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1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in τ vs. light leptons, R(D(∗)) = Br(B →
D(∗)τν)/Br(B → D(∗)ℓν) (where ℓ = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(∗)) = Br(B →
K(∗)µµ)/Br(B → K(∗)ee) [12–15],

• deviations in differential angular distributions of the B → K∗µ+µ− decay, as well as
in several branching ratios of b→ sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g − 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out and
have been the focus of a large amount of theoretical and experimental effort. In all cases,
large theory efforts for improving the SM predictions (often very challenging) have been
undertaken, and several experimental endeavours and analyses have been set up for confirm-
ing, disproving, or providing cross-checks, for the anomalies. Indeed, new measurements
scheduled to appear within the next few years are expected to clarify the nature of all these
anomalies. A confirmation for the presence of new physics in any one of these observables
would of course be revolutionary in our understanding of physics at the TeV scale.

For the same reasons, an equally large effort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
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the leading radiative effect [24–27], however since the logarithm is often just of O(1), finite
contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand, scalar
leptoquarks can be considered as self-consistent simplified models, and all observables can
be computed precisely in terms of the LQ couplings and masses. A particularly promising
set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and S3 = (3̄,3, 1/3)

representations.1 Several works have been dedicated to study their phenomenology. The
S1 leptoquark has been considered as possible mediator for all anomalies [32–41], with
varying degree of success. S3, instead, has long been recognized to be a very good candi-
date to address the deviations in the b→ sµµ transition [42–49]. Finally, the combination
of both leptoquarks has been considered as a good combined explanation of charged and
neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) completions have been
proposed in terms of a composite Higgs model [52], combining flavour anomalies with a
solution to the Higgs hierarchy problem, as well as in the framework of asymptotically safe
quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant effects, and is not suitable to be systematically
generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on effective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1 +S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coefficients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to different UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ≈ 1 TeV scale, see e.g. refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions

1We show the representations under the SM gauge group SU(3)c × SU(2)L × U(1)Y
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to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ) or O(m2
EW/M

2
LQ) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former effects are completely negligible, the latter are ∼ 1% for TeV-scale
leptoquarks, which do not affect the results in any sizeable way, given present day precision
in the observables.2

Our goal is to find interesting scenarios, within the S1 +S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we first
aim to quantify how well each leptoquark can address which set of anomalies, then we
discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In section 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in section 3 and a discussion on future prospects can be found
in section 4. We conclude in section 5. In appendix A we describe in details the LQ
contributions to all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 −M2
1 |S1|2 −M2

3 |S3|2

+
(
(λ1L)iαq̄

c
i ǫℓα + (λ1R)iαū

c
ieα
)
S1 + (λ3L)iαq̄

c
i ǫσ

IℓαS
I
3 + h.c.

− λH1|H|2|S1|2 − λH3|H|2|SI3 |2 −
(
λH13(H†σIH)SI†

3 S1 + h.c.
)

− λǫH3iǫ
IJK(H†σIH)SJ†

3 SK3 ,

(2.1)

where ǫ = iσ2, λH1, λH3, λǫH3 ∈ R, (λ1L)iα, (λ
1R)iα, (λ

3L)iα, λH13 ∈ C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lepto-
quarks. The convention used for covariant derivatives is

DµΦ =
(
∂µ + ig′YΦBµ + ig(tΦ2 )IW I

µ + igs(t
Φ
3 )AGAµ

)
Φ, (2.2)

for a generic field Φ charged under the SM gauge group. We denote SM quark and lepton
fields by qi, ui, di, ℓα, and eα, while the Higgs doublet is H. We adopt latin letters
(i, j, k, . . . ) for quark flavor indices and greek letters (α, β, γ, . . . ) for lepton flavor indices.
We work in the down-quark and charged-lepton mass eigenstate basis, where

qi =

(
V ∗
jiu

j
L

diL

)
, ℓα =

(
ναL
eαL

)
, (2.3)

2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables under

consideration.
3See ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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and V is the CKM matrix. Except for the sign of gauge couplings, here and in the following
we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:

[C
(1)
lq ]

(0)
αβij =

λ1L∗
iα λ1L

jβ

4M2
1

+
3λ3L∗

iα λ3L
jβ

4M2
3

, [C
(3)
lq ]

(0)
αβij = −

λ1L∗
iα λ1L

jβ

4M2
1

+
λ3L∗
iα λ3L

jβ

4M2
3

,

[C
(1)
lequ]

(0)
αβij =

λ1R
jβ λ

1L∗
iα

2M2
1

, [C
(3)
lequ]

(0)
αβij = −

λ1R
jβ λ

1L∗
iα

8M2
1

, (2.4)

[Ceu]
(0)
αβij =

λ1R ∗
iα λ1R

jβ

2M2
1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the effective operators, are reported in [58].

2.1 Methodology

Our goal is to study the phenomenology of the S1 + S3 model described in the previous
section, expressing the low-energy observables as functions of the UV parameters at one-
loop level. Given the separation of scales between the LQ masses, assumed to be at the
TeV scale, and the typical energy scales of the observables considered, the EFT approach
is particularly suited for this goal. In fact, it allows to separate the complete procedure in
a sequence of steps, which can be generalised to be applicable also to other UV scenarios.
Going from the ultraviolet to the infrared, the matching procedure allows to pass physical
thresholds, i.e. to integrate out heavy fields while defining a new EFT for that energy
range, while the renormalization group evolution (RGE) allows to change the scale within
an EFT approach. In our specific case, we have the following steps:

1. The one-loop matching for the S1,3 model into the SMEFT, up to dimension-six
operators, resulting by integrating out the two scalar leptoquarks at a scale of the
order of their masses µM ∼ M1,M3. The complete set of matching conditions,
obtained with MS renormalization scheme, has been provided in [58].

2. The RGE of the SMEFT Wilson coefficients from the UV matching scale µM down
to the electroweak scale [61–63];

3. The one-loop matching between the SMEFT and the EFT valid below the electroweak
scale, known as Low Energy EFT (LEFT). This results from integrating out the
Higgs, the massive electroweak gauge bosons and the top quark and has been done
in [64];

4. The RGE of the LEFT Wilson coefficients [65] from the electroweak scale to the
relevant scales of the processes;
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5. The expression of the low-energy observables and pseudo-observables in terms of the
LEFT Wilson coefficients, taking into account contributions that arise at one-loop
level within the LEFT, from the operators generated already at the tree-level.4

By combining everything, we obtain expressions for the observables as a function of the
parameters of the scalar leptoquark model at the TeV scale; in such a way, experimental
bounds on low-energy data can be used to set constraints on the S1,3 couplings. On the
other hand, the intermediate steps provide model-independent expressions for observables
in terms of EFT Wilson coefficients, which might be exploited in other NP scenarios.

For a generic EFT coefficient we can separate a contribution arising at the tree-level
from one arising at one-loop

Ci = C
(0)
i +

1

(4π)2
C

(1)
i . (2.5)

Working at one-loop accuracy, the RGE, one-loop matching between SMEFT and LEFT,
and the one-loop matrix elements to the observables, should only be considered for tree-
level generated coefficients, C(0)

i (in our case, those in eq. (2.4)). For the loop-generated
coefficients, C(1)

i , only the tree-level matching conditions from SMEFT to LEFT, and tree-
level matrix elements should be included, the other contributions giving terms which are
formally of two-loop order and that could be of the same order as neglected two-loop
matching conditions.

The exception to this is in the RGE due to QCD from the TeV to the GeV scale, for
example in four-quark operators contributing to ∆F = 2 observables. In this case the
RGE contribution is well known to be important, also due to the large separation of scales,
which gives to this effect a parametric enhancement with respect to the neglected two-loop
corrections even if four-quark operators are generated at one-loop.

2.2 Observables

One of our main goals is to provide, with the S1,3 model, a combined explanation for the
hints of non LFU in the neutral and charged current semileptonic B-meson decays, namely
to account for the experimental measurements of RK(∗) and RD(∗) , and of the deviation in
the muon anomalous magnetic moment (g−2)µ. The leptoquark couplings involved in these
observable enter also in the other low-energy observables (or pseudo observables), both at
tree-level or one-loop level. Therefore, to quantify how the S1,3 model can consistently
explain the observed anomalies, one should take into account a set of low-energy data as
complete as possible. In tables 1, 2, and 3, we show the list of low-energy observables that
we analyze, together with their SM predictions and experimental bounds.

In appendix A, these low-energy observables are discussed in length. We will explicitly
show, as functions of the parameters of the S1,3 model, tree-level contributions together
with dominant one-loop effects, while in the numerical analysis the full set of one-loop cor-
rections is considered. Some of the considered observables vanish or are flavor-suppressed
at tree-level, for example meson-mixing ∆F = 2 processes, τ → 3µ and τ → µγ LFV

4In case of observables at the electroweak scale, such as the measurements of Z couplings, the steps 3.

and 4. can of course not be considered, since in that case one can work in the SMEFT only.
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Observable SM prediction Experimental bounds

b→ sℓℓ observables Appendix A.1

∆Csbµµ
9 0 −0.43± 0.09 [66]

Cuniv
9 0 −0.48± 0.24 [66]

b→ cτ(ℓ)ν observables Appendix A.2, A.3

RD 0.299± 0.003 [67] 0.34± 0.027± 0.013 [67]

R∗
D 0.258± 0.005 [67] 0.295± 0.011± 0.008 [67]

PD∗

τ −0.488± 0.018 [68] −0.38± 0.51± 0.2± 0.018 [7]

FL 0.470± 0.012 [68] 0.60± 0.08± 0.038± 0.012 [69]

Br(B+
c → τ+ν) 2.3% < 10% (95% CL) [70]

R
µ/e
D 1 0.978± 0.035 [71, 72]

D leptonic decay Appendix A.4

Br(Ds → τν) (5.169± 0.004)× 10−2 [73] (5.48± 0.23)× 10−2 [74]

b→ sνν and s→ dνν Appendix A.5

Rν
K 1 [75] < 4.65 [76]

Rν
K∗ 1 [75] < 3.22 [76]

Br(K+ → π+νν) 8.64× 10−11 [77] (11.0± 4.0)× 10−11 [78]

Br(KL → π0νν) 3.4× 10−11 [77] < 3.57× 10−9 [79]

B LFV decays Appendix A.6

Br(Bd → τ±µ∓) 0 < 1.4× 10−5 [80]

Br(Bs → τ±µ∓) 0 < 4.2× 10−5 [80]

Br(B+ → K+τ−µ+) 0 < 5.4× 10−5 [81]

Br(B+ → K+τ+µ−) 0
< 3.3× 10−5 [81]

< 4.5× 10−5 [82]

Table 1. Low-energy semileptonic observables with their SM predictions and experimental bounds.
Upper limits correspond to 95%CL.

interactions or τ → µφ(η, η′) decay; in such cases the inclusion of one-loop contributions is
relevant and might bring non negligible changes in a global fit of the low-energy data.

From the observables listed above, and their expression in terms of the parameters of
the model, LQ couplings and masses, we build a global likelihood as:

− 2 logL ≡ χ2(λx,Mx) =
∑

i

(Oi(λx,Mx)− µi)2

σ2
i

, (2.6)

where Oi(λx,Mx) is the expression of the observable as function of the model parame-
ters, µi its experimental central value, and σi the uncertainty. These are all discussed in
appendix A. From the χ2 built in this way, in each scenario considered we obtain the maxi-
mum likelihood point by minimizing the χ2, which we use to compute the ∆χ2 ≡ χ2−χ2

min.
This allows us to obtain the 68, 95, and 99% CL regions. In the Standard Model limit we
get a χ2

SM = 101.0, for 50 observables.
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Observable SM prediction Experimental bounds

∆F = 2 processes Appendix A.7

B0 −B0
: |C1

Bd
| 0 < 9.11× 10−7 TeV−2 [83, 84]

B0
s −B

0

s: |C1
Bs
| 0 < 2.01× 10−5 TeV−2 [83, 84]

K0 −K0
: Re[C1

K ] 0 < 8.04× 10−7 TeV−2 [83, 84]

K0 −K0
: Im[C1

K ] 0 < 2.95× 10−9 TeV−2 [83, 84]

D0 −D0
: Re[C1

D] 0 < 3.57× 10−7 TeV−2 [83, 84]

D0 −D0
: Im[C1

D] 0 < 2.23× 10−8 TeV−2 [83, 84]

D0 −D0
: Re[C4

D] 0 < 3.22× 10−8 TeV−2 [83, 84]

D0 −D0
: Im[C4

D] 0 < 1.17× 10−9 TeV−2 [83, 84]

D0 −D0
: Re[C5

D] 0 < 2.65× 10−7 TeV−2 [83, 84]

D0 −D0
: Im[C5

D] 0 < 1.11× 10−8 TeV−2 [83, 84]

LFU in τ decays Appendix A.8

|gµ/ge|2 1 1.0036± 0.0028 [85]

|gτ/gµ|2 1 1.0022± 0.0030 [85]

|gτ/ge|2 1 1.0058± 0.0030 [85]

LFV observables Appendix A.9, A.10, and A.11

Br(τ → µφ) 0 < 1.00× 10−7 [86]

Br(τ → 3µ) 0 < 2.5× 10−8 [87]

Br(µ→ eγ) 0 < 5.00× 10−13 [88]

Br(τ → µγ) 0 < 5.24× 10−8 [89]

Br(τ → eγ) 0 < 3.93× 10−8 [89]

EDMs Appendix A.11

de < 10−44 e cm [90, 91] < 1.1× 10−29 e cm [92]

dµ < 10−42 e cm [91] < 1.9× 10−19 e cm [93]

dτ < 10−41 e cm [91] (1.15± 1.70)× 10−17 e cm [94]

Anomalous Appendix A.11

Magnetic Moments

ae − aSM
e ±2.3× 10−13 [95, 96] (−8.9± 3.6)× 10−13 [97]

aµ − aSM
µ ±43× 10−11 [23] (279± 76)× 10−11 [22, 23]

aτ − aSM
τ ±3.9× 10−8 [95] (−2.1± 1.7)× 10−7 [98]

Table 2. Meson-mixing and leptonic observables, with their SM predictions and experimental
bounds. Upper limits correspond to 95%CL.

For each scenario we get the CL regions in the plane of two real couplings, by profiling
the likelihood over all the other couplings. We are often also interested in the values of
some observables corresponding to these CL regions. To obtain this, we perform a numerical
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Observable Experimental bounds

Z boson couplings Appendix A.12

δgZ
µL

(0.3± 1.1)10−3 [99]

δgZ
µR

(0.2± 1.3)10−3 [99]

δgZ
τL

(−0.11± 0.61)10−3 [99]

δgZ
τR

(0.66± 0.65)10−3 [99]

δgZ
bL

(2.9± 1.6)10−3 [99]

δgZ
cR

(−3.3± 5.1)10−3 [99]

Nν 2.9963± 0.0074 [100]

Table 3. Limits on the deviations in Z boson couplings to fermions from LEP I.

scan over all the parameter space5 and select only the points with a ∆χ2 less than the one
corresponding to 68 and 95%CL. The points obtained in this way also reproduce the CL
regions in parameter space obtained by profiling. With this set of parameter-space points
we can then plot any observable evaluated on them.

2.2.1 Collider constraints

Leptoquarks are also actively searched for at high-energy colliders. Their most important
signatures can be classified in three categories: i) pair production, ii) resonant single-
production, and iii) off-shell t-channel exchange in Drell-Yan processes, pp→ ℓ+ℓ− or ℓν.
See e.g. refs. [101, 102] for reviews.

The pair production cross section is mostly independent on the LQ couplings to
fermions, unless some are very large, and thus provides limits which depend only on
the LQ mass and the branching ratios in the relevant search channels. We refer to
refs. [37, 52, 56, 102] for reviews of such searches. Once the branching ratios are taken
into account, the most recent ATLAS and CMS searches using an integrated luminosity
of ∼ 36fb−1 put a lower bound on the S1 and S3 masses at ≈ 1 TeV or less. At present,
limits from single production are not competitive with those from pair production and
Drell-Yan [102].

Leptoquarks can also be exchanged off-shell in the t-channel in Drell-Yan processes.
The final states most relevant to our setup are τ τ̄ , τ ν̄, and µµ̄. The limits on LQ couplings
as a function of their mass from neutral-current processes can be taken directly from [37,
102, 103] (see also [104–107] for other studies of dilepton tails in relation with B-anomalies)
while the mono-tau channel in relation to the B-anomalies has been studied in [108–113]
and at present it doesn’t exclude the region of interest. Using the results from [37] we get
the following 95% CL upper limits on the couplings relevant to our model for M1,3 = 1 TeV,

5For each numerical scan we collected O(104) benchmark points. For our more complex models (i.e.

with up to ten parameters), this is quite demanding from the computational point of view; in order to

efficiently scan the high-dimensional parameter spaces, we employ a Markov Chain Monte Carlo algorithm

(Hastings-Metropolis) for the generation of trial points.
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taken one at a time:

λ1R
cτ < 1.62 , λ1R

cµ < 0.90 , λ1L
sτ < 1.66 , λ1L

sµ < 0.91 ,

λ3L
bτ < 1.40 , λ3L

sτ < 0.97 , λ3L
bµ < 0.77 , λ3L

sµ < 0.56 ,
(2.7)

while the limits on λ1L
bτ and λ1L

bµ from the neutral-channel are in the non-perturbative
regime since they induce only a |Vcb|2-suppressed amplitude in cc̄ → τ τ̄ , µµ̄. Since only
the constraint on λ1R

cτ turns out to be relevant for our setup, we are justified taking the
limits above derived one at a time.

