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ABSTRACT: Leptoquarks are ubiquitous in several extensions of the Standard Model and
seem to be able to accommodate the universality-violation-driven B-meson-decay anomalies
and the (g—2), discrepancy interpreted as deviations from the Standard Model predictions.
In addition, the search for lepton-flavour violation in the charged sector is, at present,
a major research program that could also be facilitated by the dynamics generated by
leptoquarks. In this article, we consider a rather wide framework of both scalar and
vector leptoquarks as the generators of lepton-flavour violation in processes involving the
tau lepton. We single out its couplings to leptoquarks, thus breaking universality in the
lepton sector, and we integrate out leptoquarks at tree level, generating the corresponding
dimension-6 operators of the Standard Model Effective Field Theory. In ref. [1] we obtained
model-independent bounds on the Wilson coefficients of those operators contributing to
lepton-flavour-violating hadron tau decays and /-7 conversion in nuclei, with £ = e, u.
Hence, we use those results to translate the bounds into the couplings of leptoquarks to
the Standard Model fermions.
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1 Introduction

The Standard Model (SM) of particle physics is a very successful quantum field theory,
which describes the dynamics of the strong interaction as well as the unified electromagnetic
and weak interactions — the electroweak (EW) theory. While the SM has passed a number
of elaborate experimental tests over a broad range of energies, it is believed already for
decades that it does not provide us with the final and complete picture of reality as expected
from a fundamental theory. There are purely theoretical reasons to think like that: besides
the fact that the SM contains many a priori unknown parameters, there are indications
for the unification of the strong and EW forces and the common underlying structure of
all fermions, which form the so-called families or generations. From the phenomenological
point of view, there are several phenomena which cannot be explained within its framework.
For instance, the SM does not provide a viable dark-matter candidate, fails to predict the
observed matter-antimatter asymmetry in the Universe, and, as is, it does not strive to



unambiguously incorporate the tiny (though nonzero) masses of neutrinos. Hence, one
of the major goals of contemporary particle physics is to look beyond the SM (BSM) for
possible explanations of these and other shortcomings.

The effects of BSM phenomena on the dynamics of SM particles, arising at energy
scales higher than the EW scale (Agw), can be encoded in terms of the Standard Model
Effective Field Theory (SMEFT) [2, 3], in particular in the Wilson coefficients (WCs) —
low-energy constants standing in front of the monomials in such an effective Lagrangian.
These coefficients can be related to parameters of particular BSM models and could be
also determined from experimental results.

Within the rich palette of BSM scenarios, a very well motivated class of theories
predicts the existence of leptoquarks (LQs) — electrically charged bosons (with spin S =
0,1) which transform as triplets under SU(3)c and can turn quarks into leptons and vice
versa. They naturally emerge in Grand Unified Theories, where strongly non-interacting
leptons are accommodated into the same multiplets as quarks: they first appeared in the
Pati-Salam model [4, 5], and right after in theories based on other symmetry groups, such
as the simplest SU(5) in the case of the Georgi-Glashow model [6], SO(10) [7, 8], or further
on in superstring-inspired Eg models [9, 10]. They were as well predicted in technicolor
and other related models based on the dynamically generated symmetry breaking [11-13],
or in models with composite fermions [14-16] or extended scalar sectors [17, 18].

At the same time, the persisting existence of several anomalies — discrepancies between
the SM theoretical predictions of observables and their experimental values — signals
possible effects of new physics (NP), and leptoquarks present themselves as relevant NP
candidates, being able to address one or more of these deviations, depending on the chosen
model. The discrepancies that have drawn more attention in the recent literature are
Ry [19-26], Ri [27-34] together with very recent Ryo and Ryt [35], the so-called
B anomalies [36], and the anomalous magnetic moment (g — 2) of the muon [37, 38].
Effects of LQs in these and other processes are extensively studied and parameterised via
effective field theory (EFT) frameworks; see e.g. ref. [39] and references therein. More recent
updates on the role of leptoquarks in B anomalies and constraints on their couplings to
ordinary matter can be found in refs. [40-62], while the (¢—2),, discrepancy is addressed in
refs. [40-44, 57-59, 61-73]. A detailed analysis of low-energy signals of scalar leptoquarks
is presented in ref. [67]. Finally, for current and expected limits from collider searches see
refs. [46, 48, 49, 53, 62, 74-87].

Besides the notorious anomaly-related issues, leptoquarks have also been considered
to address other BSM problems like the generation of neutrino masses through one [40,
55, 73, 88-90], two [40, 43, 58, 64, 91] and three loops [41]. Furthermore, their role as
mediators between the SM sector and dark matter candidates is studied in refs. [92, 93],
their implications for baryogenesis are considered in ref. [94], and the ANITA anomalous
events are explained using particular leptoquark models in refs. [91, 95]. Their existence
might also offer a hint on why there are exactly three generations of matter or why there
is the same number of quark and lepton species, the consequence of which is the fact
that the currents associated with the SM gauge symmetries are non-anomalous — free of
Adler-Bell-Jackiw axial anomalies [96-98].



Following the above reasoning, leptoquarks belong, at present, among the most promis-
ing NP contributions. However, despite the immense experimental effort, they have not
been directly observed yet.

In this work, we address another interesting BSM phenomenon, namely processes ex-
hibiting charged-lepton-flavour violation (CLFV). This effect, while absent in the SM, is
expected to happen in presence of massive neutrinos. However, minimal extensions of the
SM with light right-handed neutrinos predict tiny CLF'V rates, inaccessible to current and
mid-term foreseen experiments [99-104]: e.g. T'(u — e7)/T'(i — evi) < 10740, Within the
leptoquark framework, CLFV processes can occur at tree level via the exchange of a LQ
coupled to (T ¢) and (gT'¢') currents (here, g is short for a quark field, £ for a lepton field,
and I' the relevant Dirac tensors), providing enhanced rates for these processes that could
be measured at present or future experiments. We will focus on CLFV 7-involved processes
since most of the work done in this area has been mainly related to the first and second fam-
ilies (see, for instance, the reviews [105-107]), and the persistence of some charged-current-
driven B anomalies suggests an apparent violation of universality around the third family.

Hence, we take the most general couplings of the 5 different types of both scalar and
vector leptoquarks to the SM fermions (see, for instance, ref. [39]); in the presence of a right-
handed neutrino, that we do not consider, there is an additional type of scalar and vector
LQs. Upon integration of those leptoquarks — assuming Mg > Agw — the four-fermion
(mass-)dimension-6 (D = 6) operators of the SMEFT [2, 3] are generated. As commented
above, we break universality in the lepton sector by attaching different couplings to the
tau lepton and those of the first two families. This is because some works [108, 109] point
to the aforementioned particularity of the third family and, moreover, the implications
related to the first two families in this regard are far less compelling [110]. Moreover, we
have also taken into account the 7 — ¢ decays (with ¢ = e, u), although their leading
contribution arises at one loop. Throughout this procedure, we get the WCs of the D =6
SMEFT operators expressed in terms of products of a pair of unknown couplings of LQs to
SM fermions. In addition, we identify the energy scale of the corresponding SMEFT with
the masses of leptoquarks.

In ref. [1], we performed a model-independent analysis taking into account current and
foreseen experimental data for lepton-favour-violating hadronic 7 decays (from Belle [111]
and Belle II [112]) and /-7 conversion in nuclei, £ = e, u (from NA64 expected sensitiv-
ity [113]). As a consequence, we obtained tight bounds on the participating WCs that we
can now translate to the products of LQs couplings. Upon general assumptions on those
couplings we can also arrive at estimates for the lower bounds on LQ masses. Based on
our results, we would like to highlight the strong bounds on LQ masses and couplings that
Belle II future results on the hadronic 7 decays will be able to establish.

The paper is organised in the following way. In section 2, we present the most general
CLFV leptoquark Lagrangian based on the SM symmetries accommodating scalars and
vectors, and describe the important features of this framework. In section 3, we recover
the four-fermion D = 6 SMEFT operators that result from integrating out the LQ fields
at tree level. Hence, we give the relations between the WCs and the leptoquark couplings,
which we use to constrain the latter in section 4 by using our results from ref. [1]. We



point out our main conclusions in section 5. Several technical appendices make easier the
understanding of the present work.

2 Leptoquark Lagrangian

To systematically explore all possible options, leptoquarks are classified with respect to
their spin (scalar or vector) and the way they couple to quarks and leptons based on their
transformation properties under the SM gauge group SU(3)cxSU(2)r, x U(1)y: they always
transform as colour triplets and range from SU(2) singlets to triplets; leptoquarks with the
same SU(2) gauge dimensionality then differ by hypercharge. The electric charge of the
leptoquarks is then given, as usual, by @ = Is+Y, where I3 stands for the SU(2) generator
and Y for the U(1) hypercharge operator. Leptoquarks have a well-defined fermion number
F = 3B + L, with B and L being the baryon and lepton numbers, respectively. All
leptoquark fields are categorised into two sets: |F'| = 0,2. In what follows, we use the same
notation and conventions as in ref. [39].

Generically, the kinetic and gauge couplings of leptoquarks are described by the La-
grangians

Ls= Y [(Du8) DS - MESTS],
scalars
) (2.1)
Ly= Y {—QVJVV“” + M ViVE + ]
vectors

where the field-strength tensor for the vector leptoquarks is V,, = D,V, — D, V. The SM
covariant derivative is given by

, . a4
D, =0,+ig:1YB, + zgglkWIf + 1937Gﬁ , (2.2)

where the A4 and I, are the generators of the SU(3) and SU(2) symmetry groups, re-
spectively, while Y is the LQ hypercharge operator. Note that the I* depend on the
leptoquark SU(2) representation, e.g. for a leptoquark doublet, I} = 7/2, with 75 being
the Pauli matrices, while for a triplet we have Iy, = (Iy)yn = —i€kim, With 4. being the
three-dimensional Levi-Civita pseudotensor (¢123 = 1). In eq. (2.1), the dots in the vector
leptoquark Lagrangian correspond to other D = 4 terms that involve additional interac-
tions of the SM gauge fields with the leptoquarks, and self-interactions between the latter.
These are allowed by the gauge symmetry (although their couplings are not determined by
it) and facilitate the renormalizability of the vector Lagrangian (see ref. [114]), but their
explicit form is not essential for further discussion so we do not show them here. Note
that we do not consider these vector leptoquarks being gauge bosons of an extended gauge
symmetry: the gauge interactions of vector leptoquarks cannot be unambiguously defined
due to their uncertain gauge nature, and an ultraviolet completion might be needed [115].

Finally, we do not consider the coupling of leptoquarks to the SM Higgs doublet [62,
116]. The diagonal couplings contribute, together with the mass parameters in the La-
grangian, to the total LQ mass after the spontaneous symmetry breaking has taken place



LQ type | SM symmetries Lagrangian
Sy (3,3,1/3) Y Qr e (S5 LEC + e,
Ry (3,2,7/6) ~YRlah Ry L + iR el RST Q)Y + hee.
Ry (3,2,1/6) —YRk di Rg e L + hec.
Sy (3,1,4/3) YRR AR Sy ef, + hec.
S (3,1,1/3) YL Qr " S1e® LI + YRR G§ Sy efy + h.c.
Us (3,3,2/3) X35 oy (kU,,) ™ L{’ + h.c.
v (3,2,5/6) | X§ldRiy" Vs, e L1 + XEE QU e VD, ey + b,
Va (3,2,-1/6) —XQRZ% ugz'y“ %ausabLj’b—i—h.c.
U, (3,1,5/3) Xﬁfj{uRfy U1M6R+hc
U (3,1,2/3) XPl Qre At Ury LY + XTR Al 42 Uy ef + hec.

Table 1. Classification of leptoquarks based on the representations of matter fields under the SM
gauge group SU(3)c x SU(2), x U(1)y, and related Lagrangians representing the interactions of
leptoquarks with SM quarks and leptons. Only terms potentially responsible for CLFV are shown,
and all these terms then constitute the L1,q gm Lagrangian. The Yukawa-like couplings Ydi‘il X2
X fﬁ;‘?, d =1,2,3, are dimensionless. The hypercharge Y is related to the electric charge @ via @ =
I;+Y, with I3 staying for the third SU(2)1, generator, the specific realisation of which, as mentioned
in the main text, depends on the corresponding leptoquark representation. As is customary, @1, and
Ly, stand for the left-handed quark and lepton SU(2) doublets, ugr(dg) and er are the up(down)-
type quark and lepton right-handed SU(2) singlets, respectively. Finally, 7, are the Pauli matrices
{7k, 71} = 20k112) and € stands for the Levi-Civita symbol in two dimensions (& = i7). The letters
1,7 = 1,2,3 denote flavour indices, while a,b,c = 1,2 are SU(2)-gauge-group-related indices.

and

and the Higgs acquired a vacuum expectation value. On the other hand, the off-diagonal
couplings translate into a mixing of leptoquarks in table 1 when diagonalising the total
LQ mass matrix and working in the mass basis. However, and as a consequence of the
fact that the LQ-Higgs couplings involve two leptoquark fields, the corresponding mixing
components behave as O(1 /MEQ) [62]. Hence, upon integration, the effects of the induced
mixing to the four-fermion operators present in our analysis are O(1 /Mfo), and are thus
of higher order than the ones we consider in our work.

