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Measurements of the branching ratios of B → Dð�Þτν̄=B → Dð�Þlν̄ and Bc → J=ψτν̄=Bc → J=ψlν̄ by
the BABAR, Belle and LHCb collaborations consistently point towards an abundance of taus compared to
channels with light leptons. However, the ratio Λb → Λcτν̄=Λb → Λclν̄ shows a relative deficit in taus. In
this paper, we critically address whether data still points towards a coherent pattern of deviations, in
particular in light of the sum rule relating these decays in a model-independent way. We find that no
common new physics explanation of all ratios is possible (within 2σ or 1.5σ, depending on the RðΛcÞ
normalization to light lepton channels). While this inconsistency could be a statistical fluctuation, further
measurements are required in order to converge to a coherent pattern of experimental results.
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I. INTRODUCTION

The Standard Model (SM) has a solid experimental
foundation since its formulation half a century ago [1–3].
However, several incontestable observations, like the pres-
ence of dark matter or neutrino oscillation (see, e.g.,
Refs. [4,5] for recent reviews), prove the existence of New
Physics (NP). A useful approach for searching for NP is to
look at the violation of (approximate) symmetries of the SM,
like, e.g., lepton flavor universality (LFU) which is only
broken in the SMLagrangian by the smallYukawa couplings.

In fact, several hints for the violation of LFU have
emerged over the last years (see, e.g., Refs. [6–10] for a
recent review). In particular, ratios of the semileptonic b
hadrons decays

RðDð�ÞÞ≡ BRðB → Dð�Þτν̄Þ=BRðB → Dð�Þlν̄Þ;
RðJ=ψÞ≡ BRðBc → J=ψτν̄Þ=BRðBc → J=ψlν̄Þ;
RðΛcÞ≡ BRðΛb → Λcτν̄Þ=BRðΛb → Λclν̄Þ; ð1Þ

where Cabibbo-Kobayashi-Maskawa (CKM) and hadronic
uncertainties drop out and are reduced, respectively, show
deviations from the SM predictions.1

Both RðDÞ and RðD�Þ have been measured by BABAR
[11,12] and Belle [13–17] and a first combined measure-
ment of these ratios has just recently been announced by
LHCb [18], which previously had measured only the latter
one [19–21]. A global average for these quantities has been
provided by the Heavy Flavor Averaging Group (HFLAV)
collaboration [22],
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RðDÞ ¼ 0.358� 0.025� 0.012;

RðD�Þ ¼ 0.285� 0.010� 0.008; ð2Þ

where the first uncertainty is statistical and the second is
systematic. When comparing this result with the recent SM
predictions [22–28],

RSMðDÞ ¼ 0.298� 0.004;

RSMðD�Þ ¼ 0.254� 0.005; ð3Þ

one observes a tension at the level of 3.2σ. As the
determination of jVcbj from the modes with light leptons
is consistent with global CKM fits [29,30], it is regularly
assumed that the deviation implies an over-abundance
of taus.
An analogous behavior has been observed for

RðJ=ψÞ [31]

RðJ=ψÞ ¼ 0.71� 0.17� 0.18: ð4Þ

To compare this result with SM predictions, we can rely on
the latest estimates [32–35],

RSMðJ=ψÞ ¼ 0.258� 0.004; ð5Þ

that are compatible with data at the 1.8σ level. However, we
are still missing a determination of the tensor form factors
from lattice, and the lack of a precise knowledge for these
form factors from other sources precludes an accurate NP
analysis [33,36–39]. For this reason, we do not include this
observable in our NP analysis.
Finally, LHCb [40] finds

RðΛcÞ ¼ 0.242� 0.026� 0.040� 0.059; ð6Þ

where the first uncertainty is statistical, the second is
systematic and the third is due to external branching
fraction measurements. A recent reanalysis of this result
has been performed in Ref. [41] where, in order to reduce
systematic errors, the tau decay channel measured by the
LHCb collaboration is normalized to the SM prediction for
ΓðΛb → Λcμν̄Þ, rather than employing its experimental
average. Such a procedure improves the accuracy and
slightly amplifies the central value, yielding

RðΛcÞ ¼ j0.04=Vcbj2ð0.285� 0.073Þ: ð7Þ

In comparison the SM prediction, where the absence
of a subleading Isgur-Wise function at OðΛ̄=mc;bÞ in the
Λb → Λc transition suppresses the theoretical uncertainty
[42], is equal to [43–49]

RSMðΛcÞ ¼ 0.324� 0.004: ð8Þ

Although this value does not point towards a strong tension
with the SM, it actually hints this time to an under-
abundance of taus.
This opposite behavior compared to the other ratios is

unexpected as all processes are described by the same
effective Hamiltonian for b → clν transitions. Many
model-independent NP analyses have been performed to
explain either the deviation observed in RðDÞ and RðD�Þ
[50–66], and/or RðΛcÞ alone [49,67–72], with NP effects
connected to tau leptons. However, a joint description of
the three LFU ratios is mandatory, because the three decay
modes are correlated in a model-independent way: RðDÞ,
RðD�Þ andRðΛcÞ fulfill a sum rule which is rooted in their
properties in the heavy quark limit [73,74].
The intent of this paper is therefore to critically scrutinize

the compatibility of data. We try to understand, by means of
an effective field theory (EFT) approach, whether it is
possible to introduce further NP effects in order to address
experimental measurements, or if on the other hand we are
facing a situation where current results are incompatible
among themselves. While most previous analyses were
restricted to NP contributions in tau final states, we also
consider the possibility to introduce NP coupled to light
leptons, thereby modifying the sum rule in order to
potentially accommodate data.
This paper is organized a follows: in Sec. II we introduce

the EFT formalism employed to perform the NP analyses
and in Sec. III we update the sum rule, which is modified
once taking the latest results into account. In Sec. IV we
review all the possible, simple UV completions that can
produce the effects described by the EFT at the low scale,
and in Sec. V we report the results of our fits. We draw our
conclusions in Sec. VI.