We implement the constraints in eq. (2.7) in our global likelihoods by assuming that
the signal cross section is dominated by the purely New Physics contribution, thus with
a scaling ∝ |λ|4, and that it follows a Gaussian distribution around zero such that the
95%CL limits on single-couplings reproduce those in eq. (2.7), i.e. with standard deviation
given by σx = |λlim

x |4/
√
χ2

95%CL(1dof), where for each coupling λlim
x is the limit in eq. (2.7)

and χ2
95%CL(1dof) ≈ 3.84:

χ2
collider = χ2

95%CL(1dof)

∑

x

(
|λx|4/|λlim

x |4
)2

, (2.8)

which is added to the global χ2 from low-energy observables of eq. (2.6).

3 Scenarios and results

In this section we discuss several minimal models within the S1 + S3 setup, and how well
(or bad) each of them is able to address the charged and/or neutral current anomalies,
while remaining compatible with all the other experimental constraints. We denote the
leptoquark couplings to fermions by:

λ1R =




λ1R
ue λ1R

uµ λ1R
uτ

λ1R
ce λ1R

cµ λ1R
cτ

λ1R
te λ1R

tµ λ1R
tτ


 , λ1L =




λ1L
de λ1L

dµ λ1L
dτ

λ1L
se λ1L

sµ λ1L
sτ

λ1L
be λ1L

bµ λ1L
bτ


 , λ3L =




λ3L
de λ3L

dµ λ3L
dτ

λ3L
se λ3L

sµ λ3L
sτ

λ3L
be λ3L

bµ λ3L
bτ


 . (3.1)

The main experimental anomalies driving the fit can be split in three categories:

• CC : deviations in b→ cτν transitions;

• NC : deviations in b→ sµµ transitions;

• (g − 2)µ: deviation in the muon magnetic moment.

While our setup allows to keep all the above couplings in a completely general analysis,
given the large number of parameters this would preclude a clear understanding of the
physics underlying the fit. Furthermore, it can be interesting to consider only one lep-
toquark or to focus on one specific experimental anomaly. For these reasons we take a
step-by-step approach by starting with single-leptoquark scenarios and switching on the
couplings needed to fit a given set of anomalies. In all cases, we keep the complete likelihood
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Model Couplings CC NC (g − 2)µ

S
(CC)

1 λ1R
cτ , λ

1L
bτ × ×

S
(NC)

1 λ1L
bµ , λ

1L
sµ × ⊗ ×

S
(aµ)

1 λ1R
tµ , λ

1L
bµ × ×

S
(CC+aµ)

1 λ1R
tτ , λ

1R
cτ , λ

1R
tµ , λ

1L
bτ , λ

1L
bµ ×

S
(CC+NC)

3 λ3L
bτ , λ

3L
sτ , λ

3L
bµ , λ

3L
sµ × ×

S1 + S
(LH)

3 λ1L
bτ , λ

1L
sτ , λ

3L
bτ , λ

3L
sτ , λ

3L
bµ , λ

3L
sµ ×

S1 + S
(all)

3 λ1L
bτ , λ

1L
sτ , λ

1L
bµ , λ

1R
tτ , λ

1R
cτ , λ

1R
tµ , λ

3L
bτ , λ

3L
sτ , λ

3L
bµ , λ

3L
sµ

S1 + S
(pot)

3 λH1, λH3, λH13, λǫH3 — — —

Table 4. Summary of leptoquark models considered in this work. The third columns lists the
couplings we allow to be different from zero in our global fit. The last three columns indicate
whether the models provide a satisfying fit of each set of anomalies, respectively.

described in the previous section, with all the observables. For instance, if the couplings
to muons are set to zero, neutral-current B-anomalies and the muon anomalous magnetic
moment are automatically frozen to the corresponding Standard Model values and do not
impact the final fit.

The models are thus defined by the leptoquark content and the set of active couplings,
which, for simplicity, we assume to be real. We have considered the models detailed in
table 4, for each of which we allow the couplings listed in the third column of the table to
be non-vanishing in our global fit. We first analyze single mediator models and study their
potential to address as many anomalies as possible. In each case we point out the main
tensions which prevent a combined explanation of all anomalies. Then, we move on to
study models involving both leptoquarks. In the first we only allow left-handed couplings,
λ1L and λ3L, as this possibility has better chances to find motivation in a scenario in
which the flavor structure is determined by a flavor symmetry, see e.g. [51, 52]. In the
second we switch on also some of the S1 couplings to right-handed fermions, and aim to
provide a combined explanation for all three anomalies. Finally, we study the limits on the
leptoquark potential couplings to the Higgs, which is an analysis largely independent on
the couplings to fermions and requires to consider different observables than those studied
in the main fit, see also [57].

In any given model there is, of course, no particular reason to expect the exact flavor
structures implied by table 4. For instance, the couplings we set to zero will be radiatively
generated. In our bottom-up approach we assume them to be small enough at the matching
scale that the observables in the fit are not impacted in a sizeable way. In a more top-down
approach one might have expectations on the size of these terms based on the UV picture,
such as due to the presence of approximate flavor symmetries or other flavor-protection
mechanisms.
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In the numerical analysis we fix for concreteness values of leptoquark masses equal
to M1 = M3 = 1 TeV. While this is borderline with the exclusion limits from pair pro-
duction, discussed previously, the results do not change qualitatively by increasing slightly
the masses. Since most of the observables driving the fits scale as λ2/M2, with a good
approximation this scaling can be used to adapt our fits to slightly larger masses.6 We
note that the future limits on LQ masses from HL-LHC are expected to not go much above
1.5 TeV [52].

Concerning our specific benchmarks, the choice of active couplings in each case is
guided by some simple phenomenological observations (more details on each concrete model
can be found in the relevant subsections below):

1. Since the observed deviations in B-decays involve LQ couplings to second and third
generation, and given the strong constraints on s ↔ d quark flavor transitions, cou-
plings to first generation of down quarks can only play a minor role in the fit of
B-anomalies and are thus set to zero (note that even in this case, due to the CKM
matrix, effects in up-quark observables are present, for instance D-meson mixing).

2. Hints to LFU violation in rare B-decays, combined with the deviations observed in
B → K∗µ+µ−, suggest that the LQ couplings to muons should be larger than those
to electrons. We consider, for simplicity the case in which b → sℓℓ anomalies are
entirely explained by muon couplings and set to zero the couplings to electrons.

3. The S1 couplings to µR and cR or tR do not contribute to b → sℓℓ, nor to b →
c(τ/ℓ)ν, however are relevant for fitting the observed anomaly in the muon anomalous
magnetic moment, which gets the main contribution from the couplings to bLµL and
tRµR (cf. eq. (A.116)).

Details for all models are given in the following subsections.

3.1 Single-leptoquark S1

3.1.1 Addressing CC anomalies

This LQ can address the deviations in R(D) and R(D∗) with only two couplings: λ1L
bτ

and λ1R
cτ . They generate at tree-level a contribution to the semileptonic scalar and ten-

sor operators C(1,3)
lequ at the UV matching scale, eq. (2.4), which then run down to the

GeV scale. The best fit region is entirely determined by the following few observables:
R(D), R(D∗), Br(B+

c → τ+ν) (appendix A.2), |gτ/gµ| (appendix A.8), and the constraints
from pp→ τ+τ−.

The results from the fit, assuming real couplings and M1 = 1 TeV, can be seen in
figure 1. Since all the relevant low-energy observables scale with λ/M , the fit can be
easily adapted to other masses. The left panel shows confidence level regions for the two
couplings. The dashed lines are 95% CL constraints from single observables, and help
illustrate the role of each observable within the global fit.

6The exception to this scaling are ∆F = 2 observables, which scale as λ4/M4, but are relevant only for

the fits of section 3.2 and 3.3.
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Figure 1. Result from a fit in the two S1 couplings λ1L
bτ and λ1R

cτ , for a leptoquark of 1 TeV. In
the left panel we show the preferred regions in the plane of the two couplings, and the individual
2σ limits from the most relevant observables (except for (R(D), R(D∗)), for which we show the
68%CL region). The black dot corresponds to the best-fit point. In the right panel we show where
this preferred region is mapped in the plane of R(D) − R(D∗), together with the experimental
combination from HFLAV [67].

In the right panel we show how the 68% and 95% CL region from the global fit of the
left panel maps in the R(D(∗)) plane. This is almost degenerate, due to the approximate
linear relationship between these two observables in the present model. We overlay as
gray lines the CL ellipses (for 2 degrees of freedom) from the HFLAV global fit of the two
observables [67] (specifically, the Spring 2019 update).

The model is successful in fitting the deviation in R(D(∗)) within the 68%CL level, with
smaller values of R(D∗) (or larger R(D)) preferred by the fit. Improved measurements of
R(D(∗)) can test this setup due to the precise linear relationship among the two modes
predicted by the model, as well as improved Drell-Yan constraints.

The best-fit point, for M1 = 1 TeV, is found for

S
(CC)

1 |best-fit : λ1L
bτ ≈ 0.24, λ1R

cτ ≈ −1.00. (3.2)

3.1.2 Addressing NC anomalies

One may attempt to fit neutral-current anomalies in b → sℓℓ from the one-loop contri-
butions from S1. This scenario has been considered for the first time in [34]. Significant
contributions to ∆Cµ9 may only come from the two muon couplings λ1L

bµ and λ1L
sµ , whereas

the universal contribution is always negligible (Cu9 ≈ 0), cf. eqs. (A.6), (A.9).
Bs-mixing, cf. eq. (A.74), and B → K(∗)νν, cf. eq. (A.49), put strong constraints on

the product of the two couplings. Thanks to the different scaling of these observables and
∆Cµ9 on the leptoquark couplings, the limits can be avoided by a suitably large leptoquark
mass, as can be seen in figure 2 (left). For M1 & 3 TeV it is possible to avoid these limits
while having couplings still in the perturbative range (see also [36, 38]). Nevertheless, even
while marginally evading the Bs-mixing constraint, the ∆Cµ9 deviation remains in ≈ 2σ
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Figure 2. Left: 95% CL limits in the plane of λ1L
bµ −M1, for λ1L

sµ = −Re[Vcb/Vcs]λ1L
bµ . Right: 95%

CL limits from individual observables in the plane of λ1L
bµ − λ1L

sµ , fixing M1 = 6 TeV. In both plots
the green region is the 1σ favourite one from ∆Cµ

9 .

tension with the bound on λ1L
bµ arising from the LFU limit from τ decays, |gµ/ge| (see

appendix A.8). The situation is illustrated in the right panel of figure 2. This is slightly
exacerbated by a ∼ 1σ deviation in the opposite direction measured in |gµ/ge|.

We thus conclude that the S1 leptoquark is not able to fit neutral-current anomalies
while remaining completely consistent with all other constraints. The situation regarding
NC anomalies is not modified significantly by letting also the other couplings vary in the fit.
This issue could be avoided by allowing a mild cancellation by tuning a further contribution
to this observable, possibly arising from some other state. Fixing M1 = 6 TeV we find the
best-fit point for:

S
(NC)

1 (M1 = 6 TeV)|best-fit : λ1L
bµ ≈ 4.5, λ1L

sµ ≈ −0.18. (3.3)

3.1.3 Addressing (g − 2)µ,e

Thanks to the mt enhancement of the left-right contribution, cf. eq. (A.111), S1 is a good
candidate to address the observed deviation in the muon anomalous magnetic moment.
The leading contribution is given numerically by (see eq. (A.116)):

∆aµ ≈ 8.23× 10−7
λ1L
bµλ

1R
tµ

M2
1 /1 TeV2

(
1 + 0.53 log

M2
1

1 TeV2

)
. (3.4)

The observed deviation can thus be addressed for small couplings, and no other observable
is influenced significantly. Analogously, it is possible to address the (smaller and less
significant) deviation in the electron magnetic moment, see table 2.

A combined explanations of both deviations with a single mediator was thought not to
be viable, due to the very strong constraint from µ→ eγ, see e.g. refs. [114]. More recently,
in the updated versions of [115, 116] it was realized that a possible way out is to align the
S1 leptoquark-muon couplings to the top quark, while the leptoquark-electron ones to the
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charm.7 In our formalism this can be achieved aligning the S1 couplings as λ1L
ie = Vciλ

1L
e

and λ1L
iµ = Vtiλ

1L
µ . In this way one has (cf. eqs. (A.111), (A.114), (A.116)):

∆ae ≈ 1.9× 10−10 λ1L
e λ1R

ce

M2
1 /1 TeV2

(
1 + 0.09 log

M2
1

1 TeV2

)
,

∆aµ ≈ 8.23× 10−7 λ1L
µ λ1R

tµ

M2
1 /1 TeV2

(
1 + 0.53 log

M2
1

1 TeV2

)
,

Br(µ→ eγ) = 0 .

(3.5)

On the one hand, the strong limit from µ→ eγ implies that the alignment described above
must be held with high accuracy. On the other hand, radiative corrections to leptoquark
couplings from SM Yukawas are expected to induce deviations from it. For this reason we
will not investigate this direction further.

3.1.4 Addressing CC and (g − 2)µ

Following the previous subsections, the next natural step is to attempt to fit both R(D(∗))

and aµ anomalies with S1. The relevant couplings are λ1L
bτ , λ1L

bµ , λ1R
tτ , λ1R

cτ , λ1R
tµ .

This setup is not simply the combination of those discussed previously. Indeed, due to
the λ1L

bτ and λ1R
cτ couplings on the one hand (required to fit the charged-current B-anomaly),

and λ1R
tµ , λ1L

bµ on the other hand (necessary to fit aµ), sizeable contributions to τ → µγ

are generated at one-loop, see eq. (A.113). The values of λ1L
bτ,bµ and λ1R

cτ,tµ required to fit
R(D(∗)) and (g − 2)µ would induce a too large contribution to this LFV decay. However,
we find that the large contribution to τ → µγ arising from the product of λ1L

bµλ
1R
cτ can be

mostly cancelled by the λ1L
bµλ

1R
tτ term, for λ1R

tτ ∼ 0.003, corresponding to a small tuning of
approximately one part in 5. Such a small value does not affect any other observable in
our fit. It should be noted that the only effect of this coupling is to tune this observable.

We show the preferred region in parameters space, obtained from our fit, in figure 3.
In the upper two panels we show the fit in the (λ1L

bµ , λ
1R
tµ ) and (λ1L

bµ , λ
1R
tτ ) planes, including

the preferred region from the global fit as well as the individual 95%CL limits from single
observables, to help illustrating the physics behind the analysis. It can be noted that
the observed value of the muon magnetic moment can be reproduced, and that τ → µγ

requires a non-zero value of λ1R
tτ , as discussed above. Regarding the top-right panel, the

single-observable constraint from τ → µγ (red dashed line) is shown by imposing that aµ
is fixed to the value we get at the best-fit point. In the lower-left panel we show the fit in
the couplings contributing to R(D(∗)), (λ1L

bτ , λ
1R
cτ ), and how this preferred region is mapped

in the plane of R(D) − R(D∗) (lower-right panel). Comparing to the allowed region in
the same plane in the model studied in figure 1, we see that τ → µγ strongly reduced the
allowed region, while still not preventing a good fit of the charged-current B-anomalies.
Due to this reduction of the allowed (λ1L

bτ , λ
1R
cτ ) parameter space, specifically with smaller

values of λ1L
bτ , the points in the R(D∗) − R(D) plane line up more closely in a line than

what is observed in figure 1.

7We thank the authors of [115] and [116] for pointing this out to us.
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Figure 3. Result from the fit in the S1 model aimed to addressing the CC and (g− 2)µ anomalies.
We show the preferred regions in the planes of two couplings, where those not shown are profiled
over. The dashed lines show, for illustrative purposes, 2σ limits from individual observables where
the other couplings are fixed at the best-fit point (black dot). In the lower-right panel we show
where the preferred region is mapped in the plane of R(D)−R(D∗).

We conclude that the R(D(∗)) and (g − 2)µ anomalies can be addressed by the S1

leptoquark, for perturbative couplings and TeV-scale mass. We find the best-fit point,
with M1 = 1 TeV, for

S1
(CC+aµ)

∣∣∣
best-fit

:
λ1L
bτ ≈ 0.13, λ1L

bµ ≈ 0.44,

λ1R
tτ ≈ 0.0026, λ1R

cτ ≈ −1.33, λ1R
tµ ≈ 0.0051.

(3.6)

3.2 Single-leptoquark S3

We move on to examine S3, and we attempt directly a combined explanation of charged
and neutral current anomalies. It is well known that S3 provides a simple and good
explanation for the deviations observed in b → sℓℓ, thanks to its tree-level contribution
to the partonic process. The couplings required are λ3L

bµ -λ3L
sµ , with small enough values
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Figure 4. Result from the fit in the S3 model. In the upper panels we show the preferred regions
in the planes of two couplings, where the two not shown are profiled over. The dashed lines show,
for illustrative purposes, 2σ limits from individual observables where the other couplings are fixed
at the best-fit point (black dot). In the lower panels we show where the preferred region is mapped
in the planes of the neutral and charged-current anomalies.

that other observables do not pose relevant constraints. The leading contribution to both
R(D(∗)) and Cu9 , instead, arises via the λ3L

bτ -λ3L
sτ couplings. For concreteness we fix M3 =

1 TeV, but the fit would be very similar for a slightly larger mass.
Our results can be seen in figure 4. As expected, the model is successful in fitting ∆Cµ9 .

