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A calculation of the one-loop contribution to the rare three-body flavor changing neutral current top
quark decay t → cγγ is presented in the framework of models with one or more scalar leptoquark (LQ)
SUð2Þ doublets with hypercharge 7=6. Analytical expressions for the invariant amplitude of the generic
decay fi → fjγγ, with fi;j a lepton or quark, are presented in terms of Passarino-Veltman integral
coefficients, from which the amplitudes for the processes t → cγγ and li → ljγγ follow easily. An analysis
of the current constraints on the parameter space is presented in the scenario with only one scalar LQ
doublet, and bounds on the LQ couplings are obtained from the muon g − 2 anomaly, the lepton flavor
violating decay τ → μγ and extra constraints meant to avoid tension between theory predictions and
experimental data. For a LQ with a mass in the range of 1–1.5 TeV, the estimate Brðt → cγγÞ ∼
10−11–10−12 is obtained for the largest allowed values of the LQ coupling constants, which means that this
decay would be below the reach of future experimental measurements. We also consider a scenario with
three scalar doublets, which was recently proposed to explain the lepton flavor universality violation
anomalies in B decays as well as the muon g − 2 anomaly. Although this scenario allows large LQ
couplings to the tau lepton and the c and t quarks, the branching ratio of the t → cγγ decay is also of the
order of 10−11–10−12 for LQ masses of the order of 1.7 TeV.
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I. INTRODUCTION

The study of flavor changing neutral currents (FCNCs)
has long been a topic of great interest both theoretically and
experimentally [1,2]. This class of effects is considerably
suppressed according to the standard model (SM), where
they arise up to the one-loop level [3,4]. Therefore FCNC
transitions could provide signals of new physics and shed
light on any possible SM extension. On the experimental
side, the advent of the large hadron collider (LHC) offers a
great potential to search for signals of various rare FCNC

top quark decays, such as t → cV (V ¼ γ, g, Z), t → cH,
t → cl−lþ, t → cγγ, t → cgg, t → cγH, and t → cγZ.
While the two-body decays t → cV and t → cH have been
largely studied in the context of the SM and several of its
extensions [3,5–17], less attention has been paid to the
three-body decays as they are expected to be more sup-
pressed, but also because they involve lengthy and cum-
bersome calculations.
In the SM the decay t → cγ can only arise at the one-loop

level due to electromagnetic gauge invariance and is further
suppressed due to the Glashow-Iliopoulos-Maiani (GIM)
mechanism, so its branching ratio is considerably small, of
the order of 10−10 [3,4]. However, in SM extensions such a
decay may not be GIM suppressed and its branching ratio
Brðt → cγÞ can be enhanced by several orders of magni-
tude, ranging from values of the order of 10−7 in two-Higgs
doublet models [3] up to 10−5 in supersymmetric models
[9–12]. Furthermore, some time ago, it was pointed out that
there are some new physics scenarios where the three-body
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decay t → cγγ could have a larger branching ratio than
those of the two-body decays t → cγ [18]. Thus, it is worth
studying the rare three-body FCNC top quark decays in
extension models despite the complexity involved in the
respective calculation in order to assess if they could be at
the reach of experimental detection. Along this line, the
decay t → cγγ has been studied in the framework of the
little Higgs model with T parity [19,20] and also in a top-
color assisted technicolor theory [21].
In this work we will present a calculation of the t → cγγ

decay in the framework of leptoquark (LQ) models. Two-
body FCNC top quark decays have already been calculated
in the context of this class of models: a calculation of the
contribution of a model with an SUð2Þ scalar LQ doublet to
the two-body decays t → cX (X ¼ γ, Z, H, g) and also to
the three-body decay t → cl−lþ was presented in Ref. [22]
along with a comprehensive analysis of the parameter space
of the model consistent with the then current constraints
from direct LQ searches at the LHC, the Higgs boson
coupling modifiers, the muon g − 2 anomaly, and the
lepton flavor violating decay (LFV) τ → μγ. To our knowl-
edge there is no previous calculation of the contribution of
LQs to the three-body FCNC top quark rare decay t → cγγ.
LQs are hypothetical particles carrying both lepton and

color number that were proposed long ago in the Pati-Salam
model [23] and also in the context of grand unification
theories [24–29], though they can also arise naturally in
theories with composite fermions [30–32], superstring-
inspired E6 models [33,34], technicolor models [35–37],
etc. A shortcoming of some of these models is that they
could allow dangerous LQ diquark couplings that would
induce proton decay at the tree level [38], so additional
symmetries must be invoked to preserve proton stability. In
addition, if LQs couple to the first fermion generation, large
contributions to low-energy observable quantities can arise,
such as atomic parity violation, parity-violating electron
scattering, coherent neutrino-nucleus scattering, and
electroweak precision parameters, which together with
direct searches at the LHC set tight constraints on the
parameter space of such LQs [39–44]. However, LQ
couplings to the second and third fermion families are not
strongly constrained yet, and recently LQ particles have
become the source of renewed attention in the literature (for
a recent LQ review see Ref. [45]) since they could explain
the lepton flavor universality violating (LFUV) effects
hinted at semileptonic B decays and can also provide a
solution to the muon g − 2 anomaly [46–126]. Furthermore,
LQs can be accommodated inmodelswhere neutrinomass is
generated radiatively [84,98,101,125,125,127,128]. It is
thus worth calculating LQ contributions to FCNC rare
top quark decays.
The rest of the presentation is organized as follows. In

Sec. II we present an overview of LQmodels and focus on a
minimal renormalizable scalar LQ model with no proton
decay, where there are potential sources of flavor change in

the quark sector induced by scalar LQs. Section III is
devoted to discussing the calculation of the t → cγγ decay
amplitude in our LQ model: for the sake of completeness,
the invariant amplitude for the general fermion decay
fi → fjγγ is obtained via the Passarino-Veltman reduction
method, and the corresponding form factors are presented
in Appendix A. From these expressions the decay width for
the t → cγγ process follows straightforwardly. The numeri-
cal analysis of the LQ parameter space consistent with the
current experimental constraints, considering two potential
scenarios for the LQ couplings along with the numerical
evaluation of the t → cγγ branching ratio are presented in
Sec. IV. Finally, Sec. V is devoted to the conclusions and
outlook.

