
ground state from the neutral (but not charged) Ξcð2815Þ,
and probably also the Ξcð2790Þ, can be interpreted as
confirmation of the standard quark interpretation.
Several of the width and mass measurements for the

Ξcð3055Þ and Ξcð3080Þ isodoublets are only in marginal
agreement between experiments and decay modes.
However, there seems little doubt that the differing mea-
surements are of the same particle. The masses do indicate
that their spin-parity might match those of the Λcð2860Þ
and Λcð2880Þ.
The Ξcð3123Þþ reported by BABAR [757] in the

Σcð2520Þþþπ− final state has not been confirmed by
Belle [1502] with twice the statistics; thus its existence
is in doubt and it is omitted from Tab. 309 which
summarizes the present situation in the excited Ξc sector.

TABLE 309. Summary of excited Ξþ;0
c states. For the first four isodoublets, it is the mass difference with respect to

the ground state to which they decay that is quoted as this avoids uncertainties in the ground state masses. For the
remaining cases, the uncertainty on the measurement of the excited state itself dominates.

Charmed baryon excited state Mode Mass difference (MeV=c2) Natural width (MeV) JP

Ξ0þ
c Ξþ

c γ 110.5� 0.4 1
2
þ

Ξ00
c Ξ0

cγ 108.3� 0.4 1
2
þ

Ξcð2645Þþ Ξ0
cπ

þ 174.7� 0.1 2.1� 0.2 3
2
þ

Ξcð2645Þ0 Ξ0
cπ

− 178.5� 0.1 2.4� 0.2 3
2
þ

Ξcð2790Þþ Ξ00
c π

þ 320.7� 0.5 9� 1 1
2
−

Ξcð2790Þ0 Ξ0þ
c π− 323.8� 0.5 10� 1 1

2
−

Ξcð2815Þþ Ξcð2645Þ0πþ 348.8� 0.1 2.43� 0.23 3
2
−

Ξcð2815Þ0 Ξcð2645Þþπ−;Ξ0
cγ 349.4� 0.1 2.54� 0.23 3

2
−

Charmed baryon excited
state Mode

Mass difference
(MeV=c2)

Natural width
(MeV) JP

Ξcð2923Þ0 Λþ
c K− 2923.04� 0.35 7.1� 2.0 ?

Ξcð2930Þþ Λþ
c K0

S 2942.3� 4.6 14.8� 9.1 ?
Ξcð2930Þ0 Λþ

c K− 2928.6þ3.1−12.4 19.5þ10.2−11.5 ?

Ξcð2939Þ0 Λþ
c K− 2938.55� 0.30 10.2� 1.4 ?

Ξcð2965Þ0 Λþ
c K− 2964.88� 0.33 14.1� 1.6 ?

Ξcð2970Þþ Λþ
c K−πþ;Σþþ

c K−;Ξcð2645Þ0πþ 2967.2� 0.8 21� 3 ?
Ξcð2970Þ0 Ξcð2645Þþπ− 2970.4� 0.8 28� 3 ?

Ξcð3055Þþ Σþþ
c K−;ΛD 3055.7� 0.4 8.0� 1.9 ?

Ξcð3055Þ0 ΛD 3059.0� 0.8 6.2� 2.4 ?

Ξcð3080Þþ Λþ
c K−πþ;Σþþ

c K−;Σcð2520ÞþþK−;ΛD 3077.8� 0.3 3.6� 0.7 ?
Ξcð3080Þ0 Λþ

c K0
Sπ

−;Σ0
cK0

S;Σcð2520Þ0K0
S 3079.9� 1.0 5.6� 2.2 ?
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TheΩ�0
c doubly strange charmed baryon has been seen by

both BABAR [1510] and Belle [1490]. The mass differences
ΔM ¼ MðΩ�0

c Þ −MðΩ0
cÞ measured by the experiments are

in good agreement and are also consistent with most
theoretical predictions [1511–1514]. LHCb [1515] has
found a family of five excited Ω0

c baryons decaying into
Ξþ
c K−. A natural explanation is that they are the five states

with L ¼ 1 between the heavy quark and the light (ss)
diquark; however, there is no consensus as to which state is
which, and this overall interpretation is controversial. Four of
the five states have been confirmed by Belle [1516] and,
although the Belle dataset is much smaller than that of
LHCb, these mass measurements do contribute to the world
averages. There is evidence for a further, wider, state at
higher mass in the LHCb data. Belle data shows a small
excess in the same region, but it is of low significance.
Table 310 summarizes the excited Ωc baryons.

Figure 100 shows the levels of excited charm baryons
along with corresponding transitions between them, and
also transitions to the ground states. We note that Belle
and BABAR discovered that transitions between “fami-
lies” of baryons are possible, i.e., between the charmed-
strange (Ξc) and charmed-nonstrange (Λþ

c and Σc) fam-
ilies of excited charmed baryons [757,1501], and that
highly excited states are found to decay into a non-
charmed baryon and a D meson [1493,1503]. Transitions
of the ground state Ξ0

c to the Λþ
c , corresponding to the

weak decay of the stange quark, were observed first by
Belle [1497], and then studied and measured by
LHCb [1517].

F. Rare and forbidden decays

This section provides a summary of searches for rare and
forbidden charm decays in tabular form. The decay modes

FIG. 100. Level diagram for multiplets and transitions for excited charm baryons.

TABLE 310. Summary of excited Ω0
c baryons. For the Ωcð2770Þ0, the mass difference with respect to the ground

state is given, as the uncertainty is dominated by the uncertainty in the ground state mass. In the remaining cases the
total mass is shown, though the uncertainty in the Ξþ

c mass makes an important contribution to the total uncertainty.

Charmed baryon excited state Mode Mass difference (MeV=c2) Natural width (MeV) JP

Ωcð2770Þ0 Ω0
cγ 70.7þ0.8

−0.9
3
2
þ

Charmed baryon excited state Mode Mass (MeV=c2) Natural width (MeV) JP

Ωcð3000Þ0 Ξþ
c K− 3000.4� 0.4 4.5� 0.7 ?

Ωcð3050Þ0 Ξþ
c K− 3050.2� 0.3 <1.2 ?

Ωcð3065Þ0 Ξþ
c K− 3065.5� 0.4 3.5� 0.5 ?

Ωcð3090Þ0 Ξþ
c K− 3090.0� 0.6 8.7� 1.4 ?

Ωcð3120Þ0 Ξþ
c K− 3119.1� 1.0 <2.6 ?
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can be categorized as flavor-changing neutral currents,
including decays with and without hadrons in the final
state, and radiative, lepton-flavor-violating, lepton-number-
violating, and both baryon- and lepton-number-violating
decays. Figures 101–103 plot the upper limits for D0, Dþ,
Dþ

s , and Λþ
c decays. Tables 311–314 give the

corresponding numerical results. Some theoretical predic-
tions are given in Refs. [1518–1533].
Some D0 decay modes have been observed and are

quoted as branching fractions with uncertainties in the
tables and shown as a symbol with a line representing the
68% C.L. interval in the plots.

FIG. 101. Upper limits at 90% C.L. for D0 decays. The top plot shows flavor-changing neutral current and radiative decays, and the
bottom plot shows lepton-flavor-changing (LF), lepton-number-changing (L), and both baryon- and lepton-number-changing (BL)
decays.
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In several cases the rare-decay final states have
been observed with the dilepton pair being the decay
product of a vector meson. For these measurements the
quoted limits are those expected for the nonresonant
dilepton spectrum. For the extrapolation to the full
spectrum a phase-space distribution of the nonresonant
component has been assumed. This applies to the CLEO
measurement of the decays Dþ

ðsÞ → ðKþ; πþÞeþe− [1534],
to the D0 measurements of the decays Dþ

ðsÞ → πþμþμ−

[1535], and to the BABAR measurements of the decays
Dþ

ðsÞ → ðKþ; πþÞeþe− and Dþ
ðsÞ → ðKþ; πþÞμþμ−, where

the contribution from ϕ → lþl− (l ¼ e, μ) has been
excluded. In the case of the LHCb measurements of
the decays D0 → πþπ−μþμ− [1536] as well as the decays
Dþ

ðsÞ → πþμþμ− [1537] the contributions from ϕ → lþl−

as well as from ρ;ω → lþl− (l ¼ e, μ) have been
excluded.

FIG. 102. Upper limits at 90% C.L. for Dþ (top) and Dþ
s

(bottom) decays. Each plot shows flavor-changing neutral current
and rare decays, lepton-flavor-changing decays (LF), and lepton-
number-changing (L) decays.

FIG. 103. Upper limits at 90% C.L. for Λþ
c decays. Shown are

flavor-changing neutral current decays, lepton-flavor-changing
(LF) decays, and lepton-number-changing (L) decays.
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TABLE 311. Upper limits for branching fractions at 90% C.L. for D0 decays. Where values are quoted with
uncertainties, these refer to observed branching fractions with the first uncertainty being statistical and all others
systematic as detailed in the corresponding reference.

Mode BF × 106 Experiment References

γγ 26.0 CLEO II [1538]
3.8 BESIII [1539]
2.2 BABAR [1540]
0.85 Belle [1541]

eþe− 220.0 CLEO [1542]
170.0 Argus [1543]
130.0 Mark3 [1544]
13.0 CLEO II [1545]
8.19 E789 [1546]
6.2 E791 [1547]
1.2 BABAR [1548]

0.079 Belle [1549]

μþμ− 70.0 Argus [1543]
44.0 E653 [1550]
34.0 CLEO II [1545]
15.6 E789 [1546]
5.2 E791 [1547]
2.0 HERAb [1551]
1.3 BABAR [1548]
0.21 CDF [1552]
0.14 Belle [1549]

0.0062 LHCb [1553]

π0eþe− 45.0 CLEO II [1545]
4.0 BESIII [1554]

π0μþμ− 540.0 CLEO II [1545]
180.0 E653 [1550]

ηeþe− 110.0 CLEO II [1545]
3.0 BESIII [1554]

ημþμ− 530.0 CLEO II [1545]

πþπ−eþe− 370.0 E791 [1555]
7.0 BESIII [1554]

KSeþe− 12.0 BESIII [1554]

ρ0eþe− 450.0 CLEO [1542]
124.0 E791 [1555]
100.0 CLEO II [1545]

πþπ−μþμ− 30.0 E791 [1555]
0.964� 0.048� 0.051� 0.097 LHCb [1556]

ρ0μþμ− 810.0 CLEO [1542]
490.0 CLEO II [1545]
230.0 E653 [1550]
22.0 E791 [1555]

ωeþe− 180.0 CLEO II [1545]
6.0 BESIII [1554]

ωμþμ− 830.0 CLEO II [1545]

KþK−eþe− 315.0 E791 [1555]
11.0 BESIII [1554]

(Table continued)
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TABLE 311. (Continued)

Mode BF × 106 Experiment References

ϕeþe− 59.0 E791 [1555]
52.0 CLEO II [1545]

KþK−μþμ− 33.0 E791 [1555]
0.154� 0.027� 0.009� 0.016 LHCb [1556]

ϕμþμ− 410.0 CLEO II [1545]
31.0 E791 [1555]

K̄0eþe− 1700.0 Mark3 [1557]
110.0 CLEO II [1545]

K̄0μþμ− 670.0 CLEO II [1545]
260.0 E653 [1550]

K−πþeþe− 385.0 E791 [1555]
41.0 BESIII [1554]

K−πþðeþe−Þρ=ω 4.0� 0.5� 0.2� 0.1 BABAR [1558]

K̄�0ð892Þeþe− 140.0 CLEO II [1545]
47.0 E791 [1555]

K−πþμþμ− 360.0 E791 [1555]

K−πþðμþμ−Þρ=ω 4.17� 0.12� 0.40 LHCb [1559]

K̄�0ð892Þμþμ− 1180.0 CLEO II [1545]
24.0 E791 [1555]

πþπ−π0μþμ− 810.0 E653 [1550]

ρ0γ 240.0 CLEO II [1560]
17.7� 3.0� 0.7 Belle [1296]

ωγ 240.0 CLEO II [1560]

K̄�0ð892Þγ 760.0 CLEO II [1560]
322.0� 20.0� 27.0 BABAR [1561]

ϕγ 190.0 CLEO II [1560]
27.3� 3.0� 2.6 BABAR [1561]

invisible 94.0 Belle [1562]