The couplings to the tau allow to also fit Cu9 , while charged-current anomalies cannot be
reproduced. The main limiting observables are Bs-mixing and B → K(∗)νν, as can be seen
from the top-right panel.

The best-fit point, for M3 = 1 TeV, is found for

S3
(CC+NC)

∣∣∣
best-fit

: λ3L
bτ ≈ 0.36, λ3L

sτ ≈ −0.13, λ3L
bµ ≈ 0.050, λ3L

sµ ≈ 0.015. (3.7)

3.3 S1 + S3 with LH couplings only

Models involving S1 and S3 with left-handed couplings have been first considered in [50–
52]. In particular, in [51, 52] it was shown how this setup could fit both charged- and

– 17 –



J
H
E
P
0
1
(
2
0
2
1
)
1
3
8

λ�τ� �=-λ�τ� ���[���/���]

|�τ/�μ| �ν
(�����*)

��-��

�ν*

��%��
��%��
��%��

��=��=����

����� ��+��(��)

��� ��� ��� ��� ���
-���

-���

���

���

���

���

���

���

λ�τ� �

λ�τ� �

λ�τ� �=λ�τ� ���[���/���]
Δ�τ��

(�����*)

��-��
�ν*

��=��=����
����� ��+��(��)

��� ��� ��� ��� ��� ��� ��� ���
-����

-����

-����

-����

-����

����

λ�τ� �

λ�τ� �

Figure 5. Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two not
shown are profiled over. The dashed lines show, for illustrative purposes, 2σ limits from individual
observables where the other couplings are fixed at the best-fit point (black dot). In the lower panels
we show where the preferred region is mapped in the planes of the neutral and charged-current
anomalies.

neutral-current anomalies with couplings compatible with a minimally broken U(2)5 flavor
symmetry, albeit with a tension between R(D(∗)) and the Bs-mixing constraint. Since then,
new experimental updates on R(D(∗)) pushed the preferred region closer to the SM, thus
also alleviating the tension with meson mixing. Here, we update the fit for this scenario,
without assuming a priori a specific flavor structure for the relevant couplings.

The relevant couplings are λ1L
[bs]τ , λ

3L
[bs]µ, and λ3L

[bs]τ . A first qualitative understanding of
the model can be obtained by noticing the main roles of the various couplings with regard
to the anomalies:

λ3L
[b,s]µ → ∆Cµ9 , λ3L

[b,s]τ → Cu9 , (λ1L
[b,s]τ , λ

3L
[b,s]τ )→ R(D(∗)). (3.8)

In this model, the relative deviation in R(D) and R(D∗) from the respective SM values is
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predicted to be exactly the same, since it is only due to the same left-handed vector-vector
operator generated in the SM. The contribution is given by the combination in eq. (A.29).

The most salient features of the fit are summarized in figure 5. In the top two panels
we show the preferred regions in the λ1L

bτ − λ1L
sτ and λ3L

bτ − λ3L
sτ planes, together with the

single-observable 2σ limits obtained fixing the other couplings to the global best-fit value.
The favoured region in the λ3L

bµ − λ3L
sµ plane is very similar to the one of model S (CC+NC)

3

(figure 4 top-left), thus we do not show it again. The constraint from B → K(∗)νν is
avoided thanks to a slight cancellation between the tree-level contributions of the two
leptoquarks [51], see eq. (A.43). There is a (small) leftover tension in the R(D(∗)) fit, due
to constraints from Bs-mixing. It should be noted that this tension grows with larger LQ
masses (thus larger required couplings) since the deviation in R(D(∗)) scales as λ2/M2

while the contribution to meson mixing goes as λ4/M2.
We also point out that the parameter-region preferred by the fit is compatible with

the relations between couplings predicted by a minimally-broken U(2)5 flavor symmetry,
λsα = cU(2)Vtsλbα, with cU(2) an O(1) complex parameter, see e.g. [51] and references
therein. The case with |cU(2)| = 1 is shown with grey dashed lines in the upper panels.

In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1σ. The best-fit point, for M1 = M3 = 1 TeV, is found for

S1 + S3
(LH)

∣∣∣
best-fit

:
λ3L
bτ ≈ 0.47, λ3L

sτ ≈ −0.13, λ3L
bµ ≈ 0.056, λ3L

sµ ≈ 0.014,

λ1L
bτ ≈ 0.45, λ1L

sτ ≈ 0.13.
(3.9)

3.4 S1 + S3 addressing CC, NC, and (g − 2)µ

From the previous sections it is clear that in order to address all anomalies, both S1 and
S3 leptoquarks are required. NC anomalies are addressed only by S3, the muon anomalous
magnetic moment only by S1, while R(D(∗)) receives sizeable contributions from both. For
our most general analysis we keep ten active couplings:

λ3L
[b,s]τ , λ3L

[b,s]µ, λ1L
[b,s]τ , λ1L

bµ , λ1R
[t,c]τ , λ1R

tµ . (3.10)

The results of our fit are shown in figure 6.
In the first row of figure 6 we show the preferred regions for the couplings relevant for

the aµ fit. The situation is very similar to what already discussed for model S (CC+aµ)
1 ,

section 3.1.4.
The couplings relevant for the R(D(∗)) fit are shown in the second row. They show

a behavior very similar to the one already seen in the models S (CC+aµ)
1 and S1 + S

(LH)
3 .

The main contribution is due to the scalar+tensor operators generated via the λ1R
cτ λ

1L
bτ

couplings, but a sizeable contribution, which helps to improve the fit with respect to model
S

(CC)
1 , is induced via the left-handed couplings λ1L

[b,s]τ and λ3L
[b,s]τ , analogously to what we

saw in model S1 +S
(LH)
3 . Contrary to that case, however, here the preferred region avoids

any tension with both Bs-mixing and B → K(∗)νν.
We do not show in figure 6 the preferred values for λ3L

[s,b]µ, which are necessary to fit

∆Cµ9 , since they are analogous to what we saw for model S (CC+NC)
3 (see figure 4 top-left).
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Figure 6. Result from the fit in the S1 + S3
(all) model, aimed at addressing all anomalies (see

description in the text).
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Observable Measurement Reference

S 0.04± 0.08 [117]

T 0.08± 0.07 (ρS,T = 0.92) [117]

κg 1.00± 0.06 [118]

κγ 1.03± 0.07 (ργ,g = −0.44) [118]

σ/σSM(Zγ) 2.0+1.0
−0.9 (ATLAS) [119]

σ/σSM(Zγ) < 3.9 @ 95% CL (CMS) [120]

Table 5. Bosonic observables for the LQ potential couplings.

We conclude that all the anomalies in R(D(∗)), b→ sµµ, and (g−2)µ, can be completely
addressed in this model, for perturbative couplings and TeV-scale leptoquark masses. The
best-fit point, for M1 = M3 = 1 TeV, is found for

S1 + S3
(all)

∣∣∣
best-fit

:

λ3L
bτ ≈ 0.40, λ3L

sτ ≈ −0.11, λ3L
bµ ≈ 0.31, λ3L

sµ ≈ 0.0024,

λ1L
bτ ≈ 0.11, λ1L

sτ ≈ 0.082, λ1L
bµ ≈ 0.55,

λ1R
tτ ≈ 0.0029, λ1R

cτ ≈ −1.26, λ1R
tµ ≈ 0.0052.

(3.11)

3.5 Leptoquark potential couplings

In this section we study available constraints for the potential couplings of leptoquark with
the Higgs boson in the third and fourth lines of eq. (2.1). There are four such couplings:
λH1, λH3, λǫH3, and λH13. All contribute only at one-loop level in the matching to SMEFT
operators, therefore possible phenomenological effects are suppressed both by a loop factor
and by the LQ mass scale. We focus on effects of these couplings which are independent on
the LQ couplings to fermions. We thus need precisely measured quantities in the bosonic
sector of the SM.

Obvious candidates are the gauge-boson oblique corrections measured at LEP [121]: Ŝ,
T̂ , Y , W , as well as the analogous effect for QCD, Z. All these parameters are measured at
the per-mille level, and are able to constrain multi-TeV scale physics. Given the expressions
in the Warsaw basis of [122] and our one-loop matching of the SMEFT to the LQ model,
we obtain (see appendix A.13 for details)

Ŝ =
α

4s2
W

S = −g
2Ncv

2YS3

48π2

λǫH3

M2
3

≈ −5.4× 10−5λǫH3/m
2 ,

T̂ = αT =
Ncv

2λ2
ǫH3

48π2M2
3

+
Ncv

2

16π2
|λH13|2

M4
1 −M4

3 − 2M2
1M

2
3 logM2

1 /M
2
3

(M2
1 −M2

3 )3

≈ 3.8× 10−4λ2
ǫH3/m

2 + 3.8× 10−4|λH13|2/m2 ,

(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10−6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in table 5. The contribution to the T parameter from the λH13 coupling has
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Figure 7. Limits on LQ potential couplings from oblique corrections and Higgs measurements. In
each panel, the other two couplings have been marginalised. The black point represents the best-fit
point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, hγγ,
and hZγ couplings. Since these are also loop-generated in the SM, the percent-level preci-
sion presently available for the Higgs couplings to photons and gluons couplings allows to
probe heavy new physics. Loop contributions to other couplings, which arise at tree-level
in the SM, are instead too small to have a sizeable impact. We thus consider the combined
fit of Higgs couplings in the κ-framework where only κγ and κg are left free, and a con-
straint on σ/σSM(Zγ) = κ2

gκ
2
Zγ , which is however still not precisely measured, see table 5.

The approximate contributions to these parameters in our model are given by (details in
appendix A.13)

κg − 1 = −(3.51λH3 + 1.17λH1)× 10−2/m2 ,

κγ − 1 = −(2.32λH3 + 0.66λǫH3 − 0.11λH1)× 10−2/m2 ,

κZγ − 1 = −(1.89λH3 + 0.23λǫH3 − 0.033λH1)× 10−2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (λH1,λH3) and (λH13,λǫH3) planes
are shown in figure 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can
be put on both λH13 and λǫH3 (right panel). This comes mainly from the contribution
to the T̂ parameter, eq. (3.12), which is quadratic in the two couplings and thus allows
to constrain both at the same time. The λH1 and λH3 couplings, instead, are constrained
mainly from their contribution to the hγγ and hgg couplings, eq. (3.13). We see that with
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present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on λH1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable effect on the limits shown in the right panel, since those are
dominated by the constraint on the T parameter, which will instead improve substantially
from measurements on the Z pole at FCC-ee. A more detailed analysis of FCC prospects
are however beyond the scope of this paper.

3.6 Comparing with literature

In recent months the S1 + S3 model at one-loop accuracy has been studied in refs. [55, 56]
for what regards the flavour anomalies, while ref. [57] studied electroweak and Higgs limits
on the leptoquark-Higgs couplings. Given the similarity of the goals with out work, we
discuss in this section the main differences. The most important lies in the approach used to
calculate radiative leptoquark contributions to observables. While previous works employed
direct computations of leptoquark loop contributions to the desired low-energy amplitudes,
in this work we use an EFT approach, whereby the only model-dependent part of the
computation is the one-loop matching to the SMEFT. As argued in the introduction, we
believe such an approach has several advantages, the most important being the automatic
inclusion of all new physics effects to all observables at leading order in 1/M2

LQ expansion
and to one-loop accuracy: there is indeed no need to simplify the computation neglecting
given terms or couplings, for example all electroweak corrections are included automatically
in our computation.8

This approach thus allow us to study a larger set of observables than the ones con-
sidered in previous studies. One example is D0 − D̄0 mixing, which was not considered
in [55, 56]. Considering the benchmark points selected by both works, we find that all of
them are excluded (by a large amount) by D-meson mixing, due to large λ1(3)L

23 couplings.
In the benchmarks of [56] we also find a large tension in τ → µγ, while we are in agreement
with the analytic expressions for the decay. We also find some tension in the leptonic decay
Ds → τν for several benchmarks points of both studies.

We should also point out that the Higgs-S3 interaction proportional to λǫH3, cf.
eq. (2.1), was not included in the analysis of ref. [57].

4 Prospects

In this section, we discuss the implications of future Belle II measurements of

• LFV B decays induced at parton level by b→ sτµ (see appendix A.6);

• B decays induced at parton level by b→ sττ (see appendix A.6).

These processes, in fact, are particularly interesting for leptoquark scenarios aiming at
addressing both neutral and charged-current B-anomalies. Both are induced at tree-level

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in order

to simplify the presentation, all contributions are kept in the numerical analysis.

– 23 –



J
H
E
P
0
1
(
2
0
2
1
)
1
3
8

Observable Present limit Belle II (5)50ab−1 LHCb Up.-II

b→ sτµ observables

Br(B+ → K+τ±µ∓) < 3.3(5.4)× 10−5 [81, 82] 3.9× 10−6 O(10−6)

Br(Bs → τ±µ∓) < 4.2× 10−5 [80] ∼ 4× 10−6 ∼ 1× 10−5

b→ sττ observables

Br(B+ → K+τ+τ−) < 2.8× 10−3 [126] (7.7) 2.4× 10−5 -

Br(Bs → τ+τ−) < 6.8× 10−3 [127] (9.7)3× 10−4 5× 10−4

Table 6. Future Belle II and LHCb sensitivities, at 95% C.L., for b→ sτµ and b→ sττ observables.

Figure 8. Results from the fit in the S1 + S
(LH)
3 model (left panel) and in the S1 + S

(all)
3 (right

panel). The red solid (dashed) lines correspond to the 50ab−1 (5ab−1) Belle II future bounds, at
95% C.L. . The blue solid line is the prospected bound for the LHCb Upgrade II, on Br(Bs →
ττ)/Br(Bs → ττ)SM.

by S3 and, by SU(2)L relations, the b→ cτντ transition, tree-level in the SM, is related to
the FCNC transition b→ sττ . Also, LFV is a natural consequence of leptoquark couplings
once also the coupling to muons is considered, as required by neutral-current anomalies.
While the LFV B-meson decays are already included in the global fits described in the
previous sections, the current bounds on b → sττ observables are of the order of ∼ 10−3

and thus too weak to set constraints on the model parameters. However, Belle II, with
50ab−1 of luminosity, will strongly improve the sensitivity, in particular for the branching
fraction of the semileptonic decays. On the other hand, the Upgrade II of LHCb will set
competitive bounds on the leptonic decay Bs → ττ . The relevant future expected limits
at 95% C.L. for Belle II [124] and LHCb [125] are summarised in table 6.

In figure 8 we show how the preferred parameter-space regions for the models S1+S
(LH)
3

(left) and S1 + S
(all)
3 (right) map in the plane of the branching fractions of the LFV
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decay B+ → K+τµ and the decay B+ → K+ττ (normalised to the SM value).9 The
red horizontal lines correspond to the Belle II future bounds at 95% C.L. on Br(B+ →
K+τ+τ−) at 5ab−1 (dashed lines) and 50ab−1 (solid lines), while the vertical ones represent
the Belle II 50ab−1 prospect for Br(B+ → K+τµ). One can see that, in both scenarios,
the predictions for both the non-LFV and LFV semileptonic B decay into τ are in the
ballpark of the future Belle II sensitivity at 50ab−1, while the expected bounds at 5ab−1

are still too weak to set significant constraints on the models. Furthermore, one can notice
that the future measurements of b → sττ observables are constraining more strongly the
parameter space of the S1 + S3

(LH) model than the one of the S1 + S3
(all) model. For

the leptonic decay Bs → τ+τ− at Belle II only the prospect at luminosity of 5ab−1 is
available; it is not shown in the plots since it is weaker with respect to the semileptonic
decays and correspond to a horizontal line at ∼ 1250. On the other hand, for the Upgrade
II of LHCb, the prospected bound on Br(Bs → τ+τ−) (blue horizontal lines) is stronger
and leads to constraints similar to the ones that we obtain from the B+ → K+τ+τ−

decay measured at 5ab−1 Belle II. In order to evaluate the constraining power of future
Br(Bs → τµ) measurements, in figure 8, one could keep in mind that in our model we have
Br(Bs → τµ)/Br(B+ → K+τµ) ≈ 0.89, at tree-level.

5 Conclusions

In this work we examined in detail and at one-loop accuracy the phenomenology of Stan-
dard Model extensions involving the two leptoquarks S1 and S3, motivated by the exper-
imental discrepancies observed in B-meson decays and in the muon anomalous magnetic
moment (g − 2)µ.

To this aim, we performed global fits for several benchmark models to a comprehensive
list of flavor and electroweak precision observables, each computed at one-loop accuracy,
leveraging on our previous work [58]. For each model, we identify best-fit regions and major
sources of tension, when present, and also provide prospects for B-decays to ττ and τµ, in
the experimental scope of Belle II and LHCb.

