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Experimental data have provided intriguing hints for the violation of lepton flavour universality
(LFU), including B — D<*)7'1//B — D™¢y, the anomalous magnetic moment of the muon and
b — sft¢~ with a significance of > 30, > 40 and > 50, respectively. Furthermore, in a recent
re-analysis of 2018 Belle data, it was found that the forward-backward asymmetry (AArg) of B —
D*uv vs B — D*ev disagrees with the SM prediction by ~4 o, providing an additional sign of
LFU violation. We show that a tensor operator is necessary to significantly improve the agreement
with data in AApp while respecting the bounds from other b — cfv 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 SU(2)r-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 AApg than the current central one, this scenario is
significantly preferred (nearly 40) over the SM hypothesis, and is compatible with constraints such
as B — K*vv and electroweak precision bounds. Therefore, if the AArg anomaly is confirmed,
it would provide circumstantial evidence for scalar leptoquarks and pave the way for a natural

connection with all other anomalies pointing towards LF'U violation.

I. INTRODUCTION

In the last decades, the Standard Model (SM) of parti-
cle physics has been extensively tested and verified, both
in high-energy searches and in low-energy precision ex-
periments. 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 dimen-
sional operators parametrize the effect of new physics [I].

In fact, signs for the presence of non-vanishing Wilson
coeflicients of such higher dimensional operators have ac-
cumulated within recent years in flavour observables. In
particular, b— sfT¢~ data [214], b— cTv transitions [5-
[7] and the anomalous magnetic moment (AMM) of the
muon (a, = (g9 — 2),/2) BI0] show deviations from
their SM predictions with a significance of >50¢ [11H26],
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>3 0 [27H31) and 4.2 0 [32], respectively.

The observation that all these deviations are instances
of lepton flavour universality violation (LFUV) ! suggests
that they could (or even should) be related. Under this
assumption, one might naturally expect new-physics ef-
fects in b — cur /b — cev ratios [42] as well, since it is
a b — c transition, and like the aforementioned observ-
ables it involves muons. Even though the corresponding
measurements of the total branching ratios are consis-
tent with the SM expectations [43] [44], recently Ref. [45]
unveiled a =40 tension in the difference of the forward-
backward asymmetries, AApp = App — Apg, extracted
from B — D*{v data in Ref. [46]%.

Awaiting further scrutiny, this additional hint for
LFUV is especially interesting as b — s¢T/~ data and
a,, clearly suggest new physics related to muons. There-

I Interestingly, also the Cabibbo Angle Anomaly [33H35] and the
CMS excess in non-resonant electron pairs [36] can be understood
in this context [37H4I].

2 Ref. [45] notes that the presentation of the data in Ref. [46]
does not allow for a reliable determination of the correlation be-
tween the systematic uncertainties in A;B and in Ag. However,
adopting the most conservative assumption of p = —1 leads to
a AApp discrepancy of 3.60, such that varying p from p = —1
(deemed as unrealistic) the discrepancy will only increase.
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fore one naturally expects muon-related new effects to
also emerge at some point in b — cuv decays, and AApp
might be a first manifestation. Furthermore, a size-
able deviation from the SM prediction in the forward-
backward asymmetry requires scalar and/or tensor oper-
ators, naturally relating A App to a,, which is a chirality-
violating observable as well 3.

In particular, as we will see, a tensor operator is re-
quired to significantly improve the SM fit. At tree level,
within renormalizable extensions of the SM, of all pos-
sible scalar, spinor or vector mediators, only two repre-
sentations of scalar leptoquarks (LQs) can generate such
tensor operators [52], (53] and only one of them (S) yields
the right linear combinations of Wilson coefficients to
neatly describe the effect in AApg. This SU(2)-singlet
scalar LQ S1 ~ (3,1,—1/3) 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]*. Be-
sides, as well-known, it provides a possible explanation
of a,, and b— cTv data: it can account for the former by
an my/my-enhanced contribution [47, 60H87] and enters
b — cTv processes at tree level [60, 64} [78] [B8HI06] where
it gives a very good fit to data (including polarization ob-
servables) [28] MTO7HI09] since it generates vector, scalar
and tensor operators. Finally, slight extensions of the
model also allow for a combined explanation of b — cTv
and b — s¢T¢~ data [78, [86] 97, [T0HIT4]. In particu-
lar, the singlet-triplet LQ model [97], containing S; and
S3 can account for all three anomalies [78) [I11] and we
will return to this model at end of our analysis. These
arguments make A Apg, and related observables, a poten-
tial turning point in the understanding 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 SU(2).-Single LQ

The scalar leptoquark S7 ~ (3,1, —1/3) couples to SM
fermions via the Lagrangian

£ = (Ma@FinaLi + Afu56) ST+ e (1)

3 Since Sp gives rise to scalar and tensor operators, it can also
produce interesting effects in electric dipole moments [47H5T].

