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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, neutral meson mixing 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 z-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
BY sector, but with significant improvements both in
precision and in the averaging procedures. In total, new
BY 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 Ag—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 A (55, E),
Q,,, and all other yet-to-be-discovered b baryons). A sizable
value of the decay width difference in the B)-B? 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
B°-BY system are not yet precise enough to distinguish the
small (expected) value from zero. The mass differences in
both the B-B? and BY-B? systems are known very
accurately at the O(1073) and O(107*) 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 BY mixing in the b — cCs
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 sin2f =sin2¢, from b — cCs
transitions such as B — J/wK$ has reached better
than 2.5% precision: sin2f =sin2¢; = 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

052008-4
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dominated decays of B mesons are currently consistent
with the SM expectations. Measurements of CP violation
parameters in BY — ¢¢ and BY — K*°K* enable similar
comparisons to the value of ¢S, where results are again
consistent with the small SM expectation. Among mea-
surements related to the unitarity triangle angle a = ¢,,
results from B decays to zz, pzr and pp are combined to
obtain a world average value of (85.27}%)°. Knowledge of
the third angle y = ¢; also continues to improve, with the
current world average being (66.273¢)°. The world average
for y 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 |V,,| and |V,,| are now

available from the decays B — D"¥¢/v, B, — D£*>uv,
B — nfv, B, —» Kuv and A, — puv. A global fit to all
exclusive results yields |V ;| = (39.10 & 0.50) x 10~ and
|Vup| = (3.51 £0.12) x 1073, The tension with the deter-
minations from inclusive B meson decays is thus 3.3¢ for
both |V,| and |V, |. The numerical values of R(D*) and
R(D), characterizing semitauonic decays B — D)7y,
have been stable since the last update. With respect to
the most recent theory calculations, the combined tension
with the SM expectation is 3.3c.

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 BY 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 B?s) — ptu~ decays with additional data from

Run IT of the LHC, improving the sensitivity. There are
more and more measurements of observables related to
b — s£¢ 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 B¥ — K*u*u~ and Bt - Ktete™
decays (Rg) from LHCb, with Run II data have also been
confirmed. In the low squared dilepton mass region, it
differs from the SM prediction by 3.1¢. In addition, more
and more stringent limits on lepton flavor violating modes
are being established. Among the CP violating observables
in rare decays, the “Kz 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 B} -meson decays. Among

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

b-hadron lifetimes

7(BY) 1.519 £ 0.004 ps

B™) 1.638 = 0.004 ps

1.520 4 0.005 ps
) 1.429 £ 0.007 ps

B%) 1.624 £+ 0.009 ps

0.510 & 0.009 ps

T 1.471 £ 0.009 ps
7(8};) 1.572 £ 0.040 ps
7(E9) 1.480 &+ 0.030 ps
7(Q;) 1647013 ps
B® and BY mixing & CP violation
Amy 0.5065 4 0.0019 ps~!
ATy /Ty 0.001 £ 0.010
|ga/ Pal 1.0010 +£ 0.0008
Amy 17.765 & 0.006 ps~!
AT’ +0.084 + 0.005 ps~!
lgs/ ps| 1.0003 £ 0.0014

ces —0.049 +0.019 rad
Unitarity-triangle angle parameters
sin 2 = sin 2¢, 0.699 + 0.017
B=d (22.24+0.7)°
—1S k0 0.7415-13
=18, k0 0.63 £ 0.06
_nSKgK‘;Kg 0.83 +0.17
o (Pdh) —0.073 £ 0.115 £ 0.027 rad
(Spo_k+k-> Cpogk-) (0.14 £0.03,0.17 £ 0.03)
NS 1 jyad 0.86 £0.14
—nSp+p- 0.84 £0.12
=18 1y 0.66703 %00
NS -0.16 £0.22
(Sytns Crin-) (—0.666 + 0.029, —0.311 £ 0.030)
(8 p=2 Cpip) (—0.14 £ 0.13,0.00 &+ 0.09)
a=p, (85.244%)
a(D¥ %), a(D** ) —0.038 £ 0.013, —0.039 £ 0.010
Acp(BT = Dcp KT) 0.139 + 0.009
Aaps(BT = Dg,KT) —0.453 £ 0.026
r=ds (662135)°

the first results from Belle II, it is worth mentioning the
limit on the branching fraction of Bt — KTup
(<41 x 107° at 90% confidence level). With a dataset of
63 fb~! 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,
CDEFE, DO, 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 B® and B* mesons,
many new decay modes have been discovered. In addition,

052008-5
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TABLE 2. Selected world averages. Where two uncertainties are given the first is statistical and the second is

systematic.