μ�e∓ 270.0 CLEO [1542]
120.0 Mark3 [1563]
100.0 Argus [1543]
19.0 CLEO II [1545]
17.2 E789 [1546]
8.1 E791 [1547]
0.81 BABAR [1548]
0.26 Belle [1549]
0.016 LHCb [1564]

π0e�μ∓ 86.0 CLEO II [1545]
0.80 BABAR [1565]

ηe�μ∓ 100.0 CLEO II [1545]
2.3 BABAR [1565]

πþπ−e�μ∓ 15.0 E791 [1555]
1.7 BABAR [1566]

ρ0e�μ∓ 66.0 E791 [1555]
49.0 CLEO II [1545]
0.5 BABAR [1565]

(Table continued)
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TABLE 311. (Continued)

Mode BF × 106 Experiment References

ωe�μ∓ 120.0 CLEO II [1545]
1.7 BABAR [1565]

KþK−e�μ∓ 180.0 E791 [1555]
1.0 BABAR [1566]

ϕe�μ∓ 47.0 E791 [1555]
34.0 CLEO II [1545]
0.51 BABAR [1565]

K̄0e�μ∓ 100.0 CLEO II [1545]
0.86 BABAR [1565]

K−πþe�μ∓ 550.0 E791 [1555]
1.9 BABAR [1566]

K�0ð892Þe�μ∓ 100.0 CLEO II [1545]
83.0 E791 [1555]
1.2 BABAR [1565]

π∓π∓e�e� 112.0 E791 [1555]
0.91 BABAR [1566]

π∓π∓μ�μ� 29.0 E791 [1555]
1.5 BABAR [1566]

K∓π∓e�e� 206.0 E791 [1555]
2.8 BESIII [1567]
0.5 BABAR [1566]

K∓π∓μ�μ� 390.0 E791 [1555]
0.53 BABAR [1566]

K∓K∓e�e� 152.0 E791 [1555]
0.34 BABAR [1566]

K∓K∓μ�μ� 94.0 E791 [1555]
0.10 BABAR [1566]

π∓π∓e�μ� 79.0 E791 [1555]
3.1 BABAR [1566]

K∓π∓e�μ� 218.0 E791 [1555]
2.1 BABAR [1566]

K∓K∓e�μ� 57.0 E791 [1555]
0.58 BABAR [1566]

pe− 10.0 CLEO [1568]

p̄eþ 11.0 CLEO [1568]

TABLE 312. Upper limits at 90% C.L. for Dþ decays.

Mode Limit ×106 Experiment Reference

πþeþe− 110.0 E687 [1569]
52.0 E791 [1547]
5.9 CLEO [1534]
1.6 LHCb [1570]
1.1 BABAR [1571]

(Table continued)
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TABLE 312. (Continued)

Mode Limit ×106 Experiment Reference

πþπ0eþe− 14.0 BESIII [1554]

πþμþμ− 220.0 E653 [1550]
89.0 E687 [1569]
15.0 E791 [1547]
8.8 Focus [1572]
6.5 BABAR [1571]
3.9 D0 [1535]

0.067 LHCb [1570]

ρþμþμ− 560.0 E653 [1550]

Kþeþe− 200.0 E687 [1569]
3.0 CLEO [1534]
1.0 BABAR [1571]
0.85 LHCb [1570]

Kþμþμ− 97.0 E687 [1569]
44.0 E791 [1547]
9.2 Focus [1572]
4.3 BABAR [1571]

0.054 LHCb [1570]

Kþπ0eþe− 15.0 BESIII [1554]

KSπ
þeþe− 26.0 BESIII [1554]

KSKþeþe− 11.0 BESIII [1554]

πþe�μ∓ 34.0 E791 [1547]

πþeþμ− 110.0 E687 [1569]
2.9 BABAR [1571]
0.21 LHCb [1570]

πþμþe− 130.0 E687 [1569]
3.6 BABAR [1571]
0.22 LHCb [1570]

Kþe�μ∓ 68.0 E791 [1547]

Kþeþμ− 130.0 E687 [1569]
1.2 BABAR [1571]

0.075 LHCb [1570]

Kþμþe− 120.0 E687 [1569]
2.8 BABAR [1571]
0.10 LHCb [1570]

π−eþeþ 110.0 E687 [1569]
96.0 E791 [1547]
1.9 BABAR [1571]
1.1 CLEO [1534]
0.53 LHCb [1570]

π−μþμþ 87.0 E687 [1569]
17.0 E791 [1547]
4.8 Focus [1572]
2.0 BABAR [1571]

0.014 LHCb [1570]

π−eþμþ 110.0 E687 [1569]
50.0 E791 [1547]
0.13 LHCb [1570]

(Table continued)
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TABLE 312. (Continued)

Mode Limit ×106 Experiment Reference

ρ−μþμþ 560.0 E653 [1550]

K−eþeþ 120.0 E687 [1569]
3.5 CLEO [1534]
0.9 BABAR [1571]

K−μþμþ 320.0 E653 [1550]
120.0 E687 [1569]
13.0 Focus [1572]
10.0 BABAR [1571]

K−eþμþ 130.0 E687 [1569]

K−π0eþeþ 8.5 BESIII [1567]

KSπ
−eþeþ 3.3 BESIII [1567]

K�−ð892Þμþμþ 850.0 E653 [1550]

TABLE 313. Upper limits at 90% C.L. for Dþ
s decays.

Mode Limit × 106 Experiment Reference

γeþνe 130.0 BESIII [1573]

πþeþe− 270.0 E791 [1547]
22.0 CLEO [1534]
13.0 BABAR [1571]
5.5 LHCb [1570]

πþμþμ− 430.0 E653 [1550]
140.0 E791 [1547]
43.0 BABAR [1571]
26.0 Focus [1572]
0.18 LHCb [1570]

Kþeþe− 1600.0 E791 [1547]
52.0 CLEO [1534]
4.9 LHCb [1570]
3.7 BABAR [1571]

Kþμþμ− 140.0 E791 [1547]
36.0 Focus [1572]
21.0 BABAR [1571]
0.14 LHCb [1570]

K�þð892Þμþμ− 1400.0 E653 [1550]

πþe�μ∓ 610.0 E791 [1547]

πþeþμ− 12.0 BABAR [1571]
1.1 LHCb [1570]

πþμþe− 20.0 BABAR [1571]
0.94 LHCb [1570]

Kþe�μ∓ 630.0 E791 [1547]

Kþeþμ− 14.0 BABAR [1571]
0.79 LHCb [1570]

Kþμþe− 9.7 BABAR [1571]
0.56 LHCb [1570]

(Table continued)
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XII. TAU LEPTON PROPERTIES

This section reports a global fit of the available mea-
surements of τ branching fractions and some elaborations
of the fit results. In this edition, we do not include the
combinations of upper limits on τ lepton-flavor-violating
branching fractions, which were published in previous
editions, since it was not possible to update this contribu-
tion in due time.

Branching fractions averages are obtained with a fit of
branching fractions measurements so as to optimally
exploit the available experimental information. The fit is
described in Sec. XII. A. The fit results are used in
Sec. XII. B to test the lepton-flavor universality of the
charged-current weak interaction. A “universality-
improved” [1575] branching fraction Be ¼ Bðτ → eνν̄Þ
and the ratio between the hadronic branching fraction

TABLE 313. (Continued)

Mode Limit × 106 Experiment Reference

π−eþeþ 690.0 E791 [1547]
18.0 CLEO [1534]
4.1 BABAR [1571]
1.4 LHCb [1570]

π−μþμþ 430.0 E653 [1550]
82.0 E791 [1547]
29.0 Focus [1572]
14.0 BABAR [1571]
0.086 LHCb [1570]

π−eþμþ 730.0 E791 [1547]
0.63 LHCb [1570]

K−eþeþ 630.0 E791 [1547]
17.0 CLEO [1534]
5.2 BABAR [1571]
0.77 LHCb [1570]

K−μþμþ 590.0 E653 [1550]
180.0 E791 [1547]
13.0 BABAR [1571]
0.026 LHCb [1570]

K−eþμþ 680.0 E791 [1547]
0.26 LHCb [1570]

K�−ð892Þμþμþ 1400.0 E653 [1550]

TABLE 314. Upper limits at 90% C.L. for Λþ
c decays.

Mode Limit × 106 Experiment Reference

peþe− 5.5 BABAR [1571]

pμþμ− 340.0 E653 [1550]
44.0 BABAR [1571]
0.077 LHCb [1574]

Σþμþμ− 700.0 E653 [1550]

peþμ− 9.9 BABAR [1571]

pμþe− 19.0 BABAR [1571]

p̄eþeþ 2.7 BABAR [1571]

p̄μþμþ 9.4 BABAR [1571]

p̄eþμþ 16.0 BABAR [1571]
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and Be are obtained in Sec. XII. C. The value of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element
jVusj obtained from τ decays is given in Sec. XII. D.

A. Branching fraction fit

A fit of the available experimental measurements is used
to determine the τ branching fractions, together with their
uncertainties and correlations.
All relevant published statistical and systematic corre-

lations among the measurements are used. In addition, for a
selection of measurements, particularly the most precise
and the most recent ones, the documented systematic
uncertainty contributions are examined to consider system-
atic dependence on external parameters. We follow the
procedures detailed in Sec. III A to account for the updated
values and uncertainties of the external parameters and for
the correlations induced on different measurements that
have a systematic dependence on the same external
parameter.
Both the measurements and the fitted quantities consist

of either τ decay branching fractions, labeled Bi, or ratios of
two τ decay branching fractions, labeled Bi=Bj. Some
branching fractions are sums of other branching fractions,
for instance, B8 ¼ Bðτ− → h−ντÞ, which is the sum of
B9 ¼ Bðτ− → π−ντÞ and B10 ¼ Bðτ− → K−ντÞ, with the
symbol h referring to a π or a K. The fit χ2 is constructed
following Eq. (1) and minimized subject to a list of
constraints on the fitted quantities:

(i) the fitted quantity corresponding to the ratio Bi=Bj
must be equal to the ratio of the respective quantities
Bi and Bj;

(ii) the fitted quantity corresponding to a branching-
fraction sum must be equal to the sum of the

quantities corresponding to the summed branching
fractions.

The constraints are implemented with Lagrange multipliers
(see Sec. III. In some cases, constraints arise from approxi-
mate relations that nevertheless hold within the present
experimental precision and are treated as exact. For
instance, the constraint Bðτ− → K−K−KþντÞ ¼ Bðτ− →
K−ϕντÞ × Bðϕ → KþK−Þ is justified given the current
experimental evidence. Section XII. A. 6 lists all constraint
equations relating the fitted quantities.
Following a convention established in the Review of

Particle Physics, τ branching fractions are often labeled
with the final state content of π�, π0, K�, γ, implicitly
including decay chains that involve intermediate particles,
e.g., K0

S → πþπ−, and η, ω, ϕ decays. When measurements
exclude the contribution of some or all the known inter-
mediate particles, the branching fraction notation flags this
information by adding, e.g., “ex. K0”.

1. Fit results

We use a total of 171 measurements to fit 135 quantities
subject to 88 constraints. The fit has χ2=d:o:f: ¼ 134=124,
corresponding to a confidence level CL ¼ 24.56%. The
fitted quantity values and uncertainties are listed in
Table 315. Although the fit treats all quantities in the
same way, for the purpose of presenting correlations we
select a set of 47 “basis quantities” from which all
remaining quantities can be calculated using the definitions
listed in Sec. XII. A. 6. The off-diagonal correlation
coefficients between the basis quantities are listed in
Sec. XII. A. 5.
Table 315 also reports B110 ¼ Bðτ− → X−

s ντÞ (see
Sec. XII. A. 6), the total measured branching fraction for τ

TABLE 315. HFLAV 2021 branching fractions fit results.