The most general renormalizable Lagrangian based on the SM symmetries that realises
interactions of leptoquarks with fermion pairs contains in total 10 types of leptoquark fields
(which extends to 12 if right-handed neutrinos are brought into the picture): 5 scalar and
5 vector ones. For each leptoquark type, the terms potentially responsible for the ¢—r
conversion and 7 — (¢ + hadrons) decays (with ¢ = e, ) are shown in table 1, where
all possible flavour structures for the Yukawa-like couplings should be taken into account.
However, as it was motivated in our previous work [1], we consider an egalitarian flavour



structure in the quark sector: equal entries for all quark flavours in the Wilson coefficient
matrices Cj; of the SMEFT (see below), where 4,j run over all quark flavours. Hence,
our LQ Yukawas are quark-flavour-blind, whereas in the lepton sector we allow for flavour
violation — although only in the third family, while keeping flavour universality for the first
and second families. The LQ Yukawa couplings in table 1, namely Y and X, will be assumed
to be real. Our ultra-violet (UV) Lagrangian, at the leptoquark mass scale, is then given by:

Lyv = Lsm + Ls + Ly + ﬁLQfsM, (2.3)

with L1,q sm consisting of the operators from table 1. Among various possible additional
interactions, the so-called diquark couplings (i.e. when the LQ is coupled to a quark-
antiquark pair) may appear at tree level in the Lagrangian (2.3) (although there are no
analogous dilepton couplings to leptoquarks). This entails a possible danger to matter
stability, or, in turn, strong bounds on L(Q masses or couplings. Therefore, to avoid deal-
ing with the proton-decay issue and since, in any case, diquark couplings do not play any
role at tree level in CLFV processes, without any loss of generality we do not consider
these couplings in this work and we have not included them in table 1. Although this
precludes proton decay in the minimal scenario when assuming (besides the SM content)
only one leptoquark species at a time, note that regardless of the presence or absence of
diquark couplings, a richer scenario as the one treated here with all leptoquarks considered
simultaneously is much more involved [39, 117]. Hence, since these kinds of interactions
do not affect our CLFV analysis and in order not to dive into this issue any further here,
we simply assume, in what follows, that the proton is stable.

3 The integration of leptoquarks

The aim of this work is to translate the bounds on the ratio C/A%; v (containing the
Wilson coefficients (Cs) of the D = 6 operators in the SMEFT and the high-energy scale
Acprv) obtained by analysing charged-lepton-flavour-violating 7 processes in ref. [1], into
constraints on the couplings and mass scales of the leptoquark Lagrangian described in
section 2.

Direct searches of leptoquarks have been extensively carried out at the LHC [118].
Lower bounds on their masses depend crucially on their spin (scalar or vector), their
weak charges and generations involved, and the supposedly dominant decay products.
Generically, we can say that the present status requires Mg > 1-2TeV, with a slight
preference for the higher value [119, 120]. Meanwhile, indirect determinations from the B
anomalies or lepton-number-violating processes [118] require heavier LQs with masses of at
least few TeVs (for O(1) LQ couplings). Hence, it is rather fair to say that My,q > Agw and
that their contribution to D = 6 SMEFT monomials is hidden into the Wilson coefficients
we denote C' (or, more generally, into C'/A?). Assuming, in consequence, that there is such
a mass gap between the SM particles and leptoquarks, we can integrate out the (heavy)
leptoquark fields to recover the associated D = 6 operators that contribute to the CLFV
processes we study.



WC Operator WC Operator

Cio | (Lomle) (Q@r) | €% | (Lowr'Lr) (@i r'Qe)
Ceu | (@mer) (@*u) | Ced (epmer) (dsyds)
Cru (_p'Yqu) (st ur) | Cra (Ep’er> (Js’y"dt)
Cqe ( _pWQr) (esv*et) | Credq (U;w) (Jng)
Chrgu | (Lier) e (Qkm) | O, | (Lhower) e (Qhor w)
Cew (Epa“”er) oWl | Cep (ipa“”er) ¢ By

Table 2. Dominant D = 6 SMEFT operators contributing to the CLFV processes generated by
leptoquarks. The notation (up to small apparent changes) is the one from ref. [3]. For the family
indices, we use p, r, s and ¢, while j and k are weak isospin indices. For I = 1,2, 3, 71 are the Pauli

matrices, with € = imp, and 0" = [y*,~"]. In the first row, A denotes the scale where the new

dynamics arises. The operators share the same notation with the associated couplings, substituting
simply C' — O, i.e. O(ng) and so on. Four-fermion operators are obtained by integrating out, at the
leading tree-level contribution, the leptoquark Lagrangian that we described in section 2. The last
two operators in the table generate O, = cwOcp — swOew, which is obtained by integrating out
the leptoquarks at the leading one-loop contribution.

In our previous work [1], we concluded that the strongest bounds from CLFV processes
involving the tau lepton, namely hadronic tau decays, were imposed on the four-fermion
operators and the operator responsible for the radiative decay ™ — f¢~; see table 2 for a
detailed list of these operators. Indeed, it was the O, = cwOcp — swOew operator (here
and below, cw = cosfyw and sy = sinfyw, with Oy being the weak mixing (Weinberg)
angle; see also section 4.1) which was getting the strongest bound and has two relevant
features. Firstly, it incorporates a Higgs field (as can be seen in table 2). Secondly, it is
generated at the one-loop level upon leptoquark integration once the spontaneous symmetry
breaking of the electroweak symmetry has taken place.

In this article, we will consider the leptoquark contributions to both the four-fermion
and O operators at leading order. We thus perform the low-energy matching (Myq >
Agw) of the leptoquark Lagrangian Lyy from eq. (2.3) with the SM extended by the D = 6
operators (i.e. with the SMEFT Lagrangian) and obtain the relation among the Wilson
coefficients and the couplings of the leptoquark framework — after their running with the
scale is taken into account.

3.1 Four-fermion operators

We start first with the matching giving the four-fermion CLFV operators. In the classical
limit (tree level) this can be achieved by using the equations of motion of the integrated
fields, as follows from the application of the steepest descent method to determine the path
integral of the effective action [121, 122]. This procedure gives a non-local Lagrangian. As-



suming that these scalars (mass Mg) and vectors (mass My ) are very heavy, in comparison
with the energy scale of the effective action, we can make an expansion in momenta in the
corresponding solutions for scalars S and vectors V', producing a local action. Sticking to
the first order, we have, in a generic notation,

dX1X2 ; YdX1X2
,rs n ;TS n
Sy o~ 12 P by, ST~ M2 YL (3.1)
C)[(lXZ ; XC)ICIXQ
VM ~ _ IS IS T , Vu ~ _ ,rs JUNRE] , 3.2
d M‘Q/ ¢X1’Y wxg d M‘Q/ le)/ wxg ( )

where d refers to the SU(2) representation (dimensionality) of the LQ field, and repeated
indices (chiralities yj and flavours r, s) are summed over. We will assume, in the following,
that all the scalar leptoquarks, independently of their SU(2) quantum numbers, have the
same mass Mg, and analogously for vector leptoquarks (having mass My). Inserting these
relations back into eq. (2.3) and introducing the notation of table 1 used in the rest of the
paper, we obtain contributions to the effective Lagrangians accounting for effects stemming
from the interactions of the scalar and vector LQ fields:

X1X2yX3Xa o
£57 5 S (0, V) (DGR

X1X2 ; X3X4 (33)
£ o~ (B V) W ).

Using the above prescription and restoring the SU(2) gauge structures, we end up with
a list of effective D = 6 four-fermion operators. In order to recognise the couplings of the
SMEFT Lagrangian in table 2 (or the modified basis suitable for the numerical analysis
from ref. [1]), we have employed Fierz reordering and several relations and identities, as
detailed in the appendix A. Hence, considering generically A = Mi,q for every leptoquark
type,! we can identify products of two LQ couplings with the Wilson coefficients. The
results are collected in table 3.

Leptoquarks can mediate lepton-flavour violation even when all Yukawa couplings are
considered equal. However, since we have motivated and assumed an enhancement of
this phenomenon for the third lepton family (see section 1), we consider the 7-related
Yukawas different (potentially larger) than those for the other two charged leptons, so
that the (potentially stronger) limits imposed (from other works) on the first- or second-
family-related Yukawas do not apply to our case. This fact, together with the flavour
considerations (quark-flavour-blind Yukawas) discussed in the previous section, entail a
rather simple flavour structure for the Yukawa matrices. In general,

X1xX2 , X1X2 , X1X2
Yd Ya Yar

X1X2 _ X1X2 , X1X2 , X1X2 X1X2 X1X2
Yors = va™ vi"™ vy ; Ya' " F Yar - (3.4)

X1xX2 , X1X2 X1X2
Ya Ya Yar

rs

' As it will be clear further below, we consider two separate cases taking A = Ms (A = My) for scalar
(vector) leptoquarks.
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Ss |+ %YsLJT I YSITTIZ kTt % Ysl?ylit YSL:YI;LIC X x X X X X X X
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U, X X X X X X X —XPR X fffk X X

Ur |-3XEXER —dXERXTh X x x x x X XX XX

Table 3. Results of the matching of pairs of Yukawa couplings stemming from each leptoquark
type listed in table 1 to the Wilson coefficients of the four-fermion operators of SMEFT from table 2.
Notice that, owing to the Fierz rearrangement, we also obtain contributions containing tensorial
operators, i.e. Cfe)Qu.

The only exception to this prescription is, by definition, for YQLR, the structure of which
would be the Y**** from above transposed. For vector leptoquarks, we proceed analogously
taking ¥ — X.

3.2 Dipole operator and C,

Among all the D = 6 operators present in the relevant CLFV basis of ref. [3], we concluded
that the dominant contribution to the processes that we analysed [1] stemmed from dipole
operators via the exchange of a photon, namely O, = cwOcp — swOew as written in terms
of the operators from table 2. However, within the leptoquark framework, the leading-order
contribution to this operator occurs at one loop. In spite of that, and given the relevance
of the strong bound on the corresponding WC, we think that it is pertinent that we also
consider the leptoquark contribution to this coupling.

We will consider the process ¢1 — oy, with ¢1 = 7 and /2 = e, u; the detailed analysis
can be found in appendix B. Note that for the CLFV processes under consideration, a
leptoquark and a quark enter necessarily in the loop. The relevant leptoquarks are thus
Sé/ 3, RS/ ® and Sll/ 3 (with the superscripts identifying the respective electric charges) but
only the last two provide a dominant contribution. Indeed, the main contribution to these
amplitudes comes from chirality-enhanced effects. The triplet scalar LQ only couples to
fermion doublets — hence to two fields of the same (left) chirality (see table 1) — and
their amplitudes are thus suppressed by the mass of either lepton in the process [123].
Meanwhile, the singlet and doublet LQs couple to both chiralities, and their amplitudes
are hence proportional to the mass of the quark in the loop. Accordingly, the dominant
amplitudes will be those which include the exchange of a LQ and a top quark. As a
consequence, we will only consider the third-family quark. In addition — and this is also
further motivated from the Yukawa flavour structure of eq. (3.4) — all quarks couple
with the same strength to leptoquarks and leptons, the difference among the latter then
stemming from the specific lepton flavour only. Related to the dipole operator, we will
thus only present the bounds for these singlet and doublet LQs, assuming that — as it



also happens for the other LQs — the Yukawas of Sé/ ® are more strongly constrained
from the four-fermion operators (as it turns out to be the case). Note that the rest of the
leptoquarks would also contribute through their couplings to other quark flavours, e.g. to
bottom and charm quarks. Accordingly, their Yukawas would also be constrained by the
/3 apply.

Finally, since we are considering the ¢; — f27y process to perform the aforementioned

- 1
C, bound. However, similar arguments as for S;

matching, we can take into account also the bounds provided by direct searches for 7 — ¢+,
with ¢ = e,p [111, 112]. For this we use the results from ref. [123] and compare both
types of constraints in section 4.2; see also ref. [124] for a complete matching of the scalar
leptoquarks at the one-loop level to operators up to D = 6.

