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Experimental data have provided intriguing hints for the violation of lepton flavor universality (LFU),
including B → Dð�Þτν=B → Dð�Þlν, the anomalous magnetic moment of the muon and b → slþl− with a
significance of >3σ, >4σ, and >5σ, respectively. Furthermore, in a recent reanalysis of 2018 Belle data, it
was found that the forward-backward asymmetry (ΔAFB) of B → D�μν̄ vs B → D�eν̄ disagrees with the
SM prediction by ≈4σ, providing an additional sign of LFU violation. We show that a tensor operator is
necessary to significantly improve the agreement with data inΔAFB while respecting the bounds from other
b → clν observables. Importantly, this tensor operator can only be induced (at tree-level within
renormalizable models) by a scalar leptoquark. Furthermore, among the two possible representations,
the SUð2ÞL-singlet S1 and the doublet S2, which can interestingly both also account for the anomalous
magnetic moment of the muon, only S1 can provide a good fit. Even though the constraints from
(differences of) other angular observables prefer a smaller value of ΔAFB than the current central one, this
scenario is significantly preferred (nearly 4σ) over the Standard Model hypothesis, and is compatible with
constraints such as B → K�νν and electroweak precision bounds. Therefore, if the ΔAFB anomaly is
confirmed, it would provide circumstantial evidence for scalar leptoquarks and pave the way for a natural
connection with all other anomalies pointing toward LFU violation.

DOI: 10.1103/PhysRevD.105.L031701

I. INTRODUCTION

In the last decades, the Standard Model (SM) of particle
physics has been extensively tested and verified, both in
high-energy searches and in low-energy precision experi-
ments. The absence of any direct evidence of a new particle
at the LHC, and the striking success of the SM in the vast
majority of measurements nearly drowned the fact that it
cannot be the ultimate theory of physics as it, e.g., does not

account for dark matter or neutrino masses. Therefore, the
SM should be thought of as the dim ≤ 4 part of an effective
theory where higher dimensional operators parametrize the
effect of new physics [1].
In fact, signs for the presence of nonvanishing Wilson

coefficients of such higher dimensional operators have
accumulated within recent years in flavor observables. In
particular,b → slþl− data [2–4],b → cτν transitions [5–7]
and the anomalous magnetic moment (AMM) of the muon
(aμ ¼ ðg − 2Þμ=2) [8–10] show deviations from their
SM predictions with a significance of >5σ [11–26], >3σ
[27–31] and 4.2σ [32], respectively.
The observation that all these deviations are instances of

lepton flavor universality violation (LFUV)1 suggests that
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1Interestingly, also the Cabibbo Angle Anomaly [33–35] and
the CMS excess in non-resonant electron pairs [36] can be
understood in this context [37–41].
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they could (or even should) be related. Under this
assumption, one might naturally expect new-physics effects
in b → cμν=b → ceν ratios [42] as well, since it is a b → c
transition, and like the aforementioned observables it
involves muons. Even though the corresponding measure-
ments of the total branching ratios are consistent with the
SM expectations [43,44], recently Ref. [45] unveiled a ≈4σ
tension in the difference of the forward-backward asym-

metries, ΔAFB ≡ AðμÞ
FB − AðeÞ

FB, extracted from B → D�lν̄
data in Ref. [46].2

Awaiting further scrutiny, this additional hint for LFUV
is especially interesting as b → slþl− data and aμ clearly
suggest new physics related to muons. Therefore one
naturally expects muon-related new effects to also emerge
at some point in b → cμν decays, andΔAFB might be a first
manifestation. Furthermore, a sizeable deviation from the
SM prediction in the forward-backward asymmetry
requires scalar and/or tensor operators, naturally relating
ΔAFB to aμ, which is a chirality-violating observable
as well.3

In particular, as we will see, a tensor operator is required
to significantly improve the SM fit. At tree level, within
renormalizable extensions of the SM, of all possible scalar,
spinor or vector mediators, only two representations of
scalar leptoquarks (LQs) can generate such tensor operators
[52,53] and only one of them (S1) yields the right linear
combinations of Wilson coefficients to neatly describe the
effect in ΔAFB. This SUð2ÞL-singlet scalar LQ S1 ∼
ð3; 1;−1=3Þ is well motivated, since it is, e.g., present
within the R-parity violating MSSM in the form of the
right-handed down-squark [54–58].4 Besides, as is well
known, it provides a possible explanation of aμ and b →
cτν data: it can account for the former by an mt=mμ-
enhanced contribution [47,60–87] and enters b → cτν
processes at tree level [60,64,78,88–106] where it gives
a very good fit to data (including polarization observables)
[28,107–109] since it generates vector, scalar, and tensor
operators. Finally, slight extensions of the model also allow
for a combined explanation of b → cτν and b → slþl−

data [78,86,97,110–114]. In particular, the singlet-triplet
LQ model [97], containing S1 and S3 can account for all
three anomalies [78,111] and we will return to this model at
end of our analysis. These arguments make ΔAFB, and

related observables, a potential turning point in the under-
standing of the anomalies in muonic data as they could
establish the existence of scalar LQs.

II. SETUP AND OBSERVABLES

In this section we establish our setup, calculate the
predictions for the relevant observables and discuss their
current experimental status and future prospects.

A. The scalar SUð2ÞL-single LQ

The scalar leptoquark S1 ∼ ð3; 1;−1=3Þ couples to SM
fermions via the Lagrangian

L ¼ ðλLfiQc
fiτ2Li þ λRfiu

c
fliÞS†1 þ H:c: ð1Þ

Here, L (Qc) is the lepton (charge-conjugated quark)
SUð2ÞL doublet, l (uc) the charged lepton (charge-con-
jugated up quark) singlet and f, i are flavor indices.
After electro-weak symmetry breaking, the Lagrangian

in Eq. (1) decomposes into components of definite electric
charge. Absorbing unphysical rotations from the diagonal-
ization of the fermion mass matrices into the couplings λL;Rfi
we have

LEW
eff ¼ðλRfiūcfPRliþV�

fjλ
L
jiū

c
fPLli−λLfid̄

c
fPLνiÞS†1þH:c:;

in the down-basis where the CKM matrix V appears in the
couplings to left-handed up-type quarks. We denote the
mass of the LQ by M and neglect its couplings to the SM
Higgs which are expected to have small phenomenological
consequences. The most relevant classes of observables in
our model are b → sνν and b → clν transitions, as well as
modified Z-μμ and W-μν couplings.