τ lepton branching fraction Experiment References

B1 ¼ particle− ≥ 0 neutrals > 0K0ντ
0.8518� 0.0011 Average

B2 ¼ particle− ≥ 0 neutrals > 0K0
Lντ

0.8452� 0.0010 Average

B3 ¼ μ−ν̄μντ
0.17387� 0.00040 Average
0.17319� 0.00070� 0.00032 ALEPH [1577]
0.17325� 0.00095� 0.00077 DELPHI [1585]
0.17342� 0.00110� 0.00067 L3 [1586]
0.17340þ 0.00090þ 0.00060 OPAL [1587]

B3

B5
¼ μ− ν̄μντ

e− ν̄eντ
0.9762� 0.0028 Average
0.9970� 0.0350� 0.0400 ARGUS [1588]
0.9796� 0.0016� 0.0036 BABAR [1589]
0.9777� 0.0063� 0.0087 CLEO [1590]
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τ lepton branching fraction Experiment References

B5 ¼ e−ν̄eντ
0.17811� 0.00041 Average
0.17837� 0.00072� 0.00036 ALEPH [1577]
0.17760� 0.00060� 0.00170 CLEO [1590]
0.17877� 0.00109� 0.00110 DELPHI [1585]
0.17806� 0.00104� 0.00076 L3 [1586]
0.17810� 0.00090� 0.00060 OPAL [1591]

B7 ¼ h− ≥ 0K0
Lντ

0.12020� 0.00055 Average
0.12400� 0.00700� 0.00700 DELPHI [1592]
0.12470� 0.00260� 0.00430 L3 [1593]
0.12100� 0.00700� 0.00500 OPAL [1594]

B8 ¼ h−ντ
0.11504� 0.00054 Average
0.11520� 0.00050� 0.00120 CLEO [1590]
0.11571� 0.00120� 0.00114 DELPHI [1595]
0.11980� 0.00130� 0.00160 OPAL [1596]
B8

B5
¼ h−ντ

e− ν̄eντ
0.6459� 0.0033 Average

B9 ¼ π−ντ
0.10808� 0.00053 Average
0.10828� 0.00070� 0.00078 ALEPH [1577]

B9

B5
¼ π−ντ

e− ν̄eντ
0.6068� 0.0032 Average
0.5945� 0.0014� 0.0061 BABAR [1589]

B10 ¼ K−ντ
ð0.6957� 0.0096Þ × 10−2 Average
ð0.6960� 0.0250� 0.0140Þ × 10−2 ALEPH [1597]
ð0.6600� 0.0700� 0.0900Þ × 10−2 CLEO [1598]
ð0.8500� 0.1800� 0.0000Þ × 10−2 DELPHI [1599]
ð0.6580� 0.0270� 0.0290Þ × 10−2 OPAL [1600]

B10

B5
¼ K−ντ

e− ν̄eντ
ð3.906� 0.054Þ × 10−2 Average
ð3.882� 0.032� 0.057Þ × 10−2 BABAR [1589]

B10

B9
¼ K−ντ

π−ντ
ð6.437� 0.092Þ × 10−2 Average

B11 ¼ h− ≥ 1 neutrals ντ
0.36977� 0.00098 Average

B12 ¼ h− ≥ 1 π0ντ ðex:K0Þ
0.36477� 0.00098 Average

B13 ¼ h−π0ντ
0.25918� 0.00090 Average
0.25670� 0.00010� 0.00390 Belle [1601]
0.25870� 0.00120� 0.00420 CLEO [1602]
0.25740� 0.00201� 0.00138 DELPHI [1595]
0.25050� 0.00350� 0.00500 L3 [1593]
0.25890� 0.00170� 0.00290 OPAL [1596]
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τ lepton branching fraction Experiment References

B14 ¼ π−π0ντ
0.25486� 0.00090 Average
0.25471� 0.00097� 0.00085 ALEPH [1577]

B16 ¼ K−π0ντ
ð0.4322� 0.0148Þ × 10−2 Average
ð0.4440� 0.0260� 0.0240Þ × 10−2 ALEPH [1597]
ð0.4160� 0.0030� 0.0180Þ × 10−2 BABAR [1579]
ð0.5100� 0.1000� 0.0700Þ × 10−2 CLEO [1598]
ð0.4710� 0.0590� 0.0230Þ × 10−2 OPAL [1603]

B17 ¼ h− ≥ 2π0ντ
0.10794� 0.00097 Average
0.09910� 0.00310� 0.00270 OPAL [1596]

B18 ¼ h−2π0ντ
ð9.460� 0.100Þ × 10−2 Average

B19 ¼ h−2π0ντ ðex:K0Þ
ð9.309� 0.100Þ × 10−2 Average
ð9.498� 0.320� 0.275Þ × 10−2 DELPHI [1595]
ð8.880� 0.370� 0.420Þ × 10−2 L3 [1593]
B19

B13
¼ h−2π0ντðex:K0Þ

h−π0ντ
0.3592� 0.0045 Average
0.3420� 0.0060� 0.0160 CLEO [1604]
B20 ¼ π−2π0ντðex:K0Þ
ð9.245� 0.099Þ × 10−2 Average
ð9.239� 0.086� 0.090Þ × 10−2 ALEPH [1577]

B23 ¼ K−2π0ντðex:K0Þ
ð0.0634� 0.0219Þ × 10−2 Average
ð0.0560� 0.0200� 0.0150Þ × 10−2 ALEPH [1597]
ð0.0900� 0.1000� 0.0300Þ × 10−2 CLEO [1598]

B24 ¼ h− ≥ 3π0ντ
ð1.335� 0.066Þ × 10−2 Average

B25 ¼ h− ≥ 3π0ντðex:K0Þ
ð1.250� 0.066Þ × 10−2 Average
ð1.403� 0.214� 0.224Þ × 10−2 DELPHI [1595]

B26 ¼ h−3π0ντ
ð1.173� 0.072Þ × 10−2 Average
ð1.700� 0.240� 0.380Þ × 10−2 L3 [1593]

B26

B13
¼ h−3π0ντ

h−π0ντð4.526� 0.278Þ × 10−2 Average
ð4.400� 0.300� 0.500Þ × 10−2 CLEO [1604]

B27 ¼ π−3π0ντðex:K0Þ
ð1.040� 0.071Þ × 10−2 Average
ð0.977� 0.069� 0.058Þ × 10−2 ALEPH [1577]

B28 ¼ K−3π0ντðex:K0; ηÞ
ð4.648� 2.131Þ × 10−4 Average
ð3.700� 2.100� 1.100Þ × 10−4 ALEPH [1597]
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τ lepton branching fraction Experiment References

B29 ¼ h−4π0ντ ðex:K0Þ
ð0.1587� 0.0391Þ × 10−2 Average
ð0.1600� 0.0500� 0.0500Þ × 10−2 CLEO [1604]

B30 ¼ h−4π0ντ ðex:K0; ηÞ
ð0.1118� 0.0391Þ × 10−2 Average
ð0.1120� 0.0370� 0.0350Þ × 10−2 ALEPH [1577]

B31 ¼ K− ≥ 0 π0 ≥ 0K0 ≥ 0 γντ
ð1.548� 0.029Þ × 10−2 Average
ð1.700� 0.120� 0.190Þ × 10−2 CLEO [1598]
ð1.540� 0.240� 0.000Þ × 10−2 DELPHI [1599]
ð1.528� 0.039� 0.040Þ × 10−2 OPAL [1600]

B32 ¼ K− ≥ 1 ðπ0 orK0 or γÞντ
ð0.8556� 0.0282Þ × 10−2 Average

B33 ¼ K0
SðparticlesÞ−ντ

ð0.9370� 0.0292Þ × 10−2 Average
ð0.9700� 0.0580� 0.0620Þ × 10−2 ALEPH [1605]
ð0.9700� 0.0900� 0.0600Þ × 10−2 OPAL [1606]

B34 ¼ h−K̄0ντ
ð0.9861� 0.0138Þ × 10−2 Average
ð0.8550� 0.0360� 0.0730Þ × 10−2 CLEO [1607]

B35 ¼ π−K̄0ντ
ð0.8375� 0.0139Þ × 10−2 Average
ð0.9280� 0.0450� 0.0340Þ × 10−2 ALEPH [1597]
ð0.8320� 0.0025� 0.0150Þ × 10−2 Belle [1608]
ð0.9500� 0.1500� 0.0600Þ × 10−2 L3 [1609]
ð0.9330� 0.0680� 0.0490Þ × 10−2 OPAL [1610]

B37 ¼ K−K0ντ
ð0.1486� 0.0034Þ × 10−2 Average
ð0.1580� 0.0420� 0.0170Þ × 10−2 ALEPH [1605]
ð0.1620� 0.0210� 0.0110Þ × 10−2 ALEPH [1597]
ð0.1478� 0.0022� 0.0040Þ × 10−2 BABAR [1611]
ð0.1480� 0.0013� 0.0055Þ × 10−2 Belle [1608]
ð0.1510� 0.0210� 0.0220Þ × 10−2 CLEO [1607]

B38 ¼ K−K0 ≥ 0π0ντ
ð0.2985� 0.0073Þ × 10−2 Average
ð0.3300� 0.0550� 0.0390Þ × 10−2 OPAL [1610]

B39 ¼ h−K̄0π0ντ
ð0.5310� 0.0134Þ × 10−2 Average
ð0.5620� 0.0500� 0.0480Þ × 10−2 CLEO [1607]

B40 ¼ π−K̄0π0ντ
ð0.3810� 0.0129Þ × 10−2 Average
ð0.2940� 0.0730� 0.0370Þ × 10−2 ALEPH [1605]
ð0.3470� 0.0530� 0.0370Þ × 10−2 ALEPH [1597]
ð0.3860� 0.0031� 0.0135Þ × 10−2 Belle [1608]
ð0.4100� 0.1200� 0.0300Þ × 10−2 L3 [1609]
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τ lepton branching fraction Experiment References

B42 ¼ K−K0π0ντ
ð0.1499� 0.0070Þ × 10−2 Average
ð0.1520� 0.0760� 0.0210Þ × 10−2 ALEPH [1605]
ð0.1430� 0.0250� 0.0150Þ × 10−2 ALEPH [1597]
ð0.1496� 0.0019� 0.0073Þ × 10−2 Belle [1608]
ð0.1450� 0.0360� 0.0200Þ × 10−2 CLEO [1607]

B43 ¼ π−K̄0 ≥ 1 π0ντ
ð0.4045� 0.0260Þ × 10−2 Average
ð0.3240� 0.0740� 0.0660Þ × 10−2 OPAL [1610]

B44 ¼ π−K̄02π0ντ ðex:K0Þ
ð2.342� 2.306Þ × 10−4 Average
ð2.600� 2.400� 0.000Þ × 10−4 ALEPH [1612]

B46 ¼ π−K0K̄0ντ
ð0.1517� 0.0247Þ × 10−2 Average

B47 ¼ π−K0
SK

0
Sντ

ð2.349� 0.065Þ × 10−4 Average
ð2.600� 1.000� 0.500Þ × 10−4 ALEPH [1605]
ð2.310� 0.040� 0.080Þ × 10−4 BABAR [1613]
ð2.330� 0.033� 0.093Þ × 10−4 Belle [1608]
ð2.300� 0.500� 0.300Þ × 10−4 CLEO [1607]
B48 ¼ π−K0

SK
0
Lντ

ð0.1048� 0.0247Þ × 10−2 Average
ð0.1010� 0.0230� 0.0130Þ × 10−2 ALEPH [1605]

B49 ¼ π−π0K0K̄0ντ
ð3.543� 1.193Þ × 10−4 Average

B50 ¼ π−K0
SK

0
Sπ

0ντ
ð1.820� 0.207Þ × 10−5 Average
ð1.600� 0.200� 0.220Þ × 10−5 BABAR [1613]
ð2.000� 0.216� 0.202Þ × 10−5 Belle [1608]

B51 ¼ π−K0
SK

0
Lπ

0ντ
ð3.179� 1.192Þ × 10−4 Average
ð3.100� 1.100� 0.500Þ × 10−4 ALEPH [1605]

B53 ¼ K̄0h−h−hþντ
ð2.223� 2.024Þ × 10−4 Average
ð2.300� 1.900� 0.700Þ × 10−4 ALEPH [1605]

B54 ¼ h−h−hþ ≥ 0 neutrals ≥ 0K0
Lντ

0.15193� 0.00063 Average
0.15000� 0.00400� 0.00300 CELLO [1614]
0.14400� 0.00600� 0.00300 L3 [1615]
0.15100� 0.00800� 0.00600 TPC [1616]