4 Results

We address now the results of our analyses. The constraints for the SMEFT D = 6
Wilson coefficients found in the previous work [1] were obtained considering the expected
sensitivity of the NA64 experiment at CERN [113] (for ¢~ conversion in nuclei), and the
current and expected results of Belle [111] and Belle II [112] experiments (for hadronic 7
decays). We arrived at the final numerical values for the bounds by means of the open-
source tool HEPfit [125]. These have to be now translated to the leptoquark-associated
ratios yy’ /MS2 and xa’ /M\Q,, which is done as explained in appendix D. Let us list some
important aspects of relating the SMEFT and leptoquark frameworks.

In ref. [1], all D = 6 operators contributing to CLFV processes were considered si-
multaneously, and it was shown that a naive single-operator analysis would result in over-
estimated (stronger) constraints on the corresponding WCs, simply due to the lack of
correlations among the operators. On a similar basis, we think that it is more natural to
consider a scenario in which not only one type of scalar or vector LQ drives the CLFV
dynamics. Furthermore, the limits extracted by reviewing the results on the processes in-
volving the CLFV phenomena in our previous work assumed only one energy scale Acrpy.
On the other hand, within the leptoquark framework we have many possible scales — LQ
masses. The nature of different LQs (scalar and vector) can, in principle, be completely
unrelated, and stem from a very different origin and/or scale. Hence, we will divide our
analysis into two separate parts: we consider first the simultaneous contribution of all dif-
ferent types of scalar leptoquarks (described by a common mass Mg) and then of all vector
leptoquarks (common mass My ), with Mg # My in general.

In our previous work [1], we extracted bounds on the aforementioned D = 6 SMEFT
Wilson coefficients from CLFV 7-involved processes within two distinct scenarios: first,
we considered new physics driving only CLFV in the 7 sector. Second, on top of these
phenomena, we also allowed for flavour-changing neutral currents (FCNC) in the quark
sector — transitions (cu), (bs), (5d), etc. However, for the second scenario, we made
the assumption that the energy scales Acrpyv and Apgne driving these phenomena were
the same. Within the leptoquark framework, due to the nature of the LQ-lepton-quark
interactions, this hypothesis is much better motivated, i.e. leptoquarks readily mediate
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FCNC processes even in the presence of negligible off-diagonal Yukawa couplings. Hence,
we present all the bounds obtained in the (second) FCNC case.

Finally, since the constraints are obtained from CLFV r-involved processes, we per-
formed the running of all the Wilson coefficients to the scale given by the T mass; see ref. [1]
for more details. Accordingly, the bounds on the pairs of Yukawa couplings are presented
at this scale.

4.1 Dictionary for the CLFV effective basis

In table 3, we collect the results for the matching of the leptoquark framework to the
SMEFT operators listed in table 2 upon tree-level integration of the leptoquarks. How-
ever, the basis of D = 6 operators presented in table 2 does not exactly match the basis
constrained from the CLFV processes studied in ref. [1]. A short dictionary is given here
to ease the transition.

Consistently with ref. [1], we only consider the QCD running of the SMEFT operators.
On top of that, we do not consider the (very suppressed) QCD running of the vector and
axial-vector currents, while the running of the scalar densities is related to the divergences
of the vector currents through, for instance, 0" (5vy,u) = i(ms; —my)(5u). Hence, the scalar
Wilson coefficients were redefined into scale-invariant C;:edQ and C’ge)éu, such that

1 my; 1 my
Cée)Qu = miz ée)Q/u ’ CL@dQ = miz CiedQ ) (41)
T T

with m; being the mass of the quark involved in the process. For the related bound, this just
entails a change by a factor proportional to m;. For u-processes (Cge)Qu) in {7 conversion,
since we considered m,, = 0, the overall factor becomes m.; in hadronic 7 decays though,
despite having taken into account the xPT scale-independent combination 2ByM, ~ Mp
(with M, being the diagonal matrix of the light-quark masses and Mp the physical-mass
matrix of the pseudoscalar Goldstone bosons), we will consider the mass of the up quark
at the energy scale of the 7 mass. For d-processes (Crcqq), the situation is slightly more
involved: for the lightest quark in ¢~ conversion, it holds accordingly mg = 0. However,
for s and b quarks, even though different masses were considered, only a single bound
was obtained, introducing an ambiguity when translating the constraints on the primed
WCs into the non-primed. This is solved for vector leptoquarks? by considering the most
conservative bound, i.e. taking m; = my. For hadronic 7 decays, related accordingly to the
most conservative bound, m, at the scale of m, is used.
Considering now the « dipole case, the C.p and C.y (see table 2) were rotated into
Cy and Cz, parameterising the v- and Z-mediated contributions separately, i.e.
Cr) (oW sw) [Cen ) (4.2)
Cz sSw o cw Cew
However, neither the C'z nor the rest of Z-mediated contributions (provided by the coupling
of the Z to leptoquarks) will be considered in our analyses, since the related leading LQ con-
tribution appears at one loop and the resulting constraints would thus not be competitive.

2Note that the scalars do not contribute at tree level to CLedq, as can be seen in table 3.
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The absence of some operators within each leptoquark scenario poses another caveat
related to the correlations between the present and absent (or numerically negligible) oper-
ators. The correlations found in ref. [1] tend to relax the bounds set on individual Wilson
coefficients: a loss of any correlation would turn into stronger constraints for the specific
WC. In this study, when the results are presented below, in case there is some significant
correlation between present and absent WCs, we will adopt the most conservative view
and assume that, somehow, the correlated operators could be present and the weakest
constraint is used. To explain this point better, let us provide an example. We found that,
for instance, (absent) CSL), correlates strongly with Cgc))’ ng and Cp,, (see figure 10 in
ref. [1]), and that the limits on the three latter mentioned stem from the global analysis
where these correlations are taken into account. The same happens for the correlation of
the rotated C'z with Cf’e)Qu and C,, the latter of which further translates into C.p and
Cew. To be more specific, let us discuss other examples within the vector LQ scenario:
CrLeqq is strongly correlated with Ce,,, although the latter is omitted here; Cge)Qu and Cf’e)Qu
are completely absent and, while the first is practically uncorrelated, the second correlates
significantly with the (rotated) C, (considered here) and Cz (not taken into account).

The previous paragraph refers to the case of 7 decays; for f—r conversion in nuclei,

the only Wilson coefficients used here are either correlated among each other (C’ge)cg;j and

C(L?;)é'uT) or not correlated with other WCs (Cfng).

In summary, the correlations between the Wilson coefficients of the SMEFT are trans-
ferred into the corresponding constraints on the products of LQ Yukawa-like couplings. As
commented above, we have taken into account this feature in our analysis and we consider

the bounds we present conservative.

4.2 Scalar leptoquarks

We have considered the contribution of all scalar leptoquarks to both the four-fermion and
the dipole operators.

4.2.1 Four-fermion constraints

For scalar leptoquarks, assuming a common energy scale Acppy = Mg, one can unam-
biguously relate pairs of Yukawa LQ couplings with distinct linear combinations of Wilson
coefficients. We find

LL LL _ C(l) + 0(3)

Y3 Ysr = LLQ LQ >

Yo Y5y = —2CLa yiBytR — 9200, ,

yHylt = of - 3c1), e = 2Ceu

3Gy r = —2C1a, 7y = 2Ced, (4.3)
YBF™ = —Clign —ACH 0w vt = ~Clagy — ACEg.

yiryi™ = Clage —4CEeon - Yyl = Clge — 400

Here, the superscripts /-7’ and ‘Th’ stand for the respective processes (¢—7 conversion
in nuclei and hadronic 7 decays), from which the bounds on WCs stem, given that the
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7 decays Upper bounds on |§<Z;| [10-3 TeV72] Lower bounds on Mg [TeV]
Yukawa pair Belle Belle 11 Belle Belle II
|lyShyhL 12 1.9 9.1 23
lysysr| 47 5.0 4.6 14
lysRygs| 17 2.6 7.8 20
st ys S| 28 3.7 6.0 16
G557 | g g 20 3.0 7.1 18
lyryrr 64 7.7 3.9 11
lyrRyrs| 34 4.1 5.4 16
[yt y iR 28 3.7 6.0 16
{7 conversion Upper bounds on |$s;| [10° TeV 2 Lower bounds on Mg [TeV]
Yukawa pair e-T u— eT u—T
lysrys™ 350 2.3 0.054 0.66
lyiLyftR| 250 1.8 0.063 0.75

Table 4. Obtained bounds for the scalar leptoquark case from our results in ref. [1]. In the
left-hand part of the table, we present upper bounds on the ratio |yy’|/M3; these numbers, of
course, also correspond to (with appropriate power of 10) upper bounds on the Yukawa pairs
lyy’|, assuming Mg = 1TeV. On the right, there are lower bounds on the probed energy scale of
the scalar leptoquarks mediating CLFV phenomena (Acrpy = Mg), considering |yy’| =~ 1. The
strongest bounds found are shown, most of which are stemming from the 7 decays analysis (Belle
and Belle II results), the exception being the last couple of rows dedicated to Yukawas contributing
only to /-7 conversion. The values are given at the 99.8 % confidence level.

corresponding pairs of Yukawa couplings (which we simply refer to as ‘Yukawa pairs’ further
on) contribute only to one of those processes.

The numerical results are presented in table 4, which shows constraints for two different
aspects of the leptoquark framework: lower bounds for the masses of scalar leptoquarks
assuming the product of LQ Yukawa couplings being of O(1), and, in turn, upper bounds

for the Yukawa pairs, taking Mg = 1TeV. Note that the two Yukawa pairs yRlys® and

yiLyRR are unconstrained by 7 decays. Thus, the -7 conversion limits are considered
instead. Regarding these last couple of bounds, the allowed values for the Yukawa pairs
from e—7 conversion exceed by far the limits suggested by perturbativity considerations;
on the other hand, the bounds on the probed mass (with |yy’| ~ 1) just indicate that the
experimental constraints from the /-7 conversion in nuclei cannot yet compete with those

stemming from the 7 decays.

4.2.2 Dipole operator and C,, constraints

In order to translate the constraint on the dipole WC C., obtained in ref. [1] into the most
general leptoquark framework considered in this work, we have evaluated the (leading)
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Cy /AL py Upper bounds on %ysg [1073 TeV 2] Lower bounds on Mg [TeV]
Yukawa pair Belle Belle II Belle Belle 11
b Eys™ 150 19 3.1 8.6
eyt 21 2.7 8.2 23

T = by Upper bounds on %ysg [1073 TeV 2] Lower bounds on Mg [TeV]
Yukawa pair T — ey T — uy T — ey T =y
b ys | 0.66 0.79 83 75
ey 1.4 1.7 71 64

Table 5. Obtained bounds for the RS/ % and Si/ 3 single-scalar-leptoquark cases (only one scalar
leptoquark considered at a time). The values in the top part of the table stem from the bounds
on C,/A%; vy (once the four-fermion constraints are applied) based on our results from ref. [1].
The bottom part shows bounds obtained from direct searches for 7 — ¢y by Belle and BaBar
experiments [111]. In the left-hand part of the table, we present upper bounds on the ratio |yy’|/MZ;
these numbers also correspond to upper bounds on the Yukawa pairs |yy’|, assuming Mg = 1 TeV.
On the right, there are lower bounds on the probed energy scale of the scalar leptoquarks mediating
CLFV phenomena (Acrrv = Ms), considering |yy’| ~ 1. The strongest bounds found on C, are
shown and are stemming from the 7 decays analysis (i.e. from the Belle and Belle II results). The
values from C,, are given at the 99.8 % confidence level while bounds from direct searches are given
at the 90 % confidence level.

one-loop contribution to the ¢; — ¢y process within the leptoquark UV theory (2.3) and,
upon integrating out the leptoquark fields, performed the matching of the result with the
one obtained within SMEFT; for details, see appendix B. As explained in section 3.2, only
two LQ fields contribute to this process, namely Sll/ % and Rg/ 5,

For completeness, we also consider the most stringent bounds stemming from the
T — £y direct searches (with ¢ = e, ) by Belle and BaBar [111], and compare them with
the constraints obtained from C., based on ref. [1], in the same way as it is explained for
the single leptoquark scenarios below. Since these processes provide bounds on the same
ratios yy’ /]\482 as the C, constraint, we compare all of them in table 5.