Semileptonic b-hadron decay parameters
B(B® —» D*t¢ 1)
B(B~ — D¢ 1,)
B(B® - D*¢ i)
B(B~ - D% 1,)
B(B® - nt¢71,)
|V.p| from exclusive B, B, and A, decays
|V.»| from exclusive B, B, and A, decays
B(B g ch_ﬂg)
B(B — Xf_l_/f)
|V.p| from inclusive B decays
|V.p| from inclusive B decays
R(D) = B(B — Dwv,)/B(B - D¢v,)
R(D*) = B(B - D*wv,)/B(B — D*¢v,)
b-hadron decays to charmed hadrons
B(BO - D z")
- D7)
BO - D;nt)
- Afn7)
B J/wK°)
B — J/yK")
B) = J/ye)
A) = J/wAO)
1‘3(3+ -~ J/yD{)/B(BS — J/yx")
b-hadron decays to charmless final states
B(B) = p'u™)
B(B® — pu™)
B(B® — ete)
B(B = X,y) (E, > 1.6 GeV)
Ry =B(B" - Ktutu)/B(Bt - KTete™)
in 1.1 <m2,,. <6.0 GeV?/c* (LHCb)
Rg = B(B* - K*®utu™)/B(BT —» K*%¢te™)
in 1.1 <m2,,. <6.0 GeV?/c*
Acp(B" > K*n7)
Acp(BT — K*x°)
Acp(B) > K~n%)
B(B® -yt~ +c.c.)
Observables in B® — K*u+tyu~

B(B*
B(
B(A;,
B5(
B(
B5(
5(

decays in bins of ¢> = m*(u*u~)

(4.97 £0.12)%
(5.58 £0.22)%
(2.24 £ 0.09)%
(2.30 £ 0.09)%
(1.50 £ 0.06) x 10~
(39.10 £ 0.50) x 1073
(3.51 £0.12) x 1073
(10.65 £0.16)%
(10.84 £ 0.16)%
(42.19 £ 0.78) x 1073
(4.194£0.17) x 1073
0.339 £ 0.030
0.295 £ 0.014

(2.56 £0.13) x 1073
(4.67£0.14) x 1073
(2.85+£0.18) x 1073
(4.45+£0.25) x 1073
(0.864 £ 0.029) x 1073
(1.006 £ 0.026) x 1073
(1.061 £+ 0.090) x 1073
(0.47 £0.29) x 1073
3.09 £0.55

(2.95+£0.41) x 107°
<0.21 x 10~ (CL = 90%)
<2.5x 107 (CL = 90%)

(3.49 £0.19) x 107

+0.042+0.013
0. 846—0 039-0.012

0.72%55
—~0.0836 + 0.0032
0.027 + 0.013
0.224 +0.012

<12 x107° (CL = 90%)
See Sec. IXF

the set of measurements available for B? and B 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=AM/T # 0. The statistical significance of this obser-
vation is 8.2¢, which is much greater than the previous
significance of 3.1¢. The measurement of x, along with
measurements of 48 other observables by the E791,
FOCUS, Belle, BABAR, CLEO-c, BESIIl, 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 11.5¢0. The precision on x is improved
by a factor of two from that of previous HFLAV fits. The
mixing parameter y = AI'/T" # 0 with a statistical signifi-
cance greater than 11.46. The world average value for the
observable yp is positive, indicating that the CP-even state
is shorter-lived, as in the K°-K° system. However, x > 0
and thus the CP-even state is the heavier one, which differs
from the K°-K° system. The CP violation parameters
|g/ p| and ¢ are compatible with CP symmetry at the level
of 1.60; thus there is no evidence for indirect CP violation,
i.e., that arising from mixing (|¢/p| # 1) or from a phase
difference between the mixing amplitude and a direct decay
amplitude (¢ #0). A separate fit to time-integrated
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TABLE 3. Selected world averages. Where two uncertainties
are given the first is statistical and the second is systematic.

D° mixing and CP violation

x (0.41 £ 0.05)%
y (0.62 £ 0.06)%
51(7[ (72;\»973)0

Ap (—0.70 + 0.36)%
lg/ p| 0.995 + 0.016
¢ (=25 +£1.2)°

X1, (no direct CP violation)
y12 (no direct CP violation) (0.60 £ 0.06)%
¢1» (no direct CP violation) (0.58 £0.91)°
g (~0.010 + 0.012)%

(0.41 + 0.05)%

Aadt, (=0.161 +0.028)%
Charm meson (semi)leptonic decays

fp (205.1 +4.4) MeV
fo, (252.2 £2.5) MeV
IV eal 0.2208 + 0.0040
|Vl 0.9701 £+ 0.0081
Charm meson hadronic decays

B(D® — K-7*) (3.999 + 0.006 + 0.031

+0.032¢5R ) %
B(D® - K*z7)/B(D° - K~ x*) (0.343 4 0.002)%

© parameters, lepton universality, and |V |

9/ Gy 1.0009 £ 0.0014
9/ ge 1.0027 & 0.0014
Gl Ge 1.0019 £ 0.0014
Be™ (17.812 £ 0.022)%
Rpad 3.6343 £ 0.0082
|Vs| from B(z™ — X v,) 0.2184 + 0.0021
|Vius/Vual from Bz~ - X,v,) 0.2243 £ 0.0022
|V | from

