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Abstract

Recently, the LHCb collaboration announced a preliminary result of the test of lepton

flavor universality (LFU) in B → D(∗) semi-leptonic decays: RLHCb2022
D = 0.441± 0.089

and RLHCb2022
D∗ = 0.281 ± 0.030 based on the LHC Run 1 data. This is the first result

of RD for the LHCb experiment, and its precision is comparable to the other B-factory

data. Interestingly, those data prefer the violation of the LFU again. A new world

average of the data from the BaBar, Belle, and LHCb collaborations is RD = 0.358 ±
0.027 and RD∗ = 0.285 ± 0.013. Including this new data, we update a circumstance

of the b → cτν measurements and their implications for new physics. Incorporating

recent developments for the B → D(∗) form factors in the Standard Model (SM), we

observe a 4.1σ deviation from the SM predictions. Our updates also include; model-

independent new physics (NP) formulae 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 new physics

scenarios with the use of the precise measurements of the polarization observables in

B → D(∗)τν 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→ l+l−.
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1 Introduction

The semi-tauonic B-meson decays, B → D(∗)τν, have been intriguing processes to measure

the lepton flavor universality (LFU):

RD ≡
B(B → D τ ντ )

B(B → D `ν`)
, RD∗ ≡

B(B → D∗τ ντ )

B(B → D∗` ν`)
, (1.1)

since it has been reported that the measurements by the BaBar [1, 2], Belle [3–7] and

LHCb [8–10] collaborations indicate deviations from the Standard Model (SM) predictions,

where ` = e, µ for the BaBar/Belle and ` = µ for the LHCb. See Table 1 for the present

summary.

A key feature of the deviation is that the measured RD(∗) are always excesses compared

with the SM predictions and thus imply violation of the LFU. Then it has been followed by

a ton of theoretical studies to understand its implication from various points of view, e.g.,

see Ref. [11] and references therein. A confirmation of the LFU violation will provide an

evidence of new physics (NP).

1.1 Summary of the current status: 2022 mid-autumn

Three years have passed since the previous experimental report of RD(∗) measurements from

the B factories [7]. In the meantime, the Belle II experiment finally started taking data
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Experiment RD∗ RD Correlation

BaBar [1, 2] 0.332± 0.024± 0.018 0.440± 0.058± 0.042 −0.27

Belle [3] 0.293± 0.038± 0.015 0.375± 0.064± 0.026 −0.49

Belle [4, 5] 0.270± 0.035+0.028
−0.025 – –

Belle [6, 7] 0.283± 0.018± 0.014 0.307± 0.037± 0.016 −0.51

LHCb [9,10] 0.280± 0.018± 0.029 – –

LHCb [8,18] 0.281± 0.018± 0.024 0.441± 0.060± 0.066 −0.43

World average [19] 0.285± 0.010± 0.008 0.358± 0.025± 0.012 −0.29

Table 1. Current status of the independent experimental RD(∗) measurements. The first and second

errors are statistical and systematic, respectively.

from 2020 [12, 13], and the CMS collaboration has developed an innovative data recording

method, called “B Parking” since 2019 [14–17], although their official first results are still

being awaited.

On the other hand, the LHCb collaboration has shown their results in 2015 and 2017

with the LHCb Run 1 dataset, and thus it was five years passed. Then, now, the LHCb

collaboration reported their preliminary result of RD and also RD∗ with the LHCb Run 1

dataset [18],

RLHCb2022
D = 0.441± 0.060± 0.066 ,

RLHCb2022
D∗ = 0.281± 0.018± 0.024 .

(1.2)

The τ is reconstructed in τ → µνν and the result supersedes the previous result performed

in 2015 [8].

In Table 1, we summarize the current status of the RD(∗) measurements including the

new LHCb result. It is found that the new LHCb result is consistent with the previous

world average evaluated in the HFLAV 2021 report [20] within the experimental uncertainty.

The combined average of the experimental data gives p(χ2) = 32% with χ2/dof = 9.21/8

for the p-value among all data, compared with the previous HFLAV average of 28% with

χ2/dof = 8.8/7 written in Ref. [20]. The amplified p-value indicates consistency among the

data. New world averages of the RD(∗) measurements are [19]

RD = 0.358± 0.025± 0.012 ,

RD∗ = 0.285± 0.010± 0.008 ,
(1.3)

and RD–RD∗ correlation of −0.29.
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Reference RD RD∗ PDτ −PD∗τ FD
∗

L RJ/ψ RΛc RΥ(3S)

Bernlochner, et al. [22] 0.288(4) 0.249(3) – – – – – –

Iguro, Watanabe [23] 0.290(3) 0.248(1) 0.331(4) 0.497(7) 0.464(3) – – –

Bordone, et al. [24, 25] 0.298(3) 0.250(3) 0.321(3) 0.492(13) 0.467(9) – – –

HFLAV2021 [20] 0.298(4) 0.254(5) – – – – – –

Refs. [26–28] – – – – – 0.258(4) 0.324(4) 0.9948

Data 0.358(28) 0.285(13) – 0.38 +0.53
−0.55 0.60(9) 0.71(25) 0.271(72) 0.968(16)

Table 2. Summary of the SM predictions for the B → D(∗)τν and related observables. The current

combined results of the experimental measurements are also written in the last line. See the main

text for the definitions of the observables.

Regarding the combined average, an important analysis is given in Ref. [21]. The authors

pointed out that evaluations of theD∗∗ distributions in the SM background involve nontrivial

correlations that affect the RD(∗) measurements. Their sophisticated study shows that the

combined RD(∗) average is slightly sifted, which is beyond the scope of our work.#1

Recent SM predictions for RSM
D(∗) have been obtained in Refs. [20, 23–25] as summarized

in Table 2. The difference of these SM values is mainly due to development of the B → D(∗)

form factor evaluations both by theoretical studies and experimental fits, whose details can

be found in the literature. In our work, we will employ the work of Ref. [23] as explained

soon later.

A further concern for the SM evaluation is long-distance QED corrections to B →
D(∗)`ν, which remains an open question. They depend on the lepton mass as being of

O[α ln(m`/mB)] and hence it could provide a few percent correction to violation of the

LFU in the semileptonic processes [29–32]. This will be crucial in future when the Belle II

experiment reaches 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

{HFLAV2021 [20], Ref. [22], Ref. [23], Refs. [24, 25]}, one can see {3.2σ, 4.0σ, 4.1σ, 3.6σ}
deviations corresponding to p-value = {1.2×10−3, 6.4×10−5, 4.8×10−5, 2.7×10−4} (∆χ2 =

{13.8, 19.3, 19.9, 16.4} for 2 degrees of freedom), respectively.

In addition to these deviations in the LFU measurements, τ - and D∗-polarization observ-

ables in B → D(∗)τν 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 [33–50]. We refer to the τ longitudinal-polarization asymmetry in B → D(∗)τν

and the fraction of the D∗ longitudinal mode in B → D∗τν as PD
(∗)

τ and FD
∗

L , respectively.