In the following, we explain the different cases that we analyse:
Leptoquark Rg/ 3. Ina framework with only the Rg/ 3 leptoquark, the main contribution
to the process 1 — £oy — once the LQ is integrated out — provides the following matching
between the SMEFT ~ dipole operator and the UV theory (see appendix B):

07 2 @Ném%Vtg 2 RL LR\2 LR RI.2
<A%LFV> - 2Urte2 M (Q33/3 B SQt) [(y27y2 )"+ (2w ys ) } : (4.4)
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Above, m; is the mass of the top quark, v = (0]¢|0) = (v/2Gr)~ /2, and V;; is the corre-
sponding Cabibbo-Kobayashi-Maskawa matrix element.

The main bounds coming from the four-fermion operators on the above-appearing
Yukawa pairs are |[yRlybR| = SCS? é: < 1.1 (A%%)Q and [y5ByRLl| = 20196)55 < 5.8 x
1073 (A%%)Q (Belle). Since the bound from 7 decays constrains the value of |yZRyRl|
by about 3 orders of magnitude stronger than the bound from /-7 conversion does for
|y§£y%R|, we can, in eq. (4.4), neglect the contribution from the former and use the limits
from Belle and Belle II for C, /A% gy to constrain \y?}y%R‘ /M3. The results are presented
in table 5. As we can see, the Yukawa pair ‘y?}y%ﬂ‘ as well as the corresponding probed
scale Mg both receive a stronger constraint than in the previous case (cf. table 4) where this
pair was only sensitive to the limits from /-7 conversion in nuclei, and was, accordingly,
bounded rather weakly.

Leptoquark S;/ 3. In this case, we end up with the following matching (see appendix B):
CW 2 eQN%m%Vt% 2 LL RR:2 RR. LI2

B 36 . 45

(A%LFV) 21T 2 M4 (Qsll/s Qt) [(Zh 2y )t (s ) } (4.5)

The main bounds coming from the four-fermion operators on the Yukawa pairs involved are
ey BB = 8 OO0 < 1.1 (v )? and [yfRyEY = 201057 < 5.8x 1073 (Agev)? (Belle).
As before, in eq. (4.5), we can thus neglect the contribution of |yREyLL| (which receives
stronger bounds), and use the limits from Belle and Belle II on C, /A%y to constrain
|ytLyRR| /M3. The results are presented in table 5. Again the bound on the dipole operator
helps to constrain the otherwise weakly-bounded (cf. table 4) Yukawa pair [y}ZyRR|.
Finally, note that in both single-leptoquark cases — even though the Yukawa pairs are
more constrained from the bound on C, stemming from 7 decays than from /-7 conversion
limits — the probed energy scale (when assuming |yy’| ~ 1) is still smaller than the value
obtained from the four-fermion bound of 13 TeV and 36 TeV from Belle and Belle II limits,
respectively, on |yyRyRt|/M$ (for Rg/?’) and |yRBytl| /M3 (for 511/3). This is due to the

fact that the same mass enters for all WCs (operators).

Leptoquarks Rg/ 3 + Si/ 3 When both contributing leptoquarks Rg/ % and Sll/ 3 are con-

sidered at the same time, the corresponding matching given in eq. (B.6) — for natural values
of the Yukawa pairs |yy’| & 1 — is probing Mg = 4.7 TeV stemming from the Belle 7 decay
limits (using Cy/A2;py S 7 x 107°TeV™2) or Mg 2 13TeV stemming from the Belle 11
limits (using C.y/A2;py S 9 x 1070 TeV—2). However, it does not provide relevant bounds
on the Yukawa pairs.

4.3 Vector leptoquarks

We will consider the contribution of vector leptoquarks to the four-fermion operators only.
Upon their integration, with Acrpy = My, we end up with 11 distinct Yukawa pairs
contributing to 8 Wilson coefficients (see table 3). Due to the flavour structure of the
Yukawas and the integration of the LQs themselves, most of the Yukawa pairs contribute
equally to both the /-7 conversion and 7 decays. However, there are two pairs (stemming
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from the last column in table 3) which are not symmetric (built from two same matrices)
and produce couplings in combinations relevant only to one type of process at a time, thus
adding an extra effective bound. These relate only to C'Leag through the following relations:

1 l-T LL,.RR RL, LR

_ LL_RR _ _RL_LR
5 ClLedq = 1721 — L3737, CLedQ =z Xy — Ty Ty (4.6)
Hence, we can take the two linear combinations of Yukawa pairs present in eq. (4.6)
and define new independent pairs of couplings, :E{E = giLafR — 2RLpIR and 531}5 =

ptlgpRR  pRLZIR “and set bounds on them instead. The relations among the Yukawa

pairs and the WCs are then straightforward:

1

LL, LL 3 1 LRL RL PR LR

L3 T3r = Q(ngc)g —ngc)g)a Ty wy7 = Crd, r3r = CQe,

#y" iy = Cru, wytary = — 2(0“+3C§23) e Rl = —Ceq,  (47)
3 1 : 1 .
FHT = —Cey afly = 3 Thiq 2y = 5 i -

Therefore, even though we have 11 Yukawa pairs restricted by 9 effective bounds — which
implies that not all Yukawa pairs can be constrained independently from bounds on the

process

WCs — by introducing x; , this budget is effectively changed to 9 Yukawa pairs only.

Moreover, the constralnts coming from ¢—7 conversion are not competitive compared to
those stemming from the 7 decays, which implies a softer bound on arfg, exceeding (as in
the scalar LQ scenario) for e~ conversion the limits suggested by perturbativity considera-
tions; the bounds for the probed mass (with |za’| ~ 1) indicate again that the experimental
constraints expected at present from the /—7 conversion in nuclei are rather weak.

The numerical results are given in table 6 and follow the same pattern as in the scalar
scenario. Note that the main differences arise for the x¥tztl xRLaBL and 2RR2RE pairs,
which are constrained stronger than their scalar analogues. The combination of Yukawa
pairs :UI% is also strongly constrained. Alternatively, we can try to get information on
single Yukawa couplings. Under the flavour structure established in eq. (3.4), we have 14
couplings in total. The 4 wearing a tilde contribute in pairs in a unique way (i.e. not to
other WCs or in combination with other Yukawas) to Cpr, and Ce, (see eq. (4.7)), and
thus the resulting relations among the single Yukawa couplings and Wilson coefficients
necessarily depend on other Yukawas. However, the 10 remaining Yukawas contribute in
different ways to the rest of Wilson coeflicients: there are in total 7 effective WCs once the
bounds from /-7 conversion and 7 decays are distinguished. Thus, one can express 7 out of
these 10 single Yukawas in terms of WCs and 3 remaining unconstrained (free) Yukawas.
The corresponding relations are given in appendix C, with 8 and #1*® in the former case
and z5¥, 21 and z5® in the latter chosen to be free. In light of possible non-zero values
of these WCs, the (usually stronger) bounds on the e- and p-involved Yukawas (chosen to
be free in this setting) can be used to constrain the remaining 7.

Finally, limits on single Yukawas can also be obtained with the help of the perturba-
tivity bounds. Taking the upper bounds on |yy’| obtained above, it can be assumed that
the bound on the absolute value of the target Yukawa (say y) can be obtained by assuming

that |y/| equals the value given by the perturbative limit.
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7 decays Upper bounds on |ﬁ\2: | [10~3 Terz] Lower bounds on My [TeV]
Yukawa pair Belle Belle II Belle Belle II
iz a= 15 1.7 8.2 25
|zBE R | |oBRRE 10 1.5 10 26
|zER LR 8.3 1.3 11 28
|z RLERL| 24 2.5 6.5 20
Eatag= 22 3.1 6.7 18
|FRRFRE 17 2.1 7.7 22
B 3.1 0.42 18 49
{—7 conversion Upper bounds on @ [10° TerZ] Lower bounds on My [TeV]
v
Yukawa pair e-T U7 e-T U7
Einy 330 1.5 0.055 0.83

Table 6. Obtained bounds for the vector leptoquark case from the bounds determined in ref. [1]. In
the left-hand part of the table, we present upper bounds on the ratio |zz’|/MZ; these numbers also
correspond to upper bounds on the Yukawa pairs |zz’|, assuming My = 1 TeV. On the right, there
are lower bounds on the probed energy scale of the scalar leptoquarks mediating CLFV phenomena
(AcLry = My), considering |za’| = 1. Again, the strongest bounds found are shown, stemming
mostly from the 7 decay constraints, except for the last row related solely to /—7 conversion. The
values are given at the 99.8 % confidence level.

5 Conclusions

Leptoquarks are omnipresent in the recent literature that brings up extensions of the
Standard Model of particle physics. Although their concept comes from the period where
the construction of Grand Unified Theories was at its high spot [4, 5], they have been
reborn in the last ten years as a possible explanation to the LHCb [36] and muon (g — 2)
anomalies [37, 38, 126]. To play this role they should have a mass of few to tens TeVs. At
present, there is no experimental evidence of their existence and present bounds by LHC
indicate Mr,q 2 1 TeV.

Learning that nature allows for neutrino mixing, the immediate rationale suggests that
lepton flavour violation should be also present in processes with charged leptons. In ref. [1],
we carried out a phenomenological model-independent analysis of charged-lepton-flavour-
violating processes involving the tau lepton, namely its hadronic decays and ¢—7 conversion
in the presence of nuclei (¢ = e, u), and established bounds on the Wilson coefficients of
the corresponding D = 6 SMEFT operators.

In this article, we have merged both lines from above. We have considered that lepto-
quarks (both scalar and vectors) should be driving the dynamics of charged-lepton-flavour-
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violating processes and, in addition, we consider an extra input: there is a breaking of
universality related to the third lepton family with respect to the two lighter ones. Upon
the integration of the heavy LQs, we get most of CLFV D = 6 SMEFT operators and,
accordingly, we can relate the couplings of LQs to fermions with the Wilson coefficients of
the SMEFT. We can then combine these relations with our results from ref. [1], providing
relevant information (in terms of bounds) on those couplings and LQs masses.

Our main results are collected in tables 4, 5 and 6. They all show bounds on the
LQ masses and the Yukawa-like couplings of LQs to SM fermions. The first two tables
correspond to scalar leptoquarks and the last one to vector leptoquarks. In addition, table 4
shows the couplings of four-fermion operators, while table 5 shows the results related to
Cy. In our analyses on the latter-mentioned WC, we have included the bounds on the
processes T — {v for £ = e, u (not considered in ref. [1]) and its leptoquark generated
leading contribution that appears at the one-loop level in the perturbative expansion. As
already commented in ref. [1], we notice the significant improvement arriving with the
foreseen bounds from the expected Belle II results in the hadronic decays of the tau lepton.

Considering the Belle II prospects, our results show that the bounds on scalar lepto-
quarks are weaker (Mg 2 10TeV) than those on vector leptoquarks (My 2 20TeV). The
numerical values of these bounds are in the expected region where LQs could help to explain
the aforementioned phenomenological anomalies.
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A Identification of the SMEFT operator basis

In this appendix, for completeness, we list the identities and relations used to identify
the D = 6 four-fermion operators of the basis in ref. [3] from those resulting from the
integration of the leptoquark fields.

Regarding the scalar Fierz identities, we have in our case for anticommuting fields

(anbe) (€udn) = (@PLD)(EPRd) = — 5 (@) (@77D), (A1)
(arby)(erdy) = (@PLb)(cPyud) = —% (&RdL)(ERbL)+%(dgode)(ERa“”bL) C(A2)

with 0, = %[y, 7] and projectors Pg 1, = 3(1+75). The vector Fierz identities then read

(aLyubL)(eLy”dL) = (v, Pub)(ev" Pud) = (aLyudy)(eLy''br) (A.3)
(aLyubL)(ery"dr) = (av, PLb)(cy" Prd) = —2(ardr)(crbL) - (A.4)
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The fields in the charge-conjugation basis are defined as ¢ = C@ = C’yo ¥* (and
consequently ¢C = —TC™1), with C being the charge-conjugation operator (in standard
representation, C' = iva7y).

For the left-handed (¢, = Ppv) and right-handed (¢)r = Pr) components of Dirac
fields, using C~1y5C = +~4 , we then have?