B. b → sνν

For b → sνν transitions we follow the conventions of
Ref. [115]

Hνν
eff ¼ −

4GFffiffiffi
2

p VtdkV
�
tdj
ðCfi

L;jkO
fi
L;jk þ Cfi

R;jkO
fi
R;jkÞ;

Ofi
LðRÞ;jk ¼

α

4π
½d̄jγμPLðRÞdk�½ν̄fγμð1 − γ5Þνi�; ð2Þ

and obtain, already at tree level, the contribution

CfiNP
L;jk ¼ −

ffiffiffi
2

p

4GFVtdkV
�
tdj

π

α

λL�jf λ
L
ki

M2
; ð3Þ

with CSM;fi
L;sb ≈ −1.47=s2Wδfi. The best constraint originates

from B → Kð�Þνν̄, whose branching ratios, normalized to
the corresponding SM predictions, read

2Reference [45] notes that the presentation of the data in
Ref. [46] does not allow for a reliable determination of the
correlation between the systematic uncertainties in Aμ

FB and in
Ae
FB. However, adopting the most conservative assumption of

ρ ¼ −1 leads to a ΔAFB discrepancy of 3.6σ, such that varying ρ
from ρ ¼ −1 (deemed as unrealistic) the discrepancy will only
increase.

3Since S1 gives rise to scalar and tensor operators, it can also
produce interesting effects in electric dipole moments [47–51].

4Note that in the minimal R-parity violating MSSM the
coupling to charge-conjugated fields in Eq. (1) is absent. For
an analysis of EDM constraints within this setup see Ref. [59].
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Rνν̄
Kð�Þ ¼

1

3

X3
f;i¼1

jCfi
L;sbj2

jCSM;ii
L;sb j2 ; ð4Þ

for which the current experimental limits are Rνν̄
K < 3.9 and

Rνν̄
K� < 2.7 [116] (both at 90% C.L.). The future BELLE II

sensitivity for B → Kð�Þνν̄ is 30% of the SM branching
ratio [117].

C. b → clν

For charged-current leptonic b → clν decays we define
the weak-effective-theory (WET) Hamiltonian as

Hlν
eff ¼

4GFffiffiffi
2

p VcbðCl
VLO

l
VL þ Cl

SLO
l
SL þ Cl

TO
l
TÞ;

with the operators given by

Ol
VL ¼ c̄γμPLbl̄γμPLνl;

Ol
SL ¼ c̄PLbl̄PLνl;

Ol
T ¼ c̄σμνPLbl̄σμνPLνl: ð5Þ

In the SM Cl
VL ¼ 1 and we only included lepton flavor

conserving operators that can interfere with the SM. The
matching of our S1 LQ model on this effective Hamiltonian
gives

Cl
VL ¼

ffiffiffi
2

p

8GFVcb

Vcjλ
L�
jl λ

L
3l

M2
;

Cl
SL ¼ −4Cl

T ¼ −
ffiffiffi
2

p

8GFVcb

λR�2lλ
L
3l

M2
: ð6Þ

These matching conditions can be improved by including
QCD effects to one loop [118] such that the two-loop QCD
RGE for the scalar and tensor operators [119,120] can be
taken consistently into account. Numerically, this RGE
evolution is given by

�
Cl
SLðmbÞ
Cl
TðmbÞ

�
≈
�
1.9 −0.36
0 0.90

��
Cl
SLðMÞ
Cl
TðMÞ

�
; ð7Þ

for a matching scale M ¼ 1.5 TeV. Note that this includes
the one-loop EW RGE, even though the operators are not
manifestly SUð2ÞL-invariant. Importantly, at the B mass
scale this implies the relation Cμ

SL ≈ −8.5Cμ
T , which is also

preferred by the global fit as we will see later.
With these Wilson coefficients we can now calculate the

resulting b → cμν observables including

RðDð�ÞÞμe ¼ Br½B → Dð�Þμν�=Br½B → Dð�Þeν� ð8Þ

measured by BELLE [43,44,46] and the full single-
differential lepton-averaged distributions of B̄ → D�lν̄

(l ¼ μ, e) [44]. The same data was later reanalysed to
extract lepton-specific quantities for both l ¼ μ, e [46].
We include in our global fit the most constraining observ-
ables extracted in [45] from [46], namely ΔAFB, ΔS3, ΔFL,
and ΔF̃L and their correlation. The most important among
these observables read

RðDμeÞexp ¼ 0.995� 0.022� 0.039;

RðD�
μeÞexp ¼ 0.99� 0.01� 0.03;

ΔAexp
FB ≈ 0.035� 0.009;

ΔSexp3 ≈ −0.013� 0.01;

ΔFexp
L ¼ −0.0065� 0.0059;

ΔF̃exp
L ¼ −0.011� 0.014: ð9Þ

The largest correlation (≈0.5) involves ΔAFB and ΔF̃L.