#1Instead, a comparison among the two previous and new world averages is shown in Fig. 1.
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+ HFLAV 2021

+ Bernlochner, et al. 
+ Iguro, Watanabe
+ Bordone, et al.

HFLAV 2021

New combined average

Bernlochner et al.
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Figure 1. A world average of the latest RD and RD∗ experimental results (red, 1, 2, 3σ contours),

compared with the previous HFLAV 2021 average (dashed orange) [20] and with Ref. [21] (dashed

blue) which includes the nontrivial D∗∗ contribution. On the other hand, the several SM predictions

are shown by crosses [22–25].

See Refs. [42, 51,52] 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
∗

τ = −0.38 ±
0.51 +0.21

−0.16 [4] and FD
∗

L = 0.60 ± 0.08 ± 0.04 [53]. See also Table 2. Although the exper-

imental uncertainty in FD
∗

L is still large, this result already has important implications for

a tensor-operator NP as pointed out in Ref. [42]. Although PDτ is the most striking ob-

servable to disentangle the leptoquark (LQ) scenarios that can explain the discrepancy, the

experimental study does not exist so far.

Note that the D∗ longitudinal polarization in the electron mode has also been measured,

FD
∗

L (B0 → D∗+eν) ≡ FD
∗,e

L = 0.56 ± 0.02 [53]. This is comparable to the SM prediction

of 0.534± 0.002 [23]. The FD
∗

L and FD
∗,e

L measurements have the same level of significance

(1.5σ and 1.3σ, respectively).

1.2 Preliminaries of our analysis

Main points of this paper are that (i) we provide state-of-the-art numerical formulae for the

observables relevant to the semi-tauonic B decays and (ii) we revisit to perform global fits

to the available RD(∗) measurements with respect to NP interpretations. It will be given by

incorporating following updates and concerns:
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• The preliminary result from the LHCb collaboration is encoded in our world average

as shown in Table 1.

• The recent development of the B → D(∗) transition form factors is taken into account.

It is described by the heavy quark effective theory (HQET) taking higher-order cor-

rections up to O(Λ2
QCD/m

2
c) as introduced in Refs. [24,54]. We follow the result from

the comprehensive theory+experiment fit analysis as obtained in Ref. [23].#2

• The recent study of Ref. [22] introduced an approximation method to reduce inde-

pendent parameters involving the O(Λ2
QCD/m

2
c) corrections in HQET. Although this

affects some of the parameter fits for the form factors, readers can find in Table 2 that

our reference values of Ref. [23] are consistent with those of Ref. [22] as for RD(∗) .

Hence we do not take this approximation in our work.

• Recently, Fermilab–MILC Collaborations [55] presented the first lattice result of

the form factors for B → D∗`ν at nonzero recoil, with which one obtains RSM
D∗ =

0.2484 ± 0.0013 and again readers can see the consistency with our reference. Since

this preliminary result needs to be finalized and to be compared with upcoming lattice

results from the other collaborations such as JLQCD and HPQCD, we do not include

this update in our analysis.

• Another way of constraining the form factor has been discussed in Refs. [56–58].

It is free from the parameterization method and obtained by a general property of

the unitary bound. They found RSM
D = 0.296 ± 0.008 and RSM

D∗ = 0.261 ± 0.020

(RSM
D∗ = 0.275 ± 0.021 by taking the Fermilab–MILC result [55]), slightly larger, but

still consistent within the uncertainty. We do not consider this case.

• Indirect LHC bounds from the high-pT mono-τ searches with large missing transverse

energy [59–69] are concerned. We impose the result of Ref. [67] that directly constrains

the NP contributions to the b→ cτν current and accounts for the NP-scale dependence

on the LHC bound, which is not available by the effective-field-theory description.

Requiring an additional b-tagged jet also helps to improve the sensitivity [66,68]. We

will see how it affects the constraints in the leptoquark scenarios.

• Similar sensitivity can be obtained by the ττ final state [70, 71]. It is noted that

the about three standard deviation is reported by the CMS collaboration [71], which

would imply the existence of leptoquark, while the ATLAS result [70] has not found

the similar excess. We need the larger statistics to confirm it, and thus we do not

include the constraint to be conservative.

#2To be precise, we employ the “(2/1/0) fit” result, preferred by their fit analysis. See the reference for

details.
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In addition to the above points, we also investigate the following processes that are di-

rectly/indirectly related to the b→ cτν current:

• The LFU in Bc → J/ψ l ν decays is connected to RD(∗) . The LHCb collaboration has

measured the ratio RJ/ψ ≡ B(Bc → J/ψ τ ν)/B(Bc → J/ψ µ ν) = 0.71±0.17±0.18 [72].

Although the current data includes such a large uncertainty, it would be useful in

future to test some NP scenarios for the sake of the RD(∗) anomalies. We update the

numerical formula for RJ/ψ in the presence of general NP contributions and put a

prediction from our fit study.

• The Υ leptonic decays, Υ→ l+l−, are potentially connected to RD(∗) once one specifies

NP interactions 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 RΥ(nS) ≡ B(Υ(nS) →
τ+τ−)/B(Υ(nS) → `+`−) can be an important cross check of the RD(∗) anomalies.

Furthermore, the BaBar collaboration has reported a result which slightly violates the

LFU: RΥ(3S) = 0.966± 0.008± 0.014 [73]. We investigate the theoretical correlations

in several NP models.

This paper is organized as follows. In Sec. 2, we put the numerical formulae for the

relevant observables in terms of the effective Hamiltonian. We also summarize the case

for single operator analysis. In Sec. 3, 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. 4, we also investigate the LFU violation in the Υ decays and show its

correlation with b→ cτν observables. Finally, we conclude in Sec. 5.

2 General formulae for the observables

At first, we describe general NP contributions to b→ cτν in terms of the effective Hamilto-

nian. The operators relevant to the processes of interest are described as#3

Heff = 2
√

2GFVcb

[
(1 + CVL)OVL + CVROVR + CSL

OSL
+ CSR

OSR
+ CTOT

]
, (2.1)

with

OVL = (cγµPLb)(τγµPLντ ) , OVR = (cγµPRb)(τγµPLντ ) ,

OSL
= (cPLb)(τPLντ ) , OSR

= (cPRb)(τPLντ ) , (2.2)

OT = (cσµνPLb)(τσµνPLντ ) ,

#3The different naming scheme of the operators are often used [74–76]. Our CVL , CVR , CSL , and CSR

correspond to CV1 , CV2 , CS2 , and CS1 , respectively.
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where PL = (1− γ5)/2 and PR = (1 + γ5)/2. The NP contribution is encoded in the Wilson

coefficients (WCs) of CX , normalized by the SM factor of 2
√

2GFVcb. The SM corresponds to

CX = 0 for X = VL,R, SL,R, and T in this description. We assume that the light neutrino is

always left-handed, and NP contributions are relevant to only the third-generation neutrino

(ντ ), for simplicity.#4

Note that the leading SU(2)L×U(1)Y invariant operator, to generate the LFU violated

type of the OV2 form, is given in dimension-eight as (cRγ
µbR)(L

3
γµτ

AL3)(H̃τAH). This

implies that CV2 in a NP model necessarily has an additional suppression compared with

the other operators generated from dimension-six operators. See Ref. [85] for a NP model

that can generate the CV2 contributions to RD(∗) .

In the following parts, the observables for B → D(∗)τν, Bc → τν, and Bc → J/ψ τ ν are

evaluated with Eq. (2.1) at the scale µ = µb = 4.18 GeV. The process Υ(nS) → l+l− will

be described in detail in Sec. 4.

B → D(∗)τν

In this work, we follow analytic forms of the differential decay rates for B → D(∗)τν obtained

in Refs. [74, 86]. Regarding the form factors, we employ the general HQET based descrip-

tion [24], in which the heavy quark expansions [87, 88] are taken up to NLO for εa = αs/π,

εb = Λ/(2mb) and NNLO for εc = Λ/(2mc) 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 = (
√
w + 1 −√

2)/(
√
w + 1+

√
2) expansions for the form factors in this description, with which the most

general fit analyses of the form-factor parameters and |Vcb| have been performed in Ref. [23].

For the present work, we take the (2/1/0) model with a minor update and apply the updated

fit result based on Ref. [23].

We have evaluated the ratio observables, RD(∗) , PD
(∗)

τ and FD
∗

L , for the case of the

effective Hamiltonian of Eq. (2.1) at the scale µ = µb. In the end, we find the following

#4See Refs. [77–83] for models with the right-handed neutrino νR. It is noted that the W ′ is necessarily

accompanied by Z′ and thus the recent di-τ resonance search [70,71] excludes the W ′R explanation [84].
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updated numerical formulae,

RD

RSM
D

= |1 + CVL + CVR |
2 + 1.01|CSL

+ CSR
|2 + 0.84|CT |2

+ 1.49Re[(1 + CVL + CVR)(C∗SL
+ C∗SR

)] + 1.08Re[(1 + CVL + CVR)C∗T ] , (2.3)

RD∗

RSM
D∗

= |1 + CVL |
2 + |CVR |

2 + 0.04|CSL
− CSR

|2 + 16.0|CT |2

− 1.83Re[(1 + CVL)C∗VR ]− 0.11Re[(1 + CVL − CVR)(C∗SL
− C∗SR

)]

− 5.17Re[(1 + CVL)C∗T ] + 6.60Re[CVRC
∗
T ] , (2.4)

PDτ
PDτ, SM

=

(
RD

RSM
D

)−1

×
(
|1 + CVL + CVR |

2 + 3.04|CSL
+ CSR

|2 + 0.17|CT |2

+ 4.50Re[(1 + CVL + CVR)(C∗SL
+ C∗SR

)]− 1.09Re[(1 + CVL + CVR)C∗T ]
)
, (2.5)

PD
∗

τ

PD
∗

τ, SM

=

(
RD∗

RSM
D∗

)−1

×
(
|1 + CV1 |2 + |CV2 |2 − 0.07|CS1 − CS2 |2 − 1.85|CT |2

− 1.79Re[(1 + CVL)C∗VR ] + 0.23Re[(1 + CVL − CVR)(C∗SL
− C∗SR

)]

− 3.47Re[(1 + CVL)C∗T ] + 4.41Re[CVRC
∗
T ]
)
, (2.6)

FD
∗

L

FD
∗

L, SM

=

(
RD∗

RSM
D∗

)−1

×
(
|1 + CVL − CVR |

2 + 0.08|CSL
− CSR

|2 + 6.90|CT |2

− 0.25Re[(1 + CVL − CVR)(C∗SL
− C∗SR

)]− 4.30Re[(1 + CVL − CVR)C∗T ]
)
, (2.7)

which can be compared with those in the literature [42, 43, 78, 82, 89]. The SM predictions

are obtained as#5

RSM
D = 0.290± 0.003 ,

RSM
D∗ = 0.248± 0.001 ,

PDτ, SM = 0.331± 0.004 ,

PD
∗

τ, SM = −0.497± 0.007 ,

FD
∗

L,SM = 0.464± 0.003 .

(2.8)

Furthermore, we have checked uncertainties of the above numerical coefficients in the

formulae, based on the fit result from Ref. [23]. The tensor (scalar) terms involve∼ 4% (10%)

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.

#5We updated the fit analysis with the modification of the formula for unitarity bound [87], pointed out

by Ref. [90]. It only affects the last digits of the SM predictions, though.
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Bc → τν

The significant constraint on the scalar operators OSL,R
comes from the Bc lifetime measure-

ments (τBc) [91–95]: the branching ratio of B−c → τν, which has not yet been observed, is

significantly amplified by the NP scalar interactions, and the branching ratio is constrained

from measured τBc [96]. We obtain an upper bound on the WCs as

|1 + CVL − CVR − 4.35 (CSL
− CSR

)|2 =
B(Bc → τν)

B(Bc → τν)SM
< 27.1

(
B(Bc → τν)UB

0.6

)
, (2.9)

with B(Bc → τν)SM ' 0.022. Here, |Vcb| = (41.0± 1.4) × 10−3 is used [96]. The b and

c quark mass inputs, which are relevant for scalar contributions, are taken as mb(µb) =

(4.18± 0.03) GeV and mc(µb) = (0.92± 0.02) GeV. Reference [92] evaluated that the upper

bound (UB) on the branching ratio from τBc is B(Bc → τν)UB = 0.3. However, it is

pointed out by Ref. [43] and later confirmed by Ref. [95] that there is a sizeable charm-mass

dependence on the Bc decay rate because the dominant contribution comes from the charm-

quark decay into strange within the Bc meson. A conservative bound is set by Ref. [43] as

B(Bc → τν)UB = 0.6.

One should note that more aggressive bound B(Bc → τν)UB = 0.1 has been obtained

in Ref. [97] by using LEP data. However, it is pointed out that pT dependence of the

fragmentation function, b→ Bc, has been entirely overlooked, and thus the bound must be

overestimated by several factors [43, 44, 98]. Although the CEPC and FCC-ee experiments

are in planning stages, the future Tera-Z machines can directly measure B(Bc → τν) at

O(1%) level [99,100].

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. [101,102].

Bc → J/ψ τ ν

We follow the form factor description from the recent lattice result of Ref. [103] for Bc →
J/ψ τ ν. We also take mb(µb) and mc(µb) for the scalar and tensor sectors as aforementioned.

The formula for RJ/ψ is given as

RJ/ψ

RSM
J/ψ

= |1 + CVL |
2 + |CVR |

2 + 0.04|CSL
− CSR

|2 + 14.7|CT |2

− 1.82Re[(1 + CVL)C∗VR ]− 0.10Re[(1 + CVL − CVR)(C∗SL
− C∗SR

)]

− 5.39Re[(1 + CVL)C∗T ] + 6.57Re[CVRC
∗
T ] ,

(2.10)

where we take RSM
J/ψ

= 0.258 ± 0.004 [26]. The coefficients potentially have 10–20% uncer-

tainties for CSL,R
and CT , while a few percent for CVL,R

.
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3 Fit analysis

In this paper, several NP scenarios are investigated in accordance with the following steps:

1. The 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.

2. We then check whether the above solutions are consistent with the other relevant

observables, such as the Bc lifetime and the LHC bound.

3. Furthermore, we evaluate NP predictions on PDτ , PD
∗

τ and RJ/ψ.

4. If applicable, a combined study with RΥ(3S) is discussed.

The χ2 fit function is defined as

χ2 ≡
∑
i,j

(Otheory −Oexp)i Cov−1
ij (Otheory −Oexp)j , (3.1)

where we take into account the RD(∗) and FD
∗

L measurements for Oexp reported by BaBar,

LHCb, and Belle collaborations. The covariance is given as Covij = ∆Oexp
i ρij∆O

exp
j +

∆Otheory
i δij∆O

theory
j , where correlation ρij is given as in Table 1 while ρij = δij among the

independent measurements. For every observables, we have the theory formulae Otheory as

shown in Sec. 2, and hence obtain best fit values in terms of the WCs as defined in Eq. (2.1).

Given the SM predictions as RSM
D = 0.290 ± 0.003, RSM

D∗ = 0.248 ± 0.001, and FD
∗

L, SM =

0.464±0.003, we obtain χ2
SM = 22.4 (corresponding to 4.0σ) implying a large deviation from

the SM. Recall that this chi-square contains the FD
∗

L fit which enlarges the value compared

with the RD(∗) fit shown in Sec. 1. In order to see how NP scenarios improve the fit, we use

“Pull” value (defined in, e.g., Refs. [43, 104]). For cases of the single WC fits, the Pull is

equivalent to

Pull ≡
√
χ2

SM − χ2
NP-best (σ) , (3.2)

such that we can discuss quantitative comparisons among the NP scenarios.

Regarding the LHC bound to be compared with the above fit result, we refer to the

result from Ref. [67], in which the τ + missing searches have been analyzed. Their result is

shown in Table 3, where we give the 95% CL upper limit at the µb scale.#6 It should be

emphasized that the LHC bound on the WC has a non-negligible mediator mass dependence,

see Ref. [67] 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 .

#6Note that Table 2 of Ref. [67] shows the LHC bound at µ = ΛLHC.
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|CVL | |CVR | |CSL
| |CSR

| |CT |

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)

Table 3. The 95% CL upper bounds on the WCs at the µ = µb scale from the LHC analysis of the

τ + missing search [67]. The future prospects with b-tagged jet + τν final state assuming 3 ab−1 of

accumulated data are given in the parenthesis [68]. The NP mass scale is shown as MLQ = 2 TeV,

4 TeV and ΛEFT > 10 TeV.

3.1 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 PDτ , P
D∗
τ and RJ/ψ as shown in Table 4. 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 on the fit compared with the SM.

A significant change from the previous conclusion (before the new LHCb result [18] came

up [44,105,106]) is that the CSR
scenario becomes consistent with the data within 95% CL,

i.e., χ2
best < 8.0 (for three observed data). Furthermore, the CSR

(µb) ' 0.2 solution indicates

the second best Pull. Unfortunately, it is known that the usual type II two-Higgs doublet

model (2HDM) cannot achieve this solution because the sign of CSR
must be negative:

CSR
= −mbmτ tan2 β/m2

H± < 0. It is noted that even in the generic 2HDM, sizable CSR

contribution is difficult due to constraints from ∆Ms and the LHC search [62,107]. Instead,

the CSL
scenario is likely to explain the present data. This is the same feature with the

previous fit result before the LHCb data is included. 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 large

shift of FD
∗

L with opposite direction from the present measurement [42,53].

Once we allow complex values of WCs, the complex CVR , CSL
, and CT scenarios improve

the fits such as

CVR ' 0.02± i 0.43 Pull = 4.1 , (3.3)

CSL
' −0.88± i 0.88 Pull = 4.3 , (3.4)

CT ' 0.06± i 0.16 Pull = 3.3 , (3.5)

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.

The complex CVR result at the above best fit point is, however, not consistent with the LHC

11



Pull [χ2
best] Fitted CX

Allowed region of CX Predictions (∆χ2 ≤ 1)

Bc → τν LHC PDτ −PD∗τ RJ/ψ

SM – [22.4] – – – 0.331± 0.004 0.497± 0.007 0.258± 0.004

CVL 4.4 [2.8] +0.08(2) very loose [−0.32, 0.32] [0.331, 0.331] [0.497, 0.497] [0.293, 0.313]

CVR 1.9 [18.8] −0.05(3) very loose [−0.33, 0.33] [0.331, 0.331] [0.496, 0.497] [0.271, 0.299]

CSL
3.0 [13.3] +0.17(5) [−0.94, 1.4] [−0.55, 0.55] [0.440, 0.518] [0.517, 0.533] [0.254, 0.256]

CSR
3.8 [7.9] +0.20(5) [−1.4, 0.94] [−0.55, 0.55] [0.463, 0.529] [0.454, 0.471] [0.261, 0.263]

CT 3.4 [10.6] −0.03(1) – [−0.17, 0.17] [0.347, 0.360] [0.459, 0.476] [0.286, 0.309]

Table 4. 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 PDτ , P
D∗

τ

and RJ/ψ are in the range of ∆χ2 = χ2 − χ2
best ≤ 1.

bound for the case of EFT, |CVR | < 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 3.

As for the complex CSL
scenario, it looks that the best fit point in Eq. (3.4) is disfavored

by the LHC and Bc lifetime constraints. It is noted, however, 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 [101] 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 τν + b signature is searched [102]. Thus, we leave the LHC bound for the

complex CSL
scenario below. Once the Bc bound of eq. (2.9) is imposed, we find

CSL
' −0.58± i 0.88 Pull = 4.2 , (3.6)

for the best Pull within the constraint.

It has been pointed out that q2 distribution in B → D(∗)τν is sensitive to the scalar

contribution [86,93]. We do not consider the constraint since the detailed correlation among

the bins is not available and the constraints depends on |Vcb|. Furthermore, experimental

analyses for the q2-distribution measurement rely on the theoretical models [2, 3]. In any

case, the Belle II data will be important to resolve these issues [76].

In Fig. 2, we show predictions on the plane of PDτ –PD
∗

τ from our fit analysis with each

complex WC scenario. The allowed regions satisfying ∆χ2 ≤ 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 PDτ and PD

∗
τ from the SM predictions as shown with the

12



PD∗
τ,exp = −0.38 ± 0.51+0.21

−0.16

<latexit sha1_base64="Hn0HYLaSogFCfXP4A+qQ8esJfb4="></latexit>

PD
τ,exp (no measurement)

<latexit sha1_base64="QWEp2ngMuQYhmlDw1msWq+knBsE="></latexit>

+SM (χ2
SM = 22.4) :

VL (Pull = 4.4) :

VR (4.1) :

SL (4.2∗) :

SR (3.8) :

T (3.3) :

<latexit sha1_base64="Pm19LFkXaoZTSq9BBCOMXzhJkzs="></latexit>

Figure 2. Predictions of PDτ and PD
∗

τ in the single complex NP operator scenarios. The allowed

regions satisfying ∆χ2 ≤ 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. As for the SL scenario, the Bc lifetime rules

out the region for ∆χ2 ≤ 1, whereas the LHC bound is not taken as discussed in the main text.

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 provide the unique predictions that can identify the NP scenarios. On the other

hand, RJ/ψ is less helpful to distinguish the different operators.

3.2 LQ scenarios

Finally, we study several LQ scenarios. It is well known that three categories of LQs can

address the RD(∗) anomalies [74], which are referred to as a SU(2)L-singlet vector Uµ
1 , a

SU(2)L-singlet scalar S1, and a SU(2)L-doublet scalar R2. The relevant LQ interactions

are given in Appendix A.

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 independent (and

complex in general) WCs as

Uµ
1 : CVL , CSR

, (3.7)

S1 : CVL , CSL
= −4CT , (3.8)

R2 : CVR , CSL
= 4CT , (3.9)
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at the LQ scale ΛLQ = MLQ. The SU(2)L doublet vector leptoquark V2 forms CSR
[74],

equivalent to the single CSR
scenario, and hence this LQ has now the viable solution as seen

in Sec. 3.1. Flavor and collider phenomenologies of V2 LQ could be interesting, but we leave

it for a future work [108].

The CVL phase in |1 + CVL |2 can be absorbed [42] 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.#7 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 could be different from the previous studies.

These years, UV completions of the LQ scenarios have been studied in the literature;

Refs. [109–124] for U1, Refs. [125–127] for S1, Refs. [128,129] for R2, and see also Refs. [130,

131]. 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 re-evaluations on mass differences of the neutral B mesons ∆Md, ∆Ms, (improved

by HQET sum rule and lattice calculations [132]), would constrain a UV-completed TeV-

scale LQ model [111, 112, 124, 126, 133, 134]. In particular, the ratio ∆Md/∆Ms provides a

striking constraint on the coupling texture of the LQ interactions. Here, we comment that

a typical UV completion requires a vector-like lepton (VLL) and it induces LQ–VLL box

diagrams that contribute to ∆Md,s. This implies that the constraint of our concern depends

on the vector-like fermion mass spectrum, and hence we do not consider ∆Md,s further in

our analysis.

The LQ mass has been directly constrained as MLQ & 1.5 TeV from the LQ pair produc-

tion searches [135–137]. Hence we take MLQ = 2 TeV for our benchmark scale. We recap

that the WCs are bounded from the τ + missing search and, as shown in Table 3, the LQ

scenarios receive milder constraints than the EFT operators as long as MLQ ≤ 10 TeV.

The WCs will be fitted at the µb scale in our analysis, and then they are related to the

WCs defined at the ΛLQ = MLQ scale. The renormalization-group equations (RGEs) (the

first matrix below) [138–140] and the LQ-charge independent QCD one-loop matching (the

second one) [141] give the following relation

CVL(µb)

CVR(µb)

CSL
(µb)

CSR
(µb)

CT (µb)


'



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





1.12 0 0 0 0

0 1.07 0 0 0

0 0 1.10 0 0

0 0 0 1.05 0

0 0 0 0 1.07





CVL(ΛLQ)

CVR(ΛLQ)

CSL
(ΛLQ)

CSR
(ΛLQ)

CT (ΛLQ)


#7Now the real CVL fit to the RD(∗) anomalies gives the minimum |CVL |, and thus is less constrained from

the LHC data.
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'



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





CVL(ΛLQ)

CVR(ΛLQ)

CSL
(ΛLQ)

CSR
(ΛLQ)

CT (ΛLQ)


, (3.10)

with ΛLQ = 2 TeV. Using these numbers, we obtain CSL
(µb) = −8.9CT (µb) and CSL

(µb) =

8.4CT (µb) for S1 and R2 LQs, respectively.

With these ingredients, the LQ scenarios in terms of CX(µb) 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 are then summarized as

U1 LQ : CVL = 0.07 , CSR
= 0.06 , Pull = 3.8 , (3.11)

S1 LQ : CVL = 0.06 , CSL
= −8.9CT = 0.06 , Pull = 3.8 , (3.12)

R2 LQ : CVR = ±i0.68 , CSL
= 8.4CT = 0.04∓ i0.65 , Pull = 3.8 . (3.13)

We observe that these three general LQ scenarios have the same Pull which means equiva-

lently favored by the current data. We also see that CSR
(CSL

) is preferred to be real at the

best fit point for the U1 (S1) LQ scenario, whereas CSL
for R2 LQ is given complex. The

fit results for S1 LQ and R2 LQ with CVL = CVR = 0 are obtained as

S1 LQ (CVL = 0) : CSL
= −8.9CT = 0.19 , Pull = 3.9 , (3.14)

R2 LQ (CVR = 0) : CSL
= 8.4CT = −0.07± i0.58 , Pull = 4.0 , (3.15)

where the improvements of Pull only come from the benefit of reducing the variables.

In turn, we evaluate the LHC bound on the two independent variables, such as

(CVL , CSR
), by the following interpretation

U1 LQ :
|CVL(µb)|2

(0.42)2
+
|CSR

(µb)|2

(0.77)2
< 1 , (3.16)

S1 LQ :
|CVL(µb)|2

(0.42)2
+
|CSL

(µb)|2

(0.80)2
< 1 , (3.17)

R2 LQ :
|CVR(µb)|2

(0.51)2
+
|CSL

(µb)|2

(0.80)2
< 1 , (3.18)

where the denominators are the current LHC bounds for the single WC scenarios with

MLQ = 2 TeV from Table 3. 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. (3.13) for R2 LQ is not consistent

with the LHC bound of Eq. (3.18).
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Pull [χ2
best] Fitted CX

Allowed region of CX Predictions (∆χ2 ≤ 1)

Bc → τν LHC PDτ −PD∗τ RJ/ψ

SM – [22.4] – – – 0.331± 0.004 0.497± 0.007 0.258± 0.004

U1 LQ 3.8 [2.2]

CVL : [+0.04,+0.10]

Eq. (2.9) Eq. (3.16) [0.315, 0.448] [0.474, 0.526] [0.282, 0.309]ReCSR
: [−0.02,+0.14]

ImCSR
: [−0.46,+0.46]

S1 LQ 3.8 [2.4]

CVL : [+0.02,+0.16]

Eq. (2.9) Eq. (3.17) [0.104, 0.483] [0.373, 0.504] [0.269, 0.311]ReCSL
: [−0.05,+0.16]

ImCSL
: [−0.50,+0.50]

R2 LQ 3.8 [2.0]

ImCVR : [±0.00,±0.50]

Eq. (2.9) Eq. (3.18) [0.286, 0.492] [0.404, 0.537] [0.280, 0.311]ReCSL
: [−0.01,+0.08]

ImCSL
: [∓0.00,∓0.39]

R2 LQ
4.0 [2.8]

ReCSL
: [−0.13,−0.02]

Eq. (2.9) Eq. (3.18) [0.426, 0.500] [0.407, 0.443] [0.276, 0.297]

(CVR = 0) ImCSL
: [±0.52,±0.65]

Table 5. The fit results of the U1, S1, and R2 LQ scenarios for MLQ = 2 TeV. The WCs are given

at the µb scale. The structure is the same as in Table 4.

In Table 5, we show our fit results and predictions with respect to the LQ scenarios like

we did for the EFT cases. It is observed that the general LQ scenarios have less predictive

values of the tau polarizations. This can be understood from the fact that the complex

scalar WCs give large impacts on the interference terms as can be checked from Eqs. (2.5)

and (2.6), which result in the wide ranges of the predictions.

Figure 3 visualizes the combined PDτ –PD
∗

τ predictions satisfying ∆χ2 ≤ 1 (4) and the

aforementioned bounds, where the general U1, S1, and R2 LQ scenarios are shown in dark

(light) green, magenta, and yellow, respectively. The U1 and R2 LQ scenarios produce the

correlated regions of the PDτ –PD
∗

τ predictions and hence could be distinguished. On the

other hand, the S1 LQ scenario has the less-predictive wide region, which is hard to be

identified.

Figure 3 also exhibits the predictions for the several specific scenarios, i.e., U1 LQ with

real WC (solid line), S1 LQ with real WC (dashed line), and R2 LQ with CVR = 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 PDτ –PD
∗

τ becomes a useful tool to

identify the LQ signature. Therefore, it is significant to restrict the LQ interactions by other

processes or by a UV theory that realizes the LQ particle. The latter will be discussed in the

next subsection for the U1 LQ (corresponding to the cyan region in the figure). Regarding

the S1 LQ scenario, we comment that a part of the allowed parameter region is ruled out

by the B → K∗νν measurement and ∆Ms (via LQ–ντ box) [68].
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PD∗
τ,exp = −0.38 ± 0.51+0.21

−0.16

<latexit sha1_base64="Hn0HYLaSogFCfXP4A+qQ8esJfb4="></latexit>

PD
τ,exp (no measurement)
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+SM :

[U1 LQ model ]

– general WC (3.8) :

– real WC (4.1) :

– UV origin (4.1) :

[ S1 LQ model ]

– general WC (3.8) :

– real WC (4.1) :

[ R2 LQ model ]

– general WC (3.8) :

– CVR = 0 (4.0) :

<latexit sha1_base64="cYfV4R/WBl67sPgMF8unJjlI1lo="></latexit>

Figure 3. Predictions of PDτ and PD
∗

τ in the LQ scenarios following the same procedure as in Fig. 2.

The allowed regions are shown in dark (light) green, magenta, and yellow for the general U1, S1, and

R2 LQ scenarios, respectively. The specific scenarios; U1 LQ with UV origin (cyan), real WC (solid

line); S1 LQ with real WC (dashed line); and R2 LQ with CVR
= 0 (gray), are also given.

3.3 UV completion of U1 LQ

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 [142–150]. A typical

description is that the U1 LQ is given as a 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. (A.1) are represented as a universal gauge

coupling, x33
L = x33

R ≡ gU (see Appendix A). Moving to the mass basis leads to

CSR
(ΛLQ) = −2βR × CVL(ΛLQ) , (3.19)

where βR = eiφ denotes the relative complex (CP-violating) phase [149], 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 [111].

The RGE running effect changes the above relation of Eq. (3.19) at the µb scale of our

interest. By taking ΛLQ = 4 TeV as a benchmark scale, we obtain

CVL(µb) = 1× 1.11× CVL(ΛLQ) ,

CSR
(µb) = 1.90× 1.09× CSR

(ΛLQ) ,
(3.20)
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where the first coefficient is the QCD two-loop RGE factor [140] and the second is the QCD

one-loop matching correction [141] at the NP scale. Therefore, we have

CSR
(µb) ' −3.7βR × CVL(µb) , (3.21)

in the case of the UV origin 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 = eiφ, is shown as

(CVL , φ) ' (0.07 ,±0.54π) Pull = 4.1 . (3.22)

One can see that this is consistent with the Bc lifetime and LHC bounds. Predictions of

the observables within ∆χ2 ≤ 1, 4 are then given in Fig. 3. It is observed that the large

complex phase is favored which suppress the interference. It should be also stressed that the

τ polarizations are so unique that this scenario can be distinguished from the aforementioned

LQ scenarios.

4 The LFU violation in Υ decays

The UV completed NP models contributing to b→ cτν processes should also bring a related

contribution to bb→ τ+τ− or cc→ τ+τ− interactions [28,151,152]. In this section, we show

that U1 and R2 LQs predict a robust correlation between b → cτν and bb → τ+τ− via the

LQ exchange.

A definition of the LFU observable in the Υ(nS) decays is

RΥ(nS) ≡
B(Υ(nS)→ τ+τ−)

B(Υ(nS)→ `+`−)
, (4.1)

with n = 1, 2, 3, where RΥ(nS) ' 1 holds in the SM. As for n ≥ 4, the leptonic branching

ratios are significantly suppressed since a BB decay channel is open.#8 Since the short- and

long-distance QCD corrections [154] are independent of the lepton mass, they are canceled in

this ratio. One can also discuss the cc→ l+l− LFU observable via ψ(2S) 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 measurement of

RΥ(3S) [73]: RBaBar
Υ(3S) = 0.966 ± 0.008stat ± 0.014syst, where ` = µ. Combing a previous

measurement by the CLEO collaboration [155], an average for the Υ(3S) decay is [151]

Rexp
Υ(3S) = 0.968± 0.016 . (4.2)

#8A novel method for the n = 4 mode has been proposed in Ref. [153] by using the inclusive di-leptonic

channel Υ(4S) → `±τ∓X(νν), which could be probed in the Belle II experiment and is directly related to

Γ(b→ Xτν)/Γ(b→ X`ν).
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This value is consistent with the SM prediction [28]

RSM
Υ(3S) = 0.9948±O(10−5) , (4.3)

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/` modes [156]. The

next-to-leading contribution comes from the QED correction which depends on the lepton

mass [157]; δEMRΥ(nS) = +0.0002. The tree-level Z exchange also contributes, but its effect

is O(10−5) [28]. There is no Higgs boson contribution as one can see below. The other

channels (n = 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 τ+τ− is

described as

−HNP
eff = CbτV LL(bγµPLb)(τγµPLτ) + CbτV RR(bγµPRb)(τγµPRτ)

+ CbτV LR(bγµPLb)(τγµPRτ) + CbτV RL(bγµPRb)(τγµPLτ) (4.4)

+
[
CbτT (bσµνPRb)(τσµνPRτ) + CbτSL(bPLb)(τPLτ) + CbτSR(bPRb)(τPLτ) + h.c.

]
,

at the scale µ = mΥ. Note that CbτV LL, C
bτ
V RR, C

bτ
V LR and CbτV RL are real coefficients, and CbτSL

and CbτSR never contribute to the Υ(nS) → τ+τ− due to 〈0|bb|Υ〉 = 〈0|bγ5b|Υ〉 = 0. In this

convention, the partial decay width is given by [28]

Γ(Υ(nS)→ τ+τ−) =
f2

Υ

4πmΥ

√
1− 4x2

τ

[
A2

Υ(1 + 2x2
τ ) +B2

Υ(1− 4x2
τ )

+
1

2
C2

Υ(1− 4x2
τ )2 +

1

2
D2

Υ(1− 4x2
τ ) + 2AΥCΥxτ (1− 4x2

τ )
]
,

(4.5)

with

AΥ =
4πα

3
+
m2

Υ

4

[
CbτV LL + CbτV RR + CbτV LR + CbτV RL + 16xτ

fTΥ
fΥ

Re
(
CbτT

)]
, (4.6)

BΥ =
m2

Υ

4

(
CbτV RR + CbτV LR − CbτV LL − CbτV RL

)
, (4.7)

CΥ =2m2
Υ

fTΥ
fΥ

Re
(
CbτT

)
, (4.8)

DΥ =2m2
Υ

fTΥ
fΥ

Im
(
CbτT

)
, (4.9)

and

xτ =
mτ

mΥ
. (4.10)

The fΥ and fTΥ are form factors for vector and tensor currents in Υ hadronic-matrix elements,

and fΥ = fTΥ holds in the heavy quark limit, which is realized for the Υ decays [28].
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Within the SM, this process is predominantly caused by the QED. Nevertheless, the

photon-exchange QED contribution is suppressed by 1/m2
Υ, and hence the NP contribution

could be non-negligible [28,151,158]. In the SM, AΥ ' 4πα/3 and BΥ, CΥ, DΥ ' 0. Setting

the light lepton mass to zero and mΥ = mΥ(3S) = 10.355 GeV, we obtain the following

numerical formula

RΥ(3S)

RSM
Υ(3S)

= 1 + 1.64× 10−3 TeV2
(
CbτV LL + CbτV RR + CbτV LR + CbτV RL

)
+ 6.37× 10−3 TeV2 Re

(
CbτT

)
+ δΥ ,

(4.11)

with

δΥ = 5.22× 10−6 TeV4
(
CbτV LL + CbτV RR + CbτV LR + CbτV RL

)
Re
(
CbτT

)
+ 6.71× 10−7 TeV4

(
CbτV LL + CbτV RR + CbτV LR + CbτV RL

)2

+ 5.59× 10−7 TeV4
(
CbτV RR + CbτV LR − CbτV LL − CbτV RL

)2

+ 2.51× 10−5 TeV4
[
Re
(
CbτT

)]2
+ 1.79× 10−5 TeV4

[
Im
(
CbτT

)]2
,

(4.12)

where the δΥ term gives negligible contributions.

Let us now look into a correlation between RΥ(3S) and RD(∗) by using the specific exam-

ples 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. (A.1). Integrating the U1 LQ out, as well as the charged

current contributions (b → cτν) in Eq. (A.2), the neutral current ones (bb → τ+τ−) are

obtained as

CbτV LL(µLQ) = −
|xbτL |2

m2
U1

, CbτV RR(µLQ) = −
|xbτR |2

m2
U1

, CbτSR(µLQ) =
2xbτL (xbτR )∗

m2
U1

. (4.13)

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 RΥ(3S)/R
SM
Υ(3S) is predicted to be

less than 1 when NP contributions are dominated by vector interactions. It would lead to a

coherent deviation with RD(∗) .

Setting mU1 = 2.0 TeV and (V xL(µLQ))cτ = Vcbx
bτ
L (µLQ), namely xsτL (µLQ) = 0, we

show a correlation between RΥ(3S) and RD(∗) in Fig. 4. Here, favored parameter regions in

the U1 LQ model are exhibited on xbτL –xbτR plane at the renormalization scale µLQ = mU1 .

The black contour represents the expected values of RΥ(3S). The red shaded region is

favored by Rexp
Υ(3S) in Eq. (4.2). It is noted that if we adopt the 2σ constraint of Rexp

Υ(3S), 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+ missing

search) is outside the blue line, while the future prospect of the High Luminosity LHC (HL-

LHC) is shown by the red dashed line, see Table 3.#9 Furthermore, the orange dashed line

#9Note that a stronger collider bound would come from a non-resonant ττ search [70, 71], although it is

model-parameter dependent.
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Figure 4. The correlation between RΥ(3S) and RD(∗) is exhibited in the U1 LQ scenario with mU1
=

2 TeV by setting (V xL)cτ = Vcbx
bτ
L . The predicted values of RΥ(3S) are shown by black contours,

and Rexp
Υ(3S) in Eq. (4.2) is shown in the red shaded area. RD and RD∗ anomalies can be explained

in the blue and green regions, respectively. The LHC exclusion region (outside the blue line) and

the HL-LHC sensitivity (red dashed line) are based on the result of Table 3. The best fit points of

Eq. (3.11) are shown by red crosses. The orange dashed line represents the U(2) flavor symmetry

prediction with βR = −1.

stands for a prediction in the case of the UV origin U1 LQ with βR = −1 (φ = π). From

the figure, it is found that the current Rexp
Υ(3S) overshoots favored parameter region from the

RD(∗) anomalies. The best fit points of Eq. (3.11) are shown by red crosses and predict

RΥ(3S) = 0.991, distinct from the 0.99 contour line in the figure. Thus, it seems crucial to

measure RΥ(nS) with less than 1% accuracy in order to distinguish the U1 LQ signal.

Next, we investigate the R2 LQ scenario. The R2 LQ interaction with the SM fermions

is given in Eq. (A.6). The generated charged current contributions are given in Eq. (A.7),

while the neutral current one is

CbτV LR(µLQ) = −
|ybτR |2

2m2
R2

. (4.14)

Since CbτV LR < 0, RΥ(3S)/R
SM
Υ(3S) has to be less than 1 again.

The result is shown in Fig. 5. Here, we set ycτL (µLQ) = 1, |Vcb| = 0.04, and mR2 =
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Figure 5. Correlation between RΥ(3S) and RD(∗) in the R2 LQ scenario with mR2
= 2 TeV and

ycτL = 1. The color convention is the same as in Fig. 4. The gray shaded region is excluded by the

Bc lifetime. The best fit points of Eq. (3.15) are shown by red crosses.

2.0 TeV, and take ybτR (µLQ) as complex value. The color convention is the same as the

U1 LQ case. Furthermore, the gray shaded region is excluded by the Bc lifetime, i.e.,

B(Bc → τν) > 0.6. The best fit points in Eq. (3.15) are shown by red crosses, predicting

RΥ(3S) = 0.992. Similar to U1 LQ interpretation, 1% accuracy of the RΥ(nS) measurement

is required as the R2 LQ signature.

At the current stage, the large experimental uncertainty in RΥ(3S) cannot allow a clear-

cut conclusion. One should note that the Belle and Belle II experiments have enough

sensitivities to the RΥ(nS) measurements which would be more accurate than the existing

BaBar measurement [159].

5 Conclusions and discussion

In this work we revisited our previous phenomenological investigation and presented a sta-

tistical analysis of the LFU violation in RD(∗) , including the new experimental data from

the LHCb experiment. Starting with the re-evaluation of the generic formulae for RD(∗) by
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Spin Charge Operators RD RD∗ LHC Flavor

H± 0 (1, 2, 1/2) OSL
X X bτν Bc → τν, FD

∗
L , PDτ , MW

S1 0 (3̄, 1, 1/3) OVL , OSL
, OT X X ττ ∆Ms, P

D
τ , B → K(∗)νν

R
(2/3)
2 0 (3, 2, 7/6) OSL

, OT , (OVR) X X bτν, ττ RΥ(nS), P
D∗
τ , MW

U1 1 (3, 1, 2/3) OVL , OSR
X X bτν, ττ RK(∗) , RΥ(nS), Bs → ττ

V
(1/3)
2 1 (3̄, 2, 5/6) OSR

X 2σ ττ Bs → ττ , MW

Table 6. 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 V
(1/3)
2 LQ scenario, 2σ for RD∗ implies that it can explain the

RD∗ anomaly within the 2σ range (but not within 1σ).

employing the recent development of the B → D(∗) transition form factors, we examined the

new physics possibility with the low-energy effective Lagrangian as well as the leptoquark

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

tau polarizations PD
(∗)

τ are evaluated.

To be precise, we performed the χ2 fit to the experimental measurements of RD(∗) 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 summarized in Table 4 with Eqs. (3.3)–

(3.5) for the single-operator scenarios, and Table 5 with Eqs. (3.11)–(3.15), (3.22) for the

single-mediator leptoquark scenarios. The NP fit improvements compared with the SM one

are visualized by Pull as usual, and it was found that the SM-like vector operator still gives

the best Pull.

Due to the new LHCb result, the experimental world average has slightly come close to

the SM predictions of RD and RD∗ . This change has affected the previous conclusions such

that the scalar NP solutions to the b → cτν anomaly had been disfavored. Namely, the

scalar 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 PD
(∗)

τ and FD
∗

L have the potential to distinguish the NP scenarios. In Figs. 2

and 3, we show our predictions of PDτ 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 PD
(∗)

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 PD
(∗)

τ . Once the LQ model with restricted interactions is constructed, however,

we see that the PD
(∗)

τ measurement has significant potential to probe the LQ signature. The
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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 Υ(nS) decays. We

found that the LFU ratio RΥ has to be correlated to RD(∗) in the U1 and R2 LQ scenarios,

while no correlation is expected in the S1 LQ scenario. It is shown that an experimental

accuracy of less than 1% for the RΥ(nS) measurement is necessary in order to identify the

LQ scenario. We expect that this is possible in the Belle II experiment.

In Table 6, we put a summary check sheet to find which single-mediator NP scenarios

are viable and to see important observables in order to identify the NP scenario responsible

for the b→ cτν anomaly.

Furthermore, it is known that the baryonic counterpart of RD(∗) , namely RΛc ≡ B(Λb →
Λc τν)/B(Λb → Λc µν), provides the independent cross check of the b→ cτν anomaly [43,44].

Recently, RΛc has been measured for the first time as RΛc = 0.242±0.026±0.040±0.059 by

the LHCb experiment [160], where the last dominant uncertainty comes from an external

branching fraction from the LEP measurement [161]. This result implies consistency with

the SM prediction at 1.1σ level [27,162], while, instead, normalizing with the SM prediction

of Γ(Λb → Λcµν) improves the accuracy and slightly up-lifts the central value, e.g., RΛc =

|0.04/Vcb|2(0.285 ± 0.073) [163]. Even though the current experimental uncertainty is not

enough precise, it could already provide a nontrivial constraint on the NP parameter space

which can explain the b→ cτν anomaly. An implication of the measured RΛc for NP models

is given in Ref. [164].
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A Leptoquark interactions

The LQ interactions are classified with the generic SU(3)c×SU(2)L×U(1)Y invariant form

[165]. We leave details of the model constructions, and then just introduce the interactions

relevant for b → cτν. As mentioned above, there are three viable candidates of leptoquark

U1, S1, R2 [166]. Their quantum numbers under SU(3)C, SU(2)L, U(1)Y are summarized

in Table 6.

First, the U1 vector LQ interaction with the SM fermions, defined in the interaction

basis, is given by

LU1 = x̂ijLQiγµU
µ
1 Lj + x̂ijRdRiγµU

µ
1 `Rj + h.c. . (A.1)

Integrating out the U1 LQ mediator particle, then, the Wilson coefficients (WCs) for the

charged current of our interest (b→ cτν) is obtained as

CVL(µLQ) =
1

2
√

2GFVcb

(V xL)cτ (xbτL )∗

m2
U1

,

CSR
(µLQ) = − 1√

2GFVcb

(V xL)cτ (xbτR )∗

m2
U1

,

(A.2)

where V is the CKM matrix and the couplings xL,R are in the mass basis. The relative sign

and factor two in Eq. (A.2) come from the property of Fierz identity.

In a typical UV completed theory [149], 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,

x̂bτR = x̂bτL ≡ gU , with the others to be zero, is indicated in the gauge interaction basis.

Moving to the mass basis, then, generates a non-zero off-diagonal part such as xcτL and

also xbτR = eiφxbτL , 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

CSR
(µLQ) = −2eiφCVL(µLQ) , (A.3)

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 [123].

The S1 scalar LQ interaction in the mass basis is given by

LS1 =
(
V ∗yL

)ij
uCL i`L jS1 − yijL dCL iνL jS1 + yijR u

C
R i`RjS1 + h.c. . (A.4)

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→ cτν are given by

CSL
(µLQ) = −4CT (µLQ) = − 1

4
√

2GFVcb

ybτL
(
ycτR
)∗

m2
S1

,

CVL(µLQ) =
1

4
√

2GFVcb

ybτL
(
V y∗L

)cτ
m2
S1

.

(A.5)
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Finally, we introduce the R2 scalar LQ interaction. R2 is a SU(2) doublet and a compo-

nent with 2/3 of the electromagnetic charge R
(2/3)
2 can contribute to b→ cτν. The Yukawa

interaction

LR2 = yijR dL i`Rj R
(2/3)
2 + yijL uR iνL j R

(2/3)
2 + h.c. , (A.6)

gives

CSL
(µLQ) = 4CT (µLQ) =

1

4
√

2GFVcb

ycτL
(
ybτR
)∗

m2
R2

. (A.7)

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. [68, 85].
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[151] C. H. Garćıa-Duque, J. H. Muñoz, N. Quintero, and E. Rojas, “Extra gauge bosons

and lepton flavor universality violation in Υ and B meson decays,” Phys. Rev. D

103 (2021) 073003 [arXiv:2103.00344].
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