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Recently, several new experimental results of the test of lepton flavor universality (LFU) in
B → Dð�Þ semileptonic decays were announced: the first result of RD from the LHCb run 1 data, the
first results of RD and RD� from the LHCb run 2 data, and the first result of RD� from the Belle II
collaboration. Including these new data, a global analysis still prefers the violation of the LFU between the
tau and light leptons. A new world average of the data from the BABAR, LHCb, Belle, and Belle II
collaborations is RD ¼ 0.342� 0.026 and RD� ¼ 0.287� 0.012. Including this new data, we update a
circumstance of the b → cτν̄ measurements and their implications for new physics (NP). Incorporating
recent developments for the B → Dð�Þ form factors in the Standard Model, we observe a 4.4σ deviation
from the Standard Model prediction. Our updates also include model-independent NP formulas for the
related observables and the global fittings of parameters for leptoquark scenarios as well as single NP
operator scenarios. Furthermore, we show future potential to indirectly distinguish different NP scenarios
with the use of the precise measurements of the polarization observables in B → Dð�Þτν̄ at the Belle II and
the high-pT flavored-tail searches at the LHC. We also discuss an impact on the LFU violation in
ϒ → lþl−.

DOI: 10.1103/PhysRevD.110.075005

I. INTRODUCTION

The semitauonic B-meson decays, B̄ → Dð�Þτν̄, have
been intriguing processes to measure the lepton flavor
universality (LFU):

RD ≡ BðB̄ → Dτν̄τÞ
BðB̄ → Dlν̄lÞ

; RD� ≡ BðB̄ → D�τν̄τÞ
BðB̄ → D�lν̄lÞ

; ð1:1Þ

since it has been reported that the global average of the
measurements by the BABAR [1,2], LHCb from run 1 and
run 2 data [3–6], Belle [7–11], and recently Belle II
collaborations [12,13] indicates a deviation from the
Standard Model (SM) prediction. Here, l ¼ e, μ for the
BABAR/Belle/Belle II, while l ¼ μ for the LHCb collab-
orations. See Table I for the present experimental summary
with including the HFLAV collaboration’s preliminary
average in the spring of 2024 [14].
A key feature of this deviation is that the world average

of the measured values of RD and RD� significantly
exceeds their SM predictions and thus implies violation
of the LFU between the tau and light leptons. Then it has
been followed by a ton of theoretical studies to understand
its implication from various points of view, e.g., see
Refs. [20,21] and references therein. A confirmation
of the LFU violation will provide evidence of new
physics (NP).

*Contact author: igurosyuhei@gmail.com
†Contact author: kitahara@chiba-u.jp
‡Contact author: watanabe@ccnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 110, 075005 (2024)

2470-0010=2024=110(7)=075005(25) 075005-1 Published by the American Physical Society

https://orcid.org/0000-0002-8295-9623
https://orcid.org/0000-0002-4847-9511
https://orcid.org/0000-0001-9317-5843
https://ror.org/04chrp450
https://ror.org/04chrp450
https://ror.org/01g5y5k24
https://ror.org/04t3en479
https://ror.org/04t3en479
https://ror.org/01hjzeq58
https://ror.org/02xtbq882
https://ror.org/03x1jna21
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.075005&domain=pdf&date_stamp=2024-10-09
https://doi.org/10.1103/PhysRevD.110.075005
https://doi.org/10.1103/PhysRevD.110.075005
https://doi.org/10.1103/PhysRevD.110.075005
https://doi.org/10.1103/PhysRevD.110.075005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


A. Summary of the current status: Spring 2024

The LHCb collaboration showed their results of RD� with
a semileptonic-tagging method (τ → μν̄ν) in 2015 [3] and a
hadronic-tagging method (τ → 3πν) in 2017 [4,5] using the
LHCb run 1 dataset. At the end of 2022 [15], they reported
the first results of RD as well as RD� with the semileptonic
tagging method using the LHCb run 1 dataset [6],

RLHCb2022
D ¼ 0.441� 0.060stat � 0.066syst;

RLHCb2022
D� ¼ 0.281� 0.018stat � 0.024syst: ð1:2Þ

This result superseded the previous result reported in 2015.
Furthermore, in early 2023 [16], they reported the
first result of RD� with the hadronic-tagging method using
the combined dataset of the LHCb run 1 and part of the
run 2 [17],

RLHCb2023
D� ¼ 0.267� 0.012stat � 0.019syst; ð1:3Þ

which superseded the previous result in 2017.
In addition, in March 2024 the LHCb collaboration

announced preliminary results of RD and RD� with the
semileptonic-tagging method using the partial run 2
dataset [19],

RLHCb2024
D ¼ 0.249� 0.043stat � 0.047syst;

RLHCb2024
D� ¼ 0.402� 0.081stat � 0.085syst: ð1:4Þ

The uncertainty of RLHCb2024
D� is large, while the one of

RLHCb2024
D is small enough to push the world average down.
In the meantime, at last, the Belle II collaboration has

started their data taking from 2019 [12]. Recently, they
reported a first preliminary result of RD� with a semi-
leptonic tagging method (τ → lν̄ν) [13,18]:

RBelleII
D� ¼ 0.262þ0.041 þ0.035

−0.039stat−0.032syst: ð1:5Þ

The experimental uncertainty of the Belle II result is still
large. However, the amount of the integrated luminosity

used in the Belle II analysis (189 fb−1) is only a quarter of
one of the Belle (711 fb−1). Therefore, it is expected that
this uncertainty will be reduced significantly in the near
future [22].
Moreover, the CMS collaboration has developed an

innovative data recording method, called “B Parking” since
2019 [23–26]. Although their official first results for RDð�Þ

are still being awaited, it would be expected that the size of
the experimental uncertainty is comparable to the other B
factories.
In Table I, we summarize the current status of the RDð�Þ

measurements including the new LHCb and Belle II results.
It is found that the above four new results are consistent
with the previous world average evaluated by the HFLAV
collaboration in 2021 [27], whose p value is 28% with
χ2=d:o:f: ¼ 8.8=7. Including all available data in Table I,
the preliminary world averages of RDð�Þ were evaluated by
the HFLAV [14] as

RD ¼ 0.342� 0.026;

RD� ¼ 0.287� 0.012; ð1:6Þ

with the RD–RD� correlation of −0.39. It gives the p value
among all data as 35% with χ2=d:o:f: ¼ 12.11=11.
Regarding the combined average, an important analysis

is given in Ref. [28]. The authors pointed out that
evaluations of the D�� distributions in the SM background
involve nontrivial correlations that affect the RDð�Þ mea-
surements. Their sophisticated study shows that the com-
bined RDð�Þ average is slightly sifted, which is beyond the
scope of our work since the size of the shift depends on the
details of the experimental setup.
Recent SM predictions for RSM

Dð�Þ have been obtained
in Refs. [14,29–32] as summarized in Table II. The
differences in these SM predictions are mainly due to
the development of the B̄ → Dð�Þ form factor evaluations
both by theoretical studies and experimental fits. For the
moment, the HFLAV takes the “arithmetic” average [14]
for the SM prediction based on the seven representative
works [31,33–38], in which several form-factor

TABLE I. Current status of the independent experimental RD� and RD measurements. The first and second errors are statistical and
systematic, respectively.

Experiment RD� RD Correlation

BABAR [1,2] 0.332� 0.024� 0.018 0.440� 0.058� 0.042 −0.27
Belle [7] 0.293� 0.038� 0.015 0.375� 0.064� 0.026 −0.49
Belle [8,9] 0.270� 0.035þ0.028

−0.025 � � � � � �
Belle [10,11] 0.283� 0.018� 0.014 0.307� 0.037� 0.016 −0.51
LHCb [3,6,15] 0.281� 0.018� 0.024 0.441� 0.060� 0.066 −0.43
LHCb [4,5,16,17] 0.267� 0.012� 0.019 � � � � � �
Belle II [13,18] 0.262þ0.041þ0.035

−0.039−0.032 � � � � � �
LHCb [19] 0.402� 0.081� 0.085 0.249� 0.043� 0.047 −0.39
World average [14] 0.287� 0.012 0.342� 0.026 −0.39
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parametrizations are used for their fit analyses. The
important notices of these references are (i) the Caprini-
Lellouch-Neubert (CLN) parametrization is no longer
adopted and (ii) the recent lattice studies [39–41] for B →
D� transition are not included. In Table II, we refer to
Refs. [31,32] separately from the HFLAV average since it
obtains the distinct RSM

D� . This study has considered the
heavy quark effective theory (HQET) corrections up to
Oðαs;ΛQCD=mb;Λ2

QCD=m
2
cÞ, and utilized the approximate

SUð3ÞF relation to the B̄s → Dð�Þ
s form factors that have

been determined by the HPQCD lattice result [42].
Reference [30] also takes the same HQET form factor as
above but includes the B → Dð�Þlν differential angular
distribution data for the fit, which is distinct from the
former study. For comparison, we also refer to the recent
study of Ref. [29] that has included the B → D� lattice
study by Fermilab-MILC (FM) [39]. In this work, we will
employ the work of Ref. [30] for the form factor evalu-
ations as explained later.

A further concern for the SM evaluation is long-distance
QED corrections to B̄ → Dð�Þlν̄, which remains an open
question. They depend on the lepton mass as being of
O½α lnðml=mBÞ� and hence it could provide a few percent
corrections to violation of the LFU in the semileptonic
processes [46–49]. This will be crucial in the future when
the LHCb and Belle II experiments reach such an accuracy.
In Fig. 1, we show the latest average of the RD–RD�

along with the several recent SM predictions. A general
consensus from the figure is that the deviation of the
experimental data from the SM expectations still remains.
For instance, applying the SM prediction from
{HFLAV2024 [14], Bernlochner et al. [29], Iguro-
Watanabe [30], Bordone et al. [31,32]}, one can see
f3.3σ; 4.2σ; 4.4σ; 3.9σg deviations corresponding to
p-value ¼ f8.9× 10−4;2.3× 10−5;1.1× 10−5;1.2× 10−4g
(Δχ2 ¼ f14.0; 21.4; 22.8; 18.1g for two degrees of free-
dom), respectively.

TABLE II. Summary of the SM predictions for the B̄ → Dð�Þτν̄ and related observables. The current averaged values of the
experimental measurements are also written in the last row. See the main text for explanations of differences between the SM
predictions.