B55 ¼ h−h−hþ ≥ 0 neutrals ντ ðex:K0Þ
0.14545� 0.00058 Average
0.14556� 0.00105� 0.00076 L3 [1617]
0.14960� 0.00090� 0.00220 OPAL [1618]

B56 ¼ h−h−hþντ
ð9.790� 0.055Þ × 10−2 Average
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τ lepton branching fraction Experiment References

B57 ¼ h−h−hþντ ðex:K0Þ
ð9.449� 0.054Þ × 10−2 Average
ð9.510� 0.070� 0.200Þ × 10−2 CLEO [1619]
ð9.317� 0.090� 0.082Þ × 10−2 DELPHI [1595]

B57

B55
¼ h−h−hþντðex:K0Þ

h−h−hþ≥0 neutrals ντ ðex:K0Þ
0.6496� 0.0031 Average
0.6600� 0.0040� 0.0140 OPAL [1618]

B58 ¼ h−h−hþντ ðex:K0;ωÞ
ð9.419� 0.054Þ × 10−2 Average

B59 ¼ π−πþπ−ντ
ð9.300� 0.052Þ × 10−2 Average

B60 ¼ π−πþπ−ντ ðex:K0Þ
ð9.010� 0.052Þ × 10−2 Average
ð8.830� 0.010� 0.130Þ × 10−2 BABAR [1620]
ð8.420� 0.000þ0.260−0.250Þ × 10−2 Belle [1621]
ð9.130� 0.050� 0.460Þ × 10−2 CLEO3 [1622]

B62 ¼ π−πþπþντ ðex:K0;ωÞ
ð8.981� 0.052Þ × 10−2 Average
ð9.041� 0.060� 0.076Þ × 10−2 ALEPH [1577]
B63 ¼ h−h−hþ ≥ 1 neutrals ντ
ð5.293� 0.052Þ × 10−2 Average

B64 ¼ h−h−hþ ≥ 1 π0ντ ðex:K0Þ
ð5.088� 0.052Þ × 10−2 Average

B65 ¼ h−h−hþπ0ντ
ð4.757� 0.054Þ × 10−2 Average

B66 ¼ h−h−hþπ0ντ ðex:K0Þ
ð4.573� 0.054Þ × 10−2 Average
ð4.230� 0.060� 0.220Þ × 10−2 CLEO [1619]
ð4.545� 0.106� 0.103Þ × 10−2 DELPHI [1595]

B67 ¼ h−h−hþπ0ντ ðex:K0;ωÞ
ð2.791� 0.071Þ × 10−2 Average

B68 ¼ π−πþπ−π0ντ
ð4.620� 0.054Þ × 10−2 Average

B69 ¼ π−πþπ−π0ντ ðex:K0Þ
ð4.488� 0.054Þ × 10−2 Average
ð4.598� 0.057� 0.064Þ × 10−2 ALEPH [1577]
ð4.190� 0.100� 0.210Þ × 10−2 CLEO [1623]

B70 ¼ π−πþπ−π0ντ ðex:K0;ωÞ
ð2.743� 0.071Þ × 10−2 Average

B74 ¼ h−h−hþ ≥ 2π0ντ ðex:K0Þ
ð0.5154� 0.0312Þ × 10−2 Average
ð0.5610� 0.0680� 0.0950Þ × 10−2 DELPHI [1595]

B75 ¼ h−h−hþ2π0ντ
ð0.5041� 0.0311Þ × 10−2 Average
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B76 ¼ h−h−hþ2π0ντ ðex:K0Þ
ð0.4942� 0.0311Þ × 10−2 Average
ð0.4350� 0.0300� 0.0350Þ × 10−2 ALEPH [1577]

B76

B54
¼ h−h−hþ2π0ντ ðex:K0Þ

h−h−hþ≥0 neutrals≥0K0
Lντð3.252� 0.203Þ × 10−2 Average

ð3.400� 0.200� 0.300Þ × 10−2 CLEO [1624]

B77 ¼ h−h−hþ2π0ντ ðex:K0;ω; ηÞ
ð9.790� 3.562Þ × 10−4 Average

B78 ¼ h−h−hþ3π0ντ
ð2.124� 0.299Þ × 10−4 Average
ð2.200� 0.300� 0.400Þ × 10−4 CLEO [1625]

B79 ¼ K−h−hþ ≥ 0 neutrals ντ
ð0.6276� 0.0140Þ × 10−2 Average

B80 ¼ K−π−hþντ ðex:K0Þ
ð0.4364� 0.0073Þ × 10−2 Average

B80

B60
¼ K−π−hþντ ðex:K0Þ

π−πþπ−ντ ðex:K0Þ
ð4.843� 0.079Þ × 10−2 Average
ð5.440� 0.210� 0.530Þ × 10−2 CLEO [1626]
B81 ¼ K−π−hþπ0ντ ðex:K0Þ
ð8.498� 1.169Þ × 10−4 Average

B81

B69
¼ K−π−hþπ0ντ ðex:K0Þ

π−πþπ−π0ντ ðex:K0Þ
ð1.893� 0.264Þ × 10−2 Average
ð2.610� 0.450� 0.420Þ × 10−2 CLEO [1626]

B82 ¼ K−π−πþ ≥ 0 neutrals ντ
ð0.4759� 0.0136Þ × 10−2 Average
ð0.5800þ0.1500−0.1300 � 0.1200Þ × 10−2 TPC [1627]

B83 ¼ K−π−πþ ≥ 0 π0ντ ðex:K0Þ
ð0.3719� 0.0134Þ × 10−2 Average

B84 ¼ K−π−πþντ
ð0.3444� 0.0069Þ × 10−2 Average

B85 ¼ K−πþπ−ντ ðex:K0Þ
ð0.2930� 0.0068Þ × 10−2
ð0.2140� 0.0370� 0.0290Þ × 10−2 ALEPH [1628]
ð0.2730� 0.0020� 0.0090Þ × 10−2 BABAR [1620]
ð0.3300� 0.0010þ0.0160−0.0170Þ × 10−2 Belle [1621]
ð0.3840� 0.0140� 0.0380Þ × 10−2 CLEO3 [1622]
ð0.4150� 0.0530� 0.0400Þ × 10−2 OPAL [1603]

B85

B60
¼ K−πþπ−ντðex:K0Þ

π−πþπ−ντ ðex:K0Þ
ð3.252� 0.074Þ × 10−2 Average

B87 ¼ k−π−πþπ0ντ
ð0.1308� 0.0119Þ × 10−2 Average

B88 ¼ K−π−πþπ0ντ ðex:K0Þ Average
ð6.100� 3.900� 1.800Þ × 10−4 ALEPH [1628]
ð7.400� 0.800� 1.100Þ × 10−4 CLEO3 [1629]
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B89 ¼ K−π−πþπ0ντ ðex:K0; ηÞ
ð7.536� 1.161Þ × 10−4 Average
ð7.536� 1.161Þ × 10−4 Average

B92 ¼ π−K−Kþ ≥ 0 neutrals ντ
ð0.1495� 0.0033Þ × 10−2 Average
ð0.1590� 0.0530� 0.0200Þ × 10−2 OPAL [1630]
ð0.1500þ0.0900−0.0700 � 0.0300Þ × 10−2 TPC [1627]

B93 ¼ π−K−Kþντ
ð0.1434� 0.0027Þ × 10−2 Average
ð0.1630� 0.0210� 0.0170Þ × 10−2 ALEPH [1628]
ð0.1346� 0.0010� 0.0036Þ × 10−2 BABAR [1620]
ð0.1550� 0.0010þ0.0060−0.0050Þ × 10−2 Belle [1621]
ð0.1550� 0.0060� 0.0090Þ × 10−2 CLEO3 [1622]

B93

B60
¼ π−K−Kþντ

π−πþπ−ντ ðex:K0Þ
ð1.592� 0.030Þ × 10−2 Average
ð1.600� 0.150� 0.300Þ × 10−2 CLEO [1626]

B94 ¼ π−K−Kþπ0ντ
ð0.607� 0.183Þ × 10−4 Average
ð7.500� 2.900� 1.500Þ × 10−4 ALEPH [1628]
ð0.550� 0.140� 0.120Þ × 10−4 CLEO3 [1629]

B94

B69
¼ π−K−Kþπ0ντ

π−πþπ−π0ντðex:K0Þ
ð0.1352� 0.0408Þ × 10−2 Average
ð0.7900� 0.4400� 0.1600Þ × 10−2 CLEO [1626]

B96 ¼ K−K−Kþντ
ð2.169� 0.800Þ × 10−5
ð1.578� 0.130� 0.123Þ × 10−5 BABAR [1620]
ð3.290� 0.170þ0.190−0.200Þ × 10−5 Belle [1621]

B102 ¼ 3h−2hþ ≥ 0 neutrals ντ ðex:K0Þ
ð0.0993� 0.0037Þ × 10−2 Average
ð0.0970� 0.0050� 0.0110Þ × 10−2 CLEO [1631]
ð0.1020� 0.0290� 0.0000Þ × 10−2 HRS [1632]
ð0.1700� 0.0220� 0.0260Þ × 10−2 L3 [1617]

B103 ¼ 3h−2hþντ ðex:K0Þ
ð8.281� 0.314Þ × 10−4 Average
ð7.200� 0.900� 1.200Þ × 10−4 ALEPH [1577]
ð6.400� 2.300� 1.000Þ × 10−4 ARGUS [1633]
ð7.700� 0.500� 0.900Þ × 10−4 CLEO [1631]
ð9.700� 1.500� 0.500Þ × 10−4 DELPHI [1595]
ð5.100� 2.000� 0.000Þ × 10−4 HRS [1632]
ð9.100� 1.400� 0.600Þ × 10−4 OPAL [1634]

B104 ¼ 3h−2hþπ0ντ ðex:K0Þ
ð1.645� 0.114Þ × 10−4 Average
ð2.100� 0.700� 0.900Þ · 10−4 ALEPH [1577]
ð1.700� 0.200� 0.200Þ × 10−4 CLEO [1625]
ð1.600� 1.200� 0.600Þ × 10−4 DELPHI [1595]
ð2.700� 1.800� 0.900Þ × 10−4 OPAL [1634]

B106 ¼ ð5πÞ−ντ
ð0.7793� 0.0534Þ × 10−2 Average
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B110 ¼ X−
s ντ

ð2.908� 0.048Þ × 10−2 Average

B126 ¼ π−π0ηντ
ð0.1386� 0.0072Þ × 10−2 Average
ð0.1800� 0.0400� 0.0200Þ × 10−2 ALEPH [1635]
ð0.1350� 0.0030� 0.0070Þ × 10−2 Belle [1636]
ð0.1700� 0.0200� 0.0200Þ × 10−2 CLEO [1637]

B128 ¼ K−ηντ
ð1.547� 0.080Þ × 10−4 Average
ð2.900þ1.300−1.200 � 0.700Þ × 10−4 ALEPH [1635]
ð1.420� 0.110� 0.070Þ × 10−4 BABAR [1638]
ð1.580� 0.050� 0.090Þ × 10−4 Belle [1636]
ð2.600� 0.500� 0.500Þ × 10−4 CLEO [1639]

B130 ¼ K−π0ηντ
ð0.483� 0.116Þ × 10−4 Average
ð0.460� 0.110� 0.040Þ × 10−4 Belle [1636]
ð1.770� 0.560� 0.710Þ × 10−4 CLEO [1640]

B132 ¼ π−K̄0ηντ
ð0.937� 0.149Þ × 10−4 Average
ð0.880� 0.140� 0.060Þ × 10−4 Belle [1636]
ð2.200� 0.700� 0.220Þ × 10−4 CLEO [1640]

B136 ¼ π−πþπ−ηντ ðex:K0Þ
ð2.202� 0.129Þ × 10−4 Average

B149 ¼ h−ω ≥ 0 neutrals ντ
ð2.395� 0.075Þ × 10−2 Average

B150 ¼ h−ωντ
ð1.988� 0.064Þ × 10−2 Average
ð1.910� 0.070� 0.060Þ × 10−2 ALEPH [1635]
ð1.600� 0.270� 0.410Þ × 10−2 CLEO [1641]

B150

B66
¼ h−ωντ

h−h−hþπ0ντðex:K0Þ
0.4348� 0.0140 Average
0.4310� 0.0330� 0.0000 ALEPH [1642]
0.4640� 0.0160� 0.0170 CLEO [1619]