D. W → μν and Z → μμ

Virtual corrections with top quarks and LQs modify
couplings of gauge bosons to charged leptons, in particular
to the muon [71,121,122]. Parametrizing the interactions as

L ¼ g2ffiffiffi
2

p ΛW
22ðμ̄γαPLνμW−

α Þ þ H:c:

þ g2
2cw

μ̄γαðΛV − ΛAγ5ÞμZα;

with

ΛW
ij ¼ δij þ ΛLQ

ij ; ΛV;A
ij ¼ ΛV;A

SM δij þ ðΔLQ
V;AÞij;

ΛV
SM ¼ −

1

2
þ 2s2w; ΛA

SM ¼ −
1

2
;

the LQ effects at q2 ¼ 0 (the contributions proportional to
gauge-boson masses are suppressed) are given by

ΛLQ
ij ≃

Ncm2
t

192π2M2

�
3V3hλ

L�
hi V

�
3kλ

L
kj

�
1þ 2 log

�
m2

t

M2

���
;

ΔLQ
L;ij ≃ −V3lλ

L�
li V

�
3aλ

L
aj

Ncm2
t

32π2M2

�
1þ log

�
m2

t

M2

��
;

ΔLQ
R;ij ≃ jλR3ij2δij

Ncm2
t

32π2M2

�
1þ log

�
m2

t

M2

��
: ð10Þ

For illustration purposes, we only kept the dominant,
ðmt=MÞ2 terms, but we considered the full corrections
(see, e.g., [122]) in the analysis. Experimentally, the
averaged modification of the W-μν coupling extracted
from τ → μνν=τ → eνν, π → μν=π → eν and K →
μν=K → eν decays reads [123,124]
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ΛW
22 ¼ 1.0018� 0.0014; ð11Þ

yielding a stronger constraint than data of W decays.
Concerning Z → μμ the axial vector coupling is much

better constrained than the vectorial one [123,124]

ΛA
22=ΛA

11 ¼ ΛA
22=ΛA

SM ¼ 1.0002� 0.0013; ð12Þ

with ΛA
22=ΛA

SM ¼ 1þ 2ΔLQ
R;22 − 2ΔLQ

L;22 in our case.

III. PHENOMENOLOGY

A. Model-independent analysis

Let us start by discussing b → clν in the light of
ΔAFB in a model-independent way. We consider the
operators in Eq. (5).5 Note that we did not include
Ol

VR ¼ c̄γμPRbl̄γμPLνl, whoseWilson coefficients, taking
into account SUð2ÞL gauge invariance, are lepton flavor
universal [125–127] at the dimension-6 level and thus
cannot contribute to ΔAFB. Furthermore, we will assume
that the NP effect is related to muons only, as motivated by
aμ and b → slþl− data and taking into account the
stringent bounds from μ → eγ [52]. The most important
observables included in the fit are RðDð�ÞÞμe as well as
ΔAFB, ΔS3, ΔFL and ΔF̃L, summarized in Eq. (9). Since a
modification of the SM Wilson coefficient Cl

VL alone does
not affect asymmetries,ΔAFB provides a unique window on
scalar and/or tensor NP in b → clν transitions.
Our global fit is performedusing FLAVIO [128]where these

observables have been preimplemented based on the theo-
retical expressions of Ref. [129] and the form factors of
Refs. [130–133]. Note that for nonzero NP contributions to
the Wilson coefficients the theory uncertainty increases, due
to incomplete cancellations among the form-factor uncer-
tainties. We consistently take into account this effect within
FLAVIO. The different possible 3-dimensional fits in Table I
show that a nonvanishing Wilson coefficient of the tensor
operator significantly improves the description of the data
with respect to the SM, leading to pulls above 3σ.
In particular, theCμ

VL
&Cμ

SL ¼ −8.5Cμ
T hypothesis discussed

in the previous section leads to a pull of almost 4σ. The fit
projection to these Wilson-coefficient combinations is dis-
played in Fig. 1. The figure shows that the best-fit region can
(at 95% CL) explain all the Δ observables while agreeing
with the b → sνν andRμe

Dð�Þ constraints. However, note that a
somewhat smaller central value ofΔAFB would be preferred.
Therefore, restricting ourselves to tree-level renormaliz-

able SM extensions, only two scalar LQs may potentially
explain the ΔAFB without violating RðDð�ÞÞμe. In fact,
among the two LQs that generate Wilson coefficients of the
tensor operator, both in combination with a Cl

SLðRÞ

contribution, the SUð2ÞL singlet (doublet) S1 (S2) results
in Cl

SL ¼ −ðþÞ4Cl
T at the matching scale and only S1

generates Cl
VL. Interestingly, the Cμ

VL, C
μ
SL ¼ −4Cμ

T sce-
nario (corresponding to Cμ

SL ≈ −8.5Cμ
T at the B scale) is

also the best-performing hypothesis in Table I, with a pull
of 3.9σ with respect to the SM hypothesis. The best-fit
point for CT is 0.044 and the 1σ interval is [0.036, 0.062].
Hence this model-independent analysis gives strong sup-
port in favor of the S1 LQ.

B. Leptoquark analysis

Let us now reconsider the fit of Fig. 1 in the context of
the singlet LQ S1. Here, the relevant difference compared to
the model-independent setup is that Cμ

VL is constrained by
b → sνν. In particular, if λL22 is zero, such that Cμ

VL would

FIG. 1. Preferred regions in the Cμ
T ¼ −Cμ

SL=8.5 vs Cμ
VL plane.

One can see that a negative value ofCμ
VL can compensate the effect

of Cμ
T ¼ −Cμ

SL=8.5 in Br½B → Dð�Þμν�=Br½B → Dð�Þeν� and that
ΔAFB prefers positive values of Cμ

T . Note that the best-fit point
describes data≈4σ better than the SM, even though the constraints
from ΔS3, ΔFL and ΔF̃L prefer a smaller ΔAFB than the current
central value. The region below the green dashed line is excluded
by B → K�νν in case the SM is extended by the S1 LQ alone.

TABLE I. χ2=Ndof and pulls (w.r.t. the SM) of the global fit for
different scenarios. Fits with a nonzero Wilson coefficient for the
tensor lead to pulls above 3σ.