It is found that models involving only the S1 leptoquark can consistently address
R(D(∗)) and (g − 2)µ anomalies, while a fully-satisfactory solution for b→ sµµ anomalies
is prevented by the combination of constraints from Bs-mixing and LFU in τ decays.
Conversely, the S3 leptoquark when taken alone can only address neutral-current B-meson
anomalies. A model with both S1 and S3, and only left-handed couplings for S1, can
address both B-anomalies but not the muon magnetic moment. Finally, allowing for right
handed S1 couplings makes it possible to fit also (g − 2)µ. Concerning the prospects for
both the LF conserving branching fraction Br(B → Kττ) and the LFV one Br(B → Kτµ),
they are found to be in the ballpark of the future expected sensitivity of Belle-II and LHCb.

A quick glance summary of the various models is provided by figure 9 where we show,
for the best-fit point of each model, the deviations from the SM prediction of each of the
most relevant observables studied in the global fit. The black dots and intervals represent

9It should be noted that at tree-level in our model this ratio is the same for all decays involving the

b → sττ transition, e.g. Bs → ττ (see appendix A.6).
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Figure 9. For the best-fit points in each model studied in this work, we show the relative devi-
ations from the Standard Model prediction in all observables, in terms of number of sigmas given
by the experimental precision in that observable. The black intervals represent the experimental
measurements

the experimentally preferred values and uncertainties, and for each observable we nor-
malize the x-axis to the corresponding uncertainty (i.e. we count the number of standard
deviations). Detailed informations for each model can be found in subsections 3.1–3.4. A
separate analysis is provided in section 3.5 for Higgs physics observables and electroweak
oblique corrections, which put constraints on leptoquark-Higgs couplings.

To conclude, we find that the combination of S1 and S3 provides a good combined ex-
planation of several experimental anomalies: charged and neutral-current B-meson anoma-
lies as well as the muon magnetic moment. Their mass is necessarily close to the 1 TeV
scale, particularly to address charged-current anomalies R(D(∗)), and is thus in the re-
gion that could still show some signals at HL-LHC, if they are light enough, but that will
definitely be tested at future hadron colliders.
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In the next few years, several experiments are expected to provide concluding answers
as to the nature of all these puzzles. While at this time it is still very possible that
some, or all, of these will turn out to be only statistical fluctuations and will be shown
to be compatible with SM predictions, the possibility that even only one will instead be
confirmed is real. Such an event would have profound and revolutionary implications for
our understanding of Nature at the smallest scales. The scalar leptoquarks considered here
are very good candidates for combined explanations and could thus be the heralds of a new
physics sector lying at the TeV scale.
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A Analysis of observables and pseudo-observables

We collect in this appendix the details for all observables considered in this study. When-
ever feasible and relevant, we emphasize the model independent steps of the calculations. In
the derivations below, we employ several results available from the literature. Of particular
relevance to us are the following references:

1. The complete one-loop matching equations of the S1+S3 model onto the SMEFT [58].

2. The SMEFT one-loop renormalization group equations [61–63].

3. The one-loop matching equations of SMEFT onto LEFT [64].

4. The LEFT one-loop renormalization group equations [65].

We consider up to dimension-six operators in the effective theories. Operator bases
are taken from refs. [59] and [128], for SMEFT and LEFT respectively, and reported in
appendix B for ease of reference.

Some remarks about notation and conventions:

• The sign convention for gauge couplings follows from eq. (2.2). This is the opposite
convention to the one employed in our previous work [58], but it agrees with all other
references mentioned here. We make this sign change for ease of comparison with
these references.
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• SM Yukawa couplings are defined by:

LYuk = −(yE)αβ ℓ̄αeβH − (yU )ij q̄iujH̃ − (yD)ij q̄idjH + h.c., (A.1)

where H̃ = iσ2H
∗. This is the same convention used in ref. [59] and in our work [58].

All other references mentioned in this section use instead the notation: y[61–65, 128] =

y†
this work.

• Any other notation/convention agrees with those employed in our work [58].

Finally, we give, for convenience, our numerical expressions in terms of:

m1,3 ≡M1,3/(1 TeV). (A.2)

A.1 Observables for b → sℓℓ

One of the goals of the present analysis is to provide an explanation for the hints of non
LFU in the neutral-current semileptonic decay of B-meson into K(∗). We study here the
observables related to b → sℓ+ℓ−, focusing on those for which it is possible to obtain a
robust SM prediction, i.e. the LFU ratios RK and RK∗ in several q2 bins, as well as the
leptonic decay Bs → µ+µ−. Their SM predictions and experimental measurements are
reported in the first five lines of table 1.

The standard notation for the effective operators relevant to these processes is

Heff ⊃ −
4GF√

2

α

4π
V ∗
tsVtb

∑

i

CiOi , (A.3)

where the Ci are evaluated at mb scale and the operators Oi are defined as

O(′)ℓℓ
9 = (s̄γαPL(R)b)(ℓ̄γ

αℓ) , O(′)ℓℓ
10 = (s̄γαPL(R)b)(ℓ̄γ

αγ5ℓ) ,

O(′)ℓℓ
S = mb(s̄PR(L)b)(ℓ̄ℓ) , O(′)ℓℓ

P = mb(s̄PR(L)b)(ℓ̄γ5ℓ) ,

O(′)
7 =

mb

e
(s̄σαβPR(L)b)F

αβ .

(A.4)

The expressions for the Wilson coefficients of the above operators in terms of the LEFT
ones are

Csbℓℓ9(10) =
N−1
sb

2

(
[LV,LRde ]sbℓℓ ± [LV,LLed ]ℓℓsb

)
, C′sbℓℓ

9(10) =
N−1
sb

2

(
[LV,RRed ]ℓℓsb ± [LV,LRed ]ℓℓsb

)
,

CsbℓℓS(P ) =
N−1
sb

2mb

(
[LS,RRed ]ℓℓsb ± [LS,RLed ]∗ℓℓsb

)
, C′sbℓℓ

S(P ) =
N−1
sb

2mb

(
[LS,RLed ]ℓℓsb ± [LS,RRed ]∗ℓℓsb

)
,

C7 = N−1
sb

e

mb
[Ldγ ]sb , C′

7 = N−1
sb

e

mb
[Ldγ ]∗bs , (A.5)

where Nsb = 4GF√
2

α
4πV

∗
tsVtb.

Experimental measurements of the observables taken into account set constraints on
the Csbℓℓ9(10) coefficients of O(′)ℓℓ

9(10). The only tree-level contributions come from [OV,LLed ]ℓℓsb.
One-loop corrections might be important in a precision analysis, in particular in regions
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of the parameter space in which the tree-level term turns out to be small. The leading
contributions are the ones proportional to the squared top Yukawa and to the large logs
associated to the electromagnetic RG in the LEFT, but there might be relevant effects also
from terms in which the product of four LQ couplings enters. Therefore, an approximated
expression for these semileptonic Wilson coefficients, at mb scale, in terms of the model
parameters is

[LV,LLed ]ℓℓsb(mb) ≈
λ3L∗
sℓ λ3L

bℓ

M2
3

− (λ1L †λ1L)ℓℓ(λ
1L ∗λ1LT )sb

64π2M2
1

+
y2
t

32π2
2ηsittη

jb
tt

λ1L∗
iℓ λ1L

jℓ

2M2
1

+
α

6π

λ3L∗
sτ λ3L

bτ

M2
3

log
m2
τ

M2
3

,

[LV,LRde ]sbℓℓ(mb) ≈ −
(λ1L ∗λ1LT )sb(λ

1R †λ1R)ℓℓ
64π2M2

1

+
y2
t

64π2
ηsbtt

λ1R ∗
tℓ λ1R

tℓ

M2
1

(
log

M2
1

m2
t

− 3

2

)

+
α

6π

λ3L∗
sτ λ3L

bτ

M2
3

log
m2
τ

M2
3

,

[LX ]sbℓℓ(mb) ≈ 0 for all the other LX , (A.6)

where ηijkl ≡ V ∗
kiVlj and for S3 we kept only the tree-level contribution and the electromag-

netic universal and vector-like loop correction.
Therefore, the coefficients in eq. (A.5) are all vanishing at first approximation, apart

from Csbℓℓ9(10) which can be obtained, using eq. (A.6), as

Csbℓℓ9(10) =
N−1
sb

2

(
[LV,LRde ]sbℓℓ(mb)± [LV,LLed ]ℓℓsb(mb)

)
. (A.7)

The relevant observables for these operators are the LFU ratios RK [12, 14, 129] and
RK∗ [13, 15], the branching ratio of Bs → µ+µ− [19, 20, 130], the angular observable P ′

5

in B → K∗µ+µ− [21], and branching ratios in other b→ sµµ transitions [18, 131–133]. In
our analysis, we use the results from the global fit of b→ sℓℓ observables done in [66]. In
particular, with negligible S1 couplings to right-handed muon λ1R

iµ ≈ 0, the fit relevant for
us is the one with a LFU-violating contribution to muons along the left-handed combination
∆Csbµµ9 ≡ Csbµµ9 − Cuniv

9 ≈ −Csbµµ10 , and a flavor-universal contribution along the vector-like
direction Cuniv

9 :

Cuniv
9 ≡ Csbee9 = −0.48± 0.24,

∆Csbµµ9 ≡ Csbµµ9 − Cuniv
9 = −Csbµµ10 = −0.43± 0.09,

(A.8)

with a correlation of ρ ≈ −0.5.10 The numerical expressions we get in our setup are,
assuming real LQ couplings:

Cuniv
9 ≈ 0.25

∑
α λ

3L
sαλ

3L
bα

|Vts|m2
3

(1 + 0.079 logm2
3)− 0.013

∑
α λ

1L
sαλ

1L
bα

m2
1

+ . . . ,

∆Csbµµ9 ≈ −23.7
λ3L
bµλ

3L
sµ

|Vts|m2
3

− 0.80
λ1L
bµλ

1L
sµ

m2
1

+ 0.94
(
∑
i λ

1L
iµ λ

1L
iµ )(

∑
α λ

1L
sαλ

1L
bα )

m2
1

+ . . . .

(A.9)

10We use the results updated in April 2020 from P. Stangl’s slides at https://conference.ippp.dur.ac.uk/

event/876/timetable/.

– 29 –

https://conference.ippp.dur.ac.uk/event/876/timetable/
https://conference.ippp.dur.ac.uk/event/876/timetable/


J
H
E
P
0
1
(
2
0
2
1
)
1
3
8

We report for completeness the LFU ratios RK and RK∗ dependence on these Wilson
coefficients:

RK∗([0.045, 1.1] GeV2) ≈ 0.94 + 0.11 Re ∆Csbµµ9 − 0.13 Re ∆Csbµµ10 + . . . ,

RK∗([1.1, 6] GeV2) ≈ 1.00 + 0.22 Re ∆Csbµµ9 − 0.25 Re ∆Csbµµ10 + . . . ,

RK([1.1, 6] GeV2) ≈ 1.00 + 0.24 Re ∆Csbµµ9 − 0.24 Re ∆Csbµµ10 + . . . ,

(A.10)

where the SM prediction is known up to O(1%) electromagnetic corrections [134] and we
neglected subleading contributions due to quadratic terms or imaginary parts of the Wilson
coefficients

A.2 Observables for b → cτν

In this section, we analyze the effects of the S1,3 model on the observables related to
b→ cℓν, in order to account for the hints of non LFU in the charged-current semileptonic
B decays. In the following, we will at first assume that the NP contribution to the τντ
channel is the dominant one and all the others might be neglected. Indeed, as shown in
the next section, LFU in light leptons has been checked at the percent level, this limits the
size of the possible effect in the muon channel in R(D(∗)) to be sub-leading.

The relevant four-fermion effective Hamiltonian, at the µ = mb scale is

Heff ⊃
4GF√

2
Vcb

∑

i

CiOi , (A.11)

where the Ci are evaluated at mb scale and the operators Oi are defined as

OVL
= (cγµPLb)(τγµPLν) , OVR

= (cγµPRb)(τγµPLν) ,

OSL
= (cPLb)(τPLν) , OSR

= (cPRb)(τPLν) , (A.12)

OT = (cσµνPLb)(τσµνPLν) .

They coincide with the νττbc matrix elements of the hermitian conjugates of the LEFT
Oνedu operators. The expressions for the Wilson coefficients in terms of the LEFT ones
are given by

CVL
= − 1

2
√

2GFVcb
[LV,LLνedu (mb)]

∗
ντ τbc , CVR

= − 1

2
√

2GFVcb
[LV,LRνedu (mb)]

∗
ντ τbc ,

CSL
= − 1

2
√

2GFVcb
[LS,RRνedu (mb)]

∗
ντ τbc , CSR

= − 1

2
√

2GFVcb
[LS,RLνedu (mb)]

∗
ντ τbc , (A.13)

CT = − 1

2
√

2GFVcb
[LT,RRνedu (mb)]

∗
ντ τbc .

At tree-level, in our model, non vanishing contributions come only from OV,LLνedu , OS,RRνedu

and OT,RRνedu , which is to say OVL
, OSL

and OT . Important one-loop corrections are due
to QCD RG effects on the Wilson coefficients of the scalar and tensor operators, particu-
larly below the electroweak scale [135] (while LV,LLνedu is not affected by this running), and
by electroweak and Yukawa RGE from the electroweak to the leptoquark scale. In our
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approach we also include finite corrections arising from the one-loop matching between the
LEFT and SMEFT [64], as well as in the SMEFT to LQ matching. These effects have a
comparable impact to the RGE, as we will show below. Going from LEFT coefficients at
the mb scale up to SMEFT ones at 1 TeV we get:

[LV,LLνedu (mb)]ντ τbc ≈ − 2V ∗
cb[C

(3)
Hℓ(1 TeV)]33 − 2V ∗

ci[C
(3)
Hq(1 TeV)]3i

+ 2.1V ∗
ci[C

(3)
lq (1 TeV)]333i − 0.056V ∗

ci[C
(1)
lq (1 TeV)]333i (A.14)

− 0.16V ∗
cbVtjV

∗
tb[C

(3)
lq (1 TeV)]33j3

−
∑

i6=3

0.14V ∗
cbVtjV

∗
ti [C

(3)
lq (1 TeV)]33ji,

[LV,LRνedu (mb)]ντ τbc = − [CHud(1 TeV)]23 , (A.15)

[LS,RLνedu (mb)]ντ τbc = − 1.67V ∗
ci[Cledq(1 TeV)]333i , (A.16)




[LS,RRνedu (mb)]ντ τbc

[LT,RRνedu (mb)]ντ τbc


 ≈

(
1.48 0

0 0.88

)

QCD




[LS,RRνedu (mt)]ντ τbc

[LT,RRνedu (mt)]ντ τbc




≈



1.68 −0.22

−0.0032 0.85






[C
(1)
ℓequ(1 TeV)]3332

[C
(3)
ℓequ(1 TeV)]3332


 , (A.17)

where in the last expression we neglected small CKM and loop-suppressed terms propor-
tional to

∑
i=1,2 Vti[C

(1,3)
ℓequ (1 TeV)]33i2, which are however kept in the numerical analysis.

The tree-level matching between SMEFT and the LQ theory is given in eq. (2.4),
which sets the relation [C

(1)
ℓequ]

(0)
3332 = −4[C

(3)
ℓequ]

(0)
3332. This gets modified by finite one-loop

contributions to [C
(1)
ℓequ(MLQ)]3332 ≈ −3.68[C

(3)
ℓequ(MLQ)]3332, see [58].

Considering a NP scale around ∼TeV, an approximate expression of the Wilson coef-
ficients at mb scale as a function of the LQ couplings, is

CVL
≈ v2

2

∑

j

(
1.09

λ1L
bτ λ

1L∗
jτ

2M2
1

− 1.02
λ3L
bτ λ

3L∗
jτ

2M2
3

)
Vcj
Vcb

, CVR
≈ 0,

CSL
≈ −1.63

v2

2Vcb

λ1L
bτ λ

1R∗
cτ

2M2
1

, CSR
≈ 0, (A.18)

CT ≈ 0.88
v2

2Vcb

λ1L
bτ λ

1R∗
cτ

8M2
1

.

In terms of low-energy coefficients at the mb scale, we obtain the relation CSL
≈ −7.43CT .

The observables mostly relevant to the b → cτν transition, for which a robust SM
prediction is possible, are

R(D), R(D∗), Pτ , FL(D∗), Br(Bc → τν) . (A.19)

The approximate dependence on the non-vanishing EFT coefficients in eq. (A.18), valid up
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to order O(αs) and O(ΛQCD/mc), are [136]:

R(D)

R(D)SM
= 1 + Re[2CVL

+ 1.49C∗
SL

+ 1.14C∗
T ] +O(C2) , (A.20)

R(D∗)

R(D∗)SM
= 1 + Re[2CVL

− 0.11C∗
SL
− 5.12C∗

T ] +O(C2) , (A.21)

Pτ (D)

Pτ (D)SM
=

(
R(D)

R(D)SM

)−1 (
1 + Re[2CVL

+ 4.65C∗
SL
− 1.18C∗

T ] +O(C2)
)
,

(A.22)

Pτ (D
∗)

Pτ (D∗)SM
=

(
R(D∗)

R(D∗)SM

)−1 (
1 + Re[2CVL

+ 0.22C∗
SL
− 3.37C∗

T ] +O(C2)
)
,

(A.23)

FD
∗

L

[FD
∗

L ]SM
=

(
R(D∗)

R(D∗)SM

)−1 (
1 + Re[2CVL

− 0.24C∗
SL
− 4.37C∗

T ] +O(C2)
)
,

(A.24)

Br(B+
c → τ+ν)

Br(B+
c → τ+ν)SM

= 1 + 2 Re[CVL
− 4.33CSL

] +O(C2) . (A.25)

In the numerical analysis we use the complete expressions from [136], including quadratic
terms. The global avarage of R(D) and R(D∗) [1–11] is taken from [67] (Spring 2019
update), the measurement of Pτ (D∗) from [7], FD

∗

L from [69], and Br(B+
c → τ+ν) from [70].