B151 ¼ K−ωντ
ð4.101� 0.922Þ × 10−4 Average
ð4.100� 0.600� 0.700Þ × 10−4 CLEO3 [1629]

B152 ¼ h−π0ωντ
ð0.4069� 0.0419Þ × 10−2 Average
ð0.4300� 0.0600� 0.0500Þ × 10−2 ALEPH [1635]

B152

B54
¼ h−ωπ0ντ

h−h−hþ≥0 neutrals≥0K0
Lντð2.678� 0.275Þ × 10−2 Average

B152

B76
¼ h−ωπ0ντ

h−h−hþ2π0ντðex:K0Þ
0.8235� 0.0757 Average
0.8100� 0.0600� 0.0600 CLEO [1624]

B167 ¼ K−ϕντ
ð4.408� 1.626Þ × 10−5 Average

(Table continued)
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TABLE 315. (Continued)

τ lepton branching fraction Experiment References

B168 ¼ K−ϕðKþK−Þντ
ð2.169� 0.800Þ × 10−5 Average

B169 ¼ K−ϕðK0
SK

0
LÞντ

ð1.499� 0.553Þ × 10−5 Average

B800 ¼ π−ωντ
ð1.947� 0.065Þ × 10−2 Average

B802 ¼ K−π−πþντ ðex:K0;ωÞ
ð0.2924� 0.0068Þ × 10−2 Average

B803 ¼ K−π−πþπ0ντ ðex:K0;ω; ηÞ
ð3.874� 1.423Þ × 10−4 Average

B804 ¼ π−K0
LK

0
Lντ

ð2.349� 0.065Þ × 10−4 Average

B805 ¼ a−1 ðπ−γÞντ
ð4.000� 2.000Þ × 10−4 Average
ð4.000� 2.000� 0.000Þ × 10−4 ALEPH [1577]

B806 ¼ π−K0
LK

0
Lπ

0ντ
ð1.820� 0.207Þ × 10−5 Average

B806 ¼ π−K0
LK

0
Lπ

0ντ
ð1.820� 0.207Þ × 10−5 Average

B810 ¼ 2π−πþ3π0ντ ðex:K0Þ
ð1.940� 0.298Þ × 10−4 Average

B811 ¼ π−2π0ωντ
ð7.164� 1.586Þ × 10−5 Average
ð7.300� 1.200� 1.200Þ × 10−5 BABAR [1643]

B812 ¼ 2π−πþ3π0ντ ðex:K0; η;ω; f1Þ
ð1.353� 2.683Þ × 10−5 Average
ð1.000� 0.800� 3.000Þ × 10−5 BABAR [1643]

B820 ¼ 3π−2πþντ ðex:K0;ωÞ
ð8.262� 0.313Þ × 10−4 Average

B821 ¼ 3π−2πþντ ðex:K0;ω; f1Þ
ð7.738� 0.295Þ × 10−4 Average
ð7.680� 0.040� 0.400Þ × 10−4 BABAR [1643]

B822 ¼ K−2π−2πþντ ðex:K0Þ
ð0.593� 1.208Þ × 10−6 Average
ð0.600� 0.500� 1.100Þ × 10−6 BABAR [1643]

B830 ¼ 3π−2πþπ0ντ ðex:K0Þ
ð1.633� 0.113Þ × 10−4 Average

B831 ¼ 2π−πþωντ ðex:K0Þ
ð8.417� 0.624Þ × 10−5 Average
ð8.400� 0.400� 0.600Þ × 10−5 BABAR [1643]

B832 ¼ 3π−2πþπ0ντ ðex:K0; η;ω; f1Þ
ð3.772� 0.874Þ × 10−5 Average
ð3.600� 0.300� 0.900Þ × 10−5 BABAR [1643]

(Table continued)
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decays to final states with strangeness 1. Also reported is
the unitarity residual B998¼1−BAll¼ð0.0684�0.1068Þ×
10−2, where 1 − BAll is the sum of the τ branching fractions
into all measured final states. We find that B998 is consistent
with 0 to within the experimental uncertainty. A unitarity
constraint forcing B998 to be 0 is not applied.
In performing the fit, a scale factor of 5.44 was applied to

the published uncertainties of the two severely inconsistent
measurements of B96 ¼ τ → KKKν by BABAR and Belle.
The scale-factor value was chosen using the PDG pro-
cedure, i.e., it is such that χ2=d:o:f: ¼ 1 when fitting just
the two B96 measurements.

2. Changes with respect to the previous report

In the previous HFLAV reports [1,221,441,1576], infor-
mation from the ALEPH Collaboration [1577] was used to
compute inclusive τ branching fractions for final states with
one or more hadron, where each hadron can be either a pion
or a kaon. In the current report, we use Ref. [1577] for the
branching fractions for exclusive final states containing one
or more charged pions. The past choice granted some minor
advantages, which are now dropped in the interest of
simplicity. As a consequence, the τ branching fraction
global fit reported here matches more closely the fit that we
supply to the PDG, reported in Ref. [9].

A set of preliminary BABAR results presented in 2018
[1578], used in the τ branching fraction fit in the previous
HFLAV report [1], are not used here since they have not yet
been published. Therefore, we now use the older BABAR
measurement of B16 ¼ Bðτ− → K−π0ντÞ in Ref. [1579].
This revision of input measurements causes a significant
shift of the value of Bðτ− → K−3π0ντðex:K0; ηÞÞ, which is
however consistent with the large uncertainty on the sole
direct measurement of this mode by ALEPH.
Since this edition, we use new improved calculations of

the radiative corrections for the theory predictions of the τ
decays to pseudoscalar mesons [1580]. The estimated
uncertainties are increased but more reliable in comparison
to the previous estimations [1581–1584]. There is a minor
increase of the uncertainties on the lepton universality tests
based on hadronic τ decays (Sec. XII. B) and on jVusj
(Sec. XII. D).
The parameters used to update the measurements’

systematic biases and the parameters appearing in the
constraint equations in Sec. XII. A. 6 have been updated
to the PDG 2020 update [9].

3. Differences between the HFLAV 2021 fit
and the PDG 2021 fit

Our branching-fraction fit is different from that of the
PDG [9] in several ways.

TABLE 315. (Continued)

τ lepton branching fraction Experiment References

B833 ¼ K−2π−2πþπ0ντ ðex:K0Þ
ð1.107� 0.566Þ × 10−6 Average
ð1.100� 0.400� 0.400Þ × 10−6 BABAR [1643]

B910 ¼ 2π−πþηð3π0Þντ ðex:K0Þ
ð7.195� 0.422Þ × 10−5 Average
ð8.270� 0.880� 0.810Þ × 10−5 BABAR [1643]

B911 ¼ π−2π0ηðπþπ−π0Þντðex:K0Þ
ð4.457� 0.867Þ × 10−5 Average
ð4.570� 0.770� 0.500Þ × 10−5 BABAR [1643]

B920 ¼ π−f1ð2π−2πþÞντ
ð5.237� 0.444Þ × 10−5 Average
ð5.200� 0.310� 0.370Þ × 10−5 BABAR [1643]

B930 ¼ 2π−πþηðπþπ−π0Þντ ðex:K0Þ
ð5.046� 0.296Þ × 10−5 Average
ð5.390� 0.270� 0.410Þ × 10−5 BABAR [1643]

B944 ¼ 2π−πþηðγγÞντ ðex:K0Þ
ð8.676� 0.509Þ × 10−5 Average
ð8.260� 0.350� 0.510Þ × 10−5 BABAR [1643]

B945 ¼ π−2π0ηντ ðex:K0Þ
ð1.945� 0.378Þ × 10−4 Average

B998 ¼ 1 − BAll

ð0.0684� 0.1068Þ × 10−2 Average
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The PDG fit enforces the unitarity constraint B998 ¼ 0,
while the HFLAV 2021 fit does not.
As in our previous report [1], we use the ALEPH [9]

estimate for B805 ¼ Bðτ− → a−1 ðπ−γÞντÞ, which is not a
direct measurement. By contrast, the PDG fit defines
B805 ¼ Bða1 → πγÞ × Bðτ → 3πνÞ, using the PDG average
of Bða1 → πγÞ as a parameter in the fit. As a consequence,
the PDG fit procedure does not take into account the large
uncertainty on Bða1 → πγÞ. This results in an underesti-
mated uncertainty on B805, which is then properly adjusted
with respect to the fit result in the PDG listings.

4. Branching fraction fit results and experimental inputs

Table 315 reports the experimental inputs to the τ
branching-fraction fit and the fit results.

5. Correlation coefficients between basis branching
fractions uncertainties

The following tables 316–325 report the correlation
coefficients between basis quantities that were obtained
from the τ branching fractions fit, in percent.

TABLE 316. Basis quantities correlation coefficients in percent, subtable 1.

B5 23
B9 8 5
B10 5 7 7
B14 −14 −15 −13 −3
B16 1 1 2 −1 −8
B20 −5 −5 −8 −1 −41 1
B23 2 2 0 −2 0 −13 −7
B27 −5 −4 −8 −1 1 1 −36 1
B28 2 2 1 −1 1 −13 −1 −22 −10
B30 −4 −3 −10 −1 −8 0 6 −2 −44 2
B35 0 0 0 0 0 0 0 0 0 0 0
B37 0 −1 1 0 0 0 0 −2 0 −2 0 −15
B40 0 0 0 0 0 1 0 1 −1 1 0 −12 2

B3 B5 B9 B10 B14 B16 B20 B23 B27 B28 B30 B35 B37 B40

TABLE 317. Basis quantities correlation coefficients in percent, subtable 2.

B42 0 0 0 0 0 −3 1 −5 0 −5 0 −1 −14 −20
B44 0 0 0 0 0 0 0 0 0 0 0 −1 0 −4
B47 0 −1 2 0 0 2 0 0 0 0 0 −1 3 −4
B48 0 0 0 0 0 0 0 0 0 0 0 −3 0 −2
B50 0 0 0 0 0 0 0 0 0 0 0 1 5 0
B51 0 0 0 0 0 0 0 0 0 0 0 −1 0 −1
B53 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B62 −2 −4 8 0 −3 4 −7 0 −6 0 −5 −1 3 0
B70 −6 −6 −7 −1 −10 0 −1 0 −1 0 3 0 −1 0
B77 −1 0 −3 0 −2 0 0 0 2 0 2 0 0 0
B93 0 −1 3 0 −1 2 −1 0 −1 0 −1 0 2 0
B94 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B126 0 0 0 0 0 0 −1 0 0 0 −2 0 0 0
B128 0 0 1 0 0 1 0 −1 0 −1 0 0 1 0

B3 B5 B9 B10 B14 B16 B20 B23 B27 B28 B30 B35 B37 B40

TABLE 318. Basis quantities correlation coefficients in percent, subtable 3.

B130 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B132 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B136 0 0 1 0 0 1 0 0 0 0 −1 0 1 0
B151 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B152 −1 −1 −3 0 −2 0 −1 0 2 0 2 0 0 0
B167 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(Table continued)
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TABLE 319. Basis quantities correlation coefficients in percent, subtable 4.

B831 0 0 1 0 0 1 0 0 0 0 −1 0 1 0
B832 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B833 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B920 0 0 1 0 0 1 0 0 0 0 −1 0 1 0
B945 0 0 0 0 0 0 0 0 0 0 0 0 0 0

B3 B5 B9 B10 B14 B16 B20 B23 B27 B28 B30 B35 B37 B40

TABLE 320. Basis quantities correlation coefficients in percent, subtable 5.

B44 0
B47 1 0
B48 −1 −6 0
B50 6 0 −7 0
B51 0 −3 0 −6 0
B53 0 0 0 0 0 0
B62 −1 0 5 0 1 0 0
B70 0 0 −1 0 0 0 0 −20
B77 0 0 0 0 0 0 0 −1 −7
B93 0 0 2 0 0 0 0 16 −4 0
B94 0 0 0 0 0 0 0 0 −1 0 0
B126 0 0 0 0 0 0 0 1 0 −5 0 0
B128 0 0 1 0 0 0 0 2 0 0 1 0 4

B42 B44 B47 B48 B50 B51 B53 B62 B70 B77 B93 B94 B126 B128

TABLE 321. Basis quantities correlation coefficients in percent, subtable 6.