Scenario SM pull (σ) χ2=Ndof

SM � � � 72.9=48
Cμ
VL, C

μ
SL, C

μ
SR, C

μ
T 3.39 52.9=44

Cμ
VL, C

μ
SL, C

μ
T 3.72 52.9=45

Cμ
VL, C

μ
SL, C

μ
SR 2.14 64.1=45

Cμ
SL, C

μ
SR, C

μ
T 3.36 56.1=45

Cμ
VL, C

μ
SL ¼ −8.5Cμ

T 3.94 54.0=46
Cμ
VL, C

μ
SL ¼ 8.5Cμ

T 2.42 64.5=46

5Aspects of this model-independent analysis were already
discussed in Ref. [45].
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only be induced via CKM rotations from λL32, C
μ
VL would be

positive. In order to obtain a negative value for Cμ
VL, λ

L
22 is

required. However, together with λL32 this induces an effect
in B → K�νν which bounds Cμ

VL ≳ −0.03. Note that the
bound from B → K�νν could be avoided by adding the
triplet scalar LQ S3 [97].
Profiling over Cμ

V L we show the preferred regions in the
λL32–λ

R
22 plane forM ¼ 1.5 TeV in Fig. 2, where we assume

real couplings. Here the contour lines show the current
lower limit on the massM of S1 from LHC searches. In the

green region the bounds from searches for pair production
of LQs with top-tau (tτ) final states of ATLAS [134]
dominate, while in the orange region the CMS bounds
[135] on LQ decaying to jet and muons (jμ) are more
stringent (see also [103,106]). The grey hatched region is
excluded by LEP measurements of Z → μμ. Note that this
bound is also sensitive to a possible extension of the S1
model and should therefore only be considered as an
estimate. Finally, Fig. 2 indicates that the preferred region
shows some tension with the bounds on W-μν coupling.6

However, also this bound is sensitive to additions of new
particles, e.g., S3 of the singlet-triplet model [97], where a
constructive effect in W → μν is generated [122].

IV. CONCLUSIONS AND OUTLOOK

In addition to the existing intriguing hints for the violation
of lepton flavor universality, Ref. [45] recently pointed out
that, in the light of the data in Ref. [46] and pending certain
reservations, the forward-backward asymmetry of B →
D�μν̄ vs B → D�eν̄ (ΔAFB) shows a tension with the SM
prediction by ≈4σ. In this article we found that, in order to
significantly improve the global fit with respect to the SM,
one needs NP in the tensor operator. As, within renomaliz-
ablemodels at tree level, nonvanishingWilson coefficients of
this operator can only be induced by scalar LQs [52,53], we
investigate the two model-independent scenarios motivated
by them, finding that only the scenario CVL; CSL ¼ −4CT ,
related to the SUð2ÞL-singlet scalar LQ S1, improves
significantly (≈4σ) the description of data.
Our findings call for a reanalysis of the Belle data [46],

focusing on the theoretically cleaner Δ observables dis-
cussed in [45]. In the light of our results—the circum-
stantial evidence for scalar LQs, in particular S1—a
confirmation of the ΔAFB discrepancy would not only
represent the first evidence of muon-related NP in b → c
transitions, but would also allow for a natural connection
with the all the other muonic anomalies, including b → sμμ
data and ðg − 2Þμ. In fact, as can be seen in Fig. 3, ΔAFB

combines several key properties of the other anomalies.
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FIG. 2. Preferred and excluded regions in the λL32–λ
R
22 plane for

M ¼ 1.5 TeV for the S1 LQ profiling over Cμ
VL. The contour lines

show the lower limits on the mass M from ATLAS and CMS
searches for third and second generation LQs via the final states
tτ and jμ, respectively. The dotted region is excluded by LEP
measurements of Z → μμ and vertical dashed contour lines show
the tension in the W-μν coupling.

FIG. 3. Relations among the different hints for LFUV.As one can
see, ΔAFB lies in the center of the graph, as it is a charged-current
process, involves muons and its explanation requires chirality
flipping operators. This justifies the special role of this observable.

6In fact, the effect would increase the tension in the Cabibbo
angle anomaly [38]. However, here LQs could also contribute at
tree level alleviating this tension [136].

FORWARD-BACKWARD ASYMMETRY IN B → D�lν … PHYS. REV. D 105, L031701 (2022)

L031701-5



[1] T. Appelquist and J. Carazzone, Phys. Rev. D 11, 2856
(1975).

[2] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
08 (2017) 055.

[3] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
191801 (2019).

[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 125,
011802 (2020).

[5] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
109, 101802 (2012).

[6] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 120,
171802 (2018).

[7] A. Abdesselam et al. (Belle Collaboration), arXiv:
1904.08794.

[8] G.W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev.
D 73, 072003 (2006).

[9] P. J. Mohr, D. B. Newell, and B. N. Taylor, Rev. Mod.
Phys. 88, 035009 (2016).

[10] B. Abi et al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[11] B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias,
and J. Virto, J. High Energy Phys. 01 (2018) 093.

[12] W. Altmannshofer, P. Stangl, and D. M. Straub, Phys. Rev.
D 96, 055008 (2017).

[13] G. D’Amico, M. Nardecchia, P. Panci, F. Sannino, A.
Strumia, R. Torre, and A. Urbano, J. High Energy Phys. 09
(2017) 010.

[14] M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, A.
Paul, L. Silvestrini, and M. Valli, Eur. Phys. J. C 77, 688
(2017).

[15] G. Hiller and I. Nisandzic, Phys. Rev. D 96, 035003
(2017).

[16] L.-S. Geng, B. Grinstein, S. Jäger, J. Martin Camalich,
X.-L. Ren, and R.-X. Shi, Phys. Rev. D 96, 093006
(2017).

[17] T. Hurth, F. Mahmoudi, D. Martinez Santos, and S.
Neshatpour, Phys. Rev. D 96, 095034 (2017).

[18] A. K. Alok, B. Bhattacharya, A. Datta, D. Kumar, J.
Kumar, and D. London, Phys. Rev. D 96, 095009 (2017).

[19] M. Algueró, B. Capdevila, A. Crivellin, S. Descotes-
Genon, P. Masjuan, J. Matias, M. Novoa Brunet, and J.
Virto, Eur. Phys. J. C 79, 714 (2019); 80, 511(A) (2020).