Reference RD RD� PD
τ −PD�

τ FD�
L RJ=ψ RΛc

Rϒð3SÞ

Bernlochner et al. [29] 0.288(4) 0.249(3) � � � � � � � � � � � � � � � � � �
Iguro and Watanabe [30] 0.290(3) 0.248(1) 0.331(4) 0.497(7) 0.464(3) � � � � � � � � �
Bordone et al. [31,32] 0.298(3) 0.250(3) 0.321(3) 0.492(13) 0.467(9) � � � � � � � � �
HFLAV2024 [14] 0.298(4) 0.254(5) � � � � � � � � � � � � � � � � � �
References [43–45] � � � � � � � � � � � � � � � 0.258(4) 0.324(4) 0.9948

Data 0.342(26) 0.287(12) � � � 0.38þ0.53
−0.55 0.49(5) 0.61(18) 0.271(72) 0.968(16)

FIG. 1. The world average of the latest RD and RD� experimental results by HFLAV 2024 (1, 2, 3σ red-solid contours). The former
world averages are also shown: the HFLAV 2023, 2022 and 2019 averages by long-dashed, dashed and dotted contours, respectively. On
the other hand, the several SM predictions are shown by crosses [14,29–32] (see also Table II).
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In addition to these deviations in the LFU measurements,
τ- and D�-polarization observables in B̄ → Dð�Þτν̄ also
provide us important and nontrivial information. This is
because these observables can potentially help us to pin
down the NP structure that causes these deviations [50–67].
We refer to the τ longitudinal-polarization asymmetry in
B̄ → Dð�Þτν̄ and the fraction of the D�-longitudinal
mode in B̄ → D�τν̄ as PDð�Þ

τ and FD�
L , respectively. See

Refs. [59,68,69] for their explicit definitions.
In recent years, the first measurements for some of

the above polarization observables have been reported
by the Belle collaboration. It is summarized as PD�Belle

τ ¼
−0.38� 0.51stat

þ0.21
−0.16syst [8] and F

D�Belle
L ¼ 0.60� 0.08stat�

0.04syst [70]. Note that the latter is still a preliminary result.
More recently, the LHCb collaboration reported the first
preliminary result of FD�

L using the combined dataset of the
LHCb run 1 and part of the run 2; FD�;LHCb

L ¼ 0.43�
0.06stat � 0.03syst [71,72]. Naively combining these results,
we obtain the average value as

FD�
L ¼ 0.49� 0.05; ð1:7Þ

which is well consistent with the SM prediction, see
Table II. Note that although PD

τ is the most striking
observable to disentangle the leptoquark (LQ) scenarios
that can explain the anomalies, the experimental result does
not exist so far.
Furthermore, the D�-longitudinal polarization in the

electron and muon modes have been measured very pre-
cisely by the full Belle data set FD�;e

L;Belle¼0.485�0.017stat�
0.005sys and FD�;μ

L;Belle¼0.518�0.017stat�0.005sys [73], and

also the first Belle II data FD�;e
L;BelleII¼0.520�0.005stat�

0.005sys and FD�;μ
L;BelleII¼0.527�0.005stat�0.005sys [74].

We obtain the naive averaged value,

FD�;e
L ¼ 0.515� 0.007;

FD�;μ
L ¼ 0.526� 0.007: ð1:8Þ

They are also consistent with the SM predictions,
FD�;l
L;SMðl ¼ e; μÞ ¼ 0.534� 0.002 [30,75] (to be exact,

there is a 2.7σ level tension in FD�;e
L ).

Besides the first direct measurement of the LFU test for
the inclusive mode, RX ≡ BðB̄ → Xτν̄τÞ=BðB̄ → Xlν̄lÞ,
has been performed by the Belle II collaboration. Here, X
indicates any hadronic final states coming from b → clν̄ and
b → ulν̄ processes.A robust correlation is expected between
RX andRDð�Þ because the inclusivemode is dominated by the
exclusive D and D� modes. Recently, the Belle II collabo-
ration reported the preliminary result, RX ¼ 0.228�
0.016stat � 0.036syst [76,77]. This result is not only consis-
tent with the SM prediction RSM

X ¼ 0.223� 0.005 [78–80]
but also consistent with the RDð�Þ anomalies [77]. Note that

based on the LEP data of Bðb → Xτν̄τÞ [81] and assuming
that each individual b hadron has the same width,
RXc

¼ 0.223� 0.030 has been estimated [82,83], which
is consistent with the Belle II result. See Ref. [83] for a
detailed NP analysis of RXc

.

B. Preliminaries of our analysis

The main points of this paper are that (i) we provide
state-of-the-art numerical NP formulas for the observables
relevant to the semitauonic B decays and (ii) we revisit to
perform global fits to the available RDð�Þ measurements with
respect to NP interpretations. It will be given by incorpo-
rating the following updates and concerns:
(1) Three new results of the LFU test from the LHCb

collaboration (RLHCb2022
Dð�Þ , RLHCb2023

D� , and RLHCb2024
Dð�Þ )

and the preliminary result from the Belle II collabo-
ration (RBelleII

D� ) are encoded in our global analysis as
shown in Table I.

(2) The preliminary result of the D�-polarization frac-
tion from the LHCb collaboration (FD�;LHCb

L ) is
encoded in our global analysis as shown in Table I.

(3) The recent development of the B̄ → Dð�Þ transition
form factors is taken into account, which is sum-
marized in the previous section. It is described by the
HQET taking higher-order corrections up to
OðΛ2

QCD=m
2
cÞ as introduced in Refs. [29,31,84].

We follow the result from the comprehensive
theoryþ experiment fit analysis as obtained in
Ref. [30].1

(4) A recent study introduced an approximation method
to reduce independent parameters involving the
OðΛ2

QCD=m
2
cÞ corrections in HQET [29]. Although

this affects some of the parameter fits for the form
factors, our reference values of RSM

Dð�Þ from Ref. [30]
are consistent with those of Ref. [29], shown in
Table II. Hence, we do not take this approximation in
the present work.

(5) The FM collaborations [39] presented the first
lattice result of the form factors for B̄ → D�lν̄ at
the nonzero recoil points. The FM result with
the light-lepton experimental data predicts
RSM
D� ¼ 0.2484� 0.0013, which is consistent with

our reference value of Ref. [30]. Currently, JLQCD
[40] and HPQCD [41] collaborations presented
preliminary results at the nonzero recoil points.
Since their results need to be finalized and compared
with each other, we do not include these lattice
updates in the present work. See Refs. [85,86] for the
recent theoretical studies based on these lattice
results.

1To be precise, we employ the “(2=1=0) fit” result, preferred by
their fit analysis. See the reference for details.
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(6) The dispersive matrix method can determine the
form factors based on only the lattice data with the
unitary bound, which is free from the parametriza-
tion method [38,87,88]. Even though the lattice
uncertainties are still large, this method predicts
RSM
D ¼ 0.296� 0.008 [88] and RSM

D� ¼ 0.262�
0.009 [85] (including above lattice results at the
nonzero recoil), which are consistent with the world
averages of RDð�Þ in Eq. (1.6) and also the SM
predictions of Ref. [30] with less than 2σ level.
However, it has been recently pointed out that this
method provides an additional tension in FD�;l

L ðl ¼
e; μÞ at 2.4σ level [75,85]. In the present work, we do
not employ this method.

(7) Indirect LHC bounds from the high-pT mono-τ
searches with large missing transverse energy
[89–99] are concerned. We impose the result of
Ref. [97] that directly constrains the NP contribu-
tions to the b → cτν̄ current and accounts for the
NP-scale dependence on the LHC bound, which is
not available in the effective-field-theory descrip-
tion. Requiring an additional b-tagged jet also helps
to improve the sensitivity [96,98]. We will see how it
affects the constraints in the LQ scenarios.

(8) Similar sensitivity can be obtained by the τþτ− final
state [100,101]. It is noted that about three standard
deviations are reported by the CMS collaboration
[101], which would imply the existence of lepto-
quark, while the ATLAS result [100] has not found a
similar excess. We need the larger statistics to
confirm it, and, thus, we do not include the con-
straint to be conservative.

In addition to the above points, we also investigate the
following processes that are directly/indirectly related to
the b → cτν̄ current:
(1) The LFU in Bc → J=ψlν̄ decays is connected to

RDð�Þ through the same b → clν̄ currents. The LHCb
collaboration has measured the ratio RLHCb

J=ψ ≡
BðBc → J=ψτν̄Þ=BðBc → J=ψμν̄Þ ¼ 0.71� 0.17�
0.18 [102]. Furthermore, very recently, the CMS
collaboration announced the first preliminary result
of RJ=ψ using the B parking data, RCMS2023

J=ψ ¼
0.17þ0.18 þ0.21 þ0.19

−0.17stat−0.22syst−0.18theory with the muonic τ tag-

ging [103] and RCMS2024
J=ψ ¼ 1.04þ0.50

−0.44 with the had-
ronic τ tagging [104]. By naively averaging them,
we obtain

RJ=ψ ¼ 0.61� 0.18; ð1:9Þ

which is consistent with the SM prediction [43] at
1.9σ level, see Table II. Although these results still
have large experimental uncertainties, it would be
useful in the future to test some NP scenarios for the
sake of the RDð�Þ anomalies. We update the numerical

formula for RJ=ψ in the presence of general NP
contributions and put a prediction from our fit study.

(2) The ϒ leptonic decays, ϒ → lþl−, are potentially
connected to RDð�Þ once one specifies NP inter-
actions to the bottom quark and leptons. Although
the SM contribution comes from a photon exchange,
it is suppressed by the ϒ mass squared. The
sensitivity to NP is, therefore, not completely
negligible, and the LFU of RϒðnSÞ ≡ BðϒðnSÞ →
τþτ−Þ=BðϒðnSÞ → lþl−Þ can be an important
cross check of the RDð�Þ anomalies. Furthermore,
the BABAR collaboration has reported a result that
slightly violates the LFU:Rϒð3SÞ ¼ 0.966� 0.008�
0.014 [105]. We investigate the theoretical correla-
tions in several NP models.

This paper is organized as follows. In Sec. II, we put the
numerical formulas for the relevant observables in terms of
the effective Hamiltonian. We also summarize the case for
single-operator analysis. In Sec. III, based on the generic
study with renormalization-group running effects, we
obtain relations among RD, RD� , and FD�

L in the LQ models
and discuss their potential to explain the present data.
Relations to the τ polarizations are also discussed. In
Sec. IV, we also investigate the LFU violation in the ϒ
decays and show its correlation with b → cτν̄ observables.
Finally, we conclude in Sec. V and correlations in the
precision measurements for each NP scenario are summa-
rized in Table VI.