B130 0 0 0 0 0 0 0 0 0 −1 0 0 1 1
B132 0 0 0 0 0 0 0 0 0 0 0 0 2 1
B136 0 0 1 0 0 0 0 2 −1 0 1 0 0 0
B151 0 0 0 0 0 0 0 0 12 0 0 0 0 0
B152 0 0 0 0 0 0 0 −1 −11 −64 0 0 0 0
B167 0 0 0 0 0 0 0 −1 0 0 1 0 0 0
B800 0 0 0 0 0 0 0 −8 −67 −3 −1 0 0 0
B802 0 0 0 0 0 0 0 20 −7 0 1 0 0 0
B803 0 0 0 0 0 0 0 −3 −14 −1 −1 −3 0 −1
B805 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B811 0 0 0 0 0 0 0 0 −1 0 0 0 0 0
B812 0 0 0 0 −1 0 0 −1 −1 0 0 0 0 0
B821 0 0 2 0 0 0 0 3 −1 0 1 0 0 1
B822 0 0 0 0 0 0 0 0 0 0 0 0 0 0

B42 B44 B47 B48 B50 B51 B53 B62 B70 B77 B93 B94 B126 B128

TABLE 318. (Continued)

B800 −1 −1 −2 0 −3 0 0 0 0 0 1 0 0 0
B802 1 0 1 0 0 0 −2 0 −1 0 −1 0 0 0
B803 2 2 1 0 2 0 0 0 0 0 −1 0 0 0
B805 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B811 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B812 0 1 0 0 0 0 0 0 0 0 0 0 0 0
B821 0 0 2 0 0 1 −1 0 −1 0 −1 0 1 0
B822 0 0 0 0 0 0 0 0 0 0 0 0 0 0

B3 B5 B9 B10 B14 B16 B20 B23 B27 B28 B30 B35 B37 B40
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6. Equality constraints

The constraints on the τ branching-fractions fit quantities
are listed in the following equations. When a quantity such
asB3=B5 appears on the left side of the equation it represents
a fitted quantity, while when it appears on the right side it
represents the ratio of two separate fitted quantities.
The equations include coefficients that arise from non-τ

branching fractions, denoted, e.g., with the self-describing

notation BKS→π0π0 . Some coefficients are probabilities
corresponding to the squared moduli of amplitudes describ-
ing quantum state mixtures, such as K0, K̄0, KS, KL. These
are denoted with, e.g., BhK0jKSi ¼ jhK0jKSij2. The values of
all non-τ quantities are taken from the PDG 2021 [9]
averages. The fit procedure does not account for their
uncertainties, which are generally small with respect to the
uncertainties on the τ branching fractions.

TABLE 322. Basis quantities correlation coefficients in percent, subtable 7.

B831 0 0 1 0 0 0 0 1 −1 0 1 0 0 0
B832 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B833 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B920 0 0 1 0 0 0 0 1 −1 0 1 0 0 0
B945 0 0 0 0 0 0 0 0 −1 0 0 0 0 0

B42 B44 B47 B48 B50 B51 B53 B62 B70 B77 B93 B94 B126 B128

TABLE 323. Basis quantities correlation coefficients in percent, subtable 8.

B132 0
B136 0 0
B151 0 0 0
B152 0 0 0 0
B167 0 0 0 0 0
B800 0 0 0 −14 −3 0
B802 0 0 0 −2 0 1 −2
B803 0 0 0 −58 −1 0 10 0
B805 0 0 0 0 0 0 0 0 0
B811 0 −1 20 0 0 0 0 0 0 0
B812 0 −2 −8 0 0 0 0 0 0 0 −16
B821 0 0 46 0 0 0 0 0 0 0 8 −4
B822 0 0 −1 0 0 0 0 0 0 0 0 0 −1

B130 B132 B136 B151 B152 B167 B800 B802 B803 B805 B811 B812 B821 B822

TABLE 324. Basis quantities correlation coefficients in percent, subtable 9.

B831 0 0 39 0 0 0 0 0 0 0 14 −4 39 −1
B832 0 0 3 0 0 0 0 0 0 0 2 0 3 0
B833 0 0 −1 0 0 0 0 0 0 0 0 0 −1 0
B920 0 0 20 0 0 0 0 0 0 0 3 −2 34 −1
B945 0 −1 25 0 0 0 0 0 0 0 10 −11 10 0

B130 B132 B136 B151 B152 B167 B800 B802 B803 B805 B811 B812 B821 B822

TABLE 325. Basis quantities correlation coefficients in percent, subtable 10.

B832 −2
B833 −1 −1
B920 17 1 0
B945 17 2 0 4

B831 B832 B833 B920 B945
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B1 ¼ B3 þ B5 þ B9 þ B10 þ B14 þ B16 þ B20 þ B23 þ B27 þ B28 þ B30 þ B35 þ B40 þ B44 þ B37

þ B42 þ B47 þ B48 þ B804 þ B50 þ B51 þ B806 þ B126 · Bη→neutral þ B128 · Bη→neutral þ B130 · Bη→neutral

þ B132 · Bη→neutral þ B800 · Bω→π0γ þ B151 · Bω→π0γ þ B152 · Bω→π0γ þ B167 · Bϕ→KSKL

B2 ¼ B3 þ B5 þ B9 þ B10 þ B14 þ B16 þ B20 þ B23 þ B27 þ B28 þ B30 þ B35 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ
þ B40 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ þ B44 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ
þ B37 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ þ B42 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ
þ B47 · ðBKS→π0π0 · BKS→π0π0Þ þ B48 · BKS→π0π0 þ B804 þ B50 · ðBKS→π0π0 · BKS→π0π0Þ
þ B51 · BKS→π0π0 þ B806 þ B126 · Bη→neutral þ B128 · Bη→neutral þ B130 · Bη→neutral

þ B132 · ðBη→neutral · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞÞ þ B800 · Bω→π0γ þ B151 · Bω→π0γ

þ B152 · Bω→π0γ þ B167 · ðBϕ→KSKL
· BKS→π0π0Þ

B3

B5

¼ B3

B5

B7 ¼ B35 · BhK̄0jKLi þ B9 þ B804 þ B37 · BhK0jKLi þ B10

B8 ¼ B9 þ B10

B8

B5

¼ B8

B5

B9

B5

¼ B9

B5

B10

B5

¼ B10

B5

B10

B9

¼ B10

B9

B11 ¼ B14 þ B16 þ B20 þ B23 þ B27 þ B28 þ B30 þ B35 · ðBhK0jKSi · BKS→π0π0Þ þ B37 · ðBhK0jKSi · BKS→π0π0Þ
þ B40 · ðBhK0jKSi · BKS→π0π0Þ þ B42 · ðBhK0jKSi · BKS→π0π0Þ þ B47 · ðBKS→π0π0 · BKS→π0π0Þ
þ B50 · ðBKS→π0π0 · BKS→π0π0Þ þ B126 · Bη→neutral þ B128 · Bη→neutral þ B130 · Bη→neutral

þ B132 · ðBhK0jKSi · BKS→π0π0 · Bη→neutralÞ þ B151 · Bω→π0γ þ B152 · Bω→π0γ þ B800 · Bω→π0γ

B12 ¼ B128 · Bη→3π0 þ B30 þ B23 þ B28 þ B14 þ B16 þ B20 þ B27 þ B126 · Bη→3π0 þ B130 · Bη→3π0

B13 ¼ B14 þ B16

B17 ¼ B128 · Bη→3π0 þ B30 þ B23 þ B28 þ B35 · ðBhK0jKSi · BKS→π0π0Þ þ B40 · ðBhK0jKSi · BKS→π0π0Þ
þ B42 · ðBhK0jKSi · BKS→π0π0Þ þ B20 þ B27 þ B47 · ðBKS→π0π0 · BKS→π0π0Þ
þ B50 · ðBKS→π0π0 · BKS→π0π0Þ þ B126 · Bη→3π0 þ B37 · ðBhK0jKSi · BKS→π0π0Þ þ B130 · Bη→3π0

B18 ¼ B23 þ B35 · ðBhK0jKSi · BKS→π0π0Þ þ B20 þ B37 · ðBhK0jKSi · BKS→π0π0Þ
B19 ¼ B23 þ B20

B19

B13

¼ B19

B13

B24 ¼ B27 þ B28 þ B30 þ B40 · ðBhK0jKSi · BKS→π0π0Þ þ B42 · ðBhK0jKSi · BKS→π0π0Þ þ B47 · ðBKS→π0π0 · BKS→π0π0Þ
þ B50 · ðBKS→π0π0 · BKS→π0π0Þ þ B126 · Bη→3π0 þ B128 · Bη→3π0 þ B130 · Bη→3π0

þ B132 · ðBhK0jKSi · BKS→π0π0 · Bη→3π0Þ
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B25 ¼ B128 · Bη→3π0 þ B30 þ B28 þ B27 þ B126 · Bη→3π0 þ B130 · Bη→3π0

B26 ¼ B128 · Bη→3π0 þ B28 þ B40 · ðBhK0jKSi · BKS→π0π0Þ þ B42 · ðBhK0jKSi · BKS→π0π0Þ þ B27

B26

B13

¼ B26

B13

B29 ¼ B30 þ B126 · Bη→3π0 þ B130 · Bη→3π0

B31 ¼ B128 · Bη→neutral þ B23 þ B28 þ B42 þ B16 þ B37 þ B10 þ B167 · ðBϕ→KSKL
· BKS→π0π0Þ

B32 ¼ B16 þ B23 þ B28 þ B37 þ B42 þ B128 · Bη→neutral þ B130 · Bη→neutral þ B167 · ðBϕ→KSKL
· BKS→π0π0Þ

B33 ¼ B35 · BhK̄0jKSi þ B40 · BhK̄0jKSi þ B42 · BhK0jKSi þ B47 þ B48 þ B50 þ B51 þ B37 · BhK0jKSi
þ B132 · ðBhK̄0jKSi · Bη→neutralÞ þ B44 · BhK̄0jKSi þ B167 · Bϕ→KSKL

B34 ¼ B35 þ B37

B38 ¼ B42 þ B37

B39 ¼ B40 þ B42

B43 ¼ B40 þ B44

B46 ¼ B48 þ B47 þ B804

B49 ¼ B50 þ B51 þ B806

B54 ¼ B35 · ðBhK0jKSi · BKS→πþπ−Þ þ B37 · ðBhK0jKSi · BKS→πþπ−Þ þ B40 · ðBhK0jKSi · BKS→πþπ−Þ
þ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B47 · ð2 · BKS→πþπ− · BKS→π0π0Þ þ B48 · BKS→πþπ−

þ B50 · ð2 · BKS→πþπ− · BKS→π0π0Þ þ B51 · BKS→πþπ− þ B53 · ðBhK̄0jKSi · BKS→π0π0 þ BhK̄0jKLiÞ
þ B62 þ B70 þ B77 þ B78 þ B93 þ B94 þ B126 · Bη→charged þ B128 · Bη→charged þ B130 · Bη→charged

þ B132 · ðBhK̄0jKLi · Bη→πþπ−π0 þ BhK̄0jKSi · BKS→π0π0 · Bη→πþπ−π0 þ BhK̄0jKSi · BKS→πþπ− · Bη→3π0Þ
þ B151 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B152 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B167 · ðBϕ→KþK− þ Bϕ→KSKL

· BKS→πþπ−Þ
þ B802 þ B803 þ B800 · ðBω→πþπ−π0 þ Bω→πþπ−Þ

B55 ¼ B128 · Bη→charged þ B152 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B78 þ B77 þ B94 þ B62 þ B70 þ B93

þ B126 · Bη→charged þ B802 þ B803 þ B800 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B151 · ðBω→πþπ−π0 þ Bω→πþπ−Þ
þ B130 · Bη→charged þ B168

B56 ¼ B35 · ðBhK0jKSi · BKS→πþπ−Þ þ B62 þ B93 þ B37 · ðBhK0jKSi · BKS→πþπ−Þ þ B802 þ B800 · Bω→πþπ−