[20] J. Aebischer, W. Altmannshofer, D. Guadagnoli, M.
Reboud, P. Stangl, and D. M. Straub, Eur. Phys. J. C
80, 252 (2020).

[21] M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, A.
Paul, L. Silvestrini, and M. Valli, Eur. Phys. J. C 79, 719
(2019).

[22] M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini,
and M. Valli, Phys. Rev. D 103, 015030 (2021).

[23] A. Carvunis, F. Dettori, S. Gangal, D. Guadagnoli, and C.
Normand, J. High Energy Phys. 12 (2021) 078.

[24] T. Hurth, F. Mahmoudi, D. M. Santos, and S. Neshatpour,
Phys. Lett. B 824, 136838 (2022).

[25] W. Altmannshofer and P. Stangl, Eur. Phys. J. C 81, 952
(2021).

[26] M. Algueró, B. Capdevila, S. Descotes-Genon, J. Matias,
and M. Novoa-Brunet, in Proceedings of the 55th Ren-
contres de Moriond on QCD and High Energy Interactions
(2021).

[27] Y. Amhis et al. (HFLAV Collaboration), Eur. Phys. J. C 77,
895 (2017).

[28] C. Murgui, A. Peñuelas, M. Jung, and A. Pich, J. High
Energy Phys. 09 (2019) 103.

[29] R.-X. Shi, L.-S. Geng, B. Grinstein, S. Jäger, and J. Martin
Camalich, J. High Energy Phys. 12 (2019) 065.

[30] M. Blanke, A. Crivellin, T. Kitahara, M. Moscati, U.
Nierste, and I. Nišandžić, Phys. Rev. D 100, 035035(A)
(2019).

[31] S. Kumbhakar, A. K. Alok, D. Kumar, and S. U. Sankar,
Proc. Sci., EPS-HEP2019 (2020) 272 [arXiv:1909.02840].

[32] T. Aoyama et al., Phys. Rep. 887, 1 (2020).
[33] B. Belfatto, R. Beradze, and Z. Berezhiani, Eur. Phys. J. C

80, 149 (2020).
[34] Y. Grossman, E. Passemar, and S. Schacht, J. High Energy

Phys. 07 (2020) 068.
[35] C.-Y. Seng, X. Feng, M. Gorchtein, and L.-C. Jin, Phys.

Rev. D 101, 111301 (2020).
[36] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy

Phys. 07 (2021) 208.
[37] A. M. Coutinho, A. Crivellin, and C. A. Manzari, Phys.

Rev. Lett. 125, 071802 (2020).
[38] A. Crivellin and M. Hoferichter, Phys. Rev. Lett. 125,

111801 (2020).
[39] A. Crivellin, C. A. Manzari, and M. Montull, Phys. Rev. D

104, 115016 (2021).
[40] M. Kirk, Phys. Rev. D 103, 035004 (2021).
[41] B. Capdevila, A. Crivellin, C. A. Manzari, and M. Montull,

Phys. Rev. D 103, 015032 (2021).
[42] M. Jung and D. M. Straub, J. High Energy Phys. 01 (2019)

009.
[43] R. Glattauer et al. (Belle Collaboration), Phys. Rev. D 93,

032006 (2016).
[44] A. Abdesselam et al. (Belle Collaboration), arXiv:

1702.01521.
[45] C. Bobeth, D. van Dyk, M. Bordone, M. Jung, and N.

Gubernari, Eur. Phys. J. C 81, 984 (2021).
[46] E. Waheed et al. (Belle Collaboration), Phys. Rev. D 100,

052007 (2019); 103, 079901(E) (2021).
[47] A. Crivellin, M. Hoferichter, and P. Schmidt-Wellenburg,

Phys. Rev. D 98, 113002 (2018).
[48] K. Fuyuto, M. Ramsey-Musolf, and T. Shen, Phys. Lett. B

788, 52 (2019).
[49] W. Dekens, J. de Vries, M. Jung, and K. K. Vos, J. High

Energy Phys. 01 (2019) 069.
[50] A. Crivellin and F. Saturnino, Phys. Rev. D 100, 115014

(2019).
[51] W. Altmannshofer, S. Gori, H. H. Patel, S. Profumo, and

D. Tuckler, J. High Energy Phys. 05 (2020) 069.
[52] A. Crivellin, D. Müller, A. Signer, and Y. Ulrich, Phys.

Rev. D 97, 015019 (2018).
[53] J. de Blas, J. C. Criado, M. Perez-Victoria, and J. Santiago,

J. High Energy Phys. 03 (2018) 109.
[54] L. J. Hall and M. Suzuki, Nucl. Phys. B231, 419 (1984).
[55] G. G. Ross and J. W. F. Valle, Phys. Lett. 151B, 375

(1985).
[56] V. D. Barger, G. F. Giudice, and T. Han, Phys. Rev. D 40,

2987 (1989).
[57] H. K. Dreiner, Adv. Ser. Dir. High Energy Phys. 21, 565

(2010).

CARVUNIS, GANGAL, CRIVELLIN, and GUADAGNOLI PHYS. REV. D 105, L031701 (2022)