II. A RENORMALIZABLE SCALAR LQ
MODEL WITH PROTON STABILITY

We now present the theoretical framework required for
the calculation of the rare top quark decay t → cγγ focusing
on a model where there is no dangerous contribution to
proton decay. LQs are hypothetical particles carrying both
lepton and color number, thereby coupling simultaneously
to lepton and quarks. A systematic classification of all
SUð3ÞC × SUð2ÞL ×Uð1ÞY LQ representations and their
renormalizable couplings to the SM fields was presented in
Ref. [129] via effective Lagrangians. According to all
possible representations of the SM gauge group, it was
found that LQs can be accommodated in ten representa-
tions: five scalar ones and five vector ones.
As far as vector LQs are concerned, they arise in grand

unification theories and may be troublesome as they can
trigger rapid proton decay, which sets a lower constraint of
1016 GeV on the mass of such gauge LQs [25,38]. Even if
an ad-hoc symmetry is imposed to forbid proton decay, the
mass of vector LQs can be strongly constrained by rare K,
π, and B meson decays [130,131]. However, there are two
phenomenologically viable vector LQ models at the TeV
scale with no proton decay, which involve the ð3; 1; 2=3Þ
and ð3; 3; 2=3Þ vector LQ representations [132]. Models
based on these representations have been studied recently
as they can explain the LFUVanomalies in B-meson decays
and still be consistent with current experimental constraints
from K and B meson decays and electroweak precision
observable parameters as well as direct searches at the
LHC [53,57,59,60,60–62,70,73,79,133]. In particular, the
ð3; 1; 2=3Þ vector LQ representation Uμ

1 is attractive as it is
predicted by the minimal realization of the Pati-Salam model
[23] and also due to the absence of tree-level contributions to
the very constrained decay B → K�νν̄ [89,132].
As for scalar LQ models, there are two renormalizable

scalar LQ models [134] that do not have proton decay at the
tree level, which involve the ð3; 2; 7=6Þ and ð3; 2; 1=6Þ
scalar LQ representations. For the purpose of this work, we
are interested in LQ models with the scalar LQ ð3; 2; 7=6Þ
representation, which is usually denoted as R2 in the
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literature [129]. This scalar SUð2Þ LQ doublet representa-
tion provides simple renormalizable models that conserve
baryon number [134], thereby forbidding dangerous contri-
butions to proton decay. The phenomenology of LQ
models with scalar doubletsR2 has been extensively studied
in the literature: for representative works see for instance
[22,44,47,50,53,78,82,90,103,114,115,117,118,121,123,124,
126,134–153]. Such models have been the source of
attention recently as can explain the apparent discrepancies
between the SM predictions and experimental measure-
ments. For instance, models with only one R2 scalar LQ
doublet can explain the muon anomaly and the RD;D�

anomalies [115,117,126], though the authors of
Ref. [154] showed that multiple R2 scalar LQ doublets
are necessary to explain the apparent RK;K� anoma-
lies [155,156], which however seem to be excluded by
the most recent measurements of the b → slþl− decay by
the LHCb collaboration [157]. In addition, another appeal-
ing feature of models withR2 scalar LQ doublets is that they
can provide a mechanism of neutrino mass generation, such
as in the models studied in [84,98,127,128], where neu-
trinos’ masses are generated via the mixing of R2 with an
extra LQ singlet S1 through radiative corrections.
In this work we will consider LQ models where the SM

is augmented with one or more SUð2Þ scalar doublets R2

that induce the FCNC decay t → cγγ. We will present the
theoretical framework for a lone scalar doublet R2, and the
extension for models with multiple scalar LQ doublets R2

will follow straightforwardly. As already mentioned, the
presence of additional scalar LQ doublets R2 is meant to
explain the LFUV anomalies in b-hadron decays, though
additional contributions to FCNC top quark decays are not
necessarily expected since extra symmetries may be
required to meet the current experimental constraints,
thereby imposing tight constraints on the parameter space
of the model.
The R2 LQ doublet has hypercharge 7=6, thereby giving

rise to two scalar LQs with electric charges 2=3 and 5=3,
which we denote by Ω2=3 and Ω5=3, where the subscripts
stand for the LQ electric charge. BothΩ2=3 andΩ5=3 predict
rich phenomenology as already noted and can give new
contributions to several observable quantities (for a recent
review of LQ constraints from experimental data see [45]),
such as atomic parity violation [43,158], meson
decays [39,41,43,45,130], electric dipole moments of lep-
tons [134], LFV lepton decays [159,160], oscillations in
K, D, and B meson systems [40,161], oblique correc-
tions [162,163], electroweak precision observable parame-
ters [164,165], Higgs boson modifiers [22,163], etc., which
along with direct searches at the LHC [166–170] set strong
constraints on the corresponding parameter space. For the
purpose of this work we are interested in the charge 5=3 LQ
as it couples to left- and right-handed fermions simulta-
neously and can induce new physics effects in the LFV
decays H → μτ [140] and li → ljγ [22,152,159,160] as

well as the FCNC top quark decays t → cγ, t → cZ, and
t → cH [22]. This LQ can also give contributions to the
t → cγγ decay, which is the topic of interest of the
present work.
The Yukawa Lagrangian for an R2 doublet can be

written as

LF¼0 ¼ YRL
ij RT

2 ū
0i
Riτ2L

0j
L þ YLR

ij Q̄0i
Le

0j
RR2 þ H:c:; ð1Þ

where as usualL0i
L andQ

0i
L areSUð2ÞL left-handed lepton and

quark doublets, respectively, whereas e0iR and q0iR are SUð2Þ
singlets, with i and j being generation indices. For the
Yukawa couplingsweuse the notation ofRefs. [154,171] and
consider that the R2 LQ only couples to the fermions of the
second and third generations since the couplings to the
fermions of the first generation are strongly constrained by
low-energy data, such as atomic parity violation [39,43,158],
universality in leptonic pion decays [39,40,43], μe conver-
sion [41], flavor changing kaon decays [41,130], and
K0 − K̄0 and D0 − D̄0 mixing [39,40,161]. For other recent
analyses see [44,150].
After electroweak symmetry breaking we rotate the