þ B151 · Bω→πþπ− þ B168

B57 ¼ B62 þ B93 þ B802 þ B800 · Bω→πþπ− þ B151 · Bω→πþπ− þ B167 · Bϕ→KþK−

B57

B55

¼ B57

B55

B58 ¼ B62 þ B93 þ B802 þ B167 · Bϕ→KþK−

B59 ¼ B35 · ðBhK0jKSi · BKS→πþπ−Þ þ B62 þ B800 · Bω→πþπ−

B60 ¼ B62 þ B800 · Bω→πþπ−

B63 ¼ B40 · ðBhK0jKSi · BKS→πþπ−Þ þ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B47 · ð2 · BKS→πþπ− · BKS→π0π0Þ
þ B50 · ð2 · BKS→πþπ− · BKS→π0π0Þ þ B70 þ B77 þ B78 þ B94 þ B126 · Bη→charged þ B128 · Bη→charged

þ B130 · Bη→charged þ B132 · ðBhK̄0jKSi · BKS→πþπ− · Bη→neutral þ BhK̄0jKSi · BKS→π0π0 · Bη→chargedÞ
þ B151 · Bω→πþπ−π0 þ B152 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B800 · Bω→πþπ−π0 þ B803
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B64 ¼ B78 þ B77 þ B94 þ B70 þ B126 · Bη→πþπ−π0 þ B128 · Bη→πþπ−π0 þ B130 · Bη→πþπ−π0 þ B800 · Bω→πþπ−π0

þ B151 · Bω→πþπ−π0 þ B152 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B803

B65 ¼ B40 · ðBhK0jKSi · BKS→πþπ−Þ þ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B70 þ B94 þ B128 · Bη→πþπ−π0

þ B151 · Bω→πþπ−π0 þ B152 · Bω→πþπ− þ B800 · Bω→πþπ−π0 þ B803

B66 ¼ B70 þ B94 þ B128 · Bη→πþπ−π0 þ B151 · Bω→πþπ−π0 þ B152 · Bω→πþπ− þ B800 · Bω→πþπ−π0 þ B803

B67 ¼ B70 þ B94 þ B128 · Bη→πþπ−π0 þ B803

B68 ¼ B40 · ðBhK0jKSi · BKS→πþπ−Þ þ B70 þ B152 · Bω→πþπ− þ B800 · Bω→πþπ−π0

B69 ¼ B152 · Bω→πþπ− þ B70 þ B800 · Bω→πþπ−π0

B74 ¼ B152 · Bω→πþπ−π0 þ B78 þ B77 þ B126 · Bη→πþπ−π0 þ B130 · Bη→πþπ−π0

B75 ¼ B152 · Bω→πþπ−π0 þ B47 · ð2 · BKS→πþπ− · BKS→π0π0Þ þ B77 þ B126 · Bη→πþπ−π0 þ B130 · Bη→πþπ−π0

B76 ¼ B152 · Bω→πþπ−π0 þ B77 þ B126 · Bη→πþπ−π0 þ B130 · Bη→πþπ−π0

B76

B54

¼ B76

B54

B78 ¼ B810 þ B50 · ð2 · BKS→πþπ− · BKS→π0π0Þ þ B132 · ðBhK̄0jKSi · BKS→πþπ− · Bη→3π0Þ
B79 ¼ B37 · ðBhK0jKSi · BKS→πþπ−Þ þ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B93 þ B94 þ B128 · Bη→charged

þ B151 · ðBω→πþπ−π0 þ Bω→πþπ−Þ þ B168 þ B802 þ B803

B80 ¼ B93 þ B802 þ B151 · Bω→πþπ−

B80

B60

¼ B80

B60

B81 ¼ B128 · Bη→πþπ−π0 þ B94 þ B803 þ B151 · Bω→πþπ−π0

B81

B69

¼ B81

B69

B82 ¼ B128 · Bη→charged þ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B802 þ B803 þ B151 · ðBω→πþπ−π0 þ Bω→πþπ−Þ
þ B37 · ðBhK0jKSi · BKS→πþπ−Þ

B83 ¼ B128 · Bη→πþπ−π0 þ B802 þ B803 þ B151 · ðBω→πþπ−π0 þ Bω→πþπ−Þ
B84 ¼ B802 þ B151 · Bω→πþπ− þ B37 · ðBhK0jKSi · BKS→πþπ−Þ
B85 ¼ B802 þ B151 · Bω→πþπ−

B85

B60

¼ B85

B60

B87 ¼ B42 · ðBhK0jKSi · BKS→πþπ−Þ þ B128 · Bη→πþπ−π0 þ B151 · Bω→πþπ−π0 þ B803

B88 ¼ B128 · Bη→πþπ−π0 þ B803 þ B151 · Bω→πþπ−π0

B89 ¼ B803 þ B151 · Bω→πþπ−π0

B92 ¼ B94 þ B93

B93

B60

¼ B93

B60

B94

B69

¼ B94

B69
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B96 ¼ B167 · Bϕ→KþK−

B102 ¼ B103 þ B104

B103 ¼ B820 þ B822 þ B831 · Bω→πþπ−

B104 ¼ B830 þ B833

B106 ¼ B30 þ B44 · BhK̄0jKSi þ B47 þ B53 · BhK0jKSi þ B77 þ B103

þ B126 · ðBη→3π0 þ Bη→πþπ−π0Þ þ B152 · Bω→πþπ−π0

B110 ¼ B10 þ B16 þ B23 þ B28 þ B35 þ B40 þ B128 þ B802 þ B803 þ B151 þ B130

þ B132 þ B44 þ B53 þ B168 þ B169 þ B822 þ B833

B149 ¼ B152 þ B800 þ B151

B150 ¼ B800 þ B151

B150

B66

¼ B150

B66

B152

B54

¼ B152

B54

B152

B76

¼ B152

B76

B168 ¼ B167 · Bϕ→KþK−

B169 ¼ B167 · Bϕ→KSKL

B804 ¼ B47 · ððBhK0jKLi · BhK̄0jKLiÞ=ðBhK0jKSi · BhK̄0jKSiÞÞ
B806 ¼ B50 · ððBhK0jKLi · BhK̄0jKLiÞ=ðBhK0jKSi · BhK̄0jKSiÞÞ
B810 ¼ B910 þ B911 þ B811 · Bω→πþπ−π0 þ B812

B820 ¼ B920 þ B821

B830 ¼ B930 þ B831 · Bω→πþπ−π0 þ B832

B910 ¼ B136 · Bη→3π0

B911 ¼ B945 · Bη→πþπ−π0

B930 ¼ B136 · Bη→πþπ−π0

B944 ¼ B136 · Bη→γγ

BAll ¼ B3 þ B5 þ B9 þ B10 þ B14 þ B16 þ B20 þ B23 þ B27 þ B28 þ B30 þ B35 þ B37 þ B40

þ B42 þ B47 · ð1þ ððBhK0jKLi · BhK̄0jKLiÞ=ðBhK0jKSi · BhK̄0jKSiÞÞÞ þ B48 þ B62

þ B70 þ B77 þ B811 þ B812 þ B93 þ B94 þ B832 þ B833 þ B126 þ B128

þ B802 þ B803 þ B800 þ B151 þ B130 þ B132 þ B44 þ B53

þ B50 · ð1þ ððBhK0jKLi · BhK̄0jKLiÞ=ðBhK0jKSi · BhK̄0jKSiÞÞÞ
þ B51 þ B167 · ðBϕ→KþK− þ Bϕ→KSKL

Þ þ B152 þ B920 þ B821 þ B822 þ B831 þ B136 þ B945 þ B805

B. Tests of lepton universality

Lepton universality tests probe the Standard-Model prediction that the weak charged-current interaction has the same
coupling for all lepton generations. Starting with our 2014 report [1576], the precision of such tests was significantly
improved due to use of the Belle τ lifetime measurement [1644], while improvements from the τ branching fraction fit are
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negligible. We perform the universality tests by using
ratios of the partial widths of a heavier lepton α decaying
to a lighter lepton β [1645],

Γðα → ναβν̄βðγÞÞ ¼
Bðα → ναβν̄βÞ

τα

¼ GαGβm5
α

192π3
f

�
m2

β

m2
α

�
Rαβ
W Rα

γ ; ð325Þ

where (Refs. [1646–1648])

Gβ ¼
g2β

4
ffiffiffi
2

p
M2

W

; fðxÞ ¼ 1− 8xþ 8x3 − x4 − 12x2 lnx;

ð326Þ

Rαβ
W ¼ 1þ 3

5

m2
α

M2
W
þ 9

5

m2
β

M2
W
;

Rα
γ ¼ 1þ αðmαÞ

2π

�
25

4
− π2

�
: ð327Þ

The equation holds at leading perturbative order (with
some corrections being computed at next-to-leading
order) for branching fractions to final states that include
a soft photon, as detailed in the notation. The inclusion of
soft photons is not explicitly mentioned in the branching
fractions notation used in this section, but ought to be
implicitly assumed, since experimental measurements do
include soft photons. For most measurements of τ branch-
ing fractions, soft photons are not experimentally recon-
structed but accounted for in the simulations used to
estimate the experimental efficiency. We use Rτ

γ ¼
1–43.2 × 10−4 and Rμ

γ ¼ 1–42.4 × 10−4 [1645] and MW
from PDG 2021 [9]. We use HFLAV 2021 averages and
PDG 2021 for the other quantities. Using pure leptonic
processes we obtain the coupling ratios�

gτ
gμ

�
τ

¼ 1.0009� 0.0014; ð328Þ

�
gτ
ge

�
τ

¼ 1.0027� 0.0014; ð329Þ

�
gμ
ge

�
τ

¼ 1.0019� 0.0014: ð330Þ

Using the expressions for the τ hadronic partial widths, we
obtain

�
gτ
gμ

�
2

h

¼ Bðτ → hντÞ
Bðh → μν̄μÞ

2mhm2
μτh

ð1þ δRτ=hÞm3
τ ττ

�
1 −m2

μ=m2
h

1 −m2
h=m

2
τ

�
2

;

ð331Þ

where h ¼ π or K. The radiative corrections δRτ=π and
δRτ=K have been recently updated with an improved
estimation of their uncertainties and their values are
ð0.18� 0.57Þ% and ð0.97� 0.58Þ% [1580], respectively.
We obtain:�
gτ
gμ

�
π

¼0.9959�0.0038;

�
gτ
gμ

�
K

¼0.9855�0.0075:

ð332Þ

The largest contributions to the uncertainties of the tests
are the uncertainty on δRτ=π for ðgτ=gμÞπ and the uncer-
tainty on the τ branching fraction for ðgτ=gμÞK. Similar
tests can be performed using measurements of decay
modes with electrons, but are less precise because the
meson decays to electrons are helicity suppressed and
have less precise experimental measurements. Averaging
the three (gτ=gμ) ratios we obtain�

gτ
gμ

�
τþπþK

¼ 1.0003� 0.0014; ð333Þ

accounting for correlations and assuming that the δRτ=π

and δRτ=K uncertainties are uncorrelated as they are
estimated to be with good approximation [1580].
Table 326 reports the correlation coefficients for the fitted
coupling ratios.
Since ðgτ=gμÞτ ¼ ðgτ=geÞτ=ðgμ=geÞτ, the correlation

matrix is expected to be positive semi-definite, with one
eigenvalue equal to zero. Indeed, in the reported correlation
matrix there is one eigenvalue that is consistent with zero
within the numerical accuracy of the reported figures.

C. Universality-improved Bðτ → eνν̄Þ and Rhad

We compute two quantities that are used for further tests
involving the τ branching fractions:

(i) the “universality-improved” value Buni
e of Be ¼

Bðτ → eνν̄Þ, determined with the assumption that
the Standard Model and lepton universality hold;

(ii) the ratio Rhad between the total branching fraction of
the τ to hadrons, Bhad and the universality-improved
Buni
e , which is a measure of the ratio Γðτ → hadÞ=

Γðτ → eνν̄Þ of the respective partial widths.

TABLE 326. Universality coupling ratios correlation coeffi-
cients (%).