L031701-6

https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevLett.120.171802
https://arXiv.org/abs/1904.08794
https://arXiv.org/abs/1904.08794
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1007/JHEP01(2018)093
https://doi.org/10.1103/PhysRevD.96.055008
https://doi.org/10.1103/PhysRevD.96.055008
https://doi.org/10.1007/JHEP09(2017)010
https://doi.org/10.1007/JHEP09(2017)010
https://doi.org/10.1140/epjc/s10052-017-5270-2
https://doi.org/10.1140/epjc/s10052-017-5270-2
https://doi.org/10.1103/PhysRevD.96.035003
https://doi.org/10.1103/PhysRevD.96.035003
https://doi.org/10.1103/PhysRevD.96.093006
https://doi.org/10.1103/PhysRevD.96.093006
https://doi.org/10.1103/PhysRevD.96.095034
https://doi.org/10.1103/PhysRevD.96.095009
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://doi.org/10.1140/epjc/s10052-020-8018-3
https://doi.org/10.1140/epjc/s10052-020-7817-x
https://doi.org/10.1140/epjc/s10052-020-7817-x
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://doi.org/10.1103/PhysRevD.103.015030
https://doi.org/10.1007/JHEP12(2021)078
https://doi.org/10.1016/j.physletb.2021.136838
https://doi.org/10.1140/epjc/s10052-021-09725-1
https://doi.org/10.1140/epjc/s10052-021-09725-1
https://doi.org/10.1140/epjc/s10052-017-5058-4
https://doi.org/10.1140/epjc/s10052-017-5058-4
https://doi.org/10.1007/JHEP09(2019)103
https://doi.org/10.1007/JHEP09(2019)103
https://doi.org/10.1007/JHEP12(2019)065
https://doi.org/10.1103/PhysRevD.100.035035
https://doi.org/10.1103/PhysRevD.100.035035
https://arXiv.org/abs/1909.02840
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1140/epjc/s10052-020-7691-6
https://doi.org/10.1140/epjc/s10052-020-7691-6
https://doi.org/10.1007/JHEP07(2020)068
https://doi.org/10.1007/JHEP07(2020)068
https://doi.org/10.1103/PhysRevD.101.111301
https://doi.org/10.1103/PhysRevD.101.111301
https://doi.org/10.1007/JHEP07(2021)208
https://doi.org/10.1007/JHEP07(2021)208
https://doi.org/10.1103/PhysRevLett.125.071802
https://doi.org/10.1103/PhysRevLett.125.071802
https://doi.org/10.1103/PhysRevLett.125.111801
https://doi.org/10.1103/PhysRevLett.125.111801
https://doi.org/10.1103/PhysRevD.104.115016
https://doi.org/10.1103/PhysRevD.104.115016
https://doi.org/10.1103/PhysRevD.103.035004
https://doi.org/10.1103/PhysRevD.103.015032
https://doi.org/10.1007/JHEP01(2019)009
https://doi.org/10.1007/JHEP01(2019)009
https://doi.org/10.1103/PhysRevD.93.032006
https://doi.org/10.1103/PhysRevD.93.032006
https://arXiv.org/abs/1702.01521
https://arXiv.org/abs/1702.01521
https://doi.org/10.1140/epjc/s10052-021-09724-2
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1103/PhysRevD.100.052007
https://doi.org/10.1103/PhysRevD.103.079901
https://doi.org/10.1103/PhysRevD.98.113002
https://doi.org/10.1016/j.physletb.2018.11.016
https://doi.org/10.1016/j.physletb.2018.11.016
https://doi.org/10.1007/JHEP01(2019)069
https://doi.org/10.1007/JHEP01(2019)069
https://doi.org/10.1103/PhysRevD.100.115014
https://doi.org/10.1103/PhysRevD.100.115014
https://doi.org/10.1007/JHEP05(2020)069
https://doi.org/10.1103/PhysRevD.97.015019
https://doi.org/10.1103/PhysRevD.97.015019
https://doi.org/10.1007/JHEP03(2018)109
https://doi.org/10.1016/0550-3213(84)90513-3
https://doi.org/10.1016/0370-2693(85)91658-2
https://doi.org/10.1016/0370-2693(85)91658-2
https://doi.org/10.1103/PhysRevD.40.2987
https://doi.org/10.1103/PhysRevD.40.2987
https://doi.org/10.1142/ASDHEP
https://doi.org/10.1142/ASDHEP


[58] R. Barbier et al., Phys. Rep. 420, 1 (2005).
[59] N. Yamanaka, T. Sato, and T. Kubota, J. High Energy

Phys. 12 (2014) 110.
[60] M. Bauer and M. Neubert, Phys. Rev. Lett. 116, 141802

(2016).
[61] A. Djouadi, T. Kohler, M. Spira, and J. Tutas, Z. Phys. C

46, 679 (1990).
[62] D. Chakraverty, D. Choudhury, and A. Datta, Phys. Lett. B

506, 103 (2001).
[63] K.-m. Cheung, Phys. Rev. D 64, 033001 (2001).
[64] O. Popov and G. A. White, Nucl. Phys. B923, 324 (2017).
[65] C.-H. Chen, T. Nomura, and H. Okada, Phys. Rev. D 94,

115005 (2016).
[66] C. Biggio, M. Bordone, L. Di Luzio, and G. Ridolfi,

J. High Energy Phys. 10 (2016) 002.
[67] S. Davidson, D. C. Bailey, and B. A. Campbell, Z. Phys. C

61, 613 (1994).
[68] G. Couture and H. Konig, Phys. Rev. D 53, 555 (1996).
[69] U. Mahanta, Eur. Phys. J. C 21, 171 (2001).
[70] F. S. Queiroz, K. Sinha, and A. Strumia, Phys. Rev. D 91,

035006 (2015).
[71] E. Coluccio Leskow, G. D’Ambrosio, A. Crivellin, and D.

Müller, Phys. Rev. D 95, 055018 (2017).
[72] D. Bečirević, N. Košnik, O. Sumensari, and R. Zukanovich

Funchal, J. High Energy Phys. 11 (2016) 035.
[73] C.-H. Chen, T. Nomura, and H. Okada, Phys. Lett. B 774,

456 (2017).
[74] D. Das, C. Hati, G. Kumar, and N. Mahajan, Phys. Rev. D

94, 055034 (2016).
[75] Y. Cai, J. Gargalionis, M. A. Schmidt, and R. R. Volkas,

J. High Energy Phys. 10 (2017) 047.
[76] K. Kowalska, E. M. Sessolo, and Y. Yamamoto, Phys. Rev.

D 99, 055007 (2019).
[77] I. Doršner, S. Fajfer, and O. Sumensari, J. High Energy

Phys. 06 (2020) 089.
[78] A. Crivellin, D. Müller, and F. Saturnino, J. High Energy

Phys. 06 (2020) 020.
[79] L. Delle Rose, C. Marzo, and L. Marzola, Phys. Rev. D

102, 115020 (2020).
[80] S. Saad, Phys. Rev. D 102, 015019 (2020).
[81] I. Bigaran and R. R. Volkas, Phys. Rev. D 102, 075037

(2020).
[82] I. Doršner, S. Fajfer, and S. Saad, Phys. Rev. D 102,

075007 (2020).
[83] J. Fuentes-Martín and P. Stangl, Phys. Lett. B 811, 135953

(2020).
[84] K. S. Babu, P. S. B. Dev, S. Jana, and A. Thapa, J. High

Energy Phys. 03 (2021) 179.
[85] A. Crivellin, D. Mueller, and F. Saturnino, Phys. Rev. Lett.