II. EFT FORMALISM

We use the effective Hamiltonian

Heff ¼ 2
ffiffiffi
2

p
GFVcb½ð1þ Cl

VL
ÞOl

VL
þ Cl

SR
Ol

SR

þ Cl
SL
Ol

SL
þ Cl

TO
l
T �; ð9Þ

with the dimension-six operators

Ol
VL

¼ ðc̄γμPLbÞðl̄γμPLνlÞ;
Ol

SR
¼ ðc̄PRbÞðl̄PLνlÞ;

Ol
SL

¼ ðc̄PLbÞðl̄PLνlÞ;
Ol

T ¼ ðc̄σμνPLbÞðl̄σμνPLνlÞ; ð10Þ

where σμν ¼ i
2
½γμ; γν�. Note that in our convention for

the effective Hamiltonian the Wilson coefficients (WCs)
Cl
i describe a genuine NP effect, and vanish in the

SM. Moreover, NP effects due to light right-handed
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neutrinos, like the ones considered, e.g., in Refs. [75–80], or
right-handed quark vector currents, which are LFU at
the dimension-six level [81–84], are not included in our
analysis.
Finally, it is important to remember that the operators

and WCs in Eq. (9) are scale dependent. We perform our
analysis for a heavy NP scale, which we take to be 2 TeV
for concreteness. To connect these coefficients to the decay
scale μ ¼ μb ¼ 4.2 GeV, we use the renormalization-
group evolution (RGE) for the dimension-six operators
at next-to-leading order in QCD and leading order in EW
interactions, including the top-quark threshold corrections
[85] and taking the QCD one-loop matching corrections
(for general scalar and vector leptoquarks whose couplings
are invariant under the SM gauge group) into account at the
NP scale [86],

Cl
VL
ðμbÞ ¼ 1.12Cl

VL
ð2 TeVÞ;

Cl
SR
ðμbÞ ¼ 2.00Cl

SR
ð2 TeVÞ;�

Cl
SL
ðμbÞ

Cl
TðμbÞ

�
¼

�
1.91 −0.38
0. 0.89

��
Cl
SL
ð2 TeVÞ

Cl
Tð2 TeVÞ

�
: ð11Þ

III. UPDATED SUM RULE

RðDð�ÞÞ andRðΛcÞ have strong theoretical correlations
as they depend on the same transition at the quark level.
Given the update of the form factors relevant for B → Dð�Þ
transitions [27], together with the newly measured value
forRðΛcÞ [40] and the updated measurements forRðDð�ÞÞ
[18], we update here the sum rule connecting the three
LFU ratios [73,74]. Indeed, the update of the form factors
has an impact on the coefficients feeding into the sum rule,
while the additional experimental information forRðDð�ÞÞ
gives a more precise prediction forRðΛcÞ, which can now
be directly compared with its experimental measurement.
For this we start from a seminumerical formula for
RðΛcÞ, assuming NP contributions to the tau channel
only and using the Λb → Λc lattice QCD results of
Refs. [45,47,63]:

RðΛcÞ
RSMðΛcÞ

¼ j1þ Cτ
VL
j2 þ 0.50Re½ð1þ Cτ

VL
ÞCτ�

SR
�

þ 0.33Re½ð1þ Cτ
VL
ÞCτ�

SL
� þ 0.52ReðCτ

SL
Cτ�
SR
Þ

þ 0.32ðjCτ
SL
j2 þ jCτ

SR
j2Þ

− 3.11Re½ð1þ Cτ
VL
ÞCτ�

T � þ 10.4jCτ
T j2; ð12Þ

where the Wilson coefficients have to be considered at the
scale μ ¼ μb [47], and we used mcðμbÞ ¼ 0.92 GeV in the
computation of the form factors of the scalar and pseu-
doscalar currents.

Combining this with the updated general NP formulae
for RðDð�ÞÞ [66] and Eq. (12), we find2

RðΛcÞ
RSMðΛcÞ

¼ 0.280
RðDÞ

RSMðDÞþ0.720
RðD�Þ

RSMðD�ÞþδΛc
; ð13Þ

with

δΛc
¼ Re½ð1þ Cτ

VL
Þð0.314Cτ�

T − 0.003Cτ�
SR
Þ�

þ 0.014ðjCτ
SL
j2 þ jCτ

SR
j2Þ

þ 0.004ReðCτ
SL
Cτ�
SR
Þ − 1.30jCτ

T j2: ð14Þ

This is to be compared with

RðΛcÞ
RSMðΛcÞ

≃ 0.262
RðDÞ

RSMðDÞ þ 0.738
RðD�Þ

RSMðD�Þ ; ð15Þ

found in Ref. [74]. As expected, the coefficients in the sum
rule slightly change with this update due to the improve-
ments in the form factors and the different choice employed
relative to the minimization procedure for δΛc