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

Here, L (Q°) is the lepton (charge-conjugated quark)
SU(2);, doublet, ¢ (u®) the charged lepton (charge-
conjugated up quark) singlet and f,i are flavor indices.

After electro-weak symmetry breaking, the Lagrangian
in Eq. decomposes into components of definite electric
charge. Absorbing unphysical rotations from the diago-
nalization of the fermion mass matrices into the couplings
)\JL%YR we have

LEW = (NEas Pt + VAL as Pt — Mk dS Pruy) ST+ hee,

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 phenomeno-
logical consequences. The most relevant classes of observ-
ables in our model are b — svv and b — clv transitions,
as well as modified Z-pp and W-uv couplings.

B. b— svv

For b — svv transitions we follow the conventions of
Ref. [T15]

vv 4GF * fi Ji fi fi
off = _thdk‘/tdj (OLJICOL,J"V + CRJ’CORJ’“) ’

. o - -
OLr), s = 1= [ Poyde] 7y (L =) wi] 5 (2)
and obtain, already at tree level, the contribution

Lxy L
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with Cilf,’)fi ~ —1.47/s%,07;. The best constraint orig-

inates from B — K® v, whose branching ratios, nor-
malized to the corresponding SM predictions, read

) 1 S ot P
;(V(*) :g Z | SLI\);Z;J27 (4)

fri=1 |CL,sb

for which the current experimental limits are RYY < 3.9
and RY. < 2.7 [116] (both at 90% C.L.). The future

BELLE 1I sensitivity for B — K® v is 30% of the SM
branching ratio [T17].

C. b—clv

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

L, AGp
Hi = —=Vu (C L0V, + C§0%,, + CLOT)

V2



with the operators given by
Of/L =cy"Prb E’y#PLVg,
0%, = ¢cPrb (Ppyy, (5)
Ofp = co"” Prb ZJWPLW .
In the SM Cf,; = 1 and we only included lepton flavour
conserving operators that can interfere with the SM. The

matching of our S; LQ model on this effective Hamilto-
nian gives

V3 VAL

Cyp =
VL SGF ‘/::b M2 ) (6)
14 14 \/§ /\52*)‘&
Csp=—A0r =gz v

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

Chp(my)\ _ (1.9 —0.36 C5. (M) .

Chim) )0 000 )\ clny )0 (@
for a matching scale M = 1.5 TeV. Note that this includes
the one-loop EW RGE, even though the operators are not
manifestly SU(2)-invariant. Importantly, at the B mass
scale this implies the relation C%, ~ —8.5C%, which is
also preferred by the global fit as we will see later.

With these Wilson coefficients we can now calculate
the resulting b — cuv observables including

R(D™),. = Br[B — D™ ] /Br[B — D®ev]  (8)

measured by BELLE [43] [44], 46] and the full single-
differential lepton-averaged distributions of B — D*{D
(¢ = p,e) [44]. The same data was later reanalysed to ex-
tract lepton-specific quantities for both ¢ = p, e [46]. We
include in our global fit the most constraining observables
extracted in [45] from [46], namely AApp, AS3, AF and
AF;, and their correlation. The most important among
these observables read

R(Dye)™P = 0.995 + 0.022 + 0.039
R(D;,)™P = 0.99 £ 0.01 £ 0.03,
AAZP ~ 0,035 + 0.009,
9)
ASSP ~ —0.013 +0.01,
AFEP = —0.0065 + 0.0059

AFP® = —0.011+0.014.

The largest correlation (= 0.5) involves AApp and AFy.