SUð2ÞL LQ doublet into its mass eigenstates: RT
2 ¼

ðΩ5=3Ω2=3Þ, which at the lowest order in υ coincide with
theweak eigenstates [163]. As for theweak eigenstates of the
up and down quarks, we will consider two scenarios. In the
so-called up-aligned scenario, theweak eigenstates of the up
quarks u0i are chosen as the mass eigenstates ui, whereas the
weak eigenstates of the down quarks d0i are rotated to the
mass eigenstates di via the Cabibbo-Kobayashi-Maskawa
mixingmatrixVCKM: d0i → Vik

CKMd
k. In this scenario the LQ

interactions with the SM fermions read as

LF¼0 ¼ ðYRL
ij ūiPLej þ YLR

ij ūiPRejÞΩ5=3 þ ŶLR
ij d̄iPRejΩ2=3

− YRL
ij ūiPLνjΩ2=3 þ H:c:; ð2Þ

where PL;R are the chiral projection operators and we define
ŶLR
ij ¼ Vik

CKMY
LR
kj . Alternatively, in the down-aligned sce-

nario one sets d0i ¼ di and u0i ¼ Vik
CKMu

k. This choice only
affects the LQ interactions with left-handed up quarks, so the
replacement ūiPRejΩ5=3 ↔ d̄iPRejΩ2=3 must be made in
Eq. (2) to obtain the corresponding interaction Lagrangian.
Below we will analyze two LQ models (scenarios I and

II), and constraints on LQ Yukawa couplings will be
obtained from experimental data. In scenario I we consider
a model with only one R2 scalar LQ doublet that is not
primarily meant to explain the LFUV anomalies in
B-meson decays: the R2 LQ doublet could be assumed
as a piece of a more complete model provided with another
mechanism to explain such anomalies, as long as they are
confirmed by future measurements. In this scenario we do
not assume a particular pattern for the LQ Yukawa
couplings, which are then bounded from the muon g − 2
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anomaly, the LFV decay τ → μγ, and other experimental
constraints. As far as scenario II is concerned, we consider
the three-LQ-doublet model recently proposed to address
the B-meson anomalies [154], which require that LFV is
forbidden. In such a model, the down-aligned scenario was
assumed, and a comprehensive analysis of the allowed
regions of the parameter space of the model consistent with
experimental constraints was performed [154]. We will not
explore other alternative models with a specific structure
for the LQ Yukawa couplings here as the two scenarios
considered in our analysis will allow us to assess the
order of magnitude of the branching ratio for the t → cγγ
decay.
As for the LQ couplings to the photon, they can be

obtained from the kinetic Lagrangian

Lkin ¼
1

2
ðDμR2Þ†DμR2; ð3Þ

where the SUð2ÞL ×Uð1ÞY covariant derivative is given by

DμR2 ¼
�
∂μ þ ig

τi

2
Wi

μ þ ig0
7

6
Bμ

�
R2: ð4Þ

Thus, the LQ couplings to one and two photons can be
simply written as

Lkin ⊃
X

Q¼2=3;5=3

ðiqQAμðΩ�
Q∂μΩQ − ΩQ∂μΩ�

QÞ

þ q2QAμAμΩ�
QΩQÞ; ð5Þ

where qQ denotes the LQ electric charge. Finally, we
consider the following renormalizable effective LQ inter-
actions to the SM Higgs doublet Φ

L ¼ ðM2
R2

þ λR2
Φ†ΦÞðR†

2R2Þ; ð6Þ

where MR2
is the LQ mass matrix. After rotating to the

mass eigenstates the LQ masses become nondegenerate at
the lowest order in υ2. We can also obtain the Higgs boson
coupling to the LQs:

L ⊃
X

Q¼2=3;5=3

λΩQ
vHΩ�

QΩQ; ð7Þ

which can be useful to constrain the LQ couplings to the
SM Higgs boson from the Higgs coupling modifiers κγ
and κg [22].
Apart from the usual SM Feynman rules, the remaining

ones necessary for our calculation can be obtained from the
above Lagrangians and are presented in Fig. 1. A complete
set of Feynman rules for all the SUð3Þc × SUð2ÞL ×Uð1ÞY
gauge invariant scalar LQ representations are presented in
Ref. [171].

Below we present the calculations of the three-body
decay t → cγγ.

III. ONE-LOOP SCALAR LQ CONTRIBUTION
TO THE t → cγγ DECAY

For the sake of completeness we have obtained general
results for the contribution of a scalar LQ with chargeQS to
the decay fi → fjγγ, where fiðfjÞ can be a lepton or quark.
These expressions are useful to calculate both the FCNC
top quark decay t → cγγ and the LFV decay li → ljγγ as
well. It is worth noting that our results are also valid for the
contribution of other scalar LQs, such as the weak SUð2Þ
singlet χ1=3. Although the interaction of such a scalar LQ to
a fermion pair involves Majorana-type Feynman rules that
require special treatment, unlike the ones corresponding to
the LQ Ω5=3 and Ω2=3 interactions, it can be shown that
after some algebra the χ1=3 contributions turn out to be
identical to those of Ω5=3 and can be obtained from the
latter after replacing the electric charge Q5=3 → Q1=3 and
the respective coupling constants to fermion pairs.
A similar situation arises in the calculation of the LQ
contribution to the two-body decay fi → fjγ, where the
results for χ1=3 can be obtained from the contribution of
Ω5=3 once the corresponding electric charge and coupling
constants are replaced.