ðgτgeÞτ 51

ðgμgeÞτ −50 49

ðgτgμÞπ 16 18 1

ðgτgμÞK 12 11 −1 7

ðgτgμÞτ ðgτgeÞτ ðgμgeÞτ ðgτgμÞπ
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Following Ref. [1575], we obtain the improved value
Buni
e using the τ branching fraction to μνν̄, Bμ, and the τ

lifetime. We average:
(i) the Be fit value B5

(ii) the Be determination from the Bμ ¼ Bðτ → μνν̄Þ fit
value B3 assuming that gμ=ge ¼ 1, hence (see also
Sec. XII. B)

Be ¼ Bμ · fðm2
e=m2

τÞ=fðm2
μ=m2

τÞ; ð334Þ

(iii) the Be determination from the τ lifetime assuming
that gτ=gμ ¼ 1, hence

Be ¼ Bðμ → eν̄eνμÞ ·
ττ
τμ

·
m5

τ

m5
μ
· f

�
m2

e

m2
τ

�
f

�
m2

e

m2
μ

�
· ðRτ

γRτ
WÞ=ðRμ

γR
μ
WÞ; ð335Þ

where Bðμ → eν̄eνμÞ ¼ 1.
Accounting for correlations, we obtain

Buni
e ¼ ð17.812� 0.022Þ%: ð336Þ

We use Buni
e to obtain the ratio

Rhad¼
Γðτ→hadronsÞ
Γðτ→eνν̄Þ ¼Bhad

Buni
e

¼3.6343�0.0082; ð337Þ

where Bhad is the sum of all measured branching fractions
to hadrons. An alternative definition of Bhad uses the
unitarity of the sum of all branching fractions,
Buni
had ¼ 1 − Be − Bμ ¼ ð64.80� 0.06Þ%, and results in:

Runi
had ¼

1 − Be − Bμ

Buni
e

¼ 3.6381� 0.0075: ð338Þ

A third definition of Bhad uses the unitarity of the
sum of all branching fractions, the Standard Model
prediction Bμ ¼ Be · fðm2

μ=m2
τÞ=fðm2

e=m2
τÞ and Buni

e to
define Buni;SM

had ¼ 1 − Buni
e − Buni

e · fðm2
μ=m2

τÞ=fðm2
e=m2

τÞ ¼
ð64.87� 0.04Þ%, yielding

Runi;SM
had ¼ 1 − Buni

e − Buni
e · fðm2

μ=m2
τÞ=fðm2

e=m2
τÞ

Buni
e

¼ 3.6417� 0.0070: ð339Þ

Although Buni
had and Buni;SM

had are more precise than Bhad, the
precision of Runi

had and Runi;SM
had is just slightly better than the

one of Rhad because there are larger correlations between
Buni
had, B

uni;SM
had and Buni

e than between Bhad and Buni
e .

D. Measurements of jVusj
The CKM matrix element magnitude jVusj is most

precisely determined from kaon decays [1649] (see
Figure 104), and its precision is limited by the uncertainties
of the lattice QCD estimates of the meson form factor
fKπþ ð0Þ and decay constant in fK�=fπ�. Using the τ
branching fractions, it is possible to determine jVusj in
an alternative way [1650,1651] that does not depend on
lattice QCD and has small theory uncertainties (as dis-
cussed in Sec. XII. D. 1). Moreover, jVusj can be deter-
mined using the τ branching fractions similarly to the kaon
case, using the lattice QCD predictions for the meson decay
constants.

1. jVusj from Bðτ → XsνÞ
The τ hadronic partial width is the sum of the τ partial

widths to strange and to nonstrange hadronic final states,
Γhad ¼ Γs þ ΓVA. The suffix “VA” traditionally denotes the
sum of the τ partial widths to nonstrange final states, which
proceed through either vector or axial-vector currents.
Dividing any partial width Γx by the electronic partial

width, Γe, we obtain partial-width ratios Rx, which satisfy
Rhad ¼ Rs þ RVA. In terms of such ratios, jVusj can be
measured as [1650,1651]

jVusjτs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rs

�
RVA

jVudj2
− δRtheory

�s
; ð340Þ

where δRtheory can be determined using perturbative QCD
and partly relying on experimental low energy scattering
data [1652–1654]. The calculations in the first two refer-
ences have been criticized for falling short in dealing with
the biases and uncertainties in the low-energy regime of
QCD [1655], but are still supported by the authors. In order
to obtain smaller and more reliable QCD uncertainties,
alternative procedures for computing jVusj using τ decays
have been proposed, which involve the τ spectral functions
[1655] and lattice QCD methods [1656].
In the following, we compute jVusj using the τ branching

fraction fit results according to Eq. (340), since the
complexity of the other proposed procedures and the effort
that is required to reproduce them exceed the scope of this
report. We use Ref. [1652] and the s-quark mass ms ¼
93.00� 8.54 MeV [9] to calculate δRtheory ¼ 0.238�
0.033, since that reference quotes uncertainties that are
intermediate with respect to the other two assessments in
the above mentioned existing literature.
We proceed following the same procedure of the

2012 HFLAV report [221]. We sum the strange and non-
strange hadronic τ branching fractions Bs and BVA, and
use the universality-improved Buni

e (see Sec. XII. C) to
compute the Rs and RVA ratios. In past determinations of
jVusj, such as the 2009 HFLAV report [424], the total
hadronic branching fraction was computed using unitarity
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as Buni
had ¼ 1 − Be − Bμ, and BVA was obtained from

Buni
had − Bs. Here we use the direct experimental determina-

tion of BVA for two reasons. First, both methods result in
comparable uncertainties on jVusj, since the better precision
on Buni

had ¼ 1 − Be − Bμ is offset by increased correlations in
the expressions ð1 − Be − BμÞ=Buni

e and Bs=ðBhad − BsÞ
used in the jVusj calculation. Second, if there are unobserved
τ hadronic decay modes, they will affect BVA and Bs in a
more asymmetric way when using unitarity.
Using the τ branching fraction fit results with their

uncertainties and correlations (Sec. XII. A), we compute
Bs ¼ ð2.908� 0.048Þ% (see Table 327) and
BVA ¼ Bhad − Bs ¼ ð61.83� 0.10Þ%. PDG 2021 averages
[9] are used for quantities other than the results of the
HFLAV τ branching fractions fit; jVudj ¼ 0.97373�
0.00031 is taken from a 2020 updated determination
[1657]. We obtain jVusjτs ¼ 0.2184� 0.0021, where the
uncertainty includes a systematic error contribution of
0.0011 from the theory uncertainty on δRtheory. This value
is 3.7σ lower than the value jVusjuni ¼ 0.2277� 0.0013
predicted from the CKM unitarity relation ðjVusjuniÞ2 ¼

1 − jVudj2 − jVubj2. We also compute ðjVusj=jVudjÞτs ¼
0.2243� 0.0022.

2. jVusj from Bðτ → KνÞ=Bðτ → πνÞ
We compute jVusj=jVudj from the ratio of branching

fractions Bðτ→ K−ντÞ=Bðτ→ π−ντÞ ¼ ð6.437� 0.092Þ×
10−2 using the equation [1658]:

Bðτ− → K−ντÞ
Bðτ− → π−ντÞ

¼ f2K�jVusj2
f2π�jVudj2

ðm2
τ −m2

KÞ2
ðm2

τ −m2
πÞ2

ð1þ δRτK=τπÞ;

ð341Þ

and we get jVusj=jVudj ¼ 0.2289� 0.0019, using the
ratio of decay constants fK�=fπ� ¼ 1.1932� 0.0021 from
the FLAG 2019 lattice QCD averages withNf ¼ 2þ 1þ 1

[209,1399,1400,1659,1660] and δRτK=τπ¼ð0.10�0.80Þ%
[1580].
By using jVudj [1657] we compute jVusjτK=π ¼

0.2229� 0.0019, 2.1σ below the CKM unitarity prediction.

3. jVusj from Bðτ → KνÞ
We determine jVusj from the branching fraction Bðτ− →

K−ντÞ using

Bðτ− → K−ντÞ ¼
G2

F

16πℏ
f2K�jVusj2ττm3

τ

×

�
1 −

m2
K

m2
τ

�
2

SEWð1þ δRτKÞ: ð342Þ

We use fK� ¼ 155.7� 0.3 MeV from the FLAG
2019 lattice QCD averages with Nf ¼ 2þ 1þ 1

[209,1399,1660,1661], SEW ¼ 1.02320� 0.00030 [1662]
and δRτK ¼ ð−0.15� 0.57Þ% [1580]. We obtain
jVusjτK ¼ 0.2219� 0.0017, which is 2.6σ below the
CKM unitarity prediction. The physical constants GF and
ℏ are taken from CODATA 2018 [1663]. This edition fixes a
transcription error on the physical constants taken from PDG
2018 that caused an incorrect shift of the jVusjτK determi-
nation by about þ0.5σ in the previous HFLAV report [1].

4. Summary of jVusj from τ decays

Wesummarize the jVusj results reportingthevalues, thedis-
crepancy with respect to the jVusj determination from CKM
unitarity, and an illustration of the measurement method:

jVusjuni ¼ 0.2277� 0.0013 0.0σ
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − jVudj2 − jVubj2
q

ðCKM unitarityÞ
i
; ð343Þ

jVusjτs ¼ 0.2184� 0.0021 − 3.7σ ½Bðτ− → X−
s ντÞ�; ð344Þ

jVusjτK=π ¼ 0.2229� 0.0019 − 2.1σ ½Bðτ− → K−ντÞ=Bðτ− → π−ντÞ�; ð345Þ

TABLE 327. HFLAV 2021 τ branching fractions to strange
final states.

Branching fraction HFLAV 2021 fit (%)

K−ντ 0.6957� 0.0096
K−π0ντ 0.4322� 0.0148
K−2π0ντðex:K0Þ 0.0634� 0.0219
K−3π0ντðex:K0; ηÞ 0.0465� 0.0213
π−K̄0ντ 0.8375� 0.0139
π−K̄0π0ντ 0.3810� 0.0129
π−K̄02π0ντðex:K0Þ 0.0234� 0.0231
K̄0h−h−hþντ 0.0222� 0.0202
K−ηντ 0.0155� 0.0008
K−π0ηντ 0.0048� 0.0012
π−K̄0ηντ 0.0094� 0.0015
K−ωντ 0.0410� 0.0092
K−ϕðKþK−Þντ 0.0022� 0.0008
K−ϕðK0

SK
0
LÞντ 0.0015� 0.0006

K−π−πþντðex:K0;ωÞ 0.2924� 0.0068
K−π−πþπ0ντðex:K0;ω; ηÞ 0.0387� 0.0142
K−2π−2πþντðex:K0Þ 0.0001� 0.0001
K−2π−2πþπ0ντðex:K0Þ 0.0001� 0.0001

X−
s ντ 2.9076� 0.0478
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jVusjτK ¼ 0.2219� 0.0017 − 2.6σ ½Bðτ− → K−ντÞ�: ð346Þ

Averaging the two jVusj determinations that rely on exclusive τ branching fractions, we obtain:

jVusjτ excl ¼ 0.2222þ 0.0017 − 2.5σ ½average of τ exclusive measurements�: ð347Þ
Averaging the τ inclusive and exclusive jVusj determinations, we obtain:

jVusjτ ¼ 0.2207� 0.0014 − 3.5σ ½average of 3 jVusj τmeasurements�: ð348Þ

In calculating the averages, the correlation between fK�
and fK�=fπ� is taken to be zero, in absence of public
information. Taking it to be �100% varies the jVusj central
value by about 8% of its uncertainty and the jVusj
uncertainty by about 1% relative. From the purpose of
estimating the correlations between δRτK , δRτπ and δRτK=τπ

we use the information [1580] that the uncertainties on
δRτK and δRτπ are uncorrelated to a good approximation
and that δRτK=τπ ¼ δRτK − δRτπ.
All jVusj determinations based on measured τ branching

fractions are lower than both the kaon and the CKM-
unitarity determinations. This is correlated with the fact that
the direct measurements of the three largest τ branching
fractions to kaons [Bðτ− → K−ντÞ, Bðτ− → K−π0ντÞ and
Bðτ− → π−K̄0ντÞ] yield lower values than their SM

predictions based on the branching fractions of leptonic
kaon decays [1646,1665,1666].
Alternative determinations of jVusj from Bðτ → XsνÞ

[1655,1656], based on partially different sets of experi-
mental inputs, report jVusj values consistent with the
unitarity determination.
Figure 104 reports our jVusj determinations using the τ

branching fractions, compared to two determinations based
on kaon data [9] and to the value obtained from jVudj with
CKM-matrix unitarity [9].
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