They are summarised in table 1 together with the SM predictions.
Approximate numerical expressions for R(D), R(D∗), and Br(B+

c → τ+ν) assuming
real LQ couplings:

R(D)

R(D)SM
≈ 1 + 2 Re[CVL

]− 0.79
λ1L
bτ λ

1R
cτ

m2
1

(1 + 0.05 logm2
1)

+ 0.36
(λ1L
bτ λ

1R
cτ )2

m4
1

(1 + 0.08 logm2
1), (A.26)

R(D∗)

R(D∗)SM
≈ 1 + 2 Re[CVL

]− 0.34
λ1L
bτ λ

1R
cτ

m2
1

(1 + 0.02 logm2
1)

+ 0.1
(λ1L
bτ λ

1R
cτ )2

m4
1

(1 + 0.01 logm2
1), (A.27)

Br(B+
c → τ+ν)

Br(B+
c → τ+ν)SM

≈ 1 + 2 Re[CVL
]+5.1

λ1L
bτ λ

1R
cτ

m2
1

(1 + 0.04 logm2
1)

+ 6.5
(λ1L
bτ λ

1R
cτ )2

m4
1

(1 + 0.08 logm2
1), (A.28)

where

2CVL
≈ 0.77

λ1L
bτ (V λ1L∗)cτ
Vcsm2

1

− 0.72
λ3L
bτ (V λ3L∗)cτ
Vcsm2

3

. (A.29)

A.3 LFU in b → cµ(e)ν

Relaxing the hypothesis that NP is coupled only to the third generation, we can have also
corrections to b → cνe and b → cνµ interactions. Lepton Flavour Universality between
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muons and electrons in these charged-current transitions has been checked experimentally
at the percent level [71, 72]. Since these processes are also used to extract the CKM element
Vcb, if also new physics affects them a careful analysis should be performed in general, see
e.g. [137]. In our case, since we assume negligible leptoquark couplings to electrons, we
avoid this issue by using only the LFU ratio

R
µ/e
D ≡ Br(B → Dµν)

Br(B → Deν)
. (A.30)

to constrain new physics. Since this ratio is insensitive to Vcb, and a global fit for this
SM parameter gets contributions from a large number of observables, we argue that the
extraction of the CKM element wouldn’t change in a sizeable way by removing this single
observable. This ratio has been measured by both Babar [71] and Belle [72] collaborations:

R
µ/e
D

∣∣∣
Babar

= 0.950± 0.021± 0.053 , R
µ/e
D

∣∣∣
Belle

= 0.995± 0.022± 0.039 ,

where the first uncertainty is statistical and the second systematic and in deriving this for
Babar we took into account the correlation between systematic uncertainty in the muon
and electron channels. Combining these two results, we get

R
µ/e
D

∣∣∣
comb

= 0.978± 0.035 . (A.31)

The decay rate into light leptons, as function of the same operators as in eq. (A.13) (but
with ℓ = µ, e instead of the tau) is given by [138]

Br(B → Dℓν) ≈10−3
(
23.3(1 + CℓVL+R

)2 + 1.0(1 + CℓVL+R
)(CℓT + 2CℓSL+R

)

+33.5(CℓSL+R
)2 + 3.5(CℓT )2

)
,

(A.32)

where CXL+R
≡ CXL

+ CXR
. Assuming negligible couplings to electrons, the leading

contributions to the LFU ratio are given by

R
µ/e
D = 1 + 2 Re[CµVL

]− 0.047
λ1L
bµλ

1R
cµ

m2
1

+ 0.50
|λ1L
bµλ

1R
cµ |2

m4
1

+ . . . , (A.33)

where the expression for 2CµVL
is the same as in eq. (A.29) with τ → µ.

A.4 Ds → τν

In the LQ model the leading contributions to this leptonic decay arise at the tree-level.
Given the limited present experimental accuracy, and the fact that the tree-level contribu-
tion is expected to be the dominant one in these modes, we limit ourselves to this.

The branching ratio of the Ds → τν decay can be expressed as a function of the LEFT
coefficients LV,LLνedu and LS,RRνedu , evaluated at the charm quark mass scale,

Br(Ds → τν) =
τDsf

2
Ds
mDs

64π
m2
τ

(
1− m2

τ

m2
Ds

)2

×
∑

α

∣∣∣∣
δα3

ΛcsSM
2 − [LV,LLνedu ]νατsc − [LS,RRνedu ]νατsc

m2
Ds

mτ (ms +mc)

∣∣∣∣
2

,

(A.34)
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where 1/Λcs 2
SM = 2

√
2GFVcs, fDs = 0.25GeV [73], mDs = 1.968GeV, τDs = 5× 10−13s [74],

mc = 1.27 GeV and ms = 93 MeV.
The tree-level matching to the LQ model, augmented by the QCD RG evolution, gives

[LV,LLνedu (mc)]νατsc =

(
−λ

1L∗
sα λ1L

kτ

2M2
1

+
λ3L∗
sα λ3L

kτ

2M2
3

)
V ∗
ck , (A.35)

[LS,RRνedu (mc)]νατsc =

(
αs(mc)

αs(µW )

) 12
23
(
αs(µW )

αs(M)

) 12
21 λ1R

cτ λ
1L∗
sα

2M2
1

. (A.36)

The dominant contribution arises from the interference with the SM, thus from the τ

channel:

Br(D+
s → τ+ντ )

Br(D+
s → τ+ντ )SM

≈ 1 + 2× 10−2 Re

[
1.5

λ1L∗
sτ λ1L

iτ V
∗
ci/V

∗
cs

m2
1

− 1.5
λ3L∗
sτ λ3L

iτ V
∗
ci/V

∗
cs

m2
3

− 4.6
λ1L∗
sτ λ1R

cτ

m2
1

]
,

(A.37)

where Br(D+
s → τ+ντ )SM = (5.169 ± 0.004) × 10−2 [73]. The experimental measurement

for the D+
s → τ+ντ branching ratio is [74]

Br(Ds → τν)

Br(Ds → τν)SM
= 1.060± 0.044 . (A.38)

A.5 B → K(∗)νν, K+
→ π+νν, and KL → π0νν

The relevant parton level processes di → djνανβ are described by the effective four-fermion
Lagrangian

Ldidjνν
eff ⊃ 4GF√

2

α

4π
V ∗
tiVtj

∑

i

CiOi , (A.39)

with the following ∆F = 1 operators

OijαβL =
(
d̄iγµPLdj

)
(ν̄αγ

µ(1− γ5)νβ) ,

OijαβR =
(
d̄iγµPRdj

)
(ν̄αγ

µ(1− γ5)νβ) . (A.40)

The relations between the Wilson coefficients of the operators above and the LEFT ones
are given by

[CL]ijαβ = Nij

∑

αβ

[LV,LLνd ]αβij , [CR]ijαβ = Nij

∑

αβ

[LV,LRνd ]αβij , (A.41)

where
Nij =

1

GF

π√
2αV ∗

tiVtj
. (A.42)

In our model, at tree-level only CL is not vanishing. While at loop level a contribution to
CR is generated, it is suppressed by small down-quarks Yukawa couplings, and thus it is
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completely negligible. The leading contributions to the Wilson coefficients at mb scale, in
terms of the UV parameters, are

[CL]ijαβ =Nij

[
λ1L∗
iα λ1L

jβ

2M2
1

+
λ3L∗
iα λ3L

jβ

2M2
3

+
1

16π2

1

12

m2
t

v2

[
24V ∗

tiVtj |Vtb|2
(
λ3L∗
bα λ3L

bβ

M2
3

)

− 3(3 + 2 log(M2/m2
t ))

((
λ1L∗
iα λ1L

kβ

2M2
1

+
λ3L∗
iα λ3L

kβ

2M2
3

)
VtjV

∗
tk

+

(
λ1L∗
kα λ

1L
jβ

2M2
1

+
λ3L∗
kα λ

3L
jβ

2M2
3

)
VtkV

∗
ti

)]]
+ . . . ,

[CR]ijαβ ≈ 0, (A.43)

where M ∼M1, M3 is the matching scale to the UV model.
For B → K(∗)νν it is customary to define the ratio with the (clean) SM prediction,

RνK =
Br(B → Kνν)

BrSM (B → Kνν)
, RνK∗ =

Br(B → K∗νν)

BrSM (B → K∗νν)
. (A.44)

The experimental limits at 95% C.L. are [76]

RνK < 4.65 , RνK∗ < 3.22 . (A.45)

These ratios can be expressed in terms of 2 real parameters ǫ > 0 and η ∈ [−1/2, 1/2] [75]:

RνK =
∑

αβ

1

3
(1− 2ηαβ)ǫ2αβ , RνK∗ =

∑

αβ

1

3
(1 + κηηαβ)ǫ2αβ , (A.46)

with

ǫαβ =

√
|CSM,sb
L δαβ + [CL]sbαβ |2 + |[CR]sbαβ |2

|CSM,sb
L |

,

ηαβ = −
Re
[(
CSM,sb
L δαβ + [CL]sbαβ

)
[CR]∗sbαβ

]

|CSM,sb
L δαβ + [CL]sbαβ |2 + |[CR]sbαβ |2

.

(A.47)

The κη parameter depends on form factors and its numerical value in [0,q2
max] is 1.34±

0.04, where qmax is the kinematic limit of 22.9 GeV for K and 19.2 GeV for K∗. At the
leading order, in our model, CR = 0 and therefore ηαβ = 0 and RνK = RνK∗ = ǫ2. The SM
Wilson coefficient is given by

CSM,sb
L = −Xt/s

2
W , with Xt = 1.469± 0.017 . (A.48)

The bounds of eq. (A.45) can probe a region of the parameter space in which the B →
K(∗)νν cross section is dominated by the squared BSM amplitude. Assuming real couplings
we can provide approximate numerical expressions:

RνK ≈ RνK∗ ≈ 1 + 1.37

∑
α λ

1L
sαλ

1L
bα

|Vts|m2
1

+ 1.25

∑
α λ

3L
sαλ

3L
bα

|Vts|m2
3

+ 1.42

∑
αβ(λ1L

sα)2(λ1L
bβ )2

|Vts|2m4
1

+ 1.16

∑
αβ(λ3L

sα)2(λ3L
bβ )2

|Vts|2m4
3

+ 2.57

∑
α λ

3L
sαλ

3L
bαλ

1L
sαλ

1L
bα

|Vts|2m2
1m

2
3

,

(A.49)

where mi = Mi/TeV.
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Let us now discuss Kaon decays. In the Standard Model, the coefficients of this four-
fermion interaction are [77]

[CSM,ds
L ]αβ = − 1

s2
W

(
Xt +

VcsV
∗
cd

VtsV ∗
td

Xα
c

)
δαβ , (A.50)

with Xt = 1.48, Xe
c = Xµ

c = 1.053× 10−3, and Xτ
c = 0.711× 10−3.

Since CR ≈ 0 in our model, the branching ratios for the K+ → π+νν and KL → π0νν

decays can be expressed as

Br(K+ → π+νν) (A.51)

= Br(K+ → π+νeνe)SM

∑

α,β=1,2

∣∣∣∣∣δαβ +
[CL]dsαβ

[CSM,ds
L ]11

∣∣∣∣∣

2

+ Br(K+→π+ντντ )SM


 ∑

α=1,2

(∣∣∣∣
[CsdL ]α3

[CSM,ds
L ]33

∣∣∣∣
2

+

∣∣∣∣
[CsdL ]3α

[CSM,ds
L ]33

∣∣∣∣
2
)

+

∣∣∣∣∣1 +
[CsdL ]33

[CSM,ds
L ]33

∣∣∣∣∣

2

 ,

Br(KL → π0νν) (A.52)

= Br(KL → π0νν)SM
1

3

[
∑

α,β=1,2

(
δαβ +

Im[CL]dsαβ

Im[CSM,ds
L ]11

)2

+
∑

α=1,2

((
Im[CsdL ]α3

Im[CSM,ds
L ]33

)2

+

(
Im[CsdL ]3α

Im[CSM,ds
L ]33

)2)
+

(
1 +

Im[CsdL ]33

Im[CSM,ds
L ]33

)2 ]
,

where

Br(K+ → π+νeνe)SM = 3.06× 10−11,

Br(K+ → π+ντντ )SM = 2.52× 10−11,

Br(KL → π0νν)SM = 3.4× 10−11.

(A.53)

The experimental bounds are [74, 78]11

Br(K+ → π+νν) = (11.0+4.0
−3.5)× 10−11 ,

Br(KL → π0νν) < 3.57× 10−9 (95%CL) .
(A.54)

Assuming that the contribution in ντ is the dominant one we get the following approximate
numerical expression:

1010Br(K+ → π+νν) ≈ 0.61 + 0.25

∣∣∣∣∣1 + (1.56− i0.51)
λ1L∗
dτ λ1L

sτ

|Vtd||Vts|m2
1

+ (1.39− i0.45)
λ3L∗
dτ λ3L

sτ

|Vtd||Vts|m2
3

− 0.016
|λ3L
bτ |2
m2

3

+ . . .

∣∣∣∣∣

2

,

1010Br(KL → π0νν) ≈ 0.23 + 0.11

(
1− Im

[
(16.4− i7.1)

λ1L∗
dτ λ1L

sτ

|Vtd||Vts|m2
1

]

− Im

[
(14.7− i6.3)

λ3L∗
dτ λ3L

sτ

|Vtd||Vts|m2
3

]
+ . . .

)2

. (A.55)

11NA62 results on K+ → π+νν have been updated in a presentation at the ICHEP2020 conference.
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A.6 b → diττ and b → diτµ decays

We consider the leptonic branching ratios:

Br(Bd,s → τ+τ−), Br(Bd,s → τ±µ∓) , (A.56)

and the semileptonic ones:

Br(B+ → K+τ+τ−), Br(B+ → K+τ±µ∓) . (A.57)

At partonic level, these processes are induced by the same low-energy operators as b→ sℓℓ,
see eqs. (A.5), (A.6), with obvious substitutions for the flavor indices. We limit ourselves to
C9,10 contributions; furthermore we restrict to a tree-level analysis for the ττ modes, whose
current experimental bounds are too weak to be included in our global fit. In our model,
the tree-level generated effective vertices lead to left-handed four-fermion interactions with
C9
sbττ = −C10

sbττ , which are the ones that interfere with the SM processes. Concerning the
τ modes, we have:

Br(Bdi
→ τ−τ+) = Br(Bdi

→ τ−τ+)SM

∣∣∣∣∣1 +
C10
dibττ

C10 SM
dibττ

∣∣∣∣∣

2

, (A.58)

Br(B+ → K+τ+τ−) = Br(B+ → K+τ+τ−)SM

∣∣∣∣∣∣
1 +

C(9−10)
dibττ

C(9−10) SM
dibττ

∣∣∣∣∣∣

2

, (A.59)

where C9,10 are defined as in eqs. (A.5), (A.6), C(9−10) ≡ C9 − C10 and we have

C9,SM
sbττ = −C10,SM

sbττ = 4.3 , (A.60)

and [139, 140]

Br(Bs → ττ)SM = (7.73± 0.49)× 10−7 , (A.61)

Br(B+ → K+τ−τ+)SM = (1.22± 0.10)× 10−7 . (A.62)

Numerically, we get:

Br(Bs → τ−τ+)

Br(Bs → τ−τ+)SM
=

Br(B+ → K+τ−τ+)

Br(B+ → K+τ−τ+)SM
=

∣∣∣∣∣1− 137.5
λ3L
bτ λ

3L∗
sτ

m2
3

∣∣∣∣∣

2

. (A.63)

The present 95% CL limit on this branching ratio is 6.8 × 10−3 [127], so almost a factor
∼ 104 larger than the SM prediction.

The lepton flavor violating modes are zero in the SM and we need the full branching
ratio expressions. Neglecting the muon mass (amounting to an O(10%) effect), the Bdi

→
τ−µ+ branching ratios can be expressed as [141]

Br(Bdi
→τ−µ+) =

τBdi
f2
Bdi

mBdi
α2G2

f |VtbV ∗
tdi
|2

64π3
m2
τ


1− m2

τ

m2
Bdi




2 (∣∣∣Cdibτµ
9

∣∣∣
2
+
∣∣∣Cdibτµ

10

∣∣∣
2
)
,

(A.64)
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where the input parameters are fBs = 0.224GeV [73], mBs = 5.37GeV and τBs = 1.51 ×
10−12s, fBd

= 0.190GeV mBd
= 5.279GeV and τBd

= 1.5 × 10−12s [74]. The Br(Bdi
→

µ−τ+) case is analogous, via exchange of lepton indices.
In our analysis we keep mµ effects as well as the complete one-loop matching con-

tributions. Summing the τ−µ+ and µ−τ+ modes, we get these approximate numerical
expressions:

Br(Bs → τµ) ≈ 1.25× 10−5

(
|λ3L∗
bτ λ3L

sµ |2
|Vts|2m4

3

+
|λ3L∗
bµ λ3L

sτ |2
|Vts|2m4

3

)
+ . . . ,

Br(Bd → τµ) ≈ 8.67× 10−6

( |λ3L∗
bτ λ3L

dµ |2
|Vtd|2m4

3

+
|λ3L∗
bµ λ3L

dτ |2
|Vtd|2m4

3

)
+ . . . .