D. W — pvand Z — up

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

interactions as

L= %Ag‘; (ﬁ’y‘XPLVMWa_) +h.c.
2‘%&7“ (A = AMys) pZa,

+
with
L V,A V,A L
AW =6+ AR2 AV = A S+ AV
1

1
QV 2 AA
SM T T 25, 5, Mgy = 50

the LQ effects at ¢> = 0 (the contributions proportional
to gauge-boson masses are suppressed) are given by

*Y K m2
3Van A VSk/\éj <1 +2log <Z\lt2)> ] )

N.m? m?
LQ Lxyyx \L cy my

Lo ., _Nemi
19202 M2

N, m2 m2
AR~ |A§i|25ijm {1 +log (Mgﬂ : (10)

For illustration purposes, we only kept the dominant,
(m¢/M)? terms, but we considered the full corrections
(see e.g. [122]) in the analysis. Experimentally, the aver-
aged modification of the W-uv coupling extracted from
T = wv/T = evv, m — pv/m — ev and K — uv/K —
ev decays reads [123] [124]

AY) =1.0018 +0.0014 , (11)

yielding a stronger constraint than data of W decays.
Concerning Z — pp the axial vector coupling is much
better constrained than the vectorial one [123], [124]

A /AL = Mgy /ALy = 1.0002 £ 0.0013 | (12)

with Ay /Ady =1+ 2A113?22 - 2A15%2 in our case.

III. PHENOMENOLOGY
A. DModel-Independent Analysis

Let us start by discussing b — cfv in the light of
AApp in a model-independent way. We consider the
operators in Eq. 5‘ Note that we did not include
O%’/ R= Ev“PRbg'yHPLw, whose Wilson coefficients, tak-
ing into account SU(2); gauge invariance, are lepton
flavour universal [I25HI27] at the dimension-6 level and
thus cannot contribute to AAgg. Furthermore, we will
assume that the NP effect is related to muons only, as

5 Aspects of this model-independent analysis were already dis-
cussed in Ref. [45].
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FIG. 1: Preferred regions in the Ck = —C%, /8.5 vs. C4,
plane. One can see that a negative value of C,; can compen-
sate the effect of C% = —C%, /8.5 in Br[B — D™ ] /Br[B —
D™ev] and that AApgp prefers positive values of C%. Note
that the best-fit point describes data ~ 40¢ better than the
SM, even though the constraints from ASs3, AF; and AFL,
prefer a smaller AArp than the current central value. The
region below the green dashed line is excluded by B — K*vv
in case the SM is extended by the S; LQ alone.

motivated by a, and b — s¢T¢~ data and taking into ac-
count the stringent bounds from p — ey [52]. The most
important observables included in the fit are R(D™)) e
as well as AApg, ASs;, AF, and AFy, summarized in
eq @[) Since a modification of the SM Wilson coefficient
CY{,; alone does not affect asymmetries, AApp provides
a umque window on scalar and/or tensor NP in b — cfv
transitions.

Our global fit is performed using FLAVIO [128] where
these observables have been pre-implemented based on
the theoretical expressions of Ref. [129] and the form
factors of Refs. [I30HI33]. Note that for non-zero NP
contributions to the Wilson coefficients the theory uncer-
tainty increases, due to incomplete cancellations among
the form-factor uncertainties. We consistently take into
account this effect within FLAVIO. The different possible
3-dimensional fits in Table [[] show that a non-vanishing
Wilson coefficient of the tensor operator significantly im-
proves the description of the data with respect to the
SM, leading to pulls above 3o. In particular, the C"jL
& C%; = —8.5Ck hypothesis discussed in the previous
section leads to a pull of almost 40. The fit projection
to these Wilson-coefficient combinations is displayed in
Fig. The figure shows that the best-fit region can
(at 95% CL) explain all the A observables while agreeing
with the b — svv and R, constraints. However, note
that a somewhat smaller central value of AArpp would be
preferred.

Scenario SM pull (o) Xz/Nde
SM - 72.9/48
Cl, Cl, Ch . Cl 3.39 52.9/44
C C C 3.72 52.9/45
C C C 2.14 64.1/45
cl, Cl. Ch 3.36 56.1/45
C C =—85Ck 3.94 54.0/46
CVL, ch, =85Ck 2.42 64.5/46

TABLE I: XQ/NdOf and pulls (w.r.t. the SM) of the global fit
for different scenarios. Fits with a non-zero Wilson coefficient
for the tensor lead to pulls above 30.