¢L:PL¢7 T/JR:PRTP, %:apf{,? %:@PLa (A5)
of = Pry®,  w§=PwC, o€ =4CPR, {=vCPg. (A.6)

Using C~1v,C = —7;, for anticommutating ; and 1 (and thus including an additional
minus sign) we arrive at

POUS =+t (A7)
S =~y (A.8)
@Uﬂlﬂﬁg = _%Uuuwl . (Ag)

- 'i' -
With any representation in which Ct = C~!, we have employed (1/1? I‘wg) = P T ¢,
with I' € {1,v,,0.,}.
For the SU(2) indices we make use of the following manipulations:

3
Z (e Th)an(e - )1, = > ThabThed = 20aabbc — T2,abT2,cd = 260adbe + EavEeas (A.10)
=1 k=0,1,3

where ¢ = 419, and we have used the completeness relation Zizo ThabTh,ed = 20ad0bc-
Combining €404 = acObd — daddpe and Z%zl Th,cbTh,da = 20ca0bd —OchOdas it is apparent that

1 1/3
CabEed = 5 KZ Tk,chk,da> - 5ad5bc‘| ) (A.11)
k=1
so we find
> 3
Z € Th)ab(€ * Th)1g = GacOha + Saddbe = 5 Saddbe + 5 ZTk cbTh,da - (A12)
=1 23

Egs. (A.11) and (A.12) get handy when rewriting the expressions in terms of the operators
from the SMEFT basis [3] we work with.

B Leading contribution to C, from leptoquarks

We will study the process ¢1 — {5y at the leading one-loop order and driven by scalar
leptoquarks (see table 1). Then, by integrating out the LQs we will match our UV theory
with the corresponding operators in the SMEFT [3]. This procedure will allow us to identify
the leptoquark Lagrangian parameters with the C,, Wilson coefficient (defined by eq. (4.2)).

3We write wﬁR = (1/JL,R)C~
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Once the matching is performed, we will be able to translate the bounds on the latter WC
obtained in ref. [1] over the relevant leptoquark parameters. The SMEFT operator, after
spontaneous symmetry breaking, reads

Cyv

LD ——F
V2AE Ly

[EQUMVPREI + ZQUWPL&} F/“, , (Bl)
where Acppy stands for the new-physics energy scale where the CLFV phenomena would
take place and F),, is the photon field-strength tensor.

We write the effective Lagrangian generated by scalar leptoquarks giving the ¢; — oy

process as
et e .
[,ef? 7= 3 by 1ot (ng Pr + UleQPL>£1FW , (B.2)
where af{lb and aflez are different loop functions given, in the most general case, by ref. [123]

and recast here below in terms of the parameters of our LQ framework. Note that in our
previous work [1] no distinction between left and right polarisations was considered, which
in turn meant working with symmetric WC flavour matrices, e.g. C5™ = C7# (omitting
quark-flavour indices). However, within the leptoquark framework this is not always the
case as it can be seen in the distinction between ¢—7 conversion and hadronic 7 decay
processes for some of the Yukawa pairs (see sections 4.2 and 4.3). This also happens in
this loop computation entailing a distinction between C’;h and C’f;‘T. Therefore, we made
use of the amplitude squared of the ¢; — f5y process to relate both frameworks since no
direct matching at the Lagrangian level is possible. We find the relation

< o )2 - \/%2,02 KZUIZJ?Y + (;Uﬁ{?ﬂ : (B.3)

2
ASLry P

with ¢ running over all contributing leptoquarks, i.e. Sé/ 3, Rg/ % and Sll/ % The superscripts

on the WC C,, label the specific process for which the matching is computed — either
1 =¥, {5 = 7 for /-7 conversion in nuclei, or £1 = 7, £5 = { for the hadronic 7 decays, with
{ = e, u. As explained in the main text, the Sé/ 3 leptoquark does not provide a chirality
enhancement effect and so its ¢ loop functions depend only on the lepton masses and not
on the top-quark mass. From now on, we will consider the limit of massless leptons and
neglect thus the Sé/ % contribution. Upon the integration of the leptoquarks present in the
diagrams in figure 1 — following the so-called “integration by regions” method [127] — we

find for the ¢ loop functions®

« RS

h T ZNC m¢t RI LR 3 1 )
ol =0 =—— Vin| =@t — = 3
L7R3/3 R, RS/B 167_[_2 M82 yQ’T y2 tb<2Qt 2QR3/3 9

o _ or _ WNemy g RL, (3, 1
0R7R2/3 = UL,RS/S = 1672 MSQyQT Ya V;fb(QQt 2QR;/g ,

4Note that only diagrams in figures la and lc contribute to the matching, while those in figures 1b

(B.4)

and 1d are responsible for the cancellation of the divergences.
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Figure 1. Feynman diagrams of the leading-order contribution to the ¢; — £5y process from scalar

leptoquarks.
. 5/
Uﬁ?s;ﬁ = Jli:—sll/:*’ = —ié\ﬁj\%y%ﬁp‘%@% - sts) : -
0;{?5}/3 = O—fj—sll/i" = _i’é\;c;]n\;;zy{{By%LWb<ng - Qs}/B) : .

This coincides — in the limit of massless leptons — with the results from ref. [123], once
the logarithms (stemming from the low-energy behaviour and, hence, not contributing to
the matching) are removed. Above, m; is the mass of the top quark, Vj;, is the top-bottom
entry of the CKM matrix, Q; = 2/3 (Q; = —2/3) is the charge of the top (anti-top)
quark and QRg/s =5/3 and Qs,ll/S = 1/3 are the charges of the Rg/3 and 511/3 leptoquarks,
respectively. Note that a{ﬁ- = afﬁ{; holds true only in the case of massless leptons.

The total result for the matching, including the contribution from both leptoquarks,
is thus (see eq. (B.3))

( C, )2 _ Nemivi
A - 2lpdy2 04

2
CLFV
x [((yg‘TLy%RV W5 )?) (Qpers - 3Q0) + (™ + W) (Qg1rs - 3Q;)
— 2™ (™) + () W) ) (Qpars —3Q0 ) (Qaprs - 3@)] . (BS6)

Above, we have omitted the superscripts £1¢> of C since in the limit of massless leptons we
obtain the same matching for hadronic 7 decays and ¢—7 conversion in nuclei. Consequently,

the bounds from both processes can be applied.
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C Single Yukawas of vector leptoquarks

The integration of leptoquarks and the following matching to the SMEFT lead to relations
between the Wilson coefficients of this EFT and products of Yukawa leptoquark couplings.
However, due to the rich variety of contributions of the Yukawas to the WCs, and the cur-
rent and expected bounds on the latter from CLEV-7 processes, one can do better than just
constraining pairs of Yukawas. Under a choice of a few free Yukawas, the rest can be related
to these and the WCs. The most general leptoquark-matter interacting model provides, for
vector leptoquarks, fourteen Yukawa couplings. These are reduced, upon L(Q integration,
to eight different WCs which receive a total of nine bounds from the charged-lepton-flavour-
violating 7 processes considered in this work. Therefore, by choosing #5* and #{® on one

hand and %%, 2% and 25® on the other to be free, we find the trivial relations

~ CLu ~ Ceu
£{7I'J ~ FRL xll:{ﬂf'{ — T ZRR’ (Cl)
) Ty
(3) (1) (1) (3)
L _ G~ Cio i Crg 130 1R _ Cge (2)

Tl = = =% il = - % To = ——
3T 2$%L ’ 1T Qx%L ) 2T x%R )
and two different solutions for

L 2CeaCy = CEaCTl g + 6CeaCly) — ACLiCoe F VA SR

T C%edQCQe
| 20eCly — C5TioCilug + 6CeqCley — 4C1aC i\/Z
RL ed™ 1,Q LedQY LedQ ed“LQ LdCQe 1
©) ) (3) \f (C.3)
L 2CeaCrq + CLlagCliaq + 6CeaCly — 4CLaCqe + L

20T 4(CL +3C10)
an | 20eaCH + O CHl 0 + 6CaCL) — 4C1aCoc FVA 1
Tir+ = l-T 2L
4CLedQ L1

where either all the positive or negative solutions are to be chosen, with

A= [Cg—ngCdeQ — QCed(Cj(LlQ) + SCJ%) + 4CLdCQe]2 - 16CLdC€ngCEZdQCQe . (C4)

Note that (usually stronger) limits on the five free variables #5% #/R 2Lt 2Ll and z5R

can be found elsewhere, since they involve just the e and p leptons. These can then be
used, under the assumptions taken in this work, to constrain the rest of the Yukawas.

D Translating the bounds

In this appendix, we show straightforwardly how, numerically, the WC bounds are trans-
lated into limits on Yukawa pairs according to egs. (4.3) and (4.7). The Wilson coefficients
were given in the previous work as normal (Gaussian) probability distributions with mean
p and variance o2, i.e. C = N(u,02). The non-vanishing correlations among these were
collected in the covariance matrix W;;.
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In general, given a set of functions of the WCs for which we do not know their prob-
ability distribution functions (p.d.fs.), namely (z2); = Fi(C), with C = (C.,Cqys---)
containing all WCs considered in this work and where the symbolic notation 2z’ can stand
both for scalar (y) and vector (z) Yukawa pairs, one can approximate the expectation value
of F} and its covariance matrix through

E[Fy(C)] ~ Fy(ji) , (D.1)
and
" | 9F, OF,,
Upm = cov[FpFp] ~ > l ] Wi . (D.2)
ij=1 6CQZ GCQ]. C":ﬁ J

Above, the derivatives should be evaluated at the mean values of the WCs collected within
the vector i, which is, in our case, just a zero-valued vector i = 0.

For the simple case of egs. (4.3) and (4.7), the resulting combinations of the WCs
contributing to the Yukawa pairs 2z’ = 2.0 aQCq lead again to a Gaussian p.d.f. for the
latter, and egs. (D.1) and eqs. (D.2) give

22 = N(ZaQ,uQ, Zaéaé) (D.3)
Q Q
for non-correlated WC, and

22 = N(z AQHQ, Z aéaé +2 Z anngleQzaQQJQz) (D.4)
Q Q Q1<Q2

for the correlated ones, with pg,q, being the WC correlation matrix.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] T. Husek, K. Monsélvez-Pozo and J. Portolés, Lepton-flavour violation in hadronic tau
decays and p — T conversion in nuclei, JHEP 01 (2021) 059 [arXiv:2009.10428] [INSPIRE].

[2] W. Buchmiiller and D. Wyler, Effective Lagrangian analysis of new interactions and flavor
conservation, Nucl. Phys. B 268 (1986) 621 [INSPIRE].

[3] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-siz terms in the
Standard Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

[4] J.C. Pati and A. Salam, Unified lepton-hadron symmetry and a gauge theory of the basic
interactions, Phys. Rev. D 8 (1973) 1240 [INSPIRE].

[5] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275
[Erratum bid. 11 (1975) 703] [INSPIRE].

[6] H. Georgi and S.L. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32
(1974) 438 [INSPIRE].

~ 93 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP01(2021)059
https://arxiv.org/abs/2009.10428
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.10428
https://doi.org/10.1016/0550-3213(86)90262-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB268%2C621%22
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.4884
https://doi.org/10.1103/PhysRevD.8.1240
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD8%2C1240%22
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD10%2C275%22
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C32%2C438%22

[7]
8]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

H. Georgi, The state of the art — gauge theories, AIP Conf. Proc. 23 (1975) 575 [INSPIRE].

H. Fritzsch and P. Minkowski, Unified interactions of leptons and hadrons, Annals Phys. 93
(1975) 193 [INSPIRE].

E. Witten, Symmetry breaking patterns in superstring models, Nucl. Phys. B 258 (1985) 75
[INSPIRE].

J.L. Hewett and T.G. Rizzo, Low-energy phenomenology of superstring inspired Eg models,
Phys. Rept. 183 (1989) 193 [InSPIRE].

S. Dimopoulos and L. Susskind, Mass without scalars, Nucl. Phys. B 155 (1979) 237
[INSPIRE].

J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos and P. Sikivie, Can one tell technicolor from a
hole in the ground?, Nucl. Phys. B 182 (1981) 529 [nSPIRE].

E. Farhi and L. Susskind, Technicolor, Phys. Rept. 74 (1981) 277 [INSPIRE].
B. Schrempp and F. Schrempp, Light leptoquarks, Phys. Lett. B 153 (1985) 101 [INSPIRE].

W. Buchmiiller, Composite quarks and leptons, Acta Phys. Austriaca Suppl. 27 (1985) 517
[INSPIRE].

B. Gripaios, Composite leptoquarks at the LHC, JHEP 02 (2010) 045 [arXiv:0910.1789]
[INSPIRE].

A.J. Davies and X.-G. He, Tree level scalar fermion interactions consistent with the
symmetries of the Standard Model, Phys. Rev. D 43 (1991) 225 [INSPIRE].

J.M. Arnold, B. Fornal and M.B. Wise, Phenomenology of scalar leptoquarks, Phys. Rev. D
88 (2013) 035009 [arXiv:1304.6119] [INSPIRE].

BELLE collaboration, Observation of B® — D*~7%v, decay at Belle, Phys. Rev. Lett. 99
(2007) 191807 [arXiv:0706.4429] [INSPIRE].

BABAR collaboration, Evidence for an excess of B — D™ 7=, decays, Phys. Rev. Lett.
109 (2012) 101802 [arXiv:1205.5442] INSPIRE].

BABAR collaboration, Measurement of an excess of B — D™t~ decays and implications
for charged Higgs bosons, Phys. Rev. D 88 (2013) 072012 [arXiv:1303.0571] [INSPIRE].

BELLE collaboration, Measurement of the branching ratio of B — D™ 7=, relative to
B — DY~ decays with hadronic tagging at Belle, Phys. Rev. D 92 (2015) 072014
[arXiv:1507.03233] [INSPIRE].

LHCB collaboration, Measurement of the ratio of branching fractions
B(B° — D**7~,)/B(B° — D**u~1,), Phys. Rev. Lett. 115 (2015) 111803 [Erratum ibid.
115 (2015) 159901] [arXiv:1506.08614] [INSPIRE].

LHCB collaboration, Test of lepton flavor universality by the measurement of the
B® — D*~7%u, branching fraction using three-prong T decays, Phys. Rev. D 97 (2018)
072013 [arXiv:1711.02505] INSPIRE].

LHCB collaboration, Measurement of the ratio of the B® — D*~ 7 v, and B® — D*~uty,
branching fractions using three-prong T-lepton decays, Phys. Rev. Lett. 120 (2018) 171802
[arXiv:1708.08856] INSPIRE].

BELLE collaboration, Measurement of R(D) and R(D*) with a semileptonic tagging
method, arXiv:1904.08794 [INSPIRE].

— 24 —


https://doi.org/10.1063/1.2947450
https://inspirehep.net/search?p=find+J%20%22AIP%20Conf.Proc.%2C23%2C575%22
https://doi.org/10.1016/0003-4916(75)90211-0
https://doi.org/10.1016/0003-4916(75)90211-0
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C93%2C193%22
https://doi.org/10.1016/0550-3213(85)90603-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB258%2C75%22
https://doi.org/10.1016/0370-1573(89)90071-9
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C183%2C193%22
https://doi.org/10.1016/0550-3213(79)90364-X
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB155%2C237%22
https://doi.org/10.1016/0550-3213(81)90133-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB182%2C529%22
https://doi.org/10.1016/0370-1573(81)90173-3
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C74%2C277%22
https://doi.org/10.1016/0370-2693(85)91450-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB153%2C101%22
https://doi.org/10.1007/978-3-7091-8830-9_8
https://inspirehep.net/search?p=find+J%20%22Acta%20Phys.Austriaca Suppl.%2C27%2C517%22
https://doi.org/10.1007/JHEP02(2010)045
https://arxiv.org/abs/0910.1789
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0910.1789
https://doi.org/10.1103/PhysRevD.43.225
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD43%2C225%22
https://doi.org/10.1103/PhysRevD.88.035009
https://doi.org/10.1103/PhysRevD.88.035009
https://arxiv.org/abs/1304.6119
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.6119
https://doi.org/10.1103/PhysRevLett.99.191807
https://doi.org/10.1103/PhysRevLett.99.191807
https://arxiv.org/abs/0706.4429
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0706.4429
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://arxiv.org/abs/1205.5442
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.5442
https://doi.org/10.1103/PhysRevD.88.072012
https://arxiv.org/abs/1303.0571
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.0571
https://doi.org/10.1103/PhysRevD.92.072014
https://arxiv.org/abs/1507.03233
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.03233
https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/1506.08614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.08614
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevD.97.072013
https://arxiv.org/abs/1711.02505
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.02505
https://doi.org/10.1103/PhysRevLett.120.171802
https://arxiv.org/abs/1708.08856
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.08856
https://arxiv.org/abs/1904.08794
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.08794

[27] LHCB collaboration, Test of lepton universality using BT — KT¢*{~ decays, Phys. Rev.
Lett. 113 (2014) 151601 [arXiv:1406.6482] [INSPIRE].

[28] CMS and LHCb collaborations, Observation of the rare BS — pu*p~ decay from the
combined analysis of CMS and LHCb data, Nature 522 (2015) 68 [arXiv:1411.4413]
[INSPIRE].

[29] LHCB collaboration, Angular analysis of the B® — K*°u* = decay using 3 fo=1 of
integrated luminosity, JHEP 02 (2016) 104 [arXiv:1512.04442] INSPIRE].

[30] BELLE collaboration, Angular analysis of B® — K*(892)°¢* ¢~ in LHC ski 2016: a first
discussion of 13 TeV results, (2016) [arXiv:1604.04042] INSPIRE].

[31] LHCB collaboration, Test of lepton universality with B® — K*°¢* ¢~ decays, JHEP 08
(2017) 055 [arXiv:1705.05802] INSPIRE].

[32] LHCB collaboration, Search for lepton-universality violation in BT — KTY{~ decays,
Phys. Rev. Lett. 122 (2019) 191801 [arXiv:1903.09252] [INSPIRE].

[33] LHCB collaboration, Measurement of CP-averaged observables in the B® — K*Outu~
decay, Phys. Rev. Lett. 125 (2020) 011802 [arXiv:2003.04831] [INSPIRE].

[34] P.F. Perez, C. Murgui and A.D. Plascencia, Leptoquarks and matter unification: flavor
anomalies and the muon g — 2, Phys. Rev. D 104 (2021) 035041 [arXiv:2104.11229]
[INSPIRE].

[35] LHCB collaboration, Tests of lepton universality using B® — K2¢*¢~ and Bt — K*T{+(~
decays, arXiv:2110.09501 [INSPIRE].

[36] D. London and J. Matias, B flavour anomalies: 2021 theoretical status report,
arXiv:2110.13270 [INSPIRE].

[37] MuoN G-2 collaboration, Final report of the muon E821 anomalous magnetic moment
measurement at BNL, Phys. Rev. D 73 (2006) 072003 [hep-ex/0602035] [INSPIRE].

[38] MUON G-2 collaboration, Measurement of the positive muon anomalous magnetic moment
to 0.46 ppm, Phys. Rev. Lett. 126 (2021) 141801 [arXiv:2104.03281] [INSPIRE].

[39] I. Dorsner, S. Fajfer, A. Greljo, J.F. Kamenik and N. Kosnik, Physics of leptoquarks in
precision experiments and at particle colliders, Phys. Rept. 641 (2016) 1
[arXiv:1603.04993] [INSPIRE].

[40] O. Popov and G.A. White, One leptoquark to unify them? Neutrino masses and unification
in the light of (9 —2),, Rpw and Rk anomalies, Nucl. Phys. B 923 (2017) 324
[arXiv:1611.04566] [INSPIRE].

[41] K. Cheung, T. Nomura and H. Okada, A three-loop neutrino model with leptoquark triplet
scalars, Phys. Lett. B 768 (2017) 359 [arXiv:1701.01080] [INSPIRE].

[42] A. Crivellin, D. Miiller and T. Ota, Simultancous explanation of R(D™)) and b — su*u~:
the last scalar leptoquarks standing, JHEP 09 (2017) 040 [arXiv:1703.09226] [INSPIRE].

[43] Y. Cai, J. Gargalionis, M.A. Schmidt and R.R. Volkas, Reconsidering the one leptoquark
solution: flavor anomalies and neutrino mass, JHEP 10 (2017) 047 [arXiv:1704.05849]
[INSPIRE].

[44] D. Buttazzo, A. Greljo, G. Isidori and D. Marzocca, B-physics anomalies: a guide to
combined explanations, JHEP 11 (2017) 044 [arXiv:1706.07808] [INSPIRE].

— 95—


https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://arxiv.org/abs/1406.6482
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.6482
https://doi.org/10.1038/nature14474
https://arxiv.org/abs/1411.4413
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.4413
https://doi.org/10.1007/JHEP02(2016)104
https://arxiv.org/abs/1512.04442
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.04442
https://arxiv.org/abs/1604.04042
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.04042
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://arxiv.org/abs/1705.05802
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.05802
https://doi.org/10.1103/PhysRevLett.122.191801
https://arxiv.org/abs/1903.09252
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09252
https://doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/2003.04831
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.04831
https://doi.org/10.1103/PhysRevD.104.035041
https://arxiv.org/abs/2104.11229
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.11229
https://arxiv.org/abs/2110.09501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2110.09501
https://arxiv.org/abs/2110.13270
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2110.13270
https://doi.org/10.1103/PhysRevD.73.072003
https://arxiv.org/abs/hep-ex/0602035
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0602035
https://doi.org/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2104.03281
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03281
https://doi.org/10.1016/j.physrep.2016.06.001
https://arxiv.org/abs/1603.04993
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.04993
https://doi.org/10.1016/j.nuclphysb.2017.08.007
https://arxiv.org/abs/1611.04566
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.04566
https://doi.org/10.1016/j.physletb.2017.03.021
https://arxiv.org/abs/1701.01080
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.01080
https://doi.org/10.1007/JHEP09(2017)040
https://arxiv.org/abs/1703.09226
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.09226
https://doi.org/10.1007/JHEP10(2017)047
https://arxiv.org/abs/1704.05849
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.05849
https://doi.org/10.1007/JHEP11(2017)044
https://arxiv.org/abs/1706.07808
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.07808

[45]

[46]

[47]

[48]

[50]

[51]

S. Sahoo and R. Mohanta, Impact of vector leptoquark on B — K*{T¢~ anomalies, J. Phys.
G 45 (2018) 085003 [arXiv:1806.01048] [INSPIRE].

D. Becirevié, I. Dorsner, S. Fajfer, N. Kosnik, D.A. Faroughy and O. Sumensari, Scalar
leptoquarks from grand unified theories to accommodate the B-physics anomalies, Phys.
Rev. D 98 (2018) 055003 [arXiv:1806.05689] [INSPIRE].

A. Crivellin, C. Greub, D. Miiller and F. Saturnino, Importance of loop effects in explaining
the accumulated evidence for new physics in B-decays with a vector leptoquark, Phys. Rev.
Lett. 122 (2019) 011805 [arXiv:1807.02068] [INSPIRE].

A. Biswas, D. Kumar Ghosh, N. Ghosh, A. Shaw and A.K. Swain, Collider signature of Uy
leptoquark and constraints from b — ¢ observables, J. Phys. G 47 (2020) 045005
[arXiv:1808.04169] [INSPIRE].

A. Angelescu, D. Becirevi¢, D.A. Faroughy and O. Sumensari, Closing the window on single
leptoquark solutions to the B-physics anomalies, JHEP 10 (2018) 183 [arXiv:1808.08179]
[INSPIRE].

S. Bansal, R.M. Capdevilla and C. Kolda, Constraining the minimal flavor violating
leptoquark explanation of the Ry anomaly, Phys. Rev. D 99 (2019) 035047
[arXiv:1810.11588] [INSPIRE].

S. Iguro, T. Kitahara, Y. Omura, R. Watanabe and K. Yamamoto, D* polarization vs.
Rp anomalies in the leptoquark models, JHEP 02 (2019) 194 [arXiv:1811.08899]
[INSPIRE].

J. Aebischer, A. Crivellin and C. Greub, QCD improved matching for semileptonic B decays
with leptoquarks, Phys. Rev. D 99 (2019) 055002 [arXiv:1811.08907] nSPIRE].

C. Cornella, J. Fuentes-Martin and G. Isidori, Revisiting the vector leptoquark explanation
of the B-physics anomalies, JHEP 07 (2019) 168 [arXiv:1903.11517] [INSPIRE].

H. Yan, Y.-D. Yang and X.-B. Yuan, Phenomenology of b — ctv decays in a scalar
leptogquark model, Chin. Phys. C 43 (2019) 083105 [arXiv:1905.01795] [INSPIRE].

O. Popov, M.A. Schmidt and G. White, Ry as a single leptoquark solution to Ry and
Ry, Phys. Rev. D 100 (2019) 035028 [arXiv:1905.06339] [INSPIRE].

A. Crivellin and F. Saturnino, Fzplaining the flavor anomalies with a vector leptoquark
(Moriond 2019 update), PoS DIS2019 (2019) 163 [arXiv:1906.01222] [INSPIRE].

A. Crivellin, D. Miiller and F. Saturnino, Flavor phenomenology of the leptoquark
singlet-triplet model, JHEP 06 (2020) 020 [arXiv:1912.04224] [INSPIRE].

S. Saad, Combined explanations of (9 — 2),, Rpe), R anomalies in a two-loop radiative
neutrino mass model, Phys. Rev. D 102 (2020) 015019 [arXiv:2005.04352] INSPIRE].

V. Gherardi, D. Marzocca and E. Venturini, Low-energy phenomenology of scalar
leptoquarks at one-loop accuracy, JHEP 01 (2021) 138 [arXiv:2008.09548] [INSPIRE].

K.S. Babu, P.S.B. Dev, S. Jana and A. Thapa, Unified framework for B-anomalies, muon
g — 2 and neutrino masses, JHEP 03 (2021) 179 [arXiv:2009.01771] [INSPIRE].

M. Bordone, O. Cata, T. Feldmann and R. Mandal, Constraining flavour patterns of scalar
leptoquarks in the effective field theory, JHEP 03 (2021) 122 [arXiv:2010.03297] [NSPIRE].

A. Crivellin, C. Greub, D. Miiller and F. Saturnino, Scalar leptoquarks in leptonic processes,
JHEP 02 (2021) 182 [arXiv:2010.06593] [NSPIRE].

— 96 —


https://doi.org/10.1088/1361-6471/aaca12
https://doi.org/10.1088/1361-6471/aaca12
https://arxiv.org/abs/1806.01048
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.01048
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1103/PhysRevD.98.055003
https://arxiv.org/abs/1806.05689
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.05689
https://doi.org/10.1103/PhysRevLett.122.011805
https://doi.org/10.1103/PhysRevLett.122.011805
https://arxiv.org/abs/1807.02068
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.02068
https://doi.org/10.1088/1361-6471/ab6948
https://arxiv.org/abs/1808.04169
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.04169
https://doi.org/10.1007/JHEP10(2018)183
https://arxiv.org/abs/1808.08179
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.08179
https://doi.org/10.1103/PhysRevD.99.035047
https://arxiv.org/abs/1810.11588
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.11588
https://doi.org/10.1007/JHEP02(2019)194
https://arxiv.org/abs/1811.08899
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.08899
https://doi.org/10.1103/PhysRevD.99.055002
https://arxiv.org/abs/1811.08907
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.08907
https://doi.org/10.1007/JHEP07(2019)168
https://arxiv.org/abs/1903.11517
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.11517
https://doi.org/10.1088/1674-1137/43/8/083105
https://arxiv.org/abs/1905.01795
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.01795
https://doi.org/10.1103/PhysRevD.100.035028
https://arxiv.org/abs/1905.06339
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.06339
https://doi.org/10.22323/1.352.0163
https://arxiv.org/abs/1906.01222
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.01222
https://doi.org/10.1007/JHEP06(2020)020
https://arxiv.org/abs/1912.04224
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.04224
https://doi.org/10.1103/PhysRevD.102.015019
https://arxiv.org/abs/2005.04352
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.04352
https://doi.org/10.1007/JHEP01(2021)138
https://arxiv.org/abs/2008.09548
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.09548
https://doi.org/10.1007/JHEP03(2021)179
https://arxiv.org/abs/2009.01771
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.01771
https://doi.org/10.1007/JHEP03(2021)122
https://arxiv.org/abs/2010.03297
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.03297
https://doi.org/10.1007/JHEP02(2021)182
https://arxiv.org/abs/2010.06593
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.06593

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

S. Davidson, D.C. Bailey and B.A. Campbell, Model independent constraints on leptoquarks
from rare processes, Z. Phys. C 61 (1994) 613 [hep-ph/9309310] [INSPIRE].

K.S. Babu and J. Julio, Two-loop neutrino mass generation through leptoquarks, Nucl.
Phys. B 841 (2010) 130 [arXiv:1006.1092] [INSPIRE].

A. Crivellin, M. Hoferichter and P. Schmidt-Wellenburg, Combined explanations of
(9 — 2) e and implications for a large muon EDM, Phys. Rev. D 98 (2018) 113002
[arXiv:1807.11484] INSPIRE].

K. Kowalska, E.M. Sessolo and Y. Yamamoto, Constraints on charmphilic solutions to the
muon g — 2 with leptoquarks, Phys. Rev. D 99 (2019) 055007 [arXiv:1812.06851] [INSPIRE].

R. Mandal and A. Pich, Constraints on scalar leptoquarks from lepton and kaon physics,
JHEP 12 (2019) 089 [arXiv:1908.11155] INSPIRE].

I. Dorsner, S. Fajfer and O. Sumensari, Muon g — 2 and scalar leptoquark mizing, JHEP 06
(2020) 089 [arXiv:1910.03877] [INSPIRE].

I. Bigaran and R.R. Volkas, Getting chirality right: single scalar leptoquark solutions to the
(9 — 2)e,u puzzle, Phys. Rev. D 102 (2020) 075037 [arXiv:2002.12544] INSPIRE].

I. Bigaran and R.R. Volkas, Reflecting on chirality: CP-violating extensions of the single
scalar-leptoquark solutions for the (g — 2)e,,, puzzles and their implications for lepton
EDMs, Phys. Rev. D 105 (2022) 015002 [arXiv:2110.03707] [INSPIRE].

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, A new evaluation of the hadronic
vacuum polarisation contributions to the muon anomalous magnetic moment and to a(m%),
Eur. Phys. J. C 80 (2020) 241 [Erratum ibid. 80 (2020) 410] [arXiv:1908.00921]
[INSPIRE].

L. Delle Rose, C. Marzo and L. Marzola, Simplified leptoquark models for precision l; — lyy
experiments: two-loop structure of O(asY?) corrections, Phys. Rev. D 102 (2020) 115020
[arXiv:2005.12389] [INSPIRE].

D. Zhang, Radiative neutrino masses, lepton flavor miring and muon g — 2 in a leptoquark
model, JHEP 07 (2021) 069 [arXiv:2105.08670] [INSPIRE].

P. Bandyopadhyay and R. Mandal, Revisiting scalar leptoquark at the LHC, Eur. Phys. J.
C 78 (2018) 491 [arXiv:1801.04253] [INSPIRE].

G. Hiller, D. Loose and 1. Nisandzi¢, Flavorful leptoquarks at hadron colliders, Phys. Rev. D
97 (2018) 075004 [arXiv:1801.09399] [INSPIRE].

A. Monteux and A. Rajaraman, B anomalies and leptoquarks at the LHC: beyond the
lepton-quark final state, Phys. Rev. D 98 (2018) 115032 [arXiv:1803.05962] [INSPIRE].

A. Crivellin, D. Miller and F. Saturnino, Leptoquarks in oblique corrections and Higgs
signal strength: status and prospects, JHEP 11 (2020) 094 [arXiv:2006.10758] INSPIRE].

M. Schmaltz and Y.-M. Zhong, The leptoquark hunter’s guide: large coupling, JHEP 01
(2019) 132 [arXiv:1810.10017] [INSPIRE].

A. Cerri et al., Report from working group 4: opportunities in flavour physics at the
HL-LHC and HE-LHC, CERN Yellow Rep. Monogr. 7 (2019) 867 [arXiv:1812.07638]
[INSPIRE].

T. Faber et al., Collider phenomenology of a unified leptoquark model, Phys. Rev. D 101
(2020) 095024 [arXiv:1812.07592] [INSPIRE].

— 97 -


https://doi.org/10.1007/BF01552629
https://arxiv.org/abs/hep-ph/9309310
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9309310
https://doi.org/10.1016/j.nuclphysb.2010.07.022
https://doi.org/10.1016/j.nuclphysb.2010.07.022
https://arxiv.org/abs/1006.1092
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1006.1092
https://doi.org/10.1103/PhysRevD.98.113002
https://arxiv.org/abs/1807.11484
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.11484
https://doi.org/10.1103/PhysRevD.99.055007
https://arxiv.org/abs/1812.06851
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.06851
https://doi.org/10.1007/JHEP12(2019)089
https://arxiv.org/abs/1908.11155
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.11155
https://doi.org/10.1007/JHEP06(2020)089
https://doi.org/10.1007/JHEP06(2020)089
https://arxiv.org/abs/1910.03877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.03877
https://doi.org/10.1103/PhysRevD.102.075037
https://arxiv.org/abs/2002.12544
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.12544
https://doi.org/10.1103/PhysRevD.105.015002
https://arxiv.org/abs/2110.03707
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2110.03707
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://arxiv.org/abs/1908.00921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.00921
https://doi.org/10.1103/PhysRevD.102.115020
https://arxiv.org/abs/2005.12389
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.12389
https://doi.org/10.1007/JHEP07(2021)069
https://arxiv.org/abs/2105.08670
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.08670
https://doi.org/10.1140/epjc/s10052-018-5959-x
https://doi.org/10.1140/epjc/s10052-018-5959-x
https://arxiv.org/abs/1801.04253
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.04253
https://doi.org/10.1103/PhysRevD.97.075004
https://doi.org/10.1103/PhysRevD.97.075004
https://arxiv.org/abs/1801.09399
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.09399
https://doi.org/10.1103/PhysRevD.98.115032
https://arxiv.org/abs/1803.05962
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.05962
https://doi.org/10.1007/JHEP11(2020)094
https://arxiv.org/abs/2006.10758
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.10758
https://doi.org/10.1007/JHEP01(2019)132
https://doi.org/10.1007/JHEP01(2019)132
https://arxiv.org/abs/1810.10017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.10017
https://doi.org/10.23731/CYRM-2019-007.867
https://arxiv.org/abs/1812.07638
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.07638
https://doi.org/10.1103/PhysRevD.101.095024
https://doi.org/10.1103/PhysRevD.101.095024
https://arxiv.org/abs/1812.07592
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.07592

[81] J. Zhang, C.-X. Yue, C.-H. Li and S. Yang, Constraints on scalar and vector leptoquarks
from the LHC Higgs data, arXiv:1905.04074 [INSPIRE].

[82] K. Chandak, T. Mandal and S. Mitra, Hunting for scalar leptoquarks with boosted tops and
light leptons, Phys. Rev. D 100 (2019) 075019 [arXiv:1907.11194] INSPIRE].

[83] B.C. Allanach, T. Corbett and M. Madigan, Sensitivity of future hadron colliders to
leptoquark pair production in the di-muon di-jets channel, Fur. Phys. J. C 80 (2020) 170
[arXiv:1911.04455] [INSPIRE].

[84] C. Borschensky, B. Fuks, A. Kulesza and D. Schwartliander, Scalar leptoquark pair
production at hadron colliders, Phys. Rev. D 101 (2020) 115017 [arXiv:2002.08971]
[INSPIRE].

[85] L. Buonocore, U. Haisch, P. Nason, F. Tramontano and G. Zanderighi, Lepton-quark
collisions at the Large Hadron Collider, Phys. Rev. Lett. 125 (2020) 231804
[arXiv:2005.06475] [INSPIRE].

[86) ATLAS collaboration, Search for pairs of scalar leptoquarks decaying into quarks and
electrons or muons in /s = 13 TeV pp collisions with the ATLAS detector, JHEP 10 (2020)
112 [arXiv:2006.05872] [INSPIRE].

[87] A. Bhaskar, T. Mandal, S. Mitra and M. Sharma, Improving third-generation leptoquark
searches with combined signals and boosted top quarks, Phys. Rev. D 104 (2021) 075037
[arXiv:2106.07605] [INSPIRE].

[88] U. Mahanta, Neutrino masses and mizing angles from leptoquark interactions, Phys. Rev. D
62 (2000) 073009 [hep-ph/9909518] [INSPIRE].

[89] F.F. Deppisch, S. Kulkarni, H. Pds and E. Schumacher, Leptoquark patterns unifying
neutrino masses, flavor anomalies, and the diphoton excess, Phys. Rev. D 94 (2016) 013003
[arXiv:1603.07672] [INSPIRE].

[90] I. Bigaran, J. Gargalionis and R.R. Volkas, A near-minimal leptoquark model for reconciling
flavour anomalies and generating radiative neutrino masses, JHEP 10 (2019) 106
[arXiv:1906.01870] INSPIRE].

[91] P.S. Bhupal Dev, R. Mohanta, S. Patra and S. Sahoo, Unified explanation of flavor
anomalies, radiative neutrino masses, and ANITA anomalous events in a vector leptoquark
model, Phys. Rev. D 102 (2020) 095012 [arXiv:2004.09464] INSPIRE].

[92] R. Mandal, Fermionic dark matter in leptoquark portal, Eur. Phys. J. C' 78 (2018) 726
[arXiv:1808.07844] [INSPIRE].

[93] A. Mohamadnejad, Accidental scale-invariant Majorana dark matter in leptoquark-Higgs
portals, Nucl. Phys. B 949 (2019) 114793 [arXiv:1904.03857| [INSPIRE].