FIG. 1. Feynman rules for the R2 scalar LQ interactions to the
fermions and photon necessary for the calculation of the fi →
fjγγ decay. All the four-momenta are incoming. The usual SM
Feynman rules and also that of the propagator of a scalar particle
are not included.
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For our calculation we use the following convention for
the particle four-momenta

fiðpÞ → fjðp0Þγμðp1Þγνðp2Þ; ð8Þ
with μ and ν the Lorentz indices of the photon four-
momenta p1 and p2. Hence, the mass-shell conditions are
given by p2

1 ¼ p2
2 ¼ 0, p2 ¼ m2

i , and p02 ¼ m2
j . However

we will use themj → 0 limit as a good approximation since
in all fi → fjγγ decays of phenomenological interest the
mass of the outgoing fermion is always negligible as
compared with the mass of the ingoing fermion. Also,
due to the transversality conditions of the photon fields, i.e.,
pμ
1ϵμðp1Þ ¼ pν

2ϵνðp2Þ ¼ 0, any terms proportional to pμ
1

and pν
2 can be dropped from the invariant amplitude before

contracting with the respective photon polarization vectors.
By the same reason, the replacement pν → pν

1 þ p0ν can
also be done throughout the calculation. At the one-loop
level, the contribution from Ω5=3 to the rare three-body
decay fi → fjγγ arises from the box diagrams shown in
Fig. 2 as well as the bubble and triangle diagrams of Fig. 3.
After writing out the invariant amplitude for each

Feynman diagram, the loop integrals were worked out
with the Passarino-Veltman decomposition method [172].
This task was performed with the aid of the Mathematica
package FeynCalc [173,174], and a cross-check was done via
Package-X [175]. We verified that the amplitude is free of
ultraviolet divergences and obeys both Bose symmetry and
gauge invariance under the Uð1Þem group. It is worth
mentioning that ultraviolet divergences cancel out sepa-
rately in the amplitude of each set of Feynman diagrams of
Figs. 2 and 3, whereas gauge invariance is only achieved
after adding up all of the amplitudes.
In themj → 0 limit, the invariant amplitude for the decay

fi → fjγγ can be conveniently written in the following way:

M ¼ ϵ�μðp1Þϵ�νðp2ÞTαμðp1ÞTβνðp2Þ
× f̄jðMLαβPL þMRαβPRÞfi; ð9Þ

where the tensor TαβðpiÞ is given by

TαβðpiÞ ¼
1

m2
i
ððpi · p0Þgαβ − pα

i p
0βÞ; ð10Þ

which clearly obeys

Tαμðp1Þp1μ ¼ Tανðp2Þp2ν ¼ 0; ð11Þ

FIG. 2. Box diagrams that contribute to the decay fi → fjγγ in the LQ model. There are three additional diagrams that are obtained by
exchanging the photons.

FIG. 3. Bubble and triangle Feynman diagrams for the decay
fi → fjγγ in the LQ model, where fi and fj are quarks (charged
leptons) and fi is a lepton (quark). The crossed diagrams that are
obtained by exchanging the photons are not shown.
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and thus electromagnetic gauge invariance is manifest. As far asMLαβ andMRαβ are concerned, they are given in terms of six
independent form factors Fnðŝ; t̂Þ,

MLαβ ¼
αNc

4πmi

�
F1ðŝ; t̂Þγαγβ þ

1

mi
F2ðŝ; t̂Þγαp1β þ

1

m2
i
F3ðŝ; t̂Þp2αp1β

þ 1

mi

�
F4ðŝ; t̂Þγαγβ þ

1

mi
F5ðŝ; t̂Þγαp1β þ

1

m2
i
F6ðŝ; t̂Þp2αp1β

�
ðp1 − p2Þ

�
þ
�
p1μ ↔ p2ν

ŝ ↔ t̂

�
; ð12Þ

where we introduced the Mandelstam-like scaled variables

ŝ ¼ 1

m2
i
ðp − p1Þ2;

t̂ ¼ 1

m2
i
ðp − p2Þ2:

A similar expression to Eq. (12) holds for MRαβ but with
Fn replaced by F̃n (n ¼ 1;…6), which is obtained from Fn
as follows:

F̃n ¼ Fn

�YRL
ik ↔ YLR

ik

YRL
jk ↔ YLR

jk

�
: ð13Þ

From the above expressions, it is easy to show that Bose
symmetry is obeyed.
The contributions of our LQ model to the Fnðŝ; t̂Þ

form factors are presented in Appendix A in terms of
Passarino-Veltman integral coefficients. The decay width is
given by

Γðfi → fjγγÞ ¼
mi

256π3

Z
1

0

dŝ
Z

1−ŝ

0

dt̂jM̄j2; ð14Þ

where the average square amplitude is presented for
completeness in Appendix B.
From our general expressions for the decay fi → fjγγ,

we can easily obtain the invariant amplitude and decay
width of the t → cγγ process, in which case the internal
fermion fk in the Feynman diagrams of Figs. 2 and 3 is a
charged lepton. We thus set the mass of the decaying and
internal fermions as mi → mt and mk ¼ ml with l ¼ μ, τ,
whereas for the final fermion we use mc ≃ 0.

IV. LQ PARAMETER SPACE CONSTRAINTS

We now discuss the constraints from experimental data
on the parameter space of the model and examine two
scenarios: one with a single LQ doublet and another with
multiple LQ doublets. Below we will concentrate on the
bounds on the LQ masses and the couplings constants
YRL;LR
ilj

, which are required to obtain an estimate for the

decay t → cγγ.