. However, the
change is only minimal, showing the robustness of the
sum rule.
It is interesting to notice that a deviation in RðD�Þ from

the SM has a stronger impact onRðΛcÞ compared to one in
RðDÞ. Therefore, the latest measurement of LHCb [18]
with a value for RðD�Þ quite close to the SM value while
that of RðDÞ being further away, decreases the expected
deviation in RðΛcÞ.
Equation (13) holds in any tauphillic NP scenario

described by the effective Hamiltonian in Eq. (9).
Moreover, for jCτ

T j ≪ 1, the correction factor δΛc
is irrel-

evant.We therefore obtain themodel-independent prediction

RðΛcÞ ≃RSMðΛcÞ
�
0.280

RðDÞ
RSMðDÞ þ 0.720

RðD�Þ
RSMðD�Þ

�

¼ RSMðΛcÞð1.172� 0.038Þ
¼ 0.380� 0.012� 0.005; ð16Þ

where the first error arises from the experimental uncertainty
of RðDÞ and RðD�Þ, and the second one from RSMðΛcÞ.
Even with the updated coefficients, the central value of the
predicted RðΛcÞ is unchanged with respect to Ref. [74],
whereRðΛcÞ ¼ 0.38� 0.01� 0.01was obtained; the only
difference is in the increasedprecision of the prediction,more
accurate due to the updates in the measurements of

2We obtain this sum rule by imposing a condition such that a
Cτ
VL
Cτ�
SL

interference term is absent in δΛc
, while Ref. [73] has

imposed such a condition for Cτ
VL
Cτ�
SR
. We find that although both

procedures are numerically equivalent, our procedure is slightly
more accurate whenever the δΛc

term is ignored.
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RðDð�ÞÞ=RSMðDð�ÞÞ and once again proving the stability
and robustness of the sum rule.

IV. NP SCENARIOS

In this section we consider NP scenarios including WCs
by the addition of at most two new heavy fields. In the
cases of two fields, we allow one of them to couple to tau
leptons, and the other to both light leptons with the same
strength.3 We consider all NPWCs to be real, unless stated
otherwise.

A. Scalar Leptoquarks

Out of the five scalar leptoquarks (LQs) [88], only three
can generate b → clν transitions:

(i) S1 ¼ ð3̄; 1; 1=3Þ, an SUð2ÞL-singlet scalar that, once
integrated out, contributes to Cl

VL
and/or the combi-

nation Cl
SL

¼ −4Cl
T (at the matching scale), which

becomes Cl
SL
ðμbÞ ≃ −8.9Cl

TðμbÞ at the decay scale.
Solutions to the RðDÞ and RðD�Þ anomalies by
means of this LQ can be found in Refs. [53,89–96].
Note however that the SUð2ÞL symmetry implies an
inevitable correlation between Cl

VL
and a tree-level

contribution to b → sνlν̄l. Hence, a constraint from
B → K�νν̄ measurement is unavoidable [97–99].
Moreover, additional severe bounds come from
the S1–νl box diagrams contributions to ΔMs
[100,101].

(ii) R2 ¼ ð3; 2; 7=6Þ, a weak doublet scalar whose foot-
prints at the B-meson scale are described by a
contribution satisfying Cl

SL
¼ 4Cl

T . Once again, due
toRGE this relation becomesCl

SL
ðμbÞ ≃ 8.4Cl

TðμbÞ at
the low scale. In this specific scenario we allow the
WCs to be complex, since this is a necessary require-
ment in order to address at the same time RðDÞ and
RðD�Þ [73,74,87,95,102–105].

(iii) S3 ¼ ð3̄; 3; 1=3Þ, an SUð2ÞL-triplet scalar that is
parametrized at the low scale by theWCCl

VL
. Models

which contain such a solution to the LFU ratios have
been studied in Refs. [52,53,89,91,94,105,106]. Sim-
ilarly to the S1 case, also this scenario suffers from the
constraint induced by B → K�νν̄, severely limiting
the allowed size for Cl

VL
[89].

It is important to remember that, in order to avoid the
undesirable effect of proton decays, one has to forbid di-
quark couplings to the LQ for S1 and S3 (e.g., by a
symmetry, see Ref. [107]).

B. Vector Leptoquarks

A second family of solutions for the LFU ratios involves
vector LQs.4 Out of the five vector LQs [88] only two can
produce effects of interest in our study, namely:

(i) U1 ¼ ð3; 1; 2=3Þ, an SUð2ÞL-singlet vector that
produces at the low scale the WCs Cl

VL
and/or Cl

SR
.

Models that include this LQ in a Pati-Salam extension
of the SM can be found, e.g., in Refs. [101,108–120],
which are based on the early studies performed in
Refs. [121–128].

(ii) V2 ¼ ð3̄; 2; 5=6Þ, a weak doublet vector whose
effects at the decay scale can be described by means
of the WC Cl

SR
. An example for this kind of solution

can be found, e.g., in Ref. [129]. This scenario,
previously disfavored due to its limited impact on
RðD�Þ, is now viable again due to the recent LHCb
result hinting at a smaller deviation in RðD�Þ
compared to the one in RðDÞ [18]. Note that, in
order to avoid proton decay, also this scenario
requires a symmetry that prevents di-quark coupling
to V2.

C. Charged Higgses

A charged scalar boson (H�) generates the WCs Cl
SR

and
Cl
SL
. The 2HDM model of type II at large tan β [130–132]

leads to the wrong sign to fit data, but the 2HDM with a
generic flavor structure [133–141] can lead to constructive
effects. It is interesting to note that while a fit including
only Cl

SL
requires it to be complex in order to properly

address the data, this is no longer necessary once both WCs
are allowed at the same time, as in our fits.

D. Singly charged vector boson

W0, being a charged vector boson, generates Cl
VL

[142–
147]. However, such solutions are no more viable due to
constraints from ΔMs, b → sνν and LHC direct searches
like ppðbb̄Þ → Z0 → τþτ−, which arose due to SUð2ÞL
invariance. Similarly, a W0

R scenario [76] is no longer
compatible with collider bounds [148].

V. RESULTS AND DISCUSSION

We are now ready to assess how 1D and 2D extension of
the SM perform in explaining RðDÞ, RðD�Þ and RðΛcÞ,
where the dimensionality of the extension refers to the
number of new fields, not to the number of WCs generated.
For the form factors, we utilized results obtained by lattice
QCD whenever available [45,149,150], therefore relying
on the results of Heavy Quark Effective Theory [24]
only for tensor form factors in B → D� transitions. It is

3Strictly speaking, if the NP field coupling to light leptons is a
leptoquark, the stringent constraints from lepton flavor violating
decays require the introduction of two such fields, one coupling to
muons and the other to electrons [87].

4It is worth mentioning that these solutions usually require
some sort of UV completion in order to explain the origin of a
massive spin-1 particle.
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important to stress that our main conclusions are
unchanged if one employs a different choice for the form
factors. Our fits are performed by carrying out a Markov
Chain Monte Carlo Bayesian analysis, implementing the
full analytic expressions and including all theoretical
correlations for all the analyzed modes, using the
HEPfit code [151]. We assumed for each WC a flat
prior centered around zero, representing our initial igno-
rance on their allowed regions. To ascertain the prior
independence of our results and avoid misinterpretations,
we ensured that the employed ranges for the priors were
large enough, in such a way that the posterior distributions
would not be cut (as an artifact that could be induced by
being too constrictive without a motivated theoretical
reason with the prior ranges), nor would it be altered by
further enlarging such ranges. Given that our goal is to test
whether the validity of the sum rule among the three LFU
ratios at Eq. (16) holds for any NP scenario, or if there are
indeed scenarios in which either the correction factor δΛc

defined in Eq. (14) is maximized or the sum rule is even
violated by NP coupling to muons and electrons as well, a
case not covered by our sum rule in Eqs. (13) and (14), we
proceed in the following way: as a first step and for the sake
of simplicity, we perform a fit only to the ratios in order to
assess how they comply with the sum rule; only in the case
of a positive result, we therefore inspect and comment on
how they fare once additional constraints are considered,
like, e.g., the Bc → τν decay (which we allow to be as large
as 60% [73]), the D�− polarization [152] or constraints on
jVcbj coming from fits to the Unitary Triangle [29,30].

A. 1D scenarios

Assuming that NP couples to taus only, none of the
extensions discussed in the previous section is capable of
describing in a satisfactory way the measurements of the
three LFU ratios. This does not come as a surprise, since it
was already known that the three ratios are connected by
the sum rule derived in Refs. [73,74] and Sec. III: if two of
them are measured above the SM prediction, like is the case
forRðDÞ andRðD�Þ, a similar behavior is expected for the
third one, contrary to what is the case for RðΛcÞ. For a
recent result of 1D global fits to all relevant data in this
sector, we refer the reader to Ref. [66].
To better assess the (in)compatibility of data under the

1D hypotheses, we therefore performed the following test:
first, for each scenario capable to fit RðDÞ and RðD�Þ, we
predict the value for RðΛcÞ; in a similar fashion, for each
scenario capable to fit RðΛcÞ, we predict the values for
RðDÞ and RðD�Þ. It is worth mentioning that, as already
observed in Refs. [73,74], the only prediction for RðΛcÞ
affected (albeit marginally) by allowing the Bc → τν decay
up to 60% instead of a lower value, e.g., 30%, is the one
involving a charged Higgs. We report our findings in
Tables I and II, respectively. Note that in Table II we
report only the scenarios of a scalar LQ S1 or S3, or of a

vector LQ U1, since those are the only ones capable of
reproducing the measured value of RðΛcÞ. As expected, in
the case where the mesons LFU ratios are considered in the
fit, a large prediction for the baryon one is obtained,
compatible with the prediction of the sum rule in
Eq. (16), larger than the SM prediction and hence ∼2σ
above its measured value. On the other hand, when
predicting the values for RðDÞ and RðD�Þ from a fit to
RðΛcÞ, the opposite pattern is observed: a value for the
latter ratio complying with data would imply values for the
former ones smaller than their SM predictions, and ∼2σ
below their measured values. It is worth mentioning that, if
one uses for RðΛcÞ the value suggested in Ref. [41], the
discrepancy among predicted values and measured ones is
reduced to ∼1.5σ, as shown in Table III.
Nevertheless, the current uncertainty on RðΛcÞ is still

large enough that those scenarios cannot be ruled out at
present, and a potential decrease in the discrepancy among
RðDÞ, RðD�Þ and their SM prediction could reduce the
induced tension in RðΛcÞ, or vice versa.

TABLE I. Predicted values for RðΛcÞ from a fit to RðDÞ and
RðD�Þ for several single particle extensions of the SM which
couple to tau leptons.

Scenario RðDÞ RðD�Þ RðΛcÞ
Exp. 0.36(3) 0.29(1) 0.24(7)
S1 0.36(3) 0.29(1) 0.38(3)
R2 0.36(3) 0.28(1) 0.40(4)
S3 0.33(2) 0.29(1) 0.38(2)
U1 0.36(3) 0.28(1) 0.37(2)
V2 0.36(3) 0.28(1) 0.36(1)
H� 0.36(3) 0.28(1) 0.36(2)

TABLE II. Predicted values for RðDÞ and RðD�Þ from a fit to
the experimental value of RðΛcÞ [40].
Scenario RðΛcÞ RðDÞ RðD�Þ
Exp. 0.24(7) 0.36(3) 0.29(1)
S1 0.23(7) 0.21(8) 0.16(8)
S3 0.21(8) 0.18(7) 0.17(6)
U1 0.22(8) 0.15(8) 0.17(8)

TABLE III. Predicted values for RðDÞ and RðD�Þ using the
value of RðΛcÞ from Ref. [41], assuming jVcbj ¼ 0.04.

Scenario RðΛcÞ RðDÞ RðD�Þ
Ref. [41] 0.29(7) 0.36(3) 0.29(1)
S1 0.28(7) 0.25(8) 0.19(8)
S3 0.27(7) 0.23(6) 0.21(6)
U1 0.28(7) 0.17(9) 0.22(8)
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B. 2D scenarios

Here we allow a first new field to couple to taus only, and
a second one to couple to muons and electrons equally. For
this reason, we identify fields belonging to the first class
with the label τ, e.g., Rτ

2, while fields related to the second
one are labeled with l, e.g., Sl1 . Having at hand six possible
kinds of fields parametrized by a different low-energy EFT
description, and each being allowed to couple either to the
heavy charged lepton or to the light ones, we ultimately
inspected a total of 36 potential 2D scenarios. Out of all
these possibilities, we only found two scenarios capable of
reproducing in a satisfactory way all three LFU ratios, with
all the other scenarios still implying an over-production of
taus in RðΛcÞ at the 2σ level. The first viable model is
composed by an S1 LQ coupling to light fermions, together
with an R2 coupled to taus, namely the pair formed by Sl1
and Rτ

2. The second possibility shares the same NP
extension coupled to muons and electrons, but requires
furthermore a charged Higgs coupled to taus, i.e., the pair
formed by Sl1 and H

�τ. The fact that both scenarios rely on
the presence of an SUð2ÞL-singlet scalar LQ coupled to
light fermions is the reason why these scenarios apparently
comply with data, but is also the origin of why they
ultimately fail once faced with additional constraints.
Indeed, once NP is allowed to couple to both heavy and

light charged leptons, the numerical formulae for the LFU
ratios and for the sum rule connecting them have to be
modified accordingly. Observing now that Sl1 implies the
presence of a tensor WC, a strong violation of the sum rule
(and hence a potential opposite behavior of RðΛcÞ with
respect toRðDÞ andRðD�Þ) could be induced in the case of a
non-negligible size for this coefficient. This is indeed what
we find in our fits, where in both viable scenarios we need a
strong contribution to the scalar and tensor currents, equal to
Cl
SL

¼ −4Cl
T ≃�1, in order to obtain a valueRðΛcÞ ≃ 0.24.

Moreover, this is not the only requirement for the WCs
coupling to light leptons: Sl1 also generates a vector current
mediated by Cl

VL
, whose value is constrained by the fit in

strong correlation with that of the former pair of WCs, and
determined to be in both scenarios equal to Cl

VL
≃ −1. This

corresponds to a −100% correction in the light leptons
vector current with respect to the SM contribution, induc-
ing a complete cancellation of this term.
However, these solutions are actually not viable once

further constraints are taken into account. New Physics
contributions to vector currents involving light leptons are
constrained by high-pT lepton tail searches at the LHC
jCe

VL
j < 0.25 [104,153] and, even more, by the aforemen-

tioned bound imposed on S1 LQs by B → K�νν̄ measure-
ment [97], which implies −0.011 ≤ Cl

VL
≤ 0.027 [99];

moreover, a strong NP tensor component for light leptons
is also heavily constrained by the high-pT search [154],
which implies jCe

T j < 0.32, or by an analysis of angular
distribution [155,156] and D�− polarization data [152],

which requires it to be even smaller, namely jCl
T j ≤ 0.05

[157,158]. New Physics coupling to light leptons is also
strongly constrained by global CKM fits [29,30], with the
value extracted for jVcbj from B → Dð�Þlν being consistent
with the constraint coming from a fit to all the other
channels entering in the Unitarity Triangle Analysis (UTA).
Since a modification to such effective couplings would
unavoidably alter this extraction, stringent bounds can
therefore be inferred on the NP WCs, see Ref. [157]
for an early nonuniversal study. A systematic analysis of
these bounds goes beyond the scope of this paper, given
that the aforementioned constraints coming from angular
distributions data, D�− polarization and collider bounds
are already strong enough to invalidate the selected 2D
scenarios apparently capable of describing the LFU ratios.
However, a crude estimate of the bound for a WC can be
obtained by requiring that the extracted value for jVcbj in
the presence of NP would stay compatible with its
predicted value by a UTA where such channels are not
included in the fit [29,30]. Such estimates lead to jCl

VL
j ≲

0.025 and jCl
T j≲ 0.25.

C. General Model-Independent fit

For completeness, we conclude our analysis of viable NP
scenarios by performing a fully model-independent fit for
eight generic WCs, i.e., Cτ;l

VL;SL;R;T
≠ 0, which we take to be

real.5 The results turn out to be similar to the ones observed
for the 2D scenarios: while it is indeed possible to find
regions of the eight-dimensional WC parameter space
where the values for all three LFU ratios are found to be
compatible with observed measurements, when additional
constraints like the jVcbj determination within CKM fits,
angular distributions data, D�− polarization and collider
bounds are considered, these solutions are no longer
acceptable.

VI. CONCLUSIONS

In this paper, we have critically analyzed the latest results
concerning LFU ratios in B-meson charged-current decays,
aiming to assess the compatibility of data which is
challenged by the measurement of RðΛcÞ: the latter result,
being smaller than the SM prediction, is in contrast with
RðDÞ and RðD�Þ, where an enhancement with respect to
the SM of 3.2σ is observed. Since all these ratios are
mediated by the same b → clν̄ transition, their NP pre-
dictions are connected in a model-independent way by a
sum rule, which we updated here while investigating

5We do not consider the introduction of imaginary parts for
these coefficients to be able to alter our conclusions, mainly
because the interference terms among different WCs in the sum
rule of Eq. (16) are proportional to lepton masses, hence
negligible for l ¼ e, μ. Similarly, since for right-handed neutrino
interactions interference terms do not exist for any of the three
modes, their inclusion would not have an impact on our results.
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whether the data at hand complies with it. For this we have
relaxed one assumption of the sum rule, namely that NP
affects b → cτν but not b → clν with l ¼ e, μ. Due to the
sum rule, no single particle can explain all three LFU ratios
at the same time, and even when considering the different
normalization suggested in Ref. [41] for RðΛcÞ the
discrepancy is still at the ∼1.5σ level.
We therefore investigated whether the addition of a

second NP field, this time coupling equally to light charged
leptons l ¼ e, μ, could induce a modification in the sum
rule such that it is possible to address the opposite behavior
of RðΛcÞ compared to RðDð�ÞÞ. While we found two
possible scenarios capable of addressing the three LFU
ratios at the same time, namely one formed by the pair Sl1
and Rτ

2, and the second formed by the couple Sl1 and H�τ,
we ultimately ruled out these possibilities as well using
CKM fits, B → K�νν̄, angular distributions and high-pT
collider bounds.
We further performed a fit to eight WCs, half of them

related to taus with the remaining associated with light
charged leptons. Even in this general case we found that
while a fit to the three LFU ratios might find viable
solutions in the eight-dimensional WC parameter space,
once additional constraints are taken into account such a
solution is no longer acceptable. We therefore concluded
that present data cannot be addressed, neither in the SM nor
beyond, in a satisfactory way, as current experimental
results for RðDð�ÞÞ and RðΛcÞ show an inconsistent
pattern. It is therefore mandatory to obtain further exper-
imental results in this sector in order to eventually converge
to a coherent data pattern, differently from what we

currently observe. Whether this pattern will lead us to
the SM or to NP, only time will tell.
With our current input and assumptions, we predict that

at least one of the central values of RðDð�ÞÞ or RðΛcÞ will
move from its present value once more statistics is
accumulated, independently of the presence or nature of
NP. Moreover, it might also be possible that NP is present
in the q2 distributions of light lepton modes, while still
resulting in consistent values for jVcbj, if a different
theoretical approach for the form factors is used [159].
Interestingly, this might provide a connection to the
anomaly in ΔAFB [160], which requires different NP
related to muons and electrons [98,161]. Furthermore, in
a UV complete (or simplified) model, NP effects inΔF ¼ 2
processes occur in general, such that the global CKM fit
could allow for larger NP effects in the determination
of jVcbj.
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Watanabe, Simultaneous explanation of the RK and RDð�Þ

puzzles: A model analysis, J. High Energy Phys. 01 (2017)
015.

[127] R. Barbieri, C. W. Murphy, and F. Senia, B-decay anoma-
lies in a composite leptoquark model, Eur. Phys. J. C 77, 8
(2017).

[128] D. Buttazzo, A. Greljo, G. Isidori, and D. Marzocca,
B-physics anomalies: A guide to combined explanations,
J. High Energy Phys. 11 (2017) 044.

[129] K. Cheung, W.-Y. Keung, and P.-Y. Tseng, Isodoublet
vector leptoquark solution to the muon g − 2, RK;K�,
RD;D�, and W-mass anomalies, Phys. Rev. D 106,
015029 (2022).

[130] J. Kalinowski, Semileptonic Decays of B mesons into τντ
in a two Higgs doublet model, Phys. Lett. B 245, 201
(1990).