Ble — Ku.)/B(e — 70,) 0.2229 + 0.0019
|Vus|/|vud| from

B(r = K0.)/B(c — 10.) 0.2289 4 0.0019
|V 4| from B(z~ - K~ v;) 0.2219 + 0.0017
|V.s| T average 0.2207 £ 0.0014

measurements of D°— KTK~/ztz~ decays gives
Aadl = (=0.161 £ 0.028)%, 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 |V,.,| and
|V.s| are obtained from leptonic D™ — p*v and DY —
utv/tty 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 D° — K¥ 7% 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 7 branching fraction fit has become more similar to
the PDG t 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 |V | calcu-
lations this edition uses recent new estimations of the
radiative corrections for the theory predictions of the
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 |V | determination from the z branching fractions,
an accidental transcription error has been fixed, which
caused in the previous report an incorrect shift of about
+0.5¢ in |V ;| computed from B(z — Kv). Recent updates
on the radiative corrections used in the procedure to extract
|V .| from experimental data have shifted the |V ,,| world
average, resulting in a significant violation of the unitarity
of the first row of the CKM matrix. Like the |V
calculations that rely on kaon decay measurements, the
|V.s| measurements with z decays (less precise than the
ones obtained from kaon decays) are smaller than the |V,|
value that would be required by unitarity and the measured
|Vl and |V ;| 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 » 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
eTe™ B factory experiments led to a large increase in
the size of available B-meson, D-hadron and z-lepton
samples, enabling dramatic improvement in the accuracies
of related measurements. The CDF and DO experiments at
the Fermilab Tevatron have also provided important results
in heavy flavor physics, most notably in the B sector. In
the D-meson sector, the dedicated ete™ 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 ¢ 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)' was
formed in 2002 to continue the activities of the LEP

"The group was originally known by the acronym “HFAG.”
Following feedback from the community, this was changed to
HFLAV in 2017.

052008-7



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

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 B’—B° and BY-BY 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 |V | and |V, ];

(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 Y'(4S) and Y(5S) 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 D°-D° system;

(vii) the “charm decays” subgroup provides averages
of charm-hadron branching fractions, properties of
excited D** and D,; mesons, properties of charm
baryons, and the D™ and D} decay constants f
and fp ;

(viii) the “tau physics” subgroup provides averages for ¢
branching fractions using a global fit, elaborates on
the results to test lepton universality and to deter-
mine the CKM matrix element magnitude |V |, and
lists and combines branching-fraction upper limits
for 7 lepton-flavor-violating decays.

Subgroups consist of representatives from experiments

producing relevant results in that area, i.e., representatives

from BABAR, Belle, Belle 11, BESIII, CLEO(c), CDF, DO,

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 IIT 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 x;
to denote the ith set of measurements of those parameters.
The covariance matrix for the measurement is V,. In all fits,
we ensure that x and x; do not contain redundant informa-
tion, i.e., they are vectors with n elements that represents
exactly n parameters. A y* statistic is constructed as

N

X (x) :Z(xi_x>TVi_l(xi_x)7 (1)

i

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 x, which are the values of x at the minimum
of y*(x), and their covariance matrix

N
V=3 v (2)
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which is a generalization of the one-dimensional esti-
mate 672 =) ;072

The value of y?(%) 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 (%) and
dof are typically converted to a p-value and reported
together with the averages. Unlike the Particle Data
Group [9], when y?/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

20) =3 (o) -5V (o) %) ()

where p are the fit parameters, including the quantities
whose averages we want to determine, x; is the set of ith
measurements (e.g., of branching fractions and branching-
fraction ratios), and f; is the dependence of the measured
quantities x; 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 y? 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 x; 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 + (S.X'l + Axl’l + A.X'Lz...
X2 + 5.X'2 + A)Cz’l + A.X'zwz...,

where the ox; are statistical uncertainties and the Ax, ; are
contributions to the systematic uncertainty. The simplest
approach is to combine statistical and systematic uncer-
tainties in quadrature

X1 + (5)(1 @ Axl’l @ Axl,z @ )
X + (5)(2 @ AXZJ @ AX2,2 @ ),

and then perform a weighted average of x; and x, using
their combined uncertainties, treating the measurements as
independent. This approach suffers from two potential
problems that we try to address. First, the values x; may
have been obtained using different assumptions for nui-
sance parameters; e.g., different values of the B lifetime
may have been used for different measurements of the
oscillation frequency Am,. The second potential problem is
that some systematic uncertainties may be correlated
between measurements. For example, different measure-
ments of Am,; 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
y; upon which x; depends. The uncertainty Ay, which is
the uncertainty on y; coming from external measurements,
contributes Ax;; to the systematic uncertainty on x;. We
thus use the values of y; and Ay; 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