A. Bounds on LQ mass

The most up-to-date constraints on the masses of various
kinds of vector and scalar LQs have been obtained from the
data of direct searches for LQs at the LHC by the CMS
and ATLAS collaborations. Scalar LQs have been searched
for through single production pp → Sl̄ → qll̄ or pair
production pp → S†S → qq̄ll̄; qq̄νν̄, thereby yielding
bounds on the LQ masses, which depend on the LQ decay
channels and the size of their couplings to fermions. Most
of these bounds rely on the assumption that LQs can only
couple to one generation of fermions and have a dominant
decay channel, though very recently a more general
scenario where LQs can couple simultaneously to fermions
of distinct generations was analyzed [167,168,176]. Since a
scalar LQ doublet with nondegenerate mass components
can give dangerous contributions to the oblique para-
meters, we consider that both components of the scalar
LQ doublet R2 are mass degenerate, which indeed is true at
the lowest order in υ. We thus need to consider the current
bounds on the masses of LQs of electric charges 2=3
and 5=3.
For the mass of a charge 5=3 LQ, the most stringent

bound was obtained by the CMS collaboration [177] by
using data collected in 2016 at

ffiffiffi
s

p ¼ 13 TeV and assuming
that the main LQ decay mode is that into a top quark and a
tau lepton. Such an analysis has excluded a charge 5=3e
scalar LQ with a mass below 900 GeV. As for the bounds
on other types of scalar LQs, they are more stringent,
slightly above 1 TeV. For instance, for the mass of a third-
generation charge 2=3e scalar LQ decaying into bτ=tντ, the
ATLAS collaboration [178] has set a lower bound of about
1.2 TeV. As already mentioned, such a charge 2=3 scalar
LQ can be identified with the second component
of the R2 doublet, and thus the mass constraint would
apply to both Ω2=3 and Ω5=3 if they are considered mass
degenerate.
There are also theoretical analyses where the parameter

space of scalar LQs has been constrained via the LHC
data [179]. If one considers models where LQs provide an
explanation for the LFUV anomalies in B meson decays,
LQ couplings slightly larger than Oð1Þ are required. In this
scenario, more stringent constraints on the LQ masses arise
from LQ pair production [50,53], ranging from 1 to 2 TeV.
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In our analysis below we consider LQ masses above 1 TeV
and impose constraints on the LQ couplings to fermions
such that no dangerous LQ-mediated contributions to
observable quantities are induced.

B. Bounds on LQ couplings

In order to discuss the constraints on the LQ couplings
we will consider the following two scenarios, which can
allow us to asses the order of magnitude of the t → cγγ
branching ratio.
Scenario I. There is only one LQ doublet R2 that has

both left- and right-handed couplings to fermions of the
second and third generations only, namely, YRL;LR

il , where
l ¼ μ, τ and i ¼ 2, 3 stands for the quark generation. In
this scenario there are LFV transitions between the muon
and the tau lepton, and there is indeed an explanation for
the muon g − 2 anomaly, though an explanation for the
apparent LFUV anomalies in B meson decays is not
favored. This model was considered in our previous work
on the two-body top quark decays t → cX (X ¼ γ, g, H,
Z) [22], and constraints on the parameter space were
obtained from the muon g − 2 anomaly and the LFV decay
τ → μγ, together with extra constraints to avoid large
contributions to other observable quantities.
Scenario II. There are multiple LQ doublets R2. As an

example of this realization we will consider the model
recently proposed in [154], where the SM is augmented
with one LQ doublet Rl

2 ðl ¼ e; μ; τÞ for each lepton
generation. Although each LQ doublet can only couple to
the leptons of one generation, thereby forbidding LFV, all
of them can couple to the quarks of the second and third
generations. This scenario provides an explanation for the
aμ anomaly and the LFUV anomalies in B meson decays,
which requires relatively large LQ couplings, though
as mentioned above recent data seems to exclude the RK

and RK� anomalies. An analysis on the constraints
on the parameter space of this model was presented in
Ref. [154].
Below we analyze the constraints on the LQ couplings in

the above scenarios and focus on the allowed parameter
space region most promising for the t → cγγ branch-
ing ratio.

1. Scenario I

In our analysis we will follow our previous work [22],
where we assumed that the Ω5=3 scalar LQ is responsible
for the muon g − 2 anomaly and considered the bounds on
the YLR;RL

iμ and YLR;RL
iτ couplings obtained from the LFV

decay τ → μγ. The analytical expressions for the contribu-
tion of a scalar LQ to the muon anomalous magnetic dipole
moment (AMDM) and the LFV decay li → ljγ were
obtained long ago and were also reproduced in
Ref. [22,135] in terms of Feynman parameter integrals

and Passarino-Veltman scalar functions. For the sake of
completeness we present such results in Appendix C. Note
that aμ contains a chirality flipping term proportional to
mqi × ReðYRL

iμ YLR�
iμ Þ, which gives the dominant contribu-

tion for a heavy internal quark. Since such contribution
requires that the scalar LQ has both left- and right-handed
couplings to the fermions, it is absent for chiral LQs. Thus
the contribution to aμ from the chiral LQ Ω2=3 via an
internal b quark is expected to be much smaller than the
contribution from the nonchiral LQ Ω5=3.
As far as the experimental constraints are concerned,

for the muon AMDM aμ we consider the current average of
its experimental measurements [180,181], whereas for the
SM theoretical prediction we consider the estimate
obtained by the muon g − 2 theory initiative [182]. This
yields the following 4.2σ discrepancy between theory and
experiment:

Δaμ ¼ 251ð59Þ × 10−11: ð15Þ

For the decay τ → μγ, the expected future experimental
sensitivity [183] puts strong constraints on LFV processes
between the second and third generations

Brðτ → μγÞ ≤ 1.0 × 10−9; ð16Þ

but we will consider the current experimental con-
straint [184]

Brðτ → μγÞ ≤ 4.4 × 10−8: ð17Þ

Note that Ω5=3 and Ω2=3 can also give dangerous
contributions to several observable quantities through their
couplings to the b̄τ and tντ pairs both at the tree and one-
loop level. Therefore one must verify that the values of the
LQ couplings consistent with the muon g − 2 discrepancy
and the constraint on the τ → μγ decay do not introduce
tension between the theory predictions and experimental
data. For instance at the LHC, double (single) tau lepton
production τ−τþ (τν) can arise at the tree level via single
LQ production pp→Slþ→ql−lþ (pp → Slþ → qνlþ),
with q being identified with a single jet. On the other hand,
among those observable quantities sensitive to large LQ
couplings at the one-loop level there are the decays
Z → τ−τþ and Z → νν. We will thus impose the additional
constraints jYLR;RL

iμ j < 1, which ensures that no tension will
arise between the theory predictions and the experimental
data [53,154]. This is a more stringent constraint than
jYLR;RL

iμ j < 4π, which is usually imposed to avoid the
breakdown of perturbation theory.
Rather than making any a priori assumption about the