MARCO FEDELE et al. PHYS. REV. D 107, 055005 (2023)

055005-10

https://doi.org/10.1103/PhysRevD.96.095010
https://doi.org/10.1007/JHEP07(2018)121
https://doi.org/10.1007/JHEP07(2018)121
https://doi.org/10.1007/JHEP02(2019)194
https://doi.org/10.1103/PhysRevD.100.115014
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.105.L031701
https://doi.org/10.1103/PhysRevD.105.L031701
https://doi.org/10.1007/JHEP02(2022)106
https://doi.org/10.1007/JHEP02(2022)106
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1007/JHEP08(2021)050
https://doi.org/10.1103/PhysRevD.94.115021
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1140/epjc/s10052-021-09125-5
https://doi.org/10.1140/epjc/s10052-021-09125-5
https://doi.org/10.1103/PhysRevD.106.075023
https://doi.org/10.1007/JHEP01(2013)025
https://doi.org/10.1007/JHEP01(2013)025
https://doi.org/10.1016/j.physrep.2016.06.001
https://doi.org/10.1016/j.physletb.2017.12.042
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1103/PhysRevD.98.115002
https://doi.org/10.1103/PhysRevD.98.115002
https://doi.org/10.1016/j.physletb.2018.02.011
https://doi.org/10.1140/epjc/s10052-018-5680-9
https://doi.org/10.1103/PhysRevLett.121.011801
https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.1007/JHEP10(2018)148
https://doi.org/10.1007/JHEP10(2018)148
https://doi.org/10.1103/PhysRevLett.122.011805
https://doi.org/10.1007/JHEP11(2018)081
https://doi.org/10.1007/JHEP11(2018)081
https://doi.org/10.1007/JHEP07(2019)168
https://doi.org/10.1103/PhysRevD.104.075008
https://doi.org/10.1007/JHEP07(2022)022
https://doi.org/10.1007/JHEP07(2022)022
https://doi.org/10.1007/JHEP10(2015)184
https://doi.org/10.1103/PhysRevLett.115.181801
https://doi.org/10.1103/PhysRevLett.115.181801
https://doi.org/10.1016/j.physletb.2016.02.018
https://doi.org/10.1140/epjc/s10052-016-3905-3
https://doi.org/10.1140/epjc/s10052-016-3905-3
https://doi.org/10.1007/JHEP12(2016)027
https://doi.org/10.1007/JHEP12(2016)027
https://doi.org/10.1007/JHEP01(2017)015
https://doi.org/10.1007/JHEP01(2017)015
https://doi.org/10.1140/epjc/s10052-016-4578-7
https://doi.org/10.1140/epjc/s10052-016-4578-7
https://doi.org/10.1007/JHEP11(2017)044
https://doi.org/10.1103/PhysRevD.106.015029
https://doi.org/10.1103/PhysRevD.106.015029
https://doi.org/10.1016/0370-2693(90)90134-R
https://doi.org/10.1016/0370-2693(90)90134-R


[131] W.-S. Hou, Enhanced charged Higgs boson effects in
B− → τν̄; μν̄ and b → τν̄þ X, Phys. Rev. D 48, 2342
(1993).

[132] U. Nierste, S. Trine, and S. Westhoff, Charged-Higgs
effects in a new B → Dτν differential decay distribution,
Phys. Rev. D 78, 015006 (2008).

[133] A. Crivellin, C. Greub, and A. Kokulu, Explaining
B → Dτν, B → D�τν and B → τν in a 2HDM of type
III, Phys. Rev. D 86, 054014 (2012).

[134] A. Celis, M. Jung, X.-Q. Li, and A. Pich, Sensitivity to
charged scalars in B → Dð�Þτντ and B → τντ decays,
J. High Energy Phys. 01 (2013) 054.

[135] P. Ko, Y. Omura, and C. Yu, B → Dð�Þτν and B → τν in
chiral Uð1Þ0 models with flavored multi Higgs doublets,
J. High Energy Phys. 03 (2013) 151.

[136] A. Crivellin, A. Kokulu, and C. Greub, Flavor-
phenomenology of two-Higgs-doublet models with generic
Yukawa structure, Phys. Rev. D 87, 094031 (2013).

[137] A. Crivellin, J. Heeck, and P. Stoffer, A Perturbed Lepton-
Specific Two-Higgs-Doublet Model Facing Experimental
Hints for Physics beyond the Standard Model, Phys. Rev.
Lett. 116, 081801 (2016).

[138] C.-H. Chen and T. Nomura, Charged-Higgs on RDð�Þ , τ
polarization, and FBA, Eur. Phys. J. C 77, 631 (2017).

[139] S. Iguro and K. Tobe, RðDð�ÞÞ in a general two Higgs
doublet model, Nucl. Phys. B925, 560 (2017).

[140] S. Iguro, Revival of H- interpretation of RD(*) anomaly
and closing low mass window, Phys. Rev. D 105, 095011
(2022).

[141] M. Blanke, S. Iguro, and H. Zhang, Towards ruling out the
charged Higgs interpretation of the RDð�Þ anomaly, J. High
Energy Phys. 06 (2022) 043.

[142] X.-G. He and G. Valencia, B decays with τ leptons in
nonuniversal left-right models, Phys. Rev. D 87, 014014
(2013).

[143] A. Greljo, G. Isidori, and D. Marzocca, On the breaking of
lepton flavor universality in B decays, J. High Energy
Phys. 07 (2015) 142.

[144] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente,
and J. Virto, Non-Abelian gauge extensions for B-decay
anomalies, Phys. Lett. B 760, 214 (2016).

[145] X.-G. He and G. Valencia, Lepton universality violation
and right-handed currents in b → cτν, Phys. Lett. B 779,
52 (2018).

[146] M. Abdullah, J. Calle, B. Dutta, A. Flórez, and D.
Restrepo, Probing a simplified, W0 model of RðDð�ÞÞ
anomalies using b-tags, τ leptons and missing energy,
Phys. Rev. D 98, 055016 (2018).

[147] J. D. Gómez, N. Quintero, and E. Rojas, Charged current
b → cτν̄τ anomalies in a general W0 boson scenario, Phys.
Rev. D 100, 093003 (2019).

[148] S. Iguro, S. Mishima, and M. Endo (private communica-
tion).

[149] MILC Collaboration, B → Dlν form factors at nonzero
recoil and jVcbj from 2þ 1-flavor lattice QCD, Phys. Rev.
D 92, 034506 (2015).

[150] Fermilab Lattice, MILC Collaborations, Semileptonic
form factors for B → D�lν at nonzero recoil from
2þ 1-flavor lattice QCD, Eur. Phys. J. C 82, 1141 (2022).

[151] J. De Blas et al., HEPFIT: A code for the combination of
indirect and direct constraints on high energy physics
models, Eur. Phys. J. C 80, 456 (2020).

[152] A. Abdesselam et al. (Belle Collaboration), Measurement
of the D�− polarization in the decay B0 → D�−τþντ, in
10th International Workshop on the CKM Unitarity
Triangle (2019), arXiv:1903.03102.

[153] L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari,
and F. Wilsch, HighPT: A tool for high-pT Drell-Yan Tails
beyond the Standard Model, arXiv:2207.10756.

[154] ATLAS Collaboration, Search for a heavy charged boson
in events with a charged lepton and missing transverse
momentum from pp collisions at

ffiffiffi
s

p ¼ 13 TeV with the
ATLAS detector, Phys. Rev. D 100, 052013 (2019).

[155] Belle Collaboration, Precise determination of the CKM
matrix element jVcbj with B̄0 → D�þl−ν̄l decays with
hadronic tagging at Belle arXiv:1702.01521.

[156] Belle Collaboration, Measurement of the CKM matrix
element jVcbj from B0 → D�−lþνl at Belle, Phys. Rev. D
100, 052007 (2019); 103, 079901(E) (2021).

[157] M. Jung and D. M. Straub, Constraining new physics in
b → clν transitions, J. High Energy Phys. 01 (2019) 009.

[158] S. Iguro and R. Watanabe, Bayesian fit analysis to full
distribution data of B̄ → Dð�Þlν̄∶jVcbj determination and
new physics constraints, J. High Energy Phys. 08 (2020)
006.

[159] G. Martinelli, M. Naviglio, S. Simula, and L. Vittorio,
jVcbj, lepton flavor universality and SU(3)F symmetry
breaking in Bs → Dsð�Þlνl decays through unitarity and
lattice QCD, Phys. Rev. D 106, 093002 (2022).

[160] C. Bobeth, M. Bordone, N. Gubernari, M. Jung, and D. van
Dyk, Lepton-flavour non-universality of B̄ → D�lν̄
angular distributions in and beyond the Standard Model,
Eur. Phys. J. C 81, 984 (2021).

[161] B. Bhattacharya et al., Implications for the ΔAFB anomaly
in B̄0 → D�þl−ν̄ using a new Monte Carlo Event
Generator Phys. Rev. D 107, 015011 (2023).

IMPACT OF Λb → Λcτν MEASUREMENT ON … PHYS. REV. D 107, 055005 (2023)

055005-11

https://doi.org/10.1103/PhysRevD.48.2342
https://doi.org/10.1103/PhysRevD.48.2342
https://doi.org/10.1103/PhysRevD.78.015006
https://doi.org/10.1103/PhysRevD.86.054014
https://doi.org/10.1007/JHEP01(2013)054
https://doi.org/10.1007/JHEP03(2013)151
https://doi.org/10.1103/PhysRevD.87.094031
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1140/epjc/s10052-017-5198-6
https://doi.org/10.1016/j.nuclphysb.2017.10.014
https://doi.org/10.1103/PhysRevD.105.095011
https://doi.org/10.1103/PhysRevD.105.095011
https://doi.org/10.1007/JHEP06(2022)043
https://doi.org/10.1007/JHEP06(2022)043
https://doi.org/10.1103/PhysRevD.87.014014
https://doi.org/10.1103/PhysRevD.87.014014
https://doi.org/10.1007/JHEP07(2015)142
https://doi.org/10.1007/JHEP07(2015)142
https://doi.org/10.1016/j.physletb.2016.06.067
https://doi.org/10.1016/j.physletb.2018.01.073
https://doi.org/10.1016/j.physletb.2018.01.073
https://doi.org/10.1103/PhysRevD.98.055016
https://doi.org/10.1103/PhysRevD.100.093003
https://doi.org/10.1103/PhysRevD.100.093003
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1140/epjc/s10052-022-10984-9
https://doi.org/10.1140/epjc/s10052-020-7904-z
https://arXiv.org/abs/1903.03102
https://arXiv.org/abs/2207.10756
https://doi.org/10.1103/PhysRevD.100.052013
https://arXiv.org/abs/1702.01521
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1007/JHEP01(2019)009
https://doi.org/10.1007/JHEP08(2020)006
https://doi.org/10.1007/JHEP08(2020)006
https://doi.org/10.1103/PhysRevD.106.093002
https://doi.org/10.1140/epjc/s10052-021-09724-2
https://doi.org/10.1103/PhysRevD.107.015011