Therefore, restricting ourselves to tree-level renormal-
izable SM extensions, only two scalar LQs may poten-
tially explain the AApp without violating R(D™)) pe- In
fact, among the two LQs that generate Wilson coeffi-
cients of the tensor operator, both in combination with
a Cgp (g contribution, the SU(2),, singlet (doublet) S
(Sz) results in C&; = —(+)4C¢£p at the matching scale
and only S; generates C’VL Interestingly, the C¥/,,
C%; = —4CY scenario (corresponding to C,; ~ —8.5Ch.
at the B scale) is also the best-performing hypothesis in
Table [[] with a pull of 3.90 with respect to the SM hy-
pothesis. The best-fit point for Cr is 0.044 and the lo
interval is [0.036,0.062]. Hence this model-independent
analysis gives strong support in favour of the S; LQ.

B. Leptoquark Analysis

Let us now reconsider the fit of Fig. |1| in the context
of the singlet LQ S;. Here, the relevant difference com-
pared to the model-independent setup is that C{; is con-
strained by b — svv. In particular, if A}, is zero, such
that CY;; would only be induced via CKM rotations from
Ay, CL; would be positive. In order to obtain a negative
value for Cf;, AL, is required. However, together with
AL, this induces an effect in B — K*vv which bounds
C’VL 2 —0.03. Note that the bound from B — K*vv
could be avoided by adding the triplet scalar LQ S5 [97].

Profiling over C{;, we show the preferred regions in the
Mo—AE plane for M = 1.5TeV in Fig. 2 where we as-
sume real couplings. Here the contour lines show the cur-
rent lower limit on the mass M of S; from LHC searches.
In the green region the bounds from searches for pair
production of LQs with top-tau (¢7) final states of AT-
LAS [134] dominate, while in the orange region the CMS
bounds [I35] on LQ decaying to jet and muons (ju) are
more stringent (see also [I03]106]). The grey hatched re-
gion is excluded by LEP measurements of Z — pu. Note
that this bound is also sensitive to a possible extension of
the S; 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-uv cou-
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FIG. 2: Preferred and excluded regions in the AJ,~\% plane
for M = 1.5TeV for the S1 LQ profiling over C4;,. The con-
tour lines show the lower limits on the mass M from ATLAS
and CMS searches for third and second generation LQs via
the final states t7 and ju, respectively. The dotted region
is excluded by LEP measurements of Z — pp and vertical
dashed contour lines show the tension in the W-uv coupling.

pling 6. However, also this bound is sensitive to additions
of new particles, e.g. Sz of the singlet-triplet model [97],
where a constructive effect in W — pv is generated [122).

IV. CONCLUSIONS AND OUTLOOK

In addition to the existing intriguing hints for the vi-
olation of lepton flavour universality, Ref. [45] recently
pointed out that, in the light of the data in Ref. [40]
and pending certain reservations, the forward-backward
asymmetry of B — D*uv vs B — D*ev (AApg) shows
a tension with the SM prediction by ~4¢. In this arti-
cle we found that, in order to significantly improve the
global fit w.r.t. the SM, one needs NP in the tensor oper-
ator. As, within renomalizable models at tree level, non-
vanishing Wilson coefficients of this operator can only be
induced by scalar LQs [52], 53], we investigate the two
model-independent scenarios motivated by them, find-

ing that only the scenario Cy,,Csr = —4Cr, related to
the SU(2)-singlet scalar LQ Sp, improves significantly
(=~ 4 o) the description of data.

FIG. 3: Relations among the different hints for LFUV. As
one can see, AApp 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.

Our findings call for a reanalysis of the Belle data [46],
focusing on the theoretically cleaner A observables dis-
cussed in [45]. In the light of our results—the circumstan-
tial evidence for scalar LQs, in particular S;—a confirma-
tion of the AApp discrepancy would not only represent
the first evidence of muon-related NP in b — ¢ transi-
tions, but would also allow for a natural connection with
the all the other muonic anomalies, including b — spp
data and (g—2),. In fact, as can be seen in Fig.[3| AApp
combines several key properties of the other anomalies.
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