LQ coupling constants to leptons and quarks, we consider
nonvanishing left- and right-handed couplings to the
leptons and quarks of both the second and third
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generations: YLR;RL
iμ , where i stands for the generation

quark. Without losing generality we consider purely real
LQ couplings and randomly scan for a few thousands of
4-tuples fYRL

2μ ; Y
LR
2μ ; Y

RL
3μ ; Y

LR
3μ g consistent with the discrep-

ancy of the muon g − 2 anomaly at 95% C.L. The allowed
region is shown in Fig. 4 on the ReðYRL

2μ Y
LR
2μ Þ vs

ReðYRL
3μ Y

LR
3μ Þ plane for a charge 5=3 scalar LQ with a mass

of 1 and 1.5 TeV.
In our analysis we have considered three scenarios for

the relative signs of the products of the left- and right-
handed couplings ReðYRL

iμ YLR
iμ Þ as they determine the sign

of the contribution to aμ from the quark of generation i. We
observe that the largest values for the coupling products are
allowed when they have opposite signs (red and green
points) as large partial contributions can cancel each other
out to give the required negative total contribution. On the
other hand, in the scenario when both couplings are
negative (blue points), the partial contributions add up,
thereby imposing a tighter constraint of the LQ coupling
products.
Unless an additional flavor symmetry is introduced,Ω5=3

can also couple to the τ lepton and induce LFV processes.
Thus the decay τ → μγ imposes an extra constraint on the
YRL;LR
iμ and YRL;LR

iτ couplings, which must be combined
with that arising from the muon g − 2 anomaly. Again we
do not impose an a priori condition for the coupling
constants and randomly scan for a set of points
fYRL

2l ; Y
LR
2l ; Y

RL
3l ; Y

LR
3l g (l ¼ μ, τ) consistent with the dis-

crepancy of the muon g − 2 anomaly and the experimental
upper bound on the τ → μγ decay, along with the extra
upper bounds jYRL;LR

il j ≤ 1. It turns out that the t → cγγ

invariant amplitude of Eq. (9) is given in terms of form
factors of the form (see Appendix A)

Fn ¼
X
lk¼μ;τ

ðfLLn YRL
ilk
YRL
jlk

þ fRRn YLR
ilk
YLR
jlk

þ fRLn YLR
ilk
YRL
jlk

þ fLRn YRL
ilk
YLR
jlk

Þ: ð18Þ

From our numerical analysis of the allowed values for the
LQ coupling constants, we infer that from all the products
of coupling constants of Eq. (18), the ones that can reach
the largest allowed values are YRL

3μ Y
RL
2μ and YLR

3τ Y
LR
2τ ,

whereas the remaining products are much more con-
strained. Therefore the t → cγγ decay width will depend
mainly on the values of this pair of coupling products and
would reach its maximal value when one of them reaches
its largest allowed values. We thus show the allowed region
on the ReðYRL

2τ Y
RL
3τ Þ vs ReðYLR

2τ Y
LR
3τ Þ plane in Fig. 5 and on

the ReðYRL
2μ Y

RL
3μ Þ vs ReðYLR

2μ Y
LR
3μ Þ plane in Fig. 6 for a scalar

LQ Ω5=3 with mass of 1 TeV (top plots) and 1.5 TeV
(bottom plots) in the three scenarios of the signs of the
products ReðYRL

iμ YLR
iμ Þ of Fig. 4.

We can conclude that the largest allowed values corre-
spond to YLR

2τ Y
LR
3τ products, which are obtained when both

the c and t contributions to aμ have opposite signs (red and
green points). The products of LQ couplings to the muon
are more restricted, which is due to the condition imposed
by the muon g − 2 anomaly. For illustration purposes, in
Table I we show a few sets of values in which the product
YLR
2τ Y

LR
3τ reaches its largest allowed values, which are

slightly below the unity. These sets of points would yield

FIG. 4. Allowed area on the ReðYRL
2μ Y

LR
2μ Þ vs ReðYRL

3μ Y
LR
3μ Þ plane consistent with the muon g − 2 anomaly at 95% C.L. for a charge 5=3

scalar LQ with mass of 1 and 1.5 TeV in three scenarios of the signs of the ReðYRL
iμ YLR

iμ Þ products, which determine the signs of the

partial contributions. As explained in the text, we also impose the extra constraints jYLR;RL
iμ j < 1 to be consistent with other constraints

from experimental data.

A. BOLAÑOS-CARRERA et al. PHYS. REV. D 107, 095018 (2023)

095018-8



the maximal values of the t → cγγ branching ratio in
scenario I.
Also, as expected we observe that the constraints on the

LQ couplings are relaxed when the LQ mass increases and
the allowed area enlarges slightly when the LQ increases
from 1 to 1.5 TeV. However, although the LQ couplings
could be less restricted, a possible enhancement of the

t → cγγ branching ratio may be suppressed by the larger
value of the LQ mass.

2. Scenario II

Motivated by the apparent anomalies in Bmeson decays,
quite recently the authors of Ref. [154] introduced a model

FIG. 5. Allowed area on the ReðYRL
2τ Y

RL
3τ Þ vs ReðYLR

2τ Y
LR
3τ Þ plane consistent with the muon g − 2 anomaly at 95% C.L. and the LFV

decay τ → μγ for a scalar LQ Ω5=3 with mass of 1 TeV (top plots) and 1.5 TeV (bottom plots) in the three scenarios of the signs of the
products ReðYRL

iμ YLR
iμ Þ considered in Fig 4. The constraint jYRL;LR

il j ≤ 1 is also imposed to be consistent with other experimental
constraints.