[94] C. Hati and U. Sarkar, B — L violating nucleon decays as a probe of leptoquarks and
implications for baryogenesis, Nucl. Phys. B 954 (2020) 114985 [arXiv:1805.06081]
[INSPIRE].

[95] B. Chauhan and S. Mohanty, Leptoquark solution for both the flavor and ANITA anomalies,
Phys. Rev. D 99 (2019) 095018 [arXiv:1812.00919] [INSPIRE].

[96] S.L. Adler, Azial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969) 2426
[INSPIRE].

~ 98 —


https://arxiv.org/abs/1905.04074
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.04074
https://doi.org/10.1103/PhysRevD.100.075019
https://arxiv.org/abs/1907.11194
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.11194
https://doi.org/10.1140/epjc/s10052-020-7722-3
https://arxiv.org/abs/1911.04455
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.04455
https://doi.org/10.1103/PhysRevD.101.115017
https://arxiv.org/abs/2002.08971
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.08971
https://doi.org/10.1103/PhysRevLett.125.231804
https://arxiv.org/abs/2005.06475
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.06475
https://doi.org/10.1007/JHEP10(2020)112
https://doi.org/10.1007/JHEP10(2020)112
https://arxiv.org/abs/2006.05872
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.05872
https://doi.org/10.1103/PhysRevD.104.075037
https://arxiv.org/abs/2106.07605
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.07605
https://doi.org/10.1103/PhysRevD.62.073009
https://doi.org/10.1103/PhysRevD.62.073009
https://arxiv.org/abs/hep-ph/9909518
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9909518
https://doi.org/10.1103/PhysRevD.94.013003
https://arxiv.org/abs/1603.07672
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.07672
https://doi.org/10.1007/JHEP10(2019)106
https://arxiv.org/abs/1906.01870
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.01870
https://doi.org/10.1103/PhysRevD.102.095012
https://arxiv.org/abs/2004.09464
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.09464
https://doi.org/10.1140/epjc/s10052-018-6192-3
https://arxiv.org/abs/1808.07844
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.07844
https://doi.org/10.1016/j.nuclphysb.2019.114793
https://arxiv.org/abs/1904.03857
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.03857
https://doi.org/10.1016/j.nuclphysb.2020.114985
https://arxiv.org/abs/1805.06081
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.06081
https://doi.org/10.1103/PhysRevD.99.095018
https://arxiv.org/abs/1812.00919
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.00919
https://doi.org/10.1103/PhysRev.177.2426
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2C177%2C2426%22

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

J.S. Bell and R. Jackiw, A PCAC puzzle: 7 — v7 in the o model, Nuovo Cim. A 60 (1969)
47 [INSPIRE].

C. Bouchiat, J. Iliopoulos and P. Meyer, An anomaly free version of Weinberg’s model,
Phys. Lett. B 38 (1972) 519 [INSPIRE].

T.-P. Cheng and L.-F. Li, Muon number nonconservation effects in a gauge theory with
V + A currents and heavy neutral leptons, Phys. Rev. D 16 (1977) 1425 [InSPIRE].

S.T. Petcov, The processes it — e + v, — e + e,V — v + v in the Weinberg-Salam model
with neutrino mizing, Sov. J. Nucl. Phys. 25 (1977) 340 [Erratum ibid. 25 (1977) 698] [ Yad.
Fiz. 25 (1977) 641] [Erratum ibid. 25 (1977) 1336] [INSPIRE].

S.M. Bilenky, S.T. Petcov and B. Pontecorvo, Lepton mizing, i — e+ decay and neutrino
oscillations, Phys. Lett. B 67 (1977) 309 [INSPIRE].

W.J. Marciano and A.I. Sanda, Fzxotic decays of the muon and heavy leptons in gauge
theories, Phys. Lett. B 67 (1977) 303 [INSPIRE].

B.W. Lee, S. Pakvasa, R.E. Shrock and H. Sugawara, Muon and electron number
nonconservation in a V. — A gauge model, Phys. Rev. Lett. 38 (1977) 937 [Erratum ibid. 38
(1977) 1230] [INSPIRE].

B.W. Lee and R.E. Shrock, Natural suppression of symmetry violation in gauge theories:
muon-lepton and electron lepton number nonconservation, Phys. Rev. D 16 (1977) 1444
[INSPIRE].

M. Raidal et al., Flavour physics of leptons and dipole moments, Eur. Phys. J. C 57 (2008)
13 [arXiv:0801.1826] [INSPIRE].

A. de Gouvéa and P. Vogel, Lepton flavor and number conservation, and physics beyond the
Standard Model, Prog. Part. Nucl. Phys. 71 (2013) 75 [arXiv:1303.4097] [INSPIRE].

L. Calibbi and G. Signorelli, Charged lepton flavour violation: an experimental and
theoretical introduction, Riv. Nuovo Cim. 41 (2018) 71 [arXiv:1709.00294] [INSPIRE].

J. Bernigaud, M. Blanke, I.d.M. Varzielas, J. Talbert and J. Zurita, LHC signatures of
7-flavoured vector leptoquarks, arXiv:2112.12129 [INSPIRE].

L. Allwicher, B-physics anomalies: EFT analyses and simplified models, in 32"4 Rencontres
de Blois on particle physics and cosmology, (2022) [arXiv:2201.04995] INSPIRE].

CMS collaboration, Search for resonant and nonresonant new phenomena in high-mass
dilepton final states at \/s = 13 TeV, JHEP 07 (2021) 208 [arXiv:2103.02708] [INSPIRE].

HFLAV collaboration, Averages of b-hadron, c-hadron, and T-lepton properties as of 2018,
Eur. Phys. J. C 81 (2021) 226 [arXiv:1909.12524] [INSPIRE].

BELLE-II collaboration, The Belle II physics book, PTEP 2019 (2019) 123C01 [Erratum
ibid. 2020 (2020) 029201] [arXiv:1808.10567] INSPIRE].

S. Gninenko, S. Kovalenko, S. Kuleshov, V.E. Lyubovitskij and A.S. Zhevlakov, Deep
inelastic e — 7 and p — T conversion in the NA64 experiment at the CERN SPS, Phys. Rev.
D 98 (2018) 015007 [arXiv:1804.05550] [INSPIRE].

E. Gabrielli, L. Marzola, M. Raidal and H. Veermée, Dark matter and spin-1 milli-charged
particles, JHEP 08 (2015) 150 [arXiv:1507.00571] [INSPIRE].

~ 99 —


https://doi.org/10.1007/BF02823296
https://doi.org/10.1007/BF02823296
https://inspirehep.net/search?p=find+J%20%22Nuovo%20Cim.%2CA60%2C47%22
https://doi.org/10.1016/0370-2693(72)90532-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB38%2C519%22
https://doi.org/10.1103/PhysRevD.16.1425
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD16%2C1425%22
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C25%2C340%22
https://doi.org/10.1016/0370-2693(77)90379-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C309%22
https://doi.org/10.1016/0370-2693(77)90377-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C303%22
https://doi.org/10.1103/PhysRevLett.38.937
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C38%2C937%22
https://doi.org/10.1103/PhysRevD.16.1444
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD16%2C1444%22
https://doi.org/10.1140/epjc/s10052-008-0715-2
https://doi.org/10.1140/epjc/s10052-008-0715-2
https://arxiv.org/abs/0801.1826
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0801.1826
https://doi.org/10.1016/j.ppnp.2013.03.006
https://arxiv.org/abs/1303.4097
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.4097
https://doi.org/10.1393/ncr/i2018-10144-0
https://arxiv.org/abs/1709.00294
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.00294
https://arxiv.org/abs/2112.12129
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2112.12129
https://arxiv.org/abs/2201.04995
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2201.04995
https://doi.org/10.1007/JHEP07(2021)208
https://arxiv.org/abs/2103.02708
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.02708
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/1909.12524
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.12524
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.10567
https://doi.org/10.1103/PhysRevD.98.015007
https://doi.org/10.1103/PhysRevD.98.015007
https://arxiv.org/abs/1804.05550
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.05550
https://doi.org/10.1007/JHEP08(2015)150
https://arxiv.org/abs/1507.00571
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.00571

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

M. Gonderinger and M.J. Ramsey-Musolf, FElectron-to-tau lepton flavor violation at the
electron-ion collider, JHEP 11 (2010) 045 [Erratum ibid. 05 (2012) 047]
[arXiv:1006.5063] [INSPIRE].

M. Hirsch, H.V. Klapdor-Kleingrothaus and S.G. Kovalenko, New low-energy leptoquark
interactions, Phys. Lett. B 378 (1996) 17 [hep-ph/9602305] [INSPIRE].

A. Crivellin and L. Schnell, Complete Lagrangian and set of Feynman rules for scalar
leptoquarks, Comput. Phys. Commun. 271 (2022) 108188 [arXiv:2105.04844] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of particle physics, PTEP 2020 (2020)
083C01 [1NSPIRE].

ATLAS collaboration, Search for pair production of third-generation scalar leptoquarks
decaying into a top quark and a T-lepton in pp collisions at /s = 13 TeV with the ATLAS
detector, JHEP 06 (2021) 179 [arXiv:2101.11582] InSPIRE].

CMS collaboration, Constraints on models of scalar and vector leptoquarks decaying to a
quark and a neutrino at /s = 13 TeV, Phys. Rev. D 98 (2018) 032005 [arXiv:1805.10228]
[INSPIRE].

D.G. Boulware and L.S. Brown, Tree graphs and classical fields, Phys. Rev. 172 (1968)
1628 [INSPIRE].

A L. Koshkarov, Method of steepest descent for path integrals, Theor. Math. Phys. 102
(1995) 153.

L. Lavoura, General formulae for fi — fory, Eur. Phys. J. C 29 (2003) 191
[hep-ph/0302221] [INSPIRE].

A. Dedes and K. Mantzaropoulos, Universal scalar leptoquark action for matching, JHEP
11 (2021) 166 [arXiv:2108.10055] INSPIRE].

J. De Blas et al., HEPfit: a code for the combination of indirect and direct constraints on
high energy physics models, Eur. Phys. J. C 80 (2020) 456 [arXiv:1910.14012] [INSPIRE].

T. Aoyama et al., The anomalous magnetic moment of the muon in the Standard Model,
Phys. Rept. 887 (2020) 1 [arXiv:2006.04822] [INSPIRE].

J. Fuentes-Martin, J. Portolés and P. Ruiz-Femenia, Integrating out heavy particles with
functional methods: a simplified framework, JHEP 09 (2016) 156 [arXiv:1607.02142]
[INSPIRE].

— 30 —


https://doi.org/10.1007/JHEP11(2010)045
https://arxiv.org/abs/1006.5063
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1006.5063
https://doi.org/10.1016/0370-2693(96)00419-4
https://arxiv.org/abs/hep-ph/9602305
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9602305
https://doi.org/10.1016/j.cpc.2021.108188
https://arxiv.org/abs/2105.04844
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.04844
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22
https://doi.org/10.1007/JHEP06(2021)179
https://arxiv.org/abs/2101.11582
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.11582
https://doi.org/10.1103/PhysRevD.98.032005
https://arxiv.org/abs/1805.10228
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.10228
https://doi.org/10.1103/PhysRev.172.1628
https://doi.org/10.1103/PhysRev.172.1628
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2C172%2C1628%22
https://doi.org/10.1007/bf01040395
https://doi.org/10.1007/bf01040395
https://doi.org/10.1140/epjc/s2003-01212-7
https://arxiv.org/abs/hep-ph/0302221
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0302221
https://doi.org/10.1007/JHEP11(2021)166
https://doi.org/10.1007/JHEP11(2021)166
https://arxiv.org/abs/2108.10055
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2108.10055
https://doi.org/10.1140/epjc/s10052-020-7904-z
https://arxiv.org/abs/1910.14012
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.14012
https://doi.org/10.1016/j.physrep.2020.07.006
https://arxiv.org/abs/2006.04822
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04822
https://doi.org/10.1007/JHEP09(2016)156
https://arxiv.org/abs/1607.02142
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.02142

	Introduction
	Leptoquark Lagrangian
	The integration of leptoquarks
	Four-fermion operators
	Dipole operator and C(gamma)

	Results
	Dictionary for the CLFV effective basis
	Scalar leptoquarks
	Four-fermion constraints
	Dipole operator and C(gamma) constraints

	Vector leptoquarks

	Conclusions
	Identification of the SMEFT operator basis
	Leading contribution to C(gamma) from leptoquarks
	Single Yukawas of vector leptoquarks
	Translating the bounds