127, 021801 (2021).
[86] A. Greljo, P. Stangl, and A. E. Thomsen, Phys. Lett. B 820,

136554 (2021).
[87] D. Zhang, J. High Energy Phys. 07 (2021) 069.
[88] S. Fajfer, J. F. Kamenik, I. Nisandzic, and J. Zupan, Phys.

Rev. Lett. 109, 161801 (2012).
[89] N. G. Deshpande and A. Menon, J. High Energy Phys. 01

(2013) 025.
[90] M. Tanaka and R. Watanabe, Phys. Rev. D 87, 034028

(2013).

[91] Y. Sakaki, M. Tanaka, A. Tayduganov, and R. Watanabe,
Phys. Rev. D 88, 094012 (2013).

[92] M. Freytsis, Z. Ligeti, and J. T. Ruderman, Phys. Rev. D
92, 054018 (2015).

[93] C. Hati, G. Kumar, and N. Mahajan, J. High Energy Phys.
01 (2016) 117.

[94] X.-Q. Li, Y.-D. Yang, and X. Zhang, J. High Energy Phys.
08 (2016) 054.

[95] J. Zhu, H.-M. Gan, R.-M. Wang, Y.-Y. Fan, Q. Chang, and
Y.-G. Xu, Phys. Rev. D 93, 094023 (2016).

[96] N. G. Deshpande and X.-G. He, Eur. Phys. J. C 77, 134
(2017).

[97] A. Crivellin, D. Müller, and T. Ota, J. High Energy Phys.
09 (2017) 040.

[98] W. Altmannshofer, P. S. Bhupal Dev, and A. Soni, Phys.
Rev. D 96, 095010 (2017).

[99] S. Kamali, A. Rashed, and A. Datta, Phys. Rev. D 97,
095034 (2018).

[100] A. Azatov, D. Bardhan, D. Ghosh, F. Sgarlata, and E.
Venturini, J. High Energy Phys. 11 (2018) 187.

[101] J. Zhu, B. Wei, J.-H. Sheng, R.-M. Wang, Y. Gao, and
G.-R. Lu, Nucl. Phys. B934, 380 (2018).

[102] Q.-Y. Hu, X.-Q. Li, Y. Muramatsu, and Y.-D. Yang, Phys.
Rev. D 99, 015008 (2019).

[103] A. Angelescu, D. Bečirević, D. A. Faroughy, and O.
Sumensari, J. High Energy Phys. 10 (2018) 183.

[104] T. J. Kim, P. Ko, J. Li, J. Park, and P. Wu, J. High Energy
Phys. 07 (2019) 025.

[105] H. Yan, Y.-D. Yang, and X.-B. Yuan, Chin. Phys. C 43,
083105 (2019).

[106] A. Angelescu, D. Bečirević, D. A. Faroughy, F. Jaffredo,
and O. Sumensari, Phys. Rev. D 104, 055017 (2021).

[107] F. Feruglio, P. Paradisi, and O. Sumensari, J. High Energy
Phys. 11 (2018) 191.

[108] S. Iguro, T. Kitahara, Y. Omura, R. Watanabe, and K.
Yamamoto, J. High Energy Phys. 02 (2019) 194.

[109] M. Blanke, A. Crivellin, S. de Boer, T. Kitahara, M.
Moscati, U. Nierste, and I. Nišandžić, Phys. Rev. D 99,
075006 (2019).

[110] I. Bigaran, J. Gargalionis, and R. R. Volkas, J. High Energy
Phys. 10 (2019) 106.

[111] V. Gherardi, D. Marzocca, and E. Venturini, J. High
Energy Phys. 01 (2021) 138.

[112] L. Da Rold and F. Lamagna, Phys. Rev. D 103, 115007
(2021).

[113] D. Marzocca and S. Trifinopoulos, Phys. Rev. Lett. 127,
061803 (2021).

[114] W. Altmannshofer, P. S. B. Dev, A. Soni, and Y. Sui, Phys.
Rev. D 102, 015031 (2020).

[115] A. J. Buras, J. Girrbach-Noe, C. Niehoff, and D. M. Straub,
J. High Energy Phys. 02 (2015) 184.

[116] J. Grygier et al. (Belle Collaboration), Phys. Rev. D 96,
091101 (2017); 97, 099902(A) (2018).

[117] T. Abe et al. (Belle-II Collaboration), arXiv:1011.0352.
[118] J. Aebischer, A. Crivellin, and C. Greub, Phys. Rev. D 99,

055002 (2019).
[119] J. A. Gracey, Phys. Lett. B 488, 175 (2000).
[120] M. González-Alonso, J. Martin Camalich, and K.

Mimouni, Phys. Lett. B 772, 777 (2017).

FORWARD-BACKWARD ASYMMETRY IN B → D�lν … PHYS. REV. D 105, L031701 (2022)

L031701-7

https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1007/JHEP12(2014)110
https://doi.org/10.1007/JHEP12(2014)110
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1007/BF01560270
https://doi.org/10.1007/BF01560270
https://doi.org/10.1016/S0370-2693(01)00419-1
https://doi.org/10.1016/S0370-2693(01)00419-1
https://doi.org/10.1103/PhysRevD.64.033001
https://doi.org/10.1016/j.nuclphysb.2017.08.007
https://doi.org/10.1103/PhysRevD.94.115005
https://doi.org/10.1103/PhysRevD.94.115005
https://doi.org/10.1007/JHEP10(2016)002
https://doi.org/10.1007/BF01552629
https://doi.org/10.1007/BF01552629
https://doi.org/10.1103/PhysRevD.53.555
https://doi.org/10.1007/s100520100705
https://doi.org/10.1103/PhysRevD.91.035006
https://doi.org/10.1103/PhysRevD.91.035006
https://doi.org/10.1103/PhysRevD.95.055018
https://doi.org/10.1007/JHEP11(2016)035
https://doi.org/10.1016/j.physletb.2017.10.005
https://doi.org/10.1016/j.physletb.2017.10.005
https://doi.org/10.1103/PhysRevD.94.055034
https://doi.org/10.1103/PhysRevD.94.055034
https://doi.org/10.1007/JHEP10(2017)047
https://doi.org/10.1103/PhysRevD.99.055007
https://doi.org/10.1103/PhysRevD.99.055007
https://doi.org/10.1007/JHEP06(2020)089
https://doi.org/10.1007/JHEP06(2020)089
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1103/PhysRevD.102.115020
https://doi.org/10.1103/PhysRevD.102.115020
https://doi.org/10.1103/PhysRevD.102.015019
https://doi.org/10.1103/PhysRevD.102.075037
https://doi.org/10.1103/PhysRevD.102.075037
https://doi.org/10.1103/PhysRevD.102.075007
https://doi.org/10.1103/PhysRevD.102.075007
https://doi.org/10.1016/j.physletb.2020.135953
https://doi.org/10.1016/j.physletb.2020.135953
https://doi.org/10.1007/JHEP03(2021)179
https://doi.org/10.1007/JHEP03(2021)179
https://doi.org/10.1103/PhysRevLett.127.021801
https://doi.org/10.1103/PhysRevLett.127.021801
https://doi.org/10.1016/j.physletb.2021.136554
https://doi.org/10.1016/j.physletb.2021.136554
https://doi.org/10.1007/JHEP07(2021)069
https://doi.org/10.1103/PhysRevLett.109.161801
https://doi.org/10.1103/PhysRevLett.109.161801
https://doi.org/10.1007/JHEP01(2013)025
https://doi.org/10.1007/JHEP01(2013)025
https://doi.org/10.1103/PhysRevD.87.034028
https://doi.org/10.1103/PhysRevD.87.034028
https://doi.org/10.1103/PhysRevD.88.094012
https://doi.org/10.1103/PhysRevD.92.054018
https://doi.org/10.1103/PhysRevD.92.054018
https://doi.org/10.1007/JHEP01(2016)117
https://doi.org/10.1007/JHEP01(2016)117
https://doi.org/10.1007/JHEP08(2016)054
https://doi.org/10.1007/JHEP08(2016)054
https://doi.org/10.1103/PhysRevD.93.094023
https://doi.org/10.1140/epjc/s10052-017-4707-y
https://doi.org/10.1140/epjc/s10052-017-4707-y
https://doi.org/10.1007/JHEP09(2017)040
https://doi.org/10.1007/JHEP09(2017)040
https://doi.org/10.1103/PhysRevD.96.095010
https://doi.org/10.1103/PhysRevD.96.095010
https://doi.org/10.1103/PhysRevD.97.095034
https://doi.org/10.1103/PhysRevD.97.095034
https://doi.org/10.1007/JHEP11(2018)187
https://doi.org/10.1016/j.nuclphysb.2018.07.011
https://doi.org/10.1103/PhysRevD.99.015008
https://doi.org/10.1103/PhysRevD.99.015008
https://doi.org/10.1007/JHEP10(2018)183
https://doi.org/10.1007/JHEP07(2019)025
https://doi.org/10.1007/JHEP07(2019)025
https://doi.org/10.1088/1674-1137/43/8/083105
https://doi.org/10.1088/1674-1137/43/8/083105
https://doi.org/10.1103/PhysRevD.104.055017
https://doi.org/10.1007/JHEP11(2018)191
https://doi.org/10.1007/JHEP11(2018)191
https://doi.org/10.1007/JHEP02(2019)194
https://doi.org/10.1103/PhysRevD.99.075006
https://doi.org/10.1103/PhysRevD.99.075006
https://doi.org/10.1007/JHEP10(2019)106
https://doi.org/10.1007/JHEP10(2019)106
https://doi.org/10.1007/JHEP01(2021)138
https://doi.org/10.1007/JHEP01(2021)138
https://doi.org/10.1103/PhysRevD.103.115007
https://doi.org/10.1103/PhysRevD.103.115007
https://doi.org/10.1103/PhysRevLett.127.061803
https://doi.org/10.1103/PhysRevLett.127.061803
https://doi.org/10.1103/PhysRevD.102.015031
https://doi.org/10.1103/PhysRevD.102.015031
https://doi.org/10.1007/JHEP02(2015)184
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.97.099902
https://arXiv.org/abs/1011.0352
https://doi.org/10.1103/PhysRevD.99.055002
https://doi.org/10.1103/PhysRevD.99.055002
https://doi.org/10.1016/S0370-2693(00)00859-5
https://doi.org/10.1016/j.physletb.2017.07.003


[121] P. Arnan, D. Becirevic, F. Mescia, and O. Sumensari,
J. High Energy Phys. 02 (2019) 109.

[122] A. Crivellin, C. Greub, D. Müller, and F. Saturnino, J. High
Energy Phys. 02 (2021) 182.

[123] A. Pich, Prog. Part. Nucl. Phys. 75, 41 (2014).
[124] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,

030001 (2018).
[125] R. Alonso, B. Grinstein, and J. Martin Camalich, Phys.

Rev. Lett. 113, 241802 (2014).
[126] J. Aebischer, A. Crivellin, M. Fael, and C. Greub, J. High

Energy Phys. 05 (2016) 037.
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