II. GENERAL FORMULAS FOR THE
OBSERVABLES

At first, we describe general NP contributions to
b → cτν̄ in terms of the effective Hamiltonian. The oper-
ators relevant to the processes of interest are described as2

Heff ¼ 2
ffiffiffi
2

p
GFVcb½ð1þ CVL

ÞOVL
þ CVR

OVR

þ CSLOSL þ CSROSR þ CTOT �; ð2:1Þ

with

OVL
¼ðc̄γμPLbÞðτ̄γμPLντÞ; OVR

¼ðc̄γμPRbÞðτ̄γμPLντÞ;
OSL ¼ðc̄PLbÞðτ̄PLντÞ; OSR ¼ðc̄PRbÞðτ̄PLντÞ;
OT ¼ðc̄σμνPLbÞðτ̄σμνPLντÞ; ð2:2Þ

where PL ¼ ð1 − γ5Þ=2 and PR ¼ ð1þ γ5Þ=2. The NP
contribution is encoded in the Wilson coefficients (WCs)
of CX, normalized by the SM factor of 2

ffiffiffi
2

p
GFVcb. The SM

corresponds to CX ¼ 0 for X ¼ VL;R, SL;R, and T in this
description. We assume that the light neutrino is always

2The different naming schemes of the operators are often
used [106–108]. Our CVL

; CVR
; CSL, and CSR correspond to

CV1
; CV2

; CS2 , and CS1 , respectively.

GLOBAL FIT TO b → cτν ANOMALIES AS OF SPRING 2024 PHYS. REV. D 110, 075005 (2024)

075005-5



left-handed and NP contributions are relevant to only the
third-generation leptons (τ; ντ).

3

Note that the leading SUð2ÞL ×Uð1ÞY invariant oper-
ator, to generate the LFU violated type of the OVR

form, is
given in dimension eight as ðc̄RγμbRÞðL̄3γμτ

AL3ÞðH̃τAHÞ.
This implies that CVR

in a NP model necessarily has an
additional suppression compared with the other operators
generated from dimension-six operators. See Ref. [117] for
a NPmodel that can generate theCVR

contributions to RDð�Þ .
In the following parts, the observables for B̄ → Dð�Þτν̄,

Bc → τν̄, and Bc → J=ψτν̄ are evaluated with Eq. (2.1) at
the scale μ ¼ μb ¼ 4.18 GeV. The process ϒðnSÞ → lþl−
will be described in detail in Sec. IV.

A. B̄ → Dð�Þτν̄

In this work, we follow analytic forms of the differential
decay rates for B̄ → Dð�Þτν̄ obtained in Refs. [106,118].
Regarding the form factors, we employ the general
HQET-based description [31] in which the heavy quark
expansions [34,119] are taken up to NLO for ϵa ¼ αs=π,
ϵb ¼ Λ̄=ð2mbÞ and NNLO for ϵc ¼ Λ̄=ð2mcÞ by recalling
the fact ϵa ∼ ϵb ∼ ϵ2c. Thanks to HQET property, the form

factors for the different Lorenz structures of the NP
operators are connected to that for the SM current, which
enables us to evaluate the NP contributions to the
observables.
Two parametrization models have been considered with

respect to the z ¼ ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p þ ffiffiffi
2

p Þ
expansions for the form factors in this description, with
which the most general fit analyses of the form-factor
parameters and jVcbj have been performed in Ref. [30]. For
the present work, we take the ð2=1=0Þ model with a minor
update and apply the updated fit result based on Ref. [30].
We have evaluated the ratio observables, RDð�Þ , PDð�Þ

τ , and
FD�
L , for the case of the effective Hamiltonian of Eq. (2.1) at

the scale μ ¼ μb. In the end, we find the following updated
numerical formulas,

RD

RSM
D

¼ j1þ CVL
þ CVR

j2 þ 1.01jCSL þ CSR j2 þ 0.84jCT j2

þ 1.49Re
�ð1þ CVL

þ CVR
ÞðC�

SL
þ C�

SR
Þ�

þ 1.08Re
�ð1þ CVL

þ CVR
ÞC�

T

�
; ð2:3Þ

RD�

RSM
D�

¼ j1þ CVL
j2 þ jCVR

j2 þ 0.04jCSL − CSR j2 þ 16.0jCT j2

− 1.83Re½ð1þ CVL
ÞC�

VR
� − 0.11Re½ð1þ CVL

− CVR
ÞðC�

SL
− C�

SR
Þ�

− 5.17Re½ð1þ CVL
ÞC�

T � þ 6.60Re½CVR
C�
T �; ð2:4Þ

PD
τ

PD
τ;SM

¼
�
RD

RSM
D

�
−1

× ðj1þ CVL
þ CVR

j2 þ 3.04jCSL þ CSR j2 þ 0.17jCT j2

þ 4.50Re½ð1þ CVL
þ CVR

ÞðC�
SL

þ C�
SR
Þ� − 1.09Re½ð1þ CVL

þ CVR
ÞC�

T �Þ; ð2:5Þ

PD�
τ

PD�
τ;SM

¼
�
RD�

RSM
D�

�
−1

× ðj1þ CVL
j2 þ jCVR

j2 − 0.07jCSR − CSL j2 − 1.85jCT j2

− 1.79Re½ð1þ CVL
ÞC�

VR
� þ 0.23Re½ð1þ CVL

− CVR
ÞðC�

SL
− C�

SR
Þ�

− 3.47Re½ð1þ CVL
ÞC�

T � þ 4.41Re½CVR
C�
T �Þ; ð2:6Þ

FD�
L

FD�
L;SM

¼
�
RD�

RSM
D�

�
−1

× ðj1þ CVL
− CVR

j2 þ 0.08jCSL − CSR j2 þ 6.90jCT j2

− 0.25Re½ð1þ CVL
− CVR

ÞðC�
SL

− C�
SR
Þ� − 4.30Re½ð1þ CVL

− CVR
ÞC�

T �Þ; ð2:7Þ

which can be compared with those in the literature [59,60,110,114,120]. The SM predictions are obtained as4

3See Refs. [109–115] for models with the right-handed neutrino νR. It is noted that theW0 is necessarily accompanied by Z0 and thus
the recent di-τ resonance search [100,101] excludes the W0

R explanation [116].
4We updated the fit analysis with the modification of the formula for unitarity bound [119], pointed out by Ref. [121]. It only affects

the last digits of the SM predictions, though.
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RSM
D ¼ 0.290� 0.003;

RSM
D� ¼ 0.248� 0.001;

PD
τ;SM ¼ 0.331� 0.004;

PD�
τ;SM ¼ −0.497� 0.007;

FD�
L;SM ¼ 0.464� 0.003: ð2:8Þ

Furthermore, we have checked uncertainties of the above
numerical coefficients in the formulae, based on the fit
result from Ref. [30]. The tensor (scalar) terms involve
∼4%ð10%Þ uncertainties for the D (D�) mode, while the
others contain less than 1% errors. At present, they are not
significant and thus neglected in our following study.

B. Bc → τν̄

The significant constraint on the scalar operators
OSL;R comes from the Bc lifetime measurements (τBc

)
[82,122–125]: the branching ratio of B−

c → τν̄, which
has not yet been observed, is significantly amplified by
the NP scalar interactions, and the branching ratio is
constrained from measured τBc

[126]. We obtain an upper
bound on the WCs as

j1þ CVL
− CVR

− 4.35ðCSL − CSRÞj2

¼ BðBc → τν̄Þ
BðBc → τν̄ÞSM

< 27.1

�
BðBc → τν̄ÞUB

0.6

�
; ð2:9Þ

with BðBc → τν̄ÞSM ≃ 0.022. Throughout this paper,
jVcbj ¼ ð41.0� 1.4Þ × 10−3 is used unless otherwise

mentioned [126]. The b and c quark mass inputs, which
are relevant for scalar contributions, are taken as mbðμbÞ ¼
ð4.18� 0.03Þ GeV and mcðμbÞ ¼ ð0.92� 0.02Þ GeV.
Reference [123] evaluated that the upper bound (UB) on
the branching ratio from τBc

is BðBc → τν̄ÞUB ¼ 0.3.
However, it is pointed out by Ref. [60] and later confirmed
by Ref. [125] that there is a sizeable charm-mass depend-
ence on the Bc decay rate because the dominant contribu-
tion comes from the charm-quark decay into strange within
the Bc meson. A conservative bound is set by Ref. [60]
as BðBc → τν̄ÞUB ¼ 0.6.
One should note that more aggressive bound

BðBc → τν̄ÞUB ¼ 0.1 has been obtained in Ref. [127] by
usingLEPdata.However, it is pointed out thatpT dependence
of the fragmentation function, b → Bc, has been entirely
overlooked, and thus the bound must be overestimated by
several factors [60,61,128]. Although the CEPC and FCC-ee
experiments are in the planning stages, the future Tera-Z
machines can directly measure BðBc → τν̄Þ at O(1%)
level [129–131].
Thanks to the conservative bound, the left-handed scalar

operator, CSL comes back to the game. For instance, a
general two-Higgs doublet model is a viable candidate, and
readers are referred to Refs. [132,133].

C. Bc → J=ψτν̄

We follow the form factor description from the recent
lattice result of Ref. [134] for Bc → J=ψτν̄. We also take
mbðμbÞ and mcðμbÞ for the scalar and tensor sectors as
aforementioned. The formula for RJ=ψ is given as

RJ=ψ

RSM
J=ψ

¼ j1þ CVL
j2 þ jCVR

j2 þ 0.04jCSL − CSR j2 þ 14.7jCT j2

− 1.82Re½ð1þ CVL
ÞC�

VR
� − 0.10Re½ð1þ CVL

− CVR
ÞðC�

SL
− C�

SR
Þ�

− 5.39Re½ð1þ CVL
ÞC�

T � þ 6.57Re½CVR
C�
T �; ð2:10Þ

where we take RSM
J=ψ ¼ 0.258� 0.004 [43]. The coefficients

potentially have 10–20% uncertainties for CSL;R and CT ,
while a few percent for CVL;R

.
It is also known that there is a good NP correlation in the

general effective Hamiltonian [124,135]

RJ=ψ

RSM
J=ψ

≃
RD�

RSM
D�

: ð2:11Þ

This is because both channels are the scalar to vector-
meson transitions. Taking the aforementioned averages of
Rexp
J=ψ and Rexp

D� , we see

Rexp
J=ψ

RSM
J=ψ

−
Rexp
D�

RSM
D�

¼ 1.2� 0.7; ð2:12Þ

which shows 1.7σ deviations from the prediction of
Eq. (2.11) for now but it is not conclusive due to large
uncertainty from Rexp

J=ψ .

D. Λb → Λcτν̄

A baryonic counterpart of the b → cτν̄ decay is
Λb → Λcτν̄. Normalizing by the light-lepton channels, the
LFU observable RΛc

is defined, RΛc
≡ BðΛb →

Λcτν̄Þ=BðΛb → Λclν̄Þ. Similar to the RDð�Þ , the CKM
dependence completely drops out and the form-factor uncer-
tainties are significantly reduced in RΛc

[44,136–141].
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Furthermore, since there is no subleading Isgur-Wise function
at OðΛ̄=mc;bÞ in the Λb → Λc transition, the theoretical
uncertainty is even suppressed [142]. As one can easily
imagine, RDð�Þ and RΛc

have a strong theoretical correlation
through the b → cτν̄ interaction. NP contributions with these
correlations have been widely investigated including the

forward-backward asymmetry of τ, the longitudinal polar-
izations of Λc and τ, and a leptonic energy distribution
[60,61,143–149].
Based on the lattice QCD results for the Λb → Λc

transition [138,140,146], we obtain a numerical formula
of RΛc

[150]

RΛc

RSM
Λc

¼ j1þ CVL
j2 þ jCVR

j2 − 0.72Re½ð1þ CVL
ÞC�

VR
� þ 0.50Re½ð1þ CVL

ÞC�
SR

þ CVR
C�
SL
�

þ 0.33Re½ð1þ CVL
ÞC�

SL
þ CVR

C�
SR
� þ 0.52Re½CSLC

�
SR
� þ 0.32ðjCSL j2 þ jCSR j2Þ

− 3.11Re½ð1þ CVL
ÞC�

T � þ 4.88Re½CVR
C�
T � þ 10.4jCT j2; ð2:13Þ

where we again take the same mbðμbÞ and mcðμbÞ as above
for the form factors of the scalar and pseudoscalar currents.
The SM prediction is RSM

Λc
¼ 0.324� 0.004 [44,141],

where the LHCb data of dΓðΛb → Λcμν̄Þ=dq2 [151] is
used for a fit of their HQET parameters, in addition to the
lattice QCD form factor calculations.

It is known that there is a sum rule between RΛc
and

RDð�Þ [60,61,150]

RΛc

RSM
Λc

¼ 0.280
RD

RSM
D

þ 0.720
RD�

RSM
D�

þ δΛc
; ð2:14Þ

with

δΛc
¼ Re½ð1þ CVL

Þð0.035C�
VR

− 0.003C�
SR

þ 0.314C�
TÞ� − Re½CVR

ð0.003C�
SL

þ 0.175C�
TÞ�

þ 0.014ðjCSL j2 þ jCSR j2Þ − 1.30jCT j2 þ 0.004Re½CSLC
�
SR
�: ð2:15Þ

As far as jCT j ≪ 1 holds, δΛc
will never be relevant and this

sum rule holds in any NP scenario. Ignoring the small δΛc

term, we obtain a model-independent prediction of RΛc

RΛc
≃ RSM

Λc

�
0.280

RD

RSM
D

þ 0.720
RD�

RSM
D�

�
;

¼ RSM
Λc

ð1.163� 0.034Þ;
¼ 0.377� 0.011R

Dð�Þ � 0.005RSM
Λc
: ð2:16Þ

This implies that RΛc
is not used to distinguish the NP

scenarios but rather gives a consistency check among the
experimental measurements. While the Λb → Λclν̄ decay
has been experimentally measured already with good
accuracy [151–154], the Λb → Λcτν̄ decay had not
been observed until 2022. The observed value of the LHCb
collaboration is RLHCb

Λc
¼0.242�0.026stat�0.071syst [155],

which provides a 1.8σ level tension from the
sum rule prediction in Eq. (2.16). Instead, normalizing
with the SM prediction of ΓðΛb → Λcμν̄Þ improves
the accuracy and slightly uplifts the central value,
RΛc

¼j0.041=Vcbj2ð0.271�0.069Þ¼0.271�0.072 [156].
While suppression of RΛc

compared to the sum rule
prediction would not be compatible with NP scenarios
for the RDð�Þ anomaly, the experimental uncertainty in RΛc

is still very large to draw a clear-cut conclusion. Detailed
analysis for NP scenarios for light lepton modes is given in
Ref. [150].

III. FIT ANALYSIS

In this paper, we perform the following statistical
analysis to probe several NP scenarios via a bottom-up
approach:
(1) Three measurements of RD, RD� , and FD�

L are taken
in the χ2 fit, and then the favored regions for the NP
parameter space are obtained, which are defined
by Δχ2 ¼ χ2 − χ2NP−best ≤ 1.

(2) We then check whether the above solutions are
consistent with the other relevant observables, such
as the Bc lifetime and the LHC bounds.

(3) Furthermore, we evaluate NP predictions on PD
τ ,

PD�
τ , and RJ=ψ , where the above steps 1 and 2 are

passed.
(4) If applicable, a combined study with Rϒð3SÞ is

discussed.
The χ2 fit function in the step 1 is defined as

χ2 ≡X
i;j

ðOtheory −OexpÞiCov−1ij ðOtheory −OexpÞj; ð3:1Þ
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where we take into account the RDð�Þ and FD�
L measure-

ments for Oexp summarized by HFLAVas shown in Sec. I.
The covariance is given as Covij ¼ ΔOexp

i ρijΔO
exp
j þ

ΔOtheory
i δijΔO

theory
j , where correlation ρij is given as in

Table I while ρij ¼ δij among the independent measure-
ments. For every observable, we have the theory formulas
Otheory as shown in Sec. II, and hence obtain best-fit values
in terms of the WCs as defined in Eq. (2.1), which are given
at the μb scale.
Given the SM predictions as RSM

D ¼ 0.290� 0.003,
RSM
D� ¼ 0.248� 0.001, and FD�

L;SM ¼ 0.464� 0.003 [30],
we obtain χ2SM ¼ 23.1 (corresponding to 4.1σ) implying a
large deviation from the SM. Briefly, χ2NP−best ≤ Oð1Þ
implies an excellent fit by the NP operators, but its criterion
depends on the number of the fitted WCs. In our analysis,
the goodness of fit for each NP scenario (the likelihood-
ratio test between the best-fit points) is expressed by the
“Pull” value (defined in, e.g., Refs. [60,157]). It depends on
the number of the fitted WCs. For cases of the single WC
fits, the Pull is equivalent to

Pullðsingle WCÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2NP-best

q
ðσÞ: ð3:2Þ

Therefore, Pull≳ 4 represents an excellent NP fit, where
RD and RD� anomalies mostly can be explained at 1σ levels.
Thus, we can quantitatively compare the NP scenarios by
using the Pull values.
Regarding the LHC bound to be compared with the

above fit result, we refer to the result from Ref. [97], in
which the τ þmissing searches have been analyzed. Their
result is shown in Table III, where we give the 95% CL
upper limit at the μb scale.

5 It should be emphasized that the
LHC bound on the WC has a non-negligible mediator mass
dependence, see Ref. [97] for details. This feature is indeed
crucial for some NP scenarios, as will be seen later.
Furthermore, it is pointed out that the charge asymmetry
of the τ lepton will improve the bound on CX.

A. EFT: Single operator scenario

We begin with the single NP operator scenarios based on
the effective field theory (EFT) of Eq. (2.1). Assuming the
WC to be real, we immediately obtain the fit results with
the Pull values and predictions of PD

τ ; PD�
τ , and RJ=ψ as

shown in Table IV. The allowed regions from the Bc
lifetime and current LHC bounds are listed as well.
For all the NP scenarios, we can see much improvement

in the fit compared with the SM. A significant change from
the previous conclusion (before the new LHCb results
[6,15–17] came up [61,146,158]) is that the CSR scenario
becomes consistent with the data within 95% CL, i.e.,
χ2best < 8.0 (for three observed data). Unfortunately, it is
known that the usual type-II two-Higgs doublet model
cannot achieve this solution because the sign of CSR must
be negative:CSR ¼ −mbmτ tan2 β=m2

H� < 0. It is noted that
even in the generic two-Higgs doublet model, sizable CSR
contribution is difficult due to constraints from ΔMs and
the LHC search [92,159]. Instead, the real CSL scenario is
not likely to explain the present data within 2σ level. This is
mainly because the coefficients of interference terms
between the real CSL and the SM contribution in
Eqs. (2.3) and (2.4) have opposite signs, which prevent
the simultaneous explanation of RDð�Þ anomalies. The
situation is the same as the previous one before the new
LHCb and Belle II data. The CVL

scenario well explains the
present data, while CVR

gives a lower Pull. The CT solution
gives unique predictions on the other observables, which
may be able to identify the NP scenario, and it predicts a
negative shift of FD�

L with a tension from the present
measurement [59,70].
Once we allow complex values of WCs, the complex

CVR
, CSL , and CT scenarios improve the fits such as

CVR
≃þ0.01� i0.41 Pull ¼ 4.4; ð3:3Þ

CSL ≃ −0.79� i0.86 Pull ¼ 4.3; ð3:4Þ

CT ≃þ0.02� i0.13 Pull ¼ 3.8; ð3:5Þ

while the complex CVL
and CSR scenarios give the same

Pulls compared with those with the real WC scenarios. The
complex CT scenario has a similar Pull with the real CT
case due to the penalty of adding one more parameter. We

TABLE III. The 95% CL upper bounds on the WCs at the μ ¼ μb scale from the LHC analysis of the τþ missing search [97]. The
future prospects with b-tagged jetþ τν final state assuming 3 ab−1 of accumulated data are given in the parenthesis [98]. The NP mass
scale is shown as MLQ ¼ 2 TeV, 4 TeV and ΛEFT > 10 TeV.

jCVL
j jCVR

j jCSL j jCSR j jCT j
EFT (> 10 TeV) 0.32(0.09) 0.33(0.09) 0.55(0.14) 0.55(0.15) 0.17(0.04)
LQ (4 TeV) 0.36(0.10) 0.40(0.10) 0.74(0.17) 0.67(0.18) 0.22(0.05)
LQ (2 TeV) 0.42(0.12) 0.51(0.15) 0.80(0.22) 0.77(0.22) 0.30(0.07)

5Note that Table 2 of Ref. [97] shows the LHC bound at
μ ¼ ΛLHC.
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note that previously the CT solution had been disfavored by
the FD�

L measurement [59]. However, the recent combined
data revives the complex CT solution: The fitted WC of CT

in Eq. (3.5) predicts FD�
L ≃ 0.41 which is consistent with

the measured value within 2σ level, and hence the near
future data will be crucial to test the scenario. The complex
CVR

result at the above best-fit point is, however, not
consistent with the LHC bound for the case of EFT,
jCVR

j < 0.33. Nevertheless, it could be relaxed in some
LQ models with the mass of the LQ particle to be MLQ ≳
2 TeV as seen in Table III.
As for the complex CSL scenario, since the imaginary

part does not interfere with the SM contribution, the
situation is different from the real CSL scenario, and the
RDð�Þ anomalies can be explained. It, however, looks like
the best-fit point in Eq. (3.4) is disfavored by the LHC and
Bc lifetime constraints. Yet, it is noted that the LHC bound
is not always proper and depends on the NP model. In the
case of the charged-Higgs model, for instance, the bound
on the s-channel mediator H� significantly depends
on the resonant mass. Experimentally, it is not easy to
probe the low mass τν resonance due to the huge SM W
background. Reference [132] points out that the range of
mt ≤ mH� ≤ 400 GeV is still viable for the 1σ explanation,
although LHC run 2 data is already enough to probe this
range if the τνþ b and tþ ττ signatures are searched
[133,160]. Thus, we leave the LHC bound for the complex
CSL scenario below. Once the Bc bound of Eq. (2.9) with
BðBc → τν̄ÞUB ¼ 0.6 is imposed, we find

CSL ≃ −0.57� i0.86 Pull ¼ 4.3; ð3:6Þ

for the best Pull within the constraint. The same pull
is obtained as in Eq. (3.4) within the digit that we
consider.
It has been pointed out that q2 distributions in

dΓðB̄ → Dð�Þτν̄Þ=dq2 and dRDð�Þ=dq2 are sensitive to the
scalar contribution [82,118]. Furthermore, it is pointed out

that a LFU ratio similar to RDð�Þ with the q2 integration
starting from m2

τ commonly in both τ and l modes,
so-called R̃Dð�Þ will be significant [78,161]. We do not
consider the constraint since the experimental data is
not conclusive. In any case, the Belle II data will be
important [108].
In Fig. 2, we show predictions on the plane of PD

τ − PD�
τ

evaluated from our fit analysis with each complex WC
scenario. The allowed regions satisfying Δχ2 ≤ 1 (4) are
shown in dark (light) orange, brown, and blue for the
complex CSL , CSR , and CT scenarios, respectively, where
the Bc lifetime and LHC bounds based on the EFT
framework are also taken into account. The CVL;R

scenarios
do not deviate PD

τ and PD�
τ from the SM predictions as

shown with the black dot in the figure. Also note that each
shaded region is based on different Pull values, implying
different significance, in Fig. 2. We can see that the
correlation in τ polarization observables provides unique
predictions that can identify the NP scenarios. On the other
hand, RJ=ψ is less helpful to distinguish the different
operators.

B. Leptoquark scenarios

Finally, we study several LQ scenarios. It is well
known that three categories of LQs can address the RDð�Þ

anomalies [106], which are referred to as a SUð2ÞL-singlet
vector Uμ

1, a SUð2ÞL-singlet scalar S1, and a SUð2ÞL-
doublet scalar R2. The relevant LQ interactions are given in
the Appendix.
A key feature with respect to the fit is that these LQ

scenarios involve three independent couplings relevant for
b → cτν, which are encoded in terms of the two indepen-
dent (and complex in general) WCs as

Uμ
1∶ CVL

; CSR; ð3:7Þ

S1∶CVL
; CSL ¼ −4CT; ð3:8Þ

TABLE IV. The fit results of the single NP operator scenarios assuming real WCs. The WCs are given at the μb scale. The allowed
ranges of WC from the Bc lifetime and the current LHC bounds are also shown (“very loose” represents very weak bounds). Fitted WCs
and predictions of PD

τ ; PD�
τ , and RJ=ψ are in the range of Δχ2 ¼ χ2 − χ2best ≤ 1.

Allowed region of CX Predictions ðΔχ2 ≤ 1Þ
Pull [χ2best] Fitted CX Bc → τν̄ LHC PD

τ −PD�
τ RJ=ψ

SM −½23.1� � � � � � � � � � 0.331� 0.004 0.497� 0.007 0.258� 0.004

CVL
4.8½0.3� þ0.079ð16Þ Very loose ½−0.32; 0.32� [0.331, 0.331] [0.497, 0.497] [0.291, 0.309]

CVR
2.6½16.3� −0.070ð26Þ Very loose ½−0.33; 0.33� [0.331, 0.331] [0.495, 0.496] [0.280, 0.307]

CSL 3.1½13.6� þ0.165ð48Þ ½−0.94; 1.4� ½−0.55; 0.55� [0.435, 0.508] [0.516, 0.531] [0.254, 0.256]
CSR 3.9½8.0� þ0.182ð42Þ ½−1.4; 0.94� ½−0.55; 0.55� [0.454, 0.516] [0.458, 0.473] [0.261, 0.263]
CT 4.1½6.4� −0.033ð7Þ � � � ½−0.17; 0.17� [0.350, 0.361] [0.457, 0.473] [0.290, 0.311]
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R2∶CVR
; CSL ¼ 4CT; ð3:9Þ

at the LQ scale ΛLQ ¼ MLQ.
In addition, the SUð2ÞL-doublet vector LQ V2 forms CSR

[106], equivalent to the single CSR scenario, and hence this
LQ has now the viable solution as seen in Sec. III A:

Vμ
2∶ CSR; ð3:10Þ

at the LQ scale. The relations between the WC and V2 LQ
couplings are also described in the Appendix. In
Refs. [162,163], phenomenology of the flavor and collider
physics of the V2 LQ scenario is investigated. It is found
that the coupling product which explains RDð�Þ also modi-
fies Bu → τν̄, Bs → ττ̄, and B → Kð�Þττ̄ in flavor physics,
and the ττ̄ final state search at LHC will be the key probe of
the model.
The CVL

phase in j1þ CVL
j2 can be absorbed [59] in the

flavor process. Thus, the absorption of the CVL
phase is

irrelevant for the fit within the flavor observables and we
take CVL

in U1 and S1 LQs as real without loss of
generality.6 As for CVR

in the R2 LQ, we assume it as
pure imaginary from the fact of Eq. (3.3). Therefore, the
three LQ scenarios of our interest have three degrees of
freedom for the fit and the relevant observables, and then it
is expected that fit results and their predictions could be
different from the previous studies.
These years, UV completions of the LQ scenarios have

been studied in the literature; Refs. [164–179] for U1,

Refs. [180–182] for S1, Refs. [183,184] for R2, and see also
Refs. [185,186]. In the next subsection, we consider the
case if the U1 LQ is induced by a UV completed theory
that gives a specific relation to the LQ couplings, and see
how it changes the fit result. Recent reevaluations on mass
differences of the neutral B mesons ΔMd;ΔMs, (improved
by HQET sum rule and lattice calculations [187]),
would constrain a UV-completed TeV-scale LQ model
[166,167,179,181,188,189]. In particular, the ratio
ΔMd=ΔMs provides a striking constraint on the coupling
texture of the LQ interactions. Here, we comment that a
typical UV completion requires a vectorlike lepton (VLL)
and it induces additional LQ-VLL box diagrams that also
contribute to ΔMd;s destructively. This implies that the
constraint from ΔMd;s depends on the vectorlike fermion
mass spectrum, and hence we do not consider ΔMd;s

further in our analysis. (Currently, the mass of the third-
generation VLL is constrained to be ≳0.5 TeV by collider
searches [167,190,191], which is a milder bound than
conventional searches in τh and τZ decay channels
(≳1 TeV) [191,192]. This is because in such a model
the VLL mainly undergoes LQ-mediated three-body
decays.)
The LQ mass has been directly constrained as MLQ ≳

1.5 TeV from the LQ pair production searches [193–195].
Hence we takeMLQ ¼ 2 TeV for our benchmark scale. We
recap that the WCs are bounded from the τ þmissing
search and, as shown in Table III, the LQ scenarios receive
milder constraints than the EFT operators as long
as MLQ ≤ 10 TeV.
TheWCs will be fitted at the μb scale in our analysis, and

then they are related to the WCs defined at the ΛLQ ¼ MLQ

scale. The renormalization-group equations (RGEs) (the

FIG. 2. Predictions of PD
τ and PD�

τ in the complex NP operator scenarios. The allowed regions satisfyingΔχ2 ≤ 1 (4) are shown in dark
(light) orange, brown, and blue for the CSL , CSR , and CT scenarios, respectively, whereas the black dot is the case for the CVL;R

scenarios.
The Bc lifetime and LHC bounds are also taken into account. The LHC bound is not taken as discussed in the main text.

6Now the real CVL
fit to the RDð�Þ anomalies gives the minimum

jCVL
j, and thus is less constrained from the LHC data.
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first matrix below) [196–198] and the LQ-charge independent QCD one-loop matching (the second one) [199] gives the
following relation

0
BBBBBBB@

CVL
ðμbÞ

CVR
ðμbÞ

CSLðμbÞ
CSRðμbÞ
CTðμbÞ

1
CCCCCCCA

≃

0
BBBBBBB@

1 0 0 0 0

0 1 0 0 0

0 0 1.82 0 −0.35
0 0 0 1.82 0

0 0 −0.004 0 0.83

1
CCCCCCCA

0
BBBBBBB@

1.12 0 0 0 0

0 1.07 0 0 0

0 0 1.05 0 0

0 0 0 1.10 0

0 0 0 0 1.07

1
CCCCCCCA

0
BBBBBBB@

CVL
ðΛLQÞ

CVR
ðΛLQÞ

CSLðΛLQÞ
CSRðΛLQÞ
CTðΛLQÞ

1
CCCCCCCA

≃

0
BBBBBBB@

1.12 0 0 0 0

0 1.07 0 0 0

0 0 1.91 0 −0.38
0 0 0 2.00 0

0 0 0. 0 0.89

1
CCCCCCCA

0
BBBBBBB@

CVL
ðΛLQÞ

CVR
ðΛLQÞ

CSLðΛLQÞ
CSRðΛLQÞ
CTðΛLQÞ

1
CCCCCCCA
; ð3:11Þ

with ΛLQ ¼ 2 TeV. Using these numbers, we obtain CSLðμbÞ ¼ −8.9CTðμbÞ and CSLðμbÞ ¼ 8.4CTðμbÞ for S1 and R2 LQs,
respectively.
With these ingredients, the LQ scenarios in terms of CXðμbÞ up to three degrees of freedom are investigated, where the

full variable case is referred to as the general LQ. The results of the best-fit points for the general LQ scenarios that are also
allowed from the Bc and LHC bounds are then summarized as

U1LQ∶ CVL
¼ 0.07; CSR ¼ 0.02; Pull ¼ 4.1; ð3:12Þ

S1LQ∶ CVL
¼ 0.07; CSL ¼ −8.9CT ¼ �i0.15; Pull ¼ 4.1; ð3:13Þ

R2LQ∶ CVR
¼ �i0.50; CSL ¼ 8.4CT ¼ 0.03 ∓ i0.18; Pull ¼ 4.1: ð3:14Þ

We observe that these three general LQ scenarios
have the same Pull, which means they are equivalently
favored by the current data. We see that at the best-fit points
the U1, S1, and R2 LQ scenarios prefer purely real,
purely imaginary, and complex scalar NP contributions,
respectively.
Regarding the general S1 LQ scenario, we comment that

a part of the allowed parameter region is ruled out by the
B → K�νν̄ measurement and ΔMs (via LQ-ντ box)
[98,189,200], although these constraints can be avoided
by tuning the LQ couplings (ybτL ≫ ysτL defined in Eq. (A4)
which leads to CVL

≃ 0).
Furthermore, we also investigate two restricted LQ

scenarios; S1 LQ with CVL
¼ 0 and R2 LQ with

CVR
¼ 0. The former scenario naturally avoids the severe

constraint from ΔMs without introducing the VLLs [98].
The latter scenario is also natural in light of the naive
dimensional analysis, where the CVR

contribution corre-
sponds to the dimension-eight operator in the EFT as
mentioned in Sec. II. The fit results for the S1 LQ with
CVL

¼ 0 and the R2 LQ with CVR
¼ 0 are obtained as

S1LQðCVL
¼ 0Þ∶ CSL ¼ −8.9CT ¼ 0.18; Pull ¼ 4.1;

ð3:15Þ
R2LQðCVR

¼0Þ∶CSL ¼8.4CT¼−0.09�i0.56; Pull¼4.4;

ð3:16Þ
where the improvements of Pull only come from the benefit
of reducing the degrees of freedom.
In turn, we evaluate the LHC bounds on the two

independent variables, such as ðCVL
; CSRÞ for the U1 LQ

scenario, by the following interpretations:

U1LQ∶
jCVL

ðμbÞj2
ð0.42Þ2 þ jCSRðμbÞj2

ð0.77Þ2 < 1; ð3:17Þ

S1LQ∶
jCVL

ðμbÞj2
ð0.42Þ2 þ jCSLðμbÞj2

ð0.80Þ2 < 1; ð3:18Þ

R2LQ∶
jCVR

ðμbÞj2
ð0.51Þ2 þ jCSLðμbÞj2

ð0.80Þ2 < 1; ð3:19Þ

IGURO, KITAHARA, and WATANABE PHYS. REV. D 110, 075005 (2024)

075005-12



where the denominators are the current LHC bounds for the
single WC scenarios with MLQ ¼ 2 TeV from Table III.
Indeed, this is a good approximation since the bound comes
from the high-pT region that suppresses the interference
term between the VL;R and SL;R operators. It can be seen
that the best-fit point of Eq. (3.14) for R2 LQ is not
consistent with the LHC bound in Eq. (3.19).
In Table V, we show our fit results and predictions with

respect to each LQ scenario as we did for the EFT cases. It
is observed that both the general LQ scenarios and the
restricted LQ scenarios can largely deviate the τ

polarizations from the SM predictions. This can be under-
stood from the fact that the complex scalar WCs have large
impacts on the interference terms, as can be checked from
Eqs. (2.5) and (2.6), which results in a wide range of
predictions.
In Fig. 3, we show the combined the τ polarization

predictions on the PD
τ − PD�

τ plane satisfying Δχ2 ≤ 1ð4Þ
and the aforementioned Bc lifetime and the LHC bounds,
where the general U1, S1, and R2 LQ scenarios are shown in
dark (light) green, magenta, and yellow regions, respec-
tively. The U1 and R2 LQ scenarios produce the correlated

FIG. 3. Predictions of PD
τ and PD�

τ in the LQ scenarios following the same procedure as in Fig. 2. The allowed regions are shown by
dark (light) green, magenta, and yellow regions for the general U1, S1, and R2 LQ scenarios, respectively. The specific scenarios; U1 LQ
with UVorigin (cyan), U1 LQ with real WCs (solid line), S1 LQ with CVL

¼ 0 (blue), and R2 LQ with CVR
¼ 0 (gray), are also shown.

TABLE V. The fit results of the U1, S1, and R2 LQ scenarios for MLQ ¼ 2 TeV. The WCs are given at the μb scale, whose allowed
ranges are cut by the Bc lifetime and the LHC bounds. The structure is the same as in Table IV.

Allowed region of CX Predictions ðΔχ2 ≤ 1Þ
Pull [χ2best] Fitted CX Bc → τν̄ LHC PD

τ −PD�
τ RJ=ψ

SM −½23.1� � � � � � � � � � 0.331� 0.004 0.497� 0.007 0.258� 0.004

U1 LQ 4.1½0.2�
CVL

∶ ½þ0.048;þ0.104�
Eq. (2.9) Eq. (3.17) [0.272, 0.413] [0.482, 0.533] [0.285, 0.311]ReCSR∶½−0.058;þ0.090�

ImCSR∶½−0.390;þ0.390�

S1 LQ 4.1½0.3�
CVL

∶ ½þ0.032;þ0.160�
Eq. (2.9) Eq. (3.18) [0.086, 0.442] [0.374, 0.502] [0.275, 0.312]ReCSL∶½−0.110;þ0.110�

ImCSL∶½−0.416;þ0.416�
S1 LQ

4.1½3.0� ReCSL∶ ½þ0.014;þ0.210�
Eq. (2.9) Eq. (3.19) [0.466, 0.524] [0.456, 0.504] [0.271, 0.284]ðCVL

¼ 0Þ ImCSL∶½−0.522;þ0.522�

R2 LQ 4.1½0.1�
ImCVR

∶ ½�0.000;�0.504�
Eq. (2.9) Eq. (3.19) [0.259, 0.478] [0.402, 0.533] [0.280, 0.313]ReCSL∶½−0.036;þ0.054�

ImCSL∶½∓ 0.000;∓ 0.310�
R2 LQ

4.4½0.6� ReCSL∶ ½−0.148;−0.042�
Eq. (2.9) Eq. (3.19) [0.404, 0.479] [0.408, 0.440] [0.278, 0.299]ðCVR

¼ 0Þ ImCSL∶½�0.503;�0.619�
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regions of the PD
τ –PD�

τ predictions and hence could be
distinguished. On the other hand, the S1 LQ scenario has a
less-predictive wide region, which is hard to be identified.
Figure 3 also exhibits the predictions for several specific

LQ scenarios, i.e., U1 LQ with real CSR and CVL
(solid

line), S1 LQ with CVL
¼ 0 (blue region), and R2 LQ with

CVR
¼ 0 (gray region). It is seen that reducing the variable

in the general LQ scenario provides the distinct prediction
in particular for PD�

τ and the correlation for PD
τ − PD�

τ

becomes a useful tool to identify the LQ signature.
Therefore, it is significant to restrict the LQ interactions
by the τ polarization observables or by constructing a UV
theory that realizes the LQ particle. The latter will be
discussed in the next section for the U1 LQ scenario, which
corresponds to the cyan region in Fig. 3.

C. UV completion of U1 leptoquark

As the U1 LQ provides a unique solution, not only to the
b → cτν anomaly but also to several flavor issues, UV
completions of the U1 LQ have been discussed enthusias-
tically [201–209]. A typical description is that the U1 LQ is
given as a new gauge boson, embedded in a large gauge
symmetry, such that the third-generation quarks and leptons
are coupled to U1 in the interaction basis. This means that
the two LQ interactions of Eq. (A1) are represented as a
universal gauge coupling, x33L ¼ x33R ≡ gU (see the
Appendix). Moving to the mass basis leads to

CSRðΛLQÞ ¼ −2βR × CVL
ðΛLQÞ; ð3:20Þ

where βR ¼ eiϕ denotes the relative complex (CP-violat-
ing) phase [208], which comes from the fact that the phases
in the rotation matrices (to the mass basis) for quark and
lepton are not necessarily identical. The LHC bound for
this scenario has been studied and the typical scale of the
constraint is obtained as ΛLQ ≳ 3.5 TeV [166].
The RGE running effect changes the above relation

of Eq. (3.20) at the μb scale of our interest. By taking
ΛLQ ¼ 4 TeV as a benchmark scale, we obtain

CVL
ðμbÞ ¼ 1 × 1.11 × CVL

ðΛLQÞ;
CSRðμbÞ ¼ 1.90 × 1.09 × CSRðΛLQÞ; ð3:21Þ

where the first coefficient is the QCD two-loop RGE factor
[198] and the second is the QCD one-loop matching
correction [199] at the NP scale. Therefore, we have

CSRðμbÞ ≃ −3.7βR × CVL
ðμbÞ; ð3:22Þ

in the case of the UVorigin U1 LQ scenario, applied to our
fit analysis.
The result of the best-fit point for the UV origin U1 LQ

scenario, with the definition of βR ¼ eiϕ, is shown as

ðCVL
;ϕÞ ≃ ð0.075;�0.466πÞ Pull ¼ 4.4: ð3:23Þ

One can see that this is consistent with the Bc lifetime and
LHC bounds. Predictions of the observables within
Δχ2 ≤ 1, 4 are shown by the cyan region in Fig. 3. It is
observed that the large complex phase is favored, which
suppresses the interference while predicting nucleon elec-
tric dipole moments (dN) within the reach of future
experiments [210]. It should also be stressed that the τ
polarizations are so unique that this scenario can be
distinguished from the aforementioned LQ scenarios.
As briefly mentioned in the previous section, although

the simplified model is severely constrained from the ΔMs
measurement (when xsτL ≠ 0), it can be avoided by the
existence of the VLL. There is a GIM-like mechanism
including the VLL contributions, so that the bound from
ΔMs is naturally suppressed even when the VLL mass is
around 1–4 TeV [166,167,174,179,181,188,211].

IV. THE LFU VIOLATION IN ϒ DECAYS

The UV-completed NP models contributing to b → cτν̄
processes should also bring a related contribution to
bb̄ → τþτ− or cc̄ → τþτ− interactions [45,212,213]. In
this section, we show that U1 and R2 LQs predict a robust
correlation between b → cτν̄ and bb̄ → τþτ− via the LQ
exchange.
A definition of the LFU observable in the ϒðnSÞ decays

is

RϒðnSÞ ≡ BðϒðnSÞ → τþτ−Þ
BðϒðnSÞ → lþl−Þ ; ð4:1Þ

with n ¼ 1, 2, 3, where RϒðnSÞ ≃ 1 holds in the SM. As for
n ≥ 4, the leptonic branching ratios are significantly sup-
pressed since a BB̄ decay channel is open.7 Since the short-
and long-distance QCD corrections [215] are independent
of the lepton mass, they are canceled in this ratio. One can
also discuss the cc̄ → lþl− LFU observable via ψð2SÞ
decays. However, we do not consider it because the present
experimental error is relatively large.
Recently, the BABAR collaboration has reported a

precise result for the measurement of Rϒð3SÞ [105]:
RBABAR
ϒð3SÞ ¼ 0.966� 0.008stat � 0.014syst, where l ¼ μ.

Combing a previous measurement by the CLEO collabo-
ration [216], an average for the ϒð3SÞ decay is [212]

Rexp
ϒð3SÞ ¼ 0.968� 0.016: ð4:2Þ

This value is consistent with the SM prediction [45]

7A novel method for the n ¼ 4 mode has been proposed in
Ref. [214] by using the inclusive dileptonic channel
ϒð4SÞ → l�τ∓Xðν̄νÞ, which could be probed in the Belle II
experiment and is directly related to Γðb → XτνÞ=Γðb → XlνÞ.
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RSM
ϒð3SÞ ¼ 0.9948�Oð10−5Þ ð4:3Þ

at the 1.7σ level. The SM prediction slightly deviates
from 1 whose leading correction comes from the difference
in the phase space factor between the τ=l modes [217].
The next-to-leading contribution comes from the QED
correction, which depends on the lepton mass [218]:

δEMRϒðnSÞ ¼ þ0.0002. The tree-level Z exchange also
contributes, but its effect is Oð10−5Þ [45]. There is no
Higgs boson contribution, as one can see below. The other
channels (n ¼ 1, 2) still suffer from the current experimental
uncertainty, and we do not utilize them in our presentation.
The effective Hamiltonian which is relevant to the

bottomonium decay into τþτ− is described as

−HNP
eff ¼ Cbτ

VLLðb̄γμPLbÞðτ̄γμPLτÞ þ Cbτ
VRRðb̄γμPRbÞðτ̄γμPRτÞ

þ Cbτ
VLRðb̄γμPLbÞðτ̄γμPRτÞ þ Cbτ

VRLðb̄γμPRbÞðτ̄γμPLτÞ
þ ½Cbτ

T ðb̄σμνPRbÞðτ̄σμνPRτÞ þ Cbτ
SLðb̄PLbÞðτ̄PLτÞ þ Cbτ

SRðb̄PRbÞðτ̄PLτÞ þ H:c:� ð4:4Þ

at the scale μ ¼ mϒ. Note that Cbτ
VLL; C

bτ
VRR; C

bτ
VLR, and Cbτ

VRL are real coefficients, and Cbτ
SL and Cbτ

SR never contribute to the
ϒðnSÞ → τþτ− due to h0jb̄bjϒi ¼ h0jb̄γ5bjϒi ¼ 0. In this convention, the partial decay width is given by [45]

ΓðϒðnSÞ → τþτ−Þ ¼ f2ϒ
4πmϒ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2τ

q
½A2

ϒð1þ 2x2τÞ þ B2
ϒð1 − 4x2τÞ

þ 1

2
C2
ϒð1 − 4x2τÞ2 þ

1

2
D2

ϒð1 − 4x2τÞ þ 2AϒCϒxτð1 − 4x2τÞ�; ð4:5Þ

with

Aϒ ¼ 4πα

3
þm2

ϒ
4

�
Cbτ
VLL þ Cbτ

VRR þ Cbτ
VLR

þ Cbτ
VRL þ 16xτ

fTϒ
fϒ

ReðCbτ
T Þ

�
; ð4:6Þ

Bϒ ¼ m2
ϒ
4

ðCbτ
VRR þ Cbτ

VLR − Cbτ
VLL − Cbτ

VRLÞ; ð4:7Þ

Cϒ ¼ 2m2
ϒ
fTϒ
fϒ

ReðCbτ
T Þ; ð4:8Þ

Dϒ ¼ 2m2
ϒ
fTϒ
fϒ

ImðCbτ
T Þ; ð4:9Þ

and

xτ ¼
mτ

mϒ
: ð4:10Þ

The fϒ and fTϒ are decay constants for vector and tensor
currents in ϒ hadronic-matrix elements, and fϒ ¼ fTϒ
holds in the heavy quark limit, which is realized for the
ϒ decays [45].
Within the SM, this process is predominantly caused by

the QED. Nevertheless, the photon-exchange QED con-
tribution is suppressed by 1=m2

ϒ, and hence the NP
contribution could be non-negligible [45,212,219]. In the
SM, Aϒ ≃ 4πα=3 and Bϒ; Cϒ; Dϒ ≃ 0. Setting the light
lepton mass to zero and mϒ ¼ mϒð3SÞ ¼ 10.355 GeV, we
obtain the following numerical formula

Rϒð3SÞ
RSM
ϒð3SÞ

¼ 1þ 1.64 × 10−3 TeV2ðCbτ
VLL þ Cbτ

VRR þ Cbτ
VLR þ Cbτ

VRLÞ þ 6.37 × 10−3 TeV2ReðCbτ
T Þ þ δϒ; ð4:11Þ

with

δϒ ¼ 5.22 × 10−6 TeV4ðCbτ
VLL þ Cbτ

VRR þ Cbτ
VLR þ Cbτ

VRLÞReðCbτ
T Þ

þ 6.71 × 10−7 TeV4ðCbτ
VLL þ Cbτ

VRR þ Cbτ
VLR þ Cbτ

VRLÞ2
þ 5.59 × 10−7 TeV4ðCbτ

VRR þ Cbτ
VLR − Cbτ

VLL − Cbτ
VRLÞ2

þ 2.51 × 10−5 TeV4½ReðCbτ
T Þ�2 þ 1.79 × 10−5 TeV4½ImðCbτ

T Þ�2; ð4:12Þ

where the δϒ term gives negligible contributions.
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Let us now look into a correlation between Rϒð3SÞ and
RDð�Þ by using the specific examples of the U1 and R2 LQs.
First, we exhibit the U1 LQ case. The U1 LQ interaction
with the SM fermions is given in Eq. (A1). Integrating the
U1 LQ out, as well as the charged current contributions
(b → cτν̄) in Eq. (A2), the neutral current ones
(bb̄ → τþτ−) are obtained as

Cbτ
VLLðμLQÞ ¼ −

jxbτL j2
m2

U1

; Cbτ
VRRðμLQÞ ¼ −

jxbτR j2
m2

U1

;

Cbτ
SRðμLQÞ ¼

2xbτL ðxbτR Þ�
m2

U1

: ð4:13Þ

The vector contributions do not change under the RGEs,
while the scalar contribution does not affect the ϒ decay.
Here, an important point is that Rϒð3SÞ=RSM

ϒð3SÞ is predicted
to be less than 1 when NP contributions are dominated by
vector interactions. It would lead to a coherent deviation
with RDð�Þ .
Setting mU1

¼ 2.0 TeV and ðVxLðμLQÞÞcτ ¼
VcbxbτL ðμLQÞ þ VcsxsτL ðμLQÞ with xsτL =x

bτ
L ¼ λ ≃ 0.225, we

show a correlation between Rϒð3SÞ and RDð�Þ in Fig. 4. Note

that xsτL =x
bτ
L ¼ λ is a typical reference value [166]. Here,

favored parameter regions in the U1 LQ model are
exhibited on xbτL − xbτR plane at the renormalization scale
μLQ ¼ mU1

. The black contour represents the expected
values of Rϒð3SÞ. It is noted that if we adopt the 2σ

constraint of Rexp
ϒð3SÞ in Eq. (4.2), the entire parameter

region is allowed. The blue and green regions can explain
the RD and RD� discrepancies within 1σ, respectively. The
exclusion region by the LHC analysis (τ þmissing search)
is outside the blue line, while the future prospect of the
High Luminosity LHC is shown by the blue-dashed line,
see Table III. Furthermore, a stronger collider bound comes
from a non-resonant τþτ− search [100,101], although it is
model-parameter dependent. The outside of the red line is
excluded by the nonresonant τþτ− search, where a public
code HIGHPT [220] is used [210]. The orange dashed line
stands for a prediction in the case of the UV origin U1

LQ with βR ¼ −1ðϕ ¼ πÞ as a reference value [208]. The
gray-shaded region is excluded by the Bc lifetime,
i.e., BðBc → τν̄Þ > 0.6.
From the figure, it is found that the current Rexp

ϒð3SÞ
overshoots favored parameter region from the RDð�Þ anoma-
lies. The best-fit points of Eq. (3.12) are shown by red
crosses and predict Rϒð3SÞ ¼ 0.9942. Thus, the LFU
violation in RϒðnSÞ is predicted to be very small in the
U1 LQ scenario.
Next, we investigate the R2 LQ with CVR

¼ 0 scenario.
The R2 LQ interaction with the SM fermions is given in
Eq. (A6). The generated charged current contributions are
given in Eq. (A7), while the neutral current one is

Cbτ
VLRðμLQÞ ¼ −

jybτR j2
2m2

R2

: ð4:14Þ

Since Cbτ
VLR < 0, Rϒð3SÞ=RSM

ϒð3SÞ has to be less than 1 again.

The result is shown in Fig. 5. Here, we set
mR2

¼ 2.0 TeV, ycτL =jybτR j ¼ 0.7 with jVcbj ¼ 0.041, and
take ybτR ðμLQÞ as complex value. Note that it is found in
Ref. [210] that the choice of ycτL =jybτR j ≈ 0.7 can alleviate
the bound from the nonresonant τþτ− searches. The color
convention is the same as the U1 LQ case. The best-fit
points in Eq. (3.16) are shown by red crosses, predicting
Rϒð3SÞ ¼ 0.9938. Similar to U1 LQ interpretation, it seems
crucial to measure RϒðnSÞ with 0.1% accuracy in order to
distinguish the R2 LQ signal.
Note that the S1 LQ does not contribute to RϒðnSÞ, while

the V2 LQ can contribute. However we found that the V2

contribution is also small; 0.1% effect in Rϒð3SÞ [163].
At the current stage, the large experimental uncertainty

in Rϒð3SÞ cannot allow a clear-cut conclusion. One should
note that the Belle and Belle II experiments have enough
sensitivities to the RϒðnSÞ measurements, which would be

FIG. 4. The correlation between Rϒð3SÞ and RDð�Þ is exhibited in
the U1 LQ scenario with mU1

¼ 2 TeV by setting xsτL =x
bτ
L ¼ λ.

The predicted values of Rϒð3SÞ are shown by black contours. RD

and RD� anomalies can be explained in the blue and green
regions, respectively. The LHC exclusion region from the τ þ
missing searches (outside the blue line) and the HL-LHC
sensitivity (blue dashed line) are based on the result of Table III.
The LHC exclusion region from the nonresonant τþτ− searches is
shown by the red line. The best-fit points of Eq. (3.12) are shown
by red crosses. The orange dashed line represents the Uð2Þ flavor
symmetry prediction with βR ¼ −1. The gray-shaded region is
excluded by the Bc lifetime.
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more accurate than the existing BABAR measure-
ment [221].

V. CONCLUSIONS AND DISCUSSION

In this work, we revisited our previous phenomenologi-
cal investigation and presented the statistical analysis of the
LFU violation in RDð�Þ , including the new experimental data
from the LHCb and Belle II experiments. Starting with the
reevaluation of the generic formulas for RDð�Þ by employing
the recent development of the B → Dð�Þ transition form
factors, we examined the NP possibility with the low-
energy effective Lagrangian as well as the LQ models. In
addition to the constraints from the low-energy observables
and the high-pT mono-τ search at LHC, the predictions on
the relevant observables of Rϒ, RJ=ψ , and the τ polar-

izations PDð�Þ
τ are evaluated.

To be precise, we performed the χ2 fit to the experimental
measurements of RDð�Þ and the D� polarization FD�

L . This
updated analysis shows that the present data deviates from
the SM predictions at ∼4σ level. Our fit result is summa-
rized in Table IV with Eqs. (3.3)–(3.6) for the single-
operator scenarios, and Table V with Eqs. (3.12)–(3.16)
and (3.23) for the single-LQ scenarios. The NP fit improve-
ments compared with the SM one are visualized by Pull as
usual, and it is found that the SM-like vector operator still
gives the best Pull.
Due to the new LHCb and Belle II results, the exper-

imental world average has slightly come close to the SM
predictions of RD and RD� . Moreover, the recent FD�

L result

from the LHCb made the experimental value consistent
with the SM prediction. These changes altered the previous
situations that the scalar and tensor NP solutions to the
b → cτν anomaly had been disfavored. Namely, the scalar
and tensor NP interpretations have been revived now. On
the other hand, it is found that the results of the LQ
scenarios do not drastically change compared with the
previous fit.
As it was pointed out in the literature, the precise

measurements of the polarization observables PDð�Þ
τ and

FD�
L have the potential to distinguish the NP scenarios. In

Figs. 2 and 3, we show our predictions of PD
τ and PD�

τ for
the possible NP scenarios. One can make sure that the
single-operator NP scenario explaining the b → cτν
anomaly can be identified by the PDð�Þ

τ measurements,
which may be available at the Belle II experiment. On the
other hand, the general LQ scenarios are hard to be
distinguished due to predicting wide ranges of PDð�Þ

τ .
Once the LQ model with restricted interactions is con-
structed, however, we see that the PDð�Þ

τ measurement has
significant potential to probe the LQ signature. The high
energy collider search is also important since the high-pT
lepton search at the LHC can directly probe the NP
interactions affecting the LFU ratios.
We also investigated the NP impacts on the LFU

violation in the ϒðnSÞ decays. We found that the LFU
ratio Rϒ is expected to be deviated from the SM prediction
by Oð0.1Þ% in the U1, R2, and V2 LQ scenarios for the
RDð�Þ anomaly, while S1 LQ scenarios expect no deviation.
Hence, an experimental accuracy of less than 0.1% for the
RϒðnSÞ measurement is necessary in order to identify the LQ
scenario based on the distinct correlation.
In Table VI, we put a summary check sheet to find which

single-mediator NP scenarios are viable and to see impor-
tant observables in order to identify the NP scenario
responsible for the b → cτν anomaly.
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APPENDIX: LEPTOQUARK INTERACTIONS

The LQ interactions are classified with the generic
SUð3Þc × SUð2ÞL ×Uð1ÞY invariant form [222]. We leave
details of the model constructions and then just introduce
the interactions relevant for b → cτν̄. As mentioned above,
there are four viable candidates of LQs: U1, S1, R2 [223],
and V2 [163]. Their quantum numbers under SUð3ÞC,
SUð2ÞL, Uð1ÞY are summarized in Table VI.
First, the U1 vector LQ interaction with the SM fermions,

defined in the interaction basis, is given by

LU1
¼ xijLQ̄iγμU

μ
1Lj þ xijR d̄RiγμU

μ
1lRj þ H:c: ðA1Þ

Integrating out the U1 LQ mediator particle, then, the WCs
for the charged current of our interest (b → cτν̄) is obtained
as

CVL
ðμLQÞ ¼

1

2
ffiffiffi
2

p
GFVcb

ðVxLÞcτðxbτL Þ�
m2

U1

;

CSRðμLQÞ ¼ −
1ffiffiffi

2
p

GFVcb

ðVxLÞcτðxbτR Þ�
m2

U1

; ðA2Þ

where V is the CKM matrix and the couplings xL;R are in
the mass basis. The relative sign and factor two in Eq. (A2)
come from the property of Fierz identity.
In a typical UV completed theory [208], the U1 LQ is

realized as a gauge boson generated from a large gauge
symmetry and only couples to the third-generation SM
fermions. Namely, xbτR ¼ xbτL ≡ gU, with the others to be
zero, is indicated in the gauge interaction basis. Moving to
the mass basis, then, generates a nonzero off-diagonal part
such as xcτL and also xbτR ¼ e−iϕxbτL , where the phase comes
from those in the rotation matrices to the mass bases of the
left- and right-handed quark and lepton fields that are not
canceled in general. Therefore, the UV completion of U1

LQ suggests

CSRðμLQÞ ¼ −2eiϕCVL
ðμLQÞ; ðA3Þ

as introduced in the main text. We also comment that an
extension of the fermion families with a nontrivial texture
of the fermion mass matrices is necessary to construct a
practical UV model [178].
The S1 scalar LQ interaction in the mass basis is given by

LS1 ¼ðV�yLÞijuCLilLjS1−yijLd
C
LiνLjS1þyijRu

C
RilRjS1þH:c.

ðA4Þ

In the scalar LQ scenario, the source of the generation
violating couplings is off-diagonal element of Yukawa
matrices. Then the four-fermion interactions of b → cτν̄
are given by

CSLðμLQÞ ¼ −4CTðμLQÞ ¼ −
1

4
ffiffiffi
2

p
GFVcb

ybτL ðycτR Þ�
m2

S1

;

CVL
ðμLQÞ ¼

1

4
ffiffiffi
2

p
GFVcb

ybτL ðVy�LÞcτ
m2

S1

: ðA5Þ

We also introduce the R2 scalar LQ interaction. R2 is a
SU(2) doublet and a component with 2=3 of the electro-

magnetic charge Rð⅔Þ
2 can contribute to b → cτν̄. The

Yukawa interaction

LR2
¼ yijR d̄LilRjR

ð⅔Þ
2 þ yijL ūRiνLjR

ð⅔Þ
2 þ H:c:; ðA6Þ

gives

CSLðμLQÞ ¼ 4CTðμLQÞ ¼
1

4
ffiffiffi
2

p
GFVcb

ycτL ðybτR Þ�
m2

R2

: ðA7Þ

In contrast to the above two LQ scenarios, the R2 LQ does
not generate CVL

but CVR
. Thus we could expect solid

predictions in polarization and related observables. To
generate CVR

, indeed, a large mixing between two distinct
R2 LQ doublet is required to induce a proper electroweak
symmetry breaking. See details in Refs. [98,117].

TABLE VI. Summary table for the single-mediator NP scenarios in light of the b → cτν anomaly. We add implications for the LHC

searches and flavor observables in the last two columns, which is useful to identify the NP scenario. In the Vð⅓Þ
2 LQ scenario, 2σ for RD�

implies that it can explain the RD� anomaly within the 2σ range (but not within 1σ).

Spin Charge Operators RD RD� LHC Flavor

H� 0 ð1; 2;½Þ OSL ✓ ✓ bτν Bc → τν, FD�
L , PD�

τ , MW
S1 0 ð3̄; 1;⅓Þ OVL

, OSL , OT ✓ ✓ ττ ΔMs, PD
τ , B → Kð�Þνν

Rð⅔Þ
2

0 ð3; 2; 7=6Þ OSL , OT , (OVR
) ✓ ✓ bτν, ττ PD�

τ , MW , Z → ττ, dN
U1 1 ð3; 1;⅔Þ OVL

, OSR ✓ ✓ bτν, ττ ΔMs, RKð�Þ , Bs → ττ, dN
Vð⅓Þ

2
1 ð3̄; 2;⅚Þ OSR ✓ 2σ ττ Bs → ττ, Bu → τν, MW
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Finally, we introduce the isodoublet vector V2 LQ. A

component with electromagnetic charge of 1=3, Vð⅓Þ
2 ,

contributes to b → cτν̄. The interaction Lagrangian in
the interaction basis is given by

LV2
¼ −zijLðdCRiγμνLjÞVð⅓Þ;μ

2

þ ðV�zRÞijðuCLiγμlRjÞVð⅓Þ;μ
2 þ H:c:; ðA8Þ

where indices i, j are labels of flavor. Integrating out the V2

gives

CSR ¼ −
1ffiffiffi

2
p

GFVcb

zbτL ðVz�RÞcτ
m2

V2

: ðA9Þ

It is noted that although the U1 LQ scenario also contributes
to CSR , the scenario can have CVL

solely so that the RDð�Þ

anomaly can be explained. Furthermore, the isospin partner

Vð4=3Þ
2 provides distinct model predictions compared to the

U1 LQ scenario [163].
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