(A.65)

Finally, for the LFV three body decays Br(B+ → K+τ±µ∓), we get the integrated
expressions for the branching ratios for B → K(∗)τµ from [141]. The leading contribution
is given by

Br(B → K∗µ−τ+) ≈ 2.4× 10−5 |λ3L∗
bτ λ3L

sµ |2
|Vts|2m4

3

+ . . . ,

Br(B → K∗τ−µ+) ≈ 2.4× 10−5
|λ3L∗
bµ λ3L

sτ |2
|Vts|2m4

3

+ . . . ,

Br(B → Kµ−τ+) ≈ 1.4× 10−5 |λ3L∗
bτ λ3L

sµ |2
|Vts|2m4

3

+ . . . ,

Br(B → Kτ−µ+) ≈ 1.4× 10−5
|λ3L∗
bµ λ3L

sτ |2
|Vts|2m4

3

+ . . . .

(A.66)

Present limits and future prospect for the observables discussed in this section are reported
in table 6.

A.7 ∆F = 2

Here, we analyse the meson-mixing ∆F = 2 processes B0
(s) −B

0
(s), K

0 −K0 and D0 −D0.
They receive NP corrections, at one-loop level in the S1,3 model, from the four-quark

SMEFT operators O(1,3)
qq , O(1,8)

qqR and OqRqR
, where qR = d for B0

(s) − B
0
(s) and K0 − K0

mixing, while qR = u for D0 − D
0 mixing. In the S1 + S3 model, the non-vanishing

coefficients are:

16π2
[
C(1)
qq

]
ijkl

=− 9

16

(Λ
(3)
q )il(Λ

(3)
q )kj

M2
3

− 1

16

(Λ
(1)
q )il(Λ

(1)
q )kj

M2
1

− 3

16

[
(Λ31

q )il(Λ
31†
q )kj + (Λ31

q )kj(Λ
31†
q )il

]
ln(M2

3 /M
2
1 )

M2
3 −M2

1

+ · · · , (A.67)

16π2
[
C(3)
qq

]
ijkl

=− 1

16

(Λ
(3)
q )il(Λ

(3)
q )kj

M2
3

− 1

16

(Λ
(1)
q )il(Λ

(1)
q )kj

M2
1

+
1

16

[
(Λ31

q )il(Λ
31†
q )kj + (Λ31

q )kj(Λ
31†
q )il

]
ln(M2

3 /M
2
1 )

M2
3 −M2

1

+ · · · , (A.68)
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16π2 [Cuu]ijkl =− 1

8

(Λu)il(Λu)kj
M2

1

+ · · · , (A.69)

16π2
[
C(1)
qu

]
ijkl

=− 1

12

(Λ
(1)
q )ij(Λu)kl
M2

1

+ · · · , (A.70)

16π2
[
C(8)
qu

]
ijkl

=− 1

2

(Λ
(1)
q )ij(Λu)kl
M2

1

+ · · · , (A.71)

where the omitted terms that do not contribute to ∆F = 2 processes and the ones propor-
tional to lepton Yukawa couplings. We also defined

Λ
(n)
q ≡ λnL∗λnLT , Λ

(31)
q ≡ λ3L∗λ1LT , Λu ≡ λ1R∗λ1RT ,

Λ
(n)
ℓ ≡ λnL†λnL, Λ

(31)
ℓ ≡ λ3L†λ1L, Λe ≡ λ1R†λ1R.

(A.72)

In our fit we use the limits on ∆F = 2 operators from the UTFit collaboration [83].12

The bounds on the ∆F = 2 Wilson coefficients (or their real and imaginary parts, where
appropriate) are given in terms of a scale ΛNMFV, defined via C = F

Λ2
NMFV

, where

√
F =





∣∣∣VtbV ∗
tq

∣∣∣ for B0
q -B0

q mixing

|VtsV ∗
td| for K0-K0 and D0-D0 mixing

. (A.73)

The coefficients are evaluated at the same scale ΛNMFV, which being close to the TeV in
most cases is close enough to the LQ masses we are interested in that we can neglect the
residual running to the LQ matching scale. All constraints are collected in table 2. In terms
of SMEFT Wilson coefficients, and LQ couplings, the relevant non-zero combinations are

C1
Bi

= −
[
C(1)
qq + C(3)

qq

]
bdibdi

=
1

128π2

(
5

(Λ
(3)
q )2

bi

M2
3

+
(Λ

(1)
q )2

bi

M2
1

+ 2
(Λ31

q )bi(Λ
31
q )∗

ib ln(M2
3 /M

2
1 )

M2
3 −M2

1

)
,

C1
K = −

[
C(1)
qq + C(3)

qq

]
sdsd

=
1

128π2

(
5

(Λ
(3)
q )2

sd

M2
3

+
(Λ

(1)
q )2

sd

M2
1

+ 2
(Λ31

q )sd(Λ
31
q )∗

ds ln(M2
3 /M

2
1 )

M2
3 −M2

1

)
,

C1
D = −VciV ∗

ujVckV
∗
ul

[
C(1)
qq + C(3)

qq

]
ijkl

=
VciV

∗
ujVckV

∗
ul

128π2

(
5

(Λ
(3)
q )il(Λ

(3)
q )kj

M2
3

+
(Λ

(1)
q )il(Λ

(1)
q )kj

M2
1

+2

[
(Λ31

q )il(Λ
31†
q )kj + (Λ31

q )kj(Λ
31†
q )il

]
ln(M2

3 /M
2
1 )

M2
3 −M2

1


 ,

C̃1
D = − [Cuu]cucu =

1

128π2

(Λu)il(Λu)kj
M2

1

,

12We employ the results updated at the 2018 La Thuile conference https://agenda.infn.it/event/

14377/timetable/.
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C4
D = VciV

∗
uj

[
C(8)
qu

]
ijcu

= −
VciV

∗
uj

32π2

(Λ
(1)
q )ij(Λu)cu
M2

1

,

C5
D = 2VciV

∗
uj

[
C(1)
qu −

1

6
C(8)
qu

]

ijcu
= 0. (A.74)

We remark that the bounds in ref. [84] assume a single non-vanishing coefficient at a time,
so that the latter bounds could in principle be evaded by fine-tuning C1

D and C4
D; we neglect

this possibility, also because in the scenarios we focus on, the leading constraint is the one
from Bs-mixing.

A.8 LFU in τ decays

Lepton flavor universality has been tested in τ decays at the permille level, in particular
the strongest constraints are obtained from the ratios [85]

|gµ/ge|2 ≡
Γ(τ → µνν̄)

Γ(τ → eνν̄)

(
ΓSM(τ → µνν̄)

ΓSM(τ → eνν̄)

)−1

= 1.0036± 0.0028 ,

|gτ/gµ|2 ≡
Γ(τ → eνν̄)

Γ(µ→ eνν̄)

(
ΓSM(τ → eνν̄)

ΓSM(µ→ eνν̄)

)−1

= 1.0022± 0.0030 ,

|gτ/ge|2 ≡
Γ(τ → µνν̄)

Γ(µ→ eνν̄)

(
ΓSM(τ → µνν̄)

ΓSM(µ→ eνν̄)

)−1

= 1.0058± 0.0030 .

(A.75)

The decay amplitudes can be described by four-lepton operators at the tau mass scale,
which are one-loop suppressed in our model. Given this suppression and the experimental
precision, we can confine ourselves to contributions interfering with the SM one, which
comes from a (V −A)2 chiral structure; we can thus write:

RΓβα
≡ Γ(ℓβ → ℓανν̄)

Γ(ℓβ → ℓανν̄)SM
≈ 1 +

2 Re[LV,LLνe ]NP
αββα(mτ )

[LV,LLνe ]SM
αββα(mτ )

, (A.76)

where [LV,LLνe ]SM
αββα(mW ) = − 2

v2 . In terms of these ratios, the LFU quantities in eq. (A.75)
are given by:

|gµ/ge|2 =
RΓτµ

RΓτe

, |gτ/gµ|2 =
RΓτe

RΓµe

, |gτ/ge|2 =
RΓτµ

RΓµe

. (A.77)

In the LEFT these operators do not run at the leading order in the EFT expansion. The
matching to the SMEFT at a scale µW is given by

[LV,LLνe ]NP
αββα(µW ) = −2[C

(3)
Hl ]αα(µW )− 2[C

(3)
Hl ]ββ(µW ) + [Cll]αββα(µW ) + [Cll]βααβ(µW )

− 1

16π2

2m2
tNc

v2

(
[C

(3)
lq ]

(0)
ααtt + [C

(3)
lq ]

(0)
ββtt

)(
1 + 2 log

µ2
W

m2
t

)
. (A.78)

The leading terms in the one-loop matching from the LQ model to the SMEFT coeffi-
cients [58] give:

[C
(3)
Hl ]αα ≈

Nc|yt|2|Vtb|2
64π2

(
|λ1L
bα |2
M2

1

(
1 + log

µ2
W

M2
1

)
− |λ

3L
bα |2
M2

3

(
1 + log

µ2
W

M2
3

))
+ . . . ,

– 40 –



J
H
E
P
0
1
(
2
0
2
1
)
1
3
8

[Cll]µττµ ≈ −
Nc

128π2

[ |λ1L
bµ |2 + |λ1L

bτ |2
M2

1

+ 5
|λ3L
bµ |2 + |λ3L

bτ |2
M2

3

− logM2
3 /M

2
1

M2
3 −M2

1

× (A.79)

×
(
|λ1L
bτ |2|λ3L

bµ |2 + |λ3L
bτ |2|λ1L

bµ |2 − 2λ1L
bτ λ

1L∗
bµ λ3L

bµλ
3L∗
bτ − 2λ1L

bµλ
1L∗
bτ λ3L∗

bµ λ3L
bτ

) ]

+ . . . .

From the complete expression of the matching, and neglecting at the end LQ couplings to
electrons and to second generation left-handed quarks (which are expected to be suppressed
due to quark flavor constraints), the leading numerical contributions are:

103(RΓτµ − 1) ≈ −
(λ1L
bτ )2 + (λ1L

bµ )2

m2
1

(1.62 + 0.74 logm2
1) + 0.29

(λ1L
bτ )2(λ1L

bµ )2

m2
1

+
(λ3L
bτ )2 + (λ3L

bµ )2

m2
3

(1.46 + 0.74 logm2
3) + 1.43

(λ3L
bτ )2(λ3L

bµ )2

m2
3

+ 1.15
λ1L
bµλ

1L
bτ λ

3L
bµλ

3L
bτ

m2
3 −m2

1

log
m2

3

m2
1

− 0.29((λ1L
bτ )2(λ3L

bµ )2 + (λ3L
bτ )2(λ1L

bµ )2)
logm2

3/m
2
1

m2
3 −m2

1

+ . . . , (A.80)

103(RΓτe − 1) ≈ − (λ1L
bτ )2

m2
1

(1.61 + 0.67 logm2
1) +

(λ3L
bτ )2

m2
1

(1.50 + 0.67 logm2
1) + . . . ,

(A.81)

103(RΓµe − 1) ≈ −
(λ1L
bµ )2

m2
1

(1.60 + 0.61 logm2
1) +

(λ3L
bτ )2

m2
1

(1.53 + 0.61 logm2
1) + . . . .

(A.82)

A.9 LFV decay τ → µφ

The relevant effective operators for the τ → µs̄s transition in the LEFT are:

LLEFT ⊃ [LV,LLed ]τµss(τ̄LγαµL)(s̄LγαsL) + [LV,LRde ]ssτµ(τ̄RγαµR)(s̄LγαsL) + h.c.

[LV,LRed ]τµss(τ̄LγαµL)(s̄RγαsR) + [LV,RRed ]τµss(τ̄RγαµR)(s̄RγαsR) + h.c.

[LS,RLed ]τµss(τ̄RµL)(s̄RsL) + h.c.

(A.83)

At the tree-level, in our model the only non-vanishing contribution is

[LV,LLed ]tree
τµss =

λ3L∗
sτ λ3L

sµ

M2
3

. (A.84)

Since the coupling to the s quark might be flavor-suppressed, loop contributions from
LQ couplings to third generation quarks can potentially give a sizeable contribution. We
evaluate the Wilson coefficients at the τ lepton mass scale, including all contributions up to
one-loop arising from the matching to the UV model, the RGE, and the matching between
SMEFT and LEFT.

Simplified analytical formulae, which can help to understand the physics underlying
this observable, can be derived by putting to zero electroweak corrections (except for the
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QED RG contribution) and keeping only couplings to third generation (as well as λ1L
sµ ,

which can be large in some scenarios). In this case we get:

[LV,LLed ]loop
τµss(mτ ) =

Ncy
2
t |Vtb|2

96π2

[
λ1L∗
bτ λ1L

bµ

M2
1

(
log

M2
1

m2
t

− 1

)
+
λ3L∗
bτ λ3L

bµ

M2
3

(
log

M2
3

m2
t

− 1

)]

−
λ1L∗
bτ λ1L

bµ |λ1L
sµ |2

64π2M2
1

+
NcαQ

2
d

6π

λ3L∗
bτ λ3L

bµ

M2
3

log
m2
b

M2
3

+ . . . , (A.85)

[LV,LRed ]loop
τµss(mτ ) = − Ncy

2
t |Vtb|2

48π2

[
λ1L∗
bτ λ1L

bµ

M2
1

(
log

M2
1

m2
t

− 1

)
+
λ3L∗
bτ λ3L

bµ

M2
3

(
log

M2
3

m2
t

− 1

)]

+
NcαQ

2
d

6π

λ3L∗
bτ λ3L

bµ

M2
3

log
m2
b

M2
3

+ . . . , (A.86)

[LV,LRde ]loop
ssτµ(mτ ) =

Ncy
2
t |Vtb|2

96π2

λ1R∗
tτ λ1R

tµ

M2
1

+
NcαQdQu

12π

λ1R∗
cτ λ1R

cµ

M2
1

log
m2
c

M2
1

− (λ1R∗
tτ λ1R

tµ + λ1R∗
cτ λ1R

cµ )|λ1L
sµ |2

64π2M2
1

+ . . . , (A.87)

[LV,RRed ]loop
τµss(mτ ) =

Ncy
2
t |Vtb|2

48π2

λ1R∗
tτ λ1R

tµ

M2
1

(
log

M2
1

m2
t

− 1

)

+
NcαQdQu

12π

λ1R∗
cτ λ1R

cµ

M2
1

log
m2
c

M2
1

+ . . . , (A.88)

while contributions to [LS,RLed ]τµss are proportional to small Yukawa couplings and thus
negligible. It should be noted that the electroweak contributions, not included above, can
modify the final expression by a non negligible amount. From the complete expressions,
we get the following numerical dependence:

[LV,LLed ]τµss(mτ )[ TeV−2] ≈ 0.0017
λ3L∗
sτ λ3L

sµ

|Vts|2M2
3

+ 0.019
λ1L∗
bτ λ1L

bµ

M2
1

+ 0.018
λ3L∗
bτ λ3L

bµ

M2
3

+ . . . ,

[LV,LRed ]τµss(mτ )[ TeV−2] ≈ −0.0027
λ1L∗
bτ λ1L

bµ

M2
1

− 0.0042
λ3L∗
bτ λ3L

bµ

M2
3

+ . . . ,

[LV,LRde ]ssτµ(mτ )[ TeV−2] ≈ +0.0016
λ1R∗
cτ λ1R

cµ

M2
1

+ 0.0067
λ1R∗
tτ λ1R

tµ

M2
1

(1− logm2
1) + . . . ,

[LV,RRed ]τµss(mτ )[ TeV−2] ≈ +0.0016
λ1R∗
cτ λ1R

cµ

M2
1

+ 0.0036
λ1R∗
tτ λ1R

tµ

M2
1

(1 + 0.4 logm2
1) + . . . ,

(A.89)

where terms with coefficients smaller than 10−4 are not shown.
Among the several observables testing the τ → µss contact interaction, the branching

ratio of τ → µφ gives the most stringent constraints [142]. It is given by (see also [45, 142])

Br(τ → µφ) =
f2
φm

3
τ

128πΓτ
Cτ→µφ

(
1−

m2
φ

m2
τ

)2(
1 + 2

m2
φ

m2
τ

)
≈ 2.32× 10−4 Cτ→µφ TeV4 ,

(A.90)
where mφ = 1019 MeV, fφ ≈ 225 MeV [45, 74], and, at tree-level,

Cτ→µφ ≡
(
|[LV,LLed ]τµss + [LV,LRed ]τµss|2 + |[LV,RRed ]τµss + [LV,LRde ]ssτµ|2

)
. (A.91)
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In principle we should also include one-loop contributions in the LEFT, from operators
generated by integrating out the leptoquarks at tree-level, to the expression above in or-
der to consistently obtain finite corrections. This might require calculation of non-local
hadronic form factors, which is beyond the purpose of this work. However, one can realize
that these are necessarily finite QED corrections, thus very suppressed with respect to the
logarithmic correction from the QED RGE, which has a factor ∼ logM2

LQ/m
2
τ ∼ 13 for a

1 TeV leptoquark. For this reason we neglect them. Taking all couplings real we can obtain
the approximate expression:

109Br(τ → µφ) ≈ (62 + 46 logm2
1)

(λ1L
bτ λ

1L
bµ )2

m4
1

+ (42 + 37 logm2
1)

(λ3L
bτ λ

3L
bµ )2

m4
3

+ (103 + 38 logm2
1 + 45 logm2

3 + 16 logm2
1 logm2

3)
λ1L
bτ λ

1L
bµλ

3L
bτ λ

3L
bµ

m2
1m

2
3

+ (24− 27 logm2
1)

(λ1R
tτ λ

1R
tµ )2

m4
1

+ (2.3− 0.2 logm2
1)

(λ1R
cτ λ

1R
cµ )2

m4
1

+ (15− 7.7 logm2
1)
λ1R
tτ λ

1R
tµ λ

1R
cτ λ

1R
cµ

m4
1

+ (13 + 4.8 logm2
1)
λ3L
sτ λ

3L
sµλ

1L
bτ λ

1L
bµ

|Vts|2m2
1m

2
3

+ (11 + 4.7 logm2
3)
λ3L
sτ λ

3L
sµλ

3L
bτ λ

3L
bµ

|Vts|2m4
3

+ 0.69
(λ3L
sτ λ

3L
sµ )2

|Vts|4m4
3

+ . . . , (A.92)

where we normalize the LH couplings to the strange quark with |Vts| ≈ 0.041 and the last
line is dominated by the tree-level contribution. The experimental limit on this branching
ratio at 95% C.L. is [74]

Br(τ → µφ) < 1.00× 10−7 . (A.93)

A.10 LFV decay τ → 3µ

New physics contributions to the three body LFV decay τ → 3µ can be described by the
effective Lagrangian at the tau energy scale:

Leff =
∑

i

CiQi , (A.94)

where

QV,LL = (µ̄LγµτL) (µ̄Lγ
µµL), QV,RR = (µ̄RγµτR)( µ̄Rγ

µµR),

QV,LR = (µ̄LγµτL)( µ̄Rγ
µµR), QV,LR = (µ̄LγµµL) (µ̄Rγ

µτR), (A.95)

QS,LL = (µ̄RτL) (µ̄RµL), QS,RR = (µ̄LτR)( µ̄LµR),

QD,L = emτ (µ̄Rσ
µντL)Fµν , QD,R = emτ (µ̄Lσ

µντR)Fµν .

The branching ratio is given by [143, 144]

Br(τ → 3µ) =
m5
τ

3(16π)3Γτ

(
16|CV,LL|2 + 16|CV,RR|2 + 8|CV,LR|2 + 8|CV,RL|2

+ |CS,LL|2 + |CS,RR|2
)

+
α2
em

5
τ

12πΓτ

(
|CD,L|2 + |CD,R|2

)(
4 log

m2
τ

m2
µ

− 11

)
+Xγ ,

(A.96)
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where

Xγ = +
αem

5
τ

3(4π)2Γτ
(Re[CD,L(CV,RL + 2CV,RR)∗] + Re[CD,R(CV,LR + 2CV,LL)∗]) (A.97)

In terms of the LEFT operator basis in appendix B.2, the EFT coefficients above are
given by:

CV,LL = [LV,LLee ]µτµµ + [LV,LLee ]µµµτ = 2[LV,LLee ]µτµµ ,

CV,RR = [LV,RRee ]µτµµ + [LV,RRee ]µµµτ = 2[LV,RRee ]µτµµ ,

CV,LR = [LV,LRee ]µτµµ ,

CV,RL = [LV,LRee ]µµµτ ,

CS,RR = [LS,RRee ]µτµµ + [LS,RRee ]µµµτ = 2[LS,RRee ]µτµµ ,

CS,LL = [LS,RRee ]∗τµµµ + [LS,RRee ]∗µµτµ = 2[LS,RRee ]∗τµµµ ,

CD,R = [Leγ ]µτ/(emτ ) ,

CD,L = [Leγ ]∗τµ/(emτ ) ,

(A.98)

where in the second equalities we took into account the symmetry of flavor indices in the
LEFT coefficients. Note also that the overall sign in Xγ depends on the convention used
for covariant derivatives, our is the same as [143].

In our LQ model, all these operators arise at loop level, except the scalar ones QS,LL(RR)

which are not generated at dimension-six in the SMEFT and therefore we will not consider
in the following. There are three different types of contributions: the SMEFT-LEFT match-
ing at tree-level, involving SMEFT operators that in the model are generated at one-loop
level; the one-loop SMEFT-LEFT matching induced by tree-level four-fermion semilep-
tonic operators; one-loop contributions in the LEFT, generated by penguin diagrams from
the tree-level generated operators OV,LLed and Oeu. The latter are purely QED loops, so
the only phenomenologically relevant contribution is the log-enhanced one, corresponding
to the QED-induced RG evolution. Taking into account these different contributions and
retaining the terms that should be dominant in most of the relevant region of parameter
space, which is to say the ∼ λ4, ∼ y2

t λ
2 ones and the LEFT RG running involving third

quark generation, we can express the LEFT Wilson coefficients, evaluated at τ mass scale,
as a function of the UV model parameters:

16π2[LV,LLee ]µτµµ(mτ ) =
Nc

8

[
− 5(λ3L †λ3L)µτ (λ

3L †λ3L)µµ
M2

3

− (λ1L †λ1L)µτ (λ
1L †λ1L)µµ

M2
1

+
logM2

3 /M
2
1

M2
3 −M2

1

(
− (λ1L †λ3L)µτ (λ

3L †λ1L)µµ

− (λ3L †λ1L)µτ (λ
1L †λ3L)µµ

)]

+

(
1

2
−c2

W

)
Ncy

2
t

[
λ1L ∗
bµ λ1L

bτ

2M2
1

+
λ3L ∗
bµ λ3L

bτ

2M2
3

]
|Vtb|2

(
1+log(m2

t /M
2)
)
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+
1

2
e2Nc

2

9

λ3L ∗
bµ λ3L

bτ

M2
3

|Vtb|2 log(m2
b/M

2) + . . . , (A.99)

16π2[LV,LRee ]µτµµ(mτ ) = − Nc

4M2
1

(λ1L †λ1L)µτ (λ
1R †λ1R)µµ+

+ 2
(
1−c2

W

)
Ncy

2
t

[
λ1L ∗
bµ λ1L

bτ

2M2
1

+
λ3L ∗
bµ λ3L

bτ

2M2
3

]
|Vtb|2

(
1+log(m2

t /M
2)
)

+ e2Nc
2

9

λ3L ∗
bµ λ3L

bτ

M2
3

|Vtb|2 log(m2
b/M

2) + . . . , (A.100)

16π2[LV,LRee ]µµµτ (mτ ) = − Nc

4M2
1

(λ1L †λ1L)µµ(λ1R †λ1R)µτ

−
(
1−2c2

W

)
Ncy

2
t

λ1R ∗
tµ λ1R

tτ

2M2
1

(
1+log(m2

t /M
2)
)

+ . . . , (A.101)

16π2[LV,RRee ]µτµµ(mτ ) = − Nc

8M2
1

(λ1R †λ1R)µτ (λ
1R †λ1R)µµ

−
(
1− c2

W

)
Ncy

2
t

λ1R ∗
tµ λ1R

tτ

2M2
1

(
1 + log(m2

t /M
2)
)

+ . . . , (A.102)

16π2 [Leγ ]µτ (mτ ) = −Ncemt

Vtkλ
1L∗
kµ λ

1R
tτ

3M2
1

(
log(m2

t /M
2
1 ) +

7

4

)

−Ncemc

Vckλ
1L∗
kµ λ

1R
cτ

3M2
1

(
log(m2

c/M
2
1 ) +

7

4

)
(A.103)

+
eNc

8

(
mτ (λ

1L†λ1L)µτ
3M2

1

− mτ (λ
3L†λ3L)µτ
M2

3

− mµ(λ1R†λ1R)µτ
M2

1

)

+ . . . ,

16π2 [L∗
eγ ]τµ(mτ ) = −Ncemt

V ∗
tkλ

1L
kτ λ

1R∗
tµ

3M2
1

(
log(m2

t /M
2
1 ) +

7

4

)

−Ncemc

V ∗
ckλ

1L
kτ λ

1R∗
cµ

3M2
1

(
log(m2

c/M
2
1 ) +

7

4

)
(A.104)

+
eNc

8

(
mµ(λ1L†λ1L)µτ

3M2
1

− mµ(λ3L†λ3L)µτ
M2

3

− mτ (λ
1R†λ1R)µτ
M2

1

)

+ . . . .

In most cases, unless λ1R
cµ is large, the contributions proportional to the squared top Yukawa

are the largest ones.
Assuming real couplings we get the following numerical expression in terms of LQ

couplings:

104Br(τ → 3µ) ≈
(λ1L
bµ )2(λ1R

tτ )2 + (λ1L
bτ )2(λ1R

tµ )2

m4
1

(
1.76 + 1, 87 logm2

1 + 0.50(logm2
1)2
)

− (0.083 + 0.046 logm2
1)
λ1L
bτ λ

1R
tµ λ

1R
cτ λ

1R
cµ

m4
1

+ . . . . (A.105)
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If the S1 couplings to RH fermions vanish, the contributions to the process are much
smaller, the leading terms being:

1010 Br(τ → 3µ)|λ1R
iα

=0 ≈
(λ3L
bµ )2(λ3L

bτ )2

m4
3

(12+4.4 logm2
1) +

(λ1L
bµ )2(λ1L

bτ )2

m4
1

(7.2+6.6 logm2
1)

+
λ3L
bµλ

3L
bτ λ

1L
bµλ

1L
bτ

m2
1m

2
3

(12.7+5.4 logm2
1+3.9 logm2

3) + . . . . (A.106)

Presently, the experimental bound on this LFV decay, at 95% C.L. is [74]

Br(τ → 3µ) < 2.5× 10−8 . (A.107)

A.11 LFV decays ℓ′
→ ℓγ, magnetic and electric dipole moments

We analyze in this section another set of LFV interactions, namely τ → µγ, τ → eγ and
µ→ eγ. Following [145], we can parametrize the ℓα(p)→ ℓβ(p− q)γ(q) vertex in terms of
Lorentz invariant form factors:

Mρ
βα = i

{
γρ
(
V L
βαPL + V R

βαPR
)

+ qρ
(
SLβαPL + SRβαPR

)
+ iσρνqν

(
TLβαPL + TRβαPR

)}
,

(A.108)
which involves functions of p2, q2 and pq. On-shell one has p2 = m2

α, q2 = 0, pq =

(m2
α −m2

β)/2, so that the form factors are just constants. In terms of the form factors the
observables we are interested in can be written as

Br(ℓα → ℓβγ) =
m3
ℓα

16πΓℓα

(∣∣∣TLβα
∣∣∣
2

+
∣∣∣TRβα

∣∣∣
2
)
,

dℓα = −Im(TRαα), ∆aℓα =
2mℓα

e
Re(TRαα),

(A.109)

where d and a stand for electric and (anomalous) magnetic dipole moment, respectively.
In terms of LEFT coefficients we have

TRµτ = 2 [Leγ ]µτ (mτ ) and TLµτ = 2[L∗
eγ ]τµ(mτ ) . (A.110)

In terms of parameters of the UV model, the leading terms are given by

16π2 TRβα =−Ncemt

2Vtkλ
1L∗
kβ λ

1R
tα

3M2
1

(
log(m2

t /M
2
1 ) +

7

4

)

−Ncemc

2Vckλ
1L∗
kβ λ

1R
cα

3M2
1

(
log(m2

c/M
2
1 ) +

7

4

)
(A.111)

+
eNc

4

(
mℓα(λ1L†λ1L)βα

3M2
1

− mℓα(λ3L†λ3L)βα
M2

3

−
mℓβ (λ1R†λ1R)βα

M2
1

)
+ . . . ,

16π2 TLβα =−Ncemt

2V ∗
tkλ

1L
kαλ

1R∗
tβ

3M2
1

(
log(m2

t /M
2
1 ) +

7

4

)

−Ncemc

2V ∗
ckλ

1L
kαλ

1R∗
cβ

3M2
1

(
log(m2

c/M
2
1 ) +

7

4

)
(A.112)

+
eNc

4

(
mℓβ (λ1L†λ1L)βα

3M2
1

−
mℓβ (λ3L†λ3L)βα

M2
3

− mℓα(λ1R†λ1R)βα
M2

1

)
+ . . . .
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Particularly relevant for our model is the τ → µγ constraint. Assuming TeV-scale
masses (to fix the logarithmic dependence on m1) we get this approximate numerical ex-
pression:

Br(τ → µγ) ≈ 4.9× 10−8

m4
1

( ∣∣∣1220(V ∗λ1L)tτλ
1R
tµ + 58(V ∗λ1L)cτλ

1R
cµ − 2.6(λ1R†λ1R)µτ

∣∣∣
2

+

∣∣∣∣1220(V λ1L∗)tµλ
1R
tτ + 58(V λ1L∗)cµλ

1R
cτ

+ 0.88(λ1L†λ1L)µτ − 2.6
m2

1

m2
3

(λ3L†λ3L)µτ

∣∣∣∣
2)
. (A.113)

Br(µ→ eγ) ≈ 7.8× 10−5

m4
1

( ∣∣∣1220(V ∗λ1L)tµλ
1R
te + 58(V ∗λ1L)cµλ

1R
ce − 0.16(λ1R†λ1R)eµ

∣∣∣
2

+

∣∣∣∣1220(V λ1L∗)teλ
1R
tµ + 58(V λ1L∗)ceλ

1R
cµ

+ 0.05(λ1L†λ1L)eµ − 0.15
m2

1

m2
3

(λ3L†λ3L)eµ

∣∣∣∣
2)
. (A.114)

The experimental 95% CL bounds are [74]

Br(µ→ eγ) < 5.00× 10−13 ,

Br(τ → µγ) < 5.24× 10−8 ,

Br(τ → eγ) < 3.93× 10−8 .

(A.115)

The imaginary and real part of the diagonal terms TRαα define respectively the Elec-
tric Dipole Moment (EDM) dα and the anomalous magnetic moment aα for the three
charged leptons, as seen in eq. (A.109). For the particularly relevant cases of the muon
and electron magnetic moments, good numerical expressions, for TeV-scale masses and real
couplings, are

∆aµ ≈
10−9

m2
1

Re
[
819(V λ1L∗)tµλ

1R
tµ + 39(V λ1L∗)cµλ

1R
cµ + . . .

]
,

∆ae ≈
10−9

m2
1

Re
[
4.0(V λ1L∗)teλ

1R
te + 0.19(V λ1L∗)ceλ

1R
ce + . . .

]
.

(A.116)

The combined SM prediction from the Muon g − 2 Theory Initiative [23] is

aSM
µ = 116 591 810(43)× 10−11, (A.117)

while the Brookhaven E821 measurement [22] finds

aexp
µ = 116 592 089(63)× 10−11, (A.118)

corresponding to a 3.7σ discrepancy: ∆aµ = (2.79± 0.76)× 10−9. Updated measurements
will be available from the E989 experiment at Fermilab and E34 at J-PARC, which aim to
reduce the experimental uncertainty by a factor of four.

– 47 –



J
H
E
P
0
1
(
2
0
2
1
)
1
3
8

Other potentially interesting observables are quark EDM, which receive a strong bound
via the constraint on the neutron EDM. Since these are not directly relevant for the pa-
rameter space relevant for our fits, we do not consider them in this work. A comprehensive
analysis of EDMs in scalar leptoquark models is given in ref. [146]; for a recent analysis in
the context of a (vector) U1-leptoquark model see ref. [147].

A.12 Z boson couplings

The couplings of the Z boson have been measured very precisely at LEP 1. At one-loop,
the LQ model generates contributions to these very well measured quantities, which pose
strong constraints on the model. The RGE-induced contributions in models aimed at
addressing the B anomalies have first been studied in refs. [24–26]. Here we include the
effect of finite corrections from the one-loop matching.

The pseudo-observables corresponding to the pole couplings of the Z boson to fermions
correspond to these effective Lagrangian couplings:

Leff = − g
cθ

([gZ,SM
ψ ]ij + [δgZψ ]ij)Zµ(ψ̄iγ

µψj) , (A.119)

where [gZ,SM
ψ ]ij = δij(T

ψ
3L−Qψs2

θ). The measurements of these pseudo-observables and the
predictions for the SM contributions can be found in [99]. Also often used is the effective
number of neutrino species at the Z peak, which depends on the couplings to neutrinos as

Nν =
∑

αβ

∣∣∣∣∣δαβ +
[δgZν ]αβ

gZ,SM
ν

∣∣∣∣∣

2

, (A.120)

where gZ,SM
ν ≈ 0.502. The latest update on the extraction of Nν from LEP data is given

in [100]. We collect in table 3 the limits used in our fit.
Working at one-loop accuracy, there are two possible contributions to these pseudo-

observables in our setup: tree-level contributions from the SMEFT operators,13 one-loop
matrix elements from the tree-level generated semileptonic operators. The result is:

[δgZeL
]αβ ≈− v2

[
1

2
[C

(1−3)
Hℓ ]

(1)
αβ(µ) +

Nc

16π2
[C

(1−3)
ℓq ]

(0)
αβiiI

MS
L (ui,m

2
Z , µ)

]
,

[δgZeR
]αβ ≈− v2

[
1

2
[CHe]

(1)
αβ(µ) +

Nc

16π2
[Ceu]

(0)
αβiiI

MS
R (ui,m

2
Z , µ)

]
,

[δgZν ]αβ ≈− v2
[

1

2
[C

(1+3)
Hℓ ]

(1)
αβ(µ) +

Nc

16π2
[C

(1+3)
ℓq ]

(0)
αβiiI

MS
L (ui,m

2
Z , µ)

]
,

[δgZdL
]ij ≈−

v2

2
[C

(1+3)
Hq ]

(1)
ij (µ) ,

[δgZuL
]ij ≈−

v2

2
VikV

∗
jl[C

(1−3)
Hq ]

(1)
kl (µ) ,

[δgZuR
]ij ≈−

v2

2
[CHu]

(1)
ij (µ) ,

[δgZdR
]ij ≈−

v2

2
[CHd]

(1)
ij (µ) ,

(A.121)

13There might be some indirect contributions via modifications to GF , but are negligible in our model.
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where µ is the scale at which the operators are evaluated, C(1±3)
X = C

(1)
X ± C

(3)
X , and we

included only one-loop matrix elements from up-type quark loops, since the top quark gives
the dominant effect. The expressions for the one-loop matching of the SMEFT operators
to the LQ model can be found in [58]. The loop functions are given by

v2IMS
L (ui, q

2, µ) =
1

9

[
5q2(1− 3s2

θ)− 6m2
ui

(1 + 6s2
θ)

− 3
(
m2
ui
− q2 + 3(2m2

ui
+ q2)s2

θ

)
DiscB(q2,mui

,mui
)

+ 3(−3m2
ui

+ q2 − 3q2s2
θ) log

µ2

m2
ui

]
,

v2IMS
R (ui, q

2, µ) = −5

3
q2s2

θ +m2
ui

(2− 4s2
θ)

+
(
m2
ui
− (2m2

ui
+ q2)s2

θ

)
DiscB(q2,mui

,mui
)

+ (m2
ui
− q2s2

θ) log
µ2

m2
ui

,

DiscB(q2,m,m) =

√
q2(q2 − 4m2)

q2
log

2m2 − q2 +
√
q2(q2 − 4m2)

2m2
.

(A.122)

Note that IMS
L (c,m2

Z , µ = 1.5 TeV) = 0.102 + i0.044, IMS
R (c,m2

Z , µ = 1.5 TeV) =

−0.23−i0.10 while IMS
L (t,m2

Z , µ = 1.5 TeV) = −1.91 and IMS
R (t,m2

Z , µ = 1.5 TeV) = 1.83.
Furthermore, in the limit q2 → 0,

IMS
R,L (t, 0, µ) ≈ ±m

2
t

v2
log

µ2

m2
Z

= ±1.95 log

(
µ2

1.5 TeV2

)
. (A.123)

When all contributions are included, numerical expressions are:

103δgZeαL
≈1.58

(λ3L
bα )2

m2
3

(1 + 0.31 logm2
3)− 0.16

(λ1L
bα )2

m2
1

− 0.16
λ3L
bαλ

3L
sα

m2
3

+ . . . ,

103δgZνα
≈0.86

(λ1L
bα )2

m2
1

(1 + 0.27 logm2
1) + 0.53

(λ3L
bα )2

m2
3

(1 + 0.52 logm2
3) + . . . ,

103δgZeαR
≈− 0.67

(λ1R
tα )2

m2
1

(1 + 0.37 logm2
1) + 0.059

(λ1R
cα )2

m2
1

+ 0.030
(λ1R
uα)2

m2
1

+ . . . ,

103δgZbL
≈− 0.044

(λ1L
bτ )2 + (λ1L

bµ )2

m2
1

+ . . . ,

103δgZcR
≈− 0.014

(λ1R
cτ )2 + (λ1R

cµ )2

m2
1

+ . . . ,

(A.124)

where the dots represent smaller, thus negligible, contributions. The largest radiative
contributions are those due to the top quark, which get a y2

t factor, while all others arise
only due to light Yukawas or gauge couplings and are thus much smaller. The present
measurements are reported in table 3.
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A.13 Oblique corrections and Higgs couplings

Let us now consider a set of constraints for the potential couplings between leptoquark and
the SM Higgs. Since these are universal corrections we focus on constraints independent
on the LQ couplings to fermions. Considering that all effects related to the couplings in
the potential arise at one-loop, and that we also have a scale suppression from the TeV-
scale LQ masses, it is clear we need to consider only high precision constraints for universal
theories: EW precision observables, and Higgs processes which arise at one-loop in the SM.

Using the expressions of the oblique corrections in terms of Warsaw basis operators
from [122] we get

Ŝ =
α

4s2
W

S = v2g2
(
CHWB

gg′ +
1

4
CHJW +

1

4
CHJB −

1

2
C2JW −

1

2
C2JB

)

= −g
2Ncv

2YS3

48π2

λǫH3

M2
3

≈ −5.4× 10−5λǫH3/m
2 ,

T̂ = αT = −v
2

2

(
CHD − g′2(CHJB − C2JB)

)

=
Ncv

2λ2
ǫH3

48π2M2
3

+
Ncv

2

16π2
|λH13|2

M4
1 −M4

3 − 2M2
1M

2
3 logM2

1 /M
2
3

(M2
1 −M2

3 )3

≈ 3.8× 10−4λ2
ǫH3/m

2 + 3.8× 10−4|λH13|2/m2 ,

Y = −v
2g2

2
C2JB =

Ncv
2g2g′2

1920π2

(
Y 2
S1

M2
1

+ 3
Y 2
S3

M2
3

)
≈ 2.3× 10−7/m2 ,

W = −v
2g2

2
C2JW =

Ncv
2g4

960π2M2
3

≈ 3.5× 10−6/m2 ,

Z = −v
2g2

2
C2JG =

v2g2g2
s

3840π2

(
1

M2
1

+
3

M2
3

)
≈ 4.0× 10−6/m2 ,

(A.125)

where in the numerical expressions we set M1 = M3 = m TeV and (OHJW , OHJB, O2JW ,
O2JB, O2JG) are universal combination of Warsaw basis operators as defined in [122].
Given the smallness of the contributions to Y,W,Z, we neglect these and use the S, T fit
from [117] with U = 0: S = 0.04± 0.08, T = 0.08± 0.07, with correlation ρST = 0.92.

All deviations in Higgs couplings arise at loop level in this model and are thus very
suppressed. The only channels potentially sensitive to such deviations are those for which
also the SM contribution arises at one-loop: Higgs couplings to photons and gluons. For
the couplings to photons and gluons we use the latest combination of Higgs measurements
done by ATLAS with 80 fb−1 of luminosity [118] while for the Zγ channel we use the
ATLAS [119] and CMS [120] constraints:

κγ = 1.00± 0.06 , κg = 1.030± 0.065 , ργ−g = −0.44 ,

σ/σSM(Zγ) = κ2
gκ

2
Zγ = 2.0+1.0

−0.9|ATLAS (< 3.9 @95%CL)CMS ,
(A.126)

where κi are coupling-modifiers in the so-called kappa-framework, defined for each channel
by κ2

i ≡ Γi/Γ
SM
i or κ2

i ≡ σi/σ
SM
i . We take the HL-LHC prospects from [123] (table 38),
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which give the following uncertainties for the κ parameters we are interested in:

σκγ = 2.0%, σκZγ = 12.4%, σκg = 2.5%. (A.127)

Defining the phenomenological effective Lagrangian

L = −cZγ
v
hZµνA

µν − cγγ
2v

hAµνA
µν − cgg

2v
hGAµνG

Aµν , (A.128)

the κ parameters are given by κi = 1 + cNP
i /cSM

i , with cSM
Zγ = 6.9× 10−3, cSM

γγ = 3.8× 10−3,
cSM
gg = 8.1× 10−3. The matching to the SMEFT, and to our LQ model, is given by

cNP
Zγ = v2

[
2cW sW (CHB − CHW ) + (c2

W − s2
W )CHWB

]
,

cNP
γγ = −2v2

[
L2
WCHB + sW (sWCHW − cWCHWB)

]
,

cNP
gg = −2v2CHG ,

(A.129)

and

CHB =
g′2Nc

96π2

(
3
λH3Y

2
S3

M2
3

+
λH1Y

2
S1

M2
1

)
,

CHW =
g2NcλH3

48π2M2
3

,

CHWB = −Nc
gg′YS3λǫH3

48π2M2
3

,

CHG =
g2
s

192π2

(
3λH3

M2
3

+
λH1

M2
1

)
.

(A.130)

Numerically, fixing both LQ masses to 1 TeV, we get:

κZγ − 1 = −(1.89λH3 + 0.23λǫH3 − 0.033λH1)× 10−2 ,

κγ − 1 = −(2.32λH3 + 0.66λǫH3 − 0.11λH1)× 10−2 ,

κg − 1 = −(3.51λH3 + 1.17λH1)× 10−2 .

(A.131)

B SMEFT and LEFT operator bases

For ease of reference, we report in this section the SMEFT [59] and LEFT [128] oper-
ator bases used throughout our analyses. We denote SMEFT and LEFT operators by
calligraphic O and O respectively. Flavor indices are suppressed.
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B.1 SMEFT basis

X3 X2H2 H4D2

O3G fABCGAν
µ GBρ

ν GCµ
ρ OHG GA

µνG
Aµν(H†H) OH� (H†H)�(H†H)

O
3G̃

fABCG̃Aν
µ GBρ

ν GCµ
ρ O

HG̃
G̃A

µνG
Aµν(H†H) OHD (H†DµH)†(H†DµH)

O3W ǫIJKW Iν
µ W Jρ

ν WKµ
ρ OHW W I

µνW
Iµν(H†H) H6

O
3W̃

ǫIJKW̃ Iν
µ W Jρ

ν WKµ
ρ O

HW̃
W̃ I

µνW
Iµν(H†H) OH (H†H)3

OHB BµνB
µν(H†H)

O
HB̃

B̃µνB
µν(H†H)

OHW B W I
µνB

µν(H†τ IH)

O
HW̃ B

W̃ I
µνB

µν(H†τ IH)

Table 7. SMEFT bosonic operators.

ψ2XH + h.c. ψ2H3 + h.c. ψ2DH2

OuG (qTAσµνu)H̃GA
µν OuH (H†H)qH̃u O(1)

Hq (qγµq)(H†i
←→
D µH)

OuW (qσµνu)τ IH̃W I
µν OdH (H†H)qHd O(3)

Hq (qτ Iγµq)(H†i
←→
D I

µH)

OuB (qσµνu)H̃Bµν OeH (H†H)ℓHe OHu (uγµu)(H†i
←→
D µH)

OdG (qTAσµνd)HGA
µν OHd (dγµd)(H†i

←→
D µH)

OdW (qσµνd)τ IHW I
µν OHud (uγµd)(H̃†iDµH)

OdB (qσµνd)HBµν O(1)
Hℓ (ℓγµℓ)(H†i

←→
D µH)

OeW (ℓσµνe)τ IHW I
µν O(3)

Hℓ (ℓτ Iγµℓ)(H†i
←→
D I

µH)

OeB (ℓσµνe)HBµν OHe (eγµe)(H†i
←→
D µH)

Table 8. SMEFT two-fermion operators.

Four quark Four lepton Semileptonic

O(1)
qq (qγµq)(qγµq) Oℓℓ (ℓγµℓ)(ℓγµℓ) O(1)

ℓq (ℓγµℓ)(qγµq)

O(3)
qq (qγµσIq)(qγµσ

Iq) Oee (eγµe)(eγµe) O(3)
ℓq (ℓγµσIℓ)(qγµσ

Iq)

Ouu (uγµu)(uγµu) Oℓe (ℓγµℓ)(eγµe) Oeu (eγµe)(uγµu)

Odd (dγµd)(dγµd) Oed (eγµe)(dγµd)

O(1)
ud (uγµu)(dγµd) Oqe (qγµq)(eγµe)

O(8)
ud (uγµTAu)(dγµT

Ad) Oℓu (ℓγµℓ)(uγµu)

O(1)
qu (qγµq)(uγµu) Oℓd (ℓγµℓ)(dγµd)

O(8)
qu (qγµTAq)(uγµT

Au) Oℓedq (ℓe)(dq)

O(1)
qd (qγµq)(dγµd) O(1)

ℓequ (ℓ
r
e)ǫrs(qsu)

O(8)
qd (qγµTAq)(dγµT

Ad) O(3)
ℓequ (ℓ

r
σµνe)ǫrs(qsσµνu)

O(1)
quqd (qru)ǫrs(qsd)

O(8)
quqd (qrTAu)ǫrs(qsTAd)

Table 9. SMEFT four-fermion baryon number conserving operators.
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B.2 LEFT basis

(LR)X

Oeγ eLσ
µνeRFµν

Ouγ uLσ
µνuRFµν

Odγ dLσ
µνdRFµν

OuG uLT
AσµνuRG

A
µν

Odγ dLσ
µνdRFµν

Table 10. LEFT dipole (dimension five) operators.

X3

O3G fABCGAν
µ GBρ

ν GCµ
ρ

O
3G̃

fABCG̃Aν
µ GBρ

ν GCµ
ρ

Table 11. LEFT bosonic operators.

(LL)(LL) (LL)(RR) (LR)(LR)

OV,LL
νν (νLγ

µνL)(νLγµνL) OV,LR
νe (νLγ

µνL)(eRγµeR) OS,RR
ee (eLeR)(eLeR)

OV,LL
ee (eLγ

µeL)(eLγµeL) OV,LR
ee (eLγ

µeL)(eRγµeR) OS,RR
eu (eLeR)(uLuR)

OV,LL
νe (νLγ

µνL)(eLγµeL) OV,LR
νu (νLγ

µνL)(uRγµuR) OT,RR
eu (eLσ

µνeR)(uLσµνuR)

OV,LL
νu (νLγ

µνL)(uLγµuL) OV,LR
νd (νLγ

µνL)(dRγµdR) OS,RR
ed (eLeR)(dLdR)

OV,LL
νd (νLγ

µνL)(dLγµdL) OV,LR
eu (eLγ

µeL)(uRγµuR) OT,RR
ed (eLσ

µνeR)(dLσµνdR)

OV,LL
eu (eLγ

µeL)(uLγµuL) OV,LR
ed (eLγ

µeL)(dRγµdR) OS,RR
νedu (νLeR)(dLuR)

OV,LL
ed (eLγ

µeL)(dLγµdL) OV,LR
ue (uLγµuL)(eRγ

µeR) OT,RR
νedu (νLσ

µνeR)(dLσµνuR)

OV,LL
νedu (νLγ

µeL)(dLγµuL) OV,LR
de (dLγµdL)(eRγ

µeR) OS1,RR
uu (uLuR)(uLuR)

OV,LL
uu (uLγ

µuL)(uLγµuL) OV,LR
νedu (νLγ

µeL)(dRγµuR) OS8,RR
uu (uLT

AuR)(uLT
AuR)

OV,LL
dd (dLγ

µdL)(dLγµdL) OV 1,LR
uu (uLγ

µuL)(uRγµuR) OS1,RR
ud (uLuR)(dLdR)

OV 1,LL
ud (uLγ

µuL)(dLγµdL) OV 8,LR
uu (uLT

AγµuL)(uRT
AγµuR) OS8,RR

ud (uLT
AuR)(dLT

AdR)

OV 8,LL
ud (uLT

AγµuL)(dLT
AγµdL) OV 1,LR

ud (uLγ
µuL)(dRγµdR) OS1,RR

dd (dLdR)(dLdR)

(RR)(RR) OV 8,LR
ud (uLT

AγµuL)(dRT
AγµdR) OS8,RR

dd (dLT
AdR)(dLT

AdR)

OV,RR
ee (eRγ

µeR)(eRγµeR) OV 1,LR
du (dLγ

µdL)(uRγµuR) OS1,RR
uddu (uLdR)(dLuR)

OV,RR
eu (eRγ

µeR)(uRγµuR) OV 8,LR
du (dLT

AγµdL)(uRT
AγµuR) OS8,RR

uddu (uLT
AdR)(dLT

AuR)

OV,RR
ed (eRγ

µeR)(dRγµdR) OV 1,LR
dd (dLγ

µdL)(dRγµdR) (LR)(RL)

OV,RR
uu (uRγ

µuR)(uRγµuR) OV 8,LR
dd (dLT

AγµdL)(dRT
AγµdR) OS,RL

eu (eLeR)(uRuL)

OV,RR
dd (dRγ

µdR)(dRγµdR) OV 1,LR
uddu (uLγ

µdL)(dRγµuR) OS,RL
ed (eLeR)(dRdL)

OV 1,RR
ud (uRγ

µuR)(dRγµdR) OV 8,LR
uddu (uLT

AγµdL)(dRT
AγµuR) OS,RL

νedu (νLeR)(dRuL)

OV 8,RR
ud (uRT

AγµuR)(dRT
AγµdR)

Table 12. LEFT four-fermion lepton and baryon number conserving operators.
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