FIG. 6. The same as in Fig. 5 but for the allowed area on the ReðYRL
2μ Y

RL
3μ Þ vs ReðYLR

2μ Y
LR
3μ Þ plane.
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with one LQ doublet Rl
2 (l ¼ μ, τ) for each lepton

generation. In order to avoid dangerous LFV effects
induced by large LQ couplings, required by the LFUV
B meson anomalies, an additional flavor symmetry was
imposed so that each scalar LQ doublet can only couple to
one lepton generation, though they still have couplings to
quarks of the second and third generations. Therefore,
although no LQ-mediated LFV processes arise, FCNC top
quark decays could still be allowed at the one-loop level.
A comprehensive analysis of the bounds on LQ Rτ

2

couplings obtained from several observable quantities was
presented in Ref. [154]. It was shown that one scalar LQ
doublet Rτ

2 with a mass of 1.7 TeV can explain the RD and
RD� anomalies, provided that the values of the coupling
constants YLR

3τ and YRL�
2τ are slightly larger than Oð1Þ and

there is a large complex phase in the product of both
coupling constants. This is still consistent with the data on
τν and τ−τþ production at the LHC, but some tension could
arise in the electroweak fit for the data of the decays Z →
τ−τþ and Z → ν̄ν [154]. Also, the constraint YLR

2τ Y
LR�
3τ ≲

0.25 is obtained from Bs − B̄�
s mixing [154].

The Rτ
2 doublet alone gives no explanation for both the

muon g − 2 discrepancy and the apparent RK and RK�

anomalies, for which a second doublet LQ doublet Rμ
2 is

necessary [154]. It was shown that the presence of two
scalar doublets improves the fit of the b → sl−lþ data and
relaxes the tension in the electroweak data as smaller Rτ

2

couplings are required to explain the RD and RD� anomalies
for MRμ

2
¼ 2 TeV and MRτ

2
¼ 1.7 TeV. A summary of the

values of the coupling constants consistent with the LFUV
anomalies in B decays and the aμ anomaly, taken from
Ref. [154], is shown in the last row of Table I. Note that the
LQ doublet Rτ

2 alone could yield an enhanced branching
ratio for FCNC top quark decays due to the large LQ
couplings, though an additional suppression due to the
heavier value of the LQ mass is expected too.
Following the notation of Ref. [50] we present in Table II

the main features of the scenarios just discussed. It seems

that scenario II is the most promising for a less suppressed
t → cγγ branching ratio as LQ couplings to the τ lepton of
the order of Oð1Þ are allowed; however, a larger mass is
also necessary to fulfill the constraints from experimental
data, which may result in an additional suppression. Below
we present an estimate for the t → cγγ branching ratio in
these scenarios.

C. Estimate of the t → cγγ branching ratio

For the numerical evaluation of the invariant amplitude
(9) and to achieve a best numerical stability in the
evaluation of the double integral of Eq. (14), we decom-
posed the Passarino-Veltman integrals of Eqs. (A4) through
(A44) into scalar functions (the results are too lengthy to be
presented in this work), which then were evaluated through
the LoopTools [185,186] package. Also, an independent
evaluation was performed via the Collier package [187],
which showed a good agreement with the LoopTools evalu-
ation. To obtain the t → cγγ decay width we impose the
kinematic cuts Eγ > 5 GeV for both photons.
As far as scenario I is concerned, from the above analysis

we can conclude that the contribution to the t → cγγ decay
width from the loops with an internal muon is much smaller
than that from the loops with an internal tau lepton, which
is due to the small allowed values of the LQ-muon
couplings. In fact we can neglect the muon contribution
to the t → cγγ invariant amplitude as it is more than 2
orders of magnitude below the one of the tau lepton.

TABLE I. Sample sets of values of LQ couplings to fermions consistent with the muon g − 2 anomaly and the experimental constraint
on the LFV decay τ → μγ formR2

¼ 1 TeV (rows 1 through 3) andmR2
¼ 1.5 TeV (rows 4 through 7) in scenario I. The last row shows

the allowed values consistent with an explanation for the RD and RD� anomalies, the muon g − 2 discrepancy, and other experimental
constraints for mRμ

2
¼ 1.7 TeV and mRμ

2
¼ 2 TeV in scenario II (see [154]), which also explains the apparent RK and RK� anomalies,

which seem to be excluded by recent data [157]. Results taken from Ref. [154].

Scenario LQ mass (TeV) YRL
2μ YLR

2μ YRL
3μ YLR

3μ YRL
2τ YLR

2τ YRL
3τ YLR

3τ

I 1.0 −0.167 0.246 0.011 0.018 0.059 0.92 0.015 0.88
I 1.0 0.949 0.013 −0.073 0.018 0.011 0.917 0.018 0.798
I 1.0 0.193 0.019 −0.014 0.044 0.024 0.978 0.012 0.888
I 1.5 0.431 0.041 −0.025 0.011 0.037 0.994 0.016 0.831
I 1.5 0.424 0.012 −0.02 0.021 0.023 0.957 0.041 0.917
I 1.5 −0.236 0.155 0.012 0.038 0.016 0.958 0.013 0.995

II 1.7 ðRτÞ, 2.0 ðRμÞ � � � � � � 2.4–2.6 −7 × 10−3 2.4–2.55 0.3–0.35 � � � 0.9–1.1

TABLE II. Scenarios discussed in the text along with the
anomalies addressed and other predicted new physics effects.
Note that the RK� anomaly seems to be excluded by the recent
LHCb measurement [157].

Scenario aμ RD, RD� RK� LFV FCNC

I ✓ ✗ ✗ ✓ ✓
II with Rτ

2 alone ✗ ✓ ✗ ✗ ✓
II with both Rμ

2 and Rτ
2 ✓ ✓ ✓ ✗ ✓
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Therefore, the largest values of the t → cγγ decay width for
a specific value of the LQ mass are reached in the region
where the product of couplings YLR

2τ Y
LR
3τ reaches its largest

allowed values. In this region the behavior of the t → cγγ
branching ratio as a function of the LQ coupling can be
roughly approximated as

Brðt → cγγÞ ≃ fðmS;mc;mt; mτÞjYLR
2τ Y

LR
3τ j2; ð19Þ

with fðmS;mc;mt; mτÞ of the order of 10−11 − 10−10 at
most for mS ≃ 1 TeV .
In Fig. 7 we show the behavior of the LQ contribution to

Brðt → cγγÞ in scenario I as a function of the LQ mass
around the region where the YLR

2τ Y
LR
3τ product reaches its

largest allowed values and thus Brðt → cγγÞ reaches its
largest values. For illustration purposes we also show the
case where the product YRL

2τ Y
RL
3τ would dominate over

YLR
2τ Y

LR
3τ , though in this case Brðt → cγγÞ does not reach

its largest values as YRL
2τ Y

RL
3τ is allowed to be of the order of

10−1 at most.
We can conclude that the LQ contribution to Brðt →

cγγÞ can be of the order of 10−11 at most for YLR
2τ Y

LR
3τ of the

order of Oð1Þ, though it would decrease considerably if the
LQ couplings decrease by 1 order of magnitude. Also, we
note that there is little dependence on the LQ mass in the
interval from 1 to 2 TeV.
As for scenario II, according to the allowed values of the

LQ couplings presented in Table I from Ref. [154], Brðt →
cγγÞ would be dominated by the Rτ

2 contribution since any
products of Rμ

2 couplings that enter into Eq. (18) would be
considerably suppressed. Furthermore, the dominant term
arises from the YRL

2τ Y
LR
3τ product. In this case we obtain for

mRτ
2
¼ 1.7 TeV

Brðt → cγγÞ ≃ 9.11 × 10−12 × jYRL
2τ Y

LR
3τ j2; ð20Þ

where we have neglected all other contributions. For
YRL
2τ ≃ 2 and YLR

3τ ≃ 1 we obtain again the estimate
Brðt → cγγÞ ≃ 10−11. Therefore, in both scenarios I and
II, the t → cγγ branching ratio would reach values as high
as 10−12 − 10−11. These are the largest possible values that
one can expect for the contribution to the t → cγγ decay
from the R2 doublet scalar LQs since experimental con-
straints severely constrain the LQ coupling constants. Thus,
unless an extraordinary cancellation in the LQ contribution
to experimental observable quantities (fine tuning) occurs
in a more sophisticated framework with additional LQ
multiplets, the LQ contribution to the t → cγγ decay is
expected to be beyond the reach of measurement.
In Table III we present a summary of the one-loop

contributions to two- and three-body FCNC top quark
decays from a scalar SUð2Þ doublet from Ref. [22] and this
work. We have considered the largest estimate consistent
with the current constraints from experimental data.

V. FINAL REMARKS

In this work we have presented a calculation of the rare
three-body FCNC top quark decay t → cγγ in the framework
of a renormalizable model where the SM is augmented with
one or threeSUð2Þ scalarLQdoubletswith hypercharge7=6,
which gives rise to two scalar LQswith electric charge of 5=3
and 2=3. We considered two particular scenarios: a minimal
model with a lone scalar LQ doublet (scenario I) and another
model with three scalar LQ doublets Rl

2 (l ¼ μ, τ) (scenario
II). While scenario I can address the muon g − 2 anomaly,
scenario II was proposed recently [154] to also explain the
LFUV anomalies in b-hadron decays. The general aspects
and the generic Lagrangian and Feynman rules for this class
of models are discussed, and analytical expressions for the
one-loop LQ contribution to the invariant amplitude of the
general decay fi → fjγγ are presented in terms of Passarino-
Veltman integral coefficients, from which the corresponding
invariant amplitude for the decay t → cγγ follows easily.

FIG. 7. LQ contribution to the branching ratio of the t → cγγ
decay in scenario I as a function of the LQmass in the region of the
parameter space where the product YLR

2τ Y
LR
3τ ∼Oð1Þ reaches its

largest allowed values, which corresponds to the largest possible
value of Brðt → cγγÞ. We also include the case where the product
YRL
2τ Y

RL
3τ dominates over YLR

2τ Y
LR
3τ for YRL

2τ Y
RL
3τ ≃Oð1Þ, though this

is not allowed by the constraints from experimental data.

TABLE III. Largest estimated values of the one-loop contri-
butions to two- and three-body FCNC top quark decays from
models with scalar SUð2Þ doublets consistent with the current
constraints from experimental data [22].

Decay channel
Branching ratio
mR2

¼ 1 TeV
Branching ratio
mR2

¼ 1.5 TeV

t → cγ 10−9 10−9

t → cg 10−9 10−10

t → cZ 10−8 10−9

t → cH 10−9 10−10

t → cμ−μþ 10−6 10−7

t → cτ−τþ 10−7 10−8

t → cγγ 10−11 10−12
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A discussion of the current bounds on the LQmasses and
the LQ couplings to leptons and quarks is also presented. In
scenario I the region of allowed values of LQ couplings is
found by requiring that the charge 5=3 is responsible for the
muon g − 2 discrepancy and obeys the constraint on the
LFV decay τ → μγ as well as the extra constraint on the LQ
couplings jYLR;RL

il j ≤ 1, which is imposed to avoid tension
with experimental data of processes sensitive to LQ
contributions. It is found that the LQ couplings can be
as large as 0.1–1 for a LQ mass around 1 TeV, which results
in a branching ratio for the t → cγγ decay of the order of
10−11–10−12. When the mass of the LQ increases up to
around 1.5 TeV, this branching ratio decreases slowly, but
there is a high dependence on the magnitude of the LQ
coupling constants.
As far as scenario II is concerned, we consider the

bounds obtained in the analysis of Ref. [154], where the
parameter space of the model was constrained by requiring
a solution to the LFUV anomalies and the muon g − 2
discrepancy, along with constraints from experimental data.
For a LQ doublet Rτ

2 with a mass of 1.7 TeV, LQ couplings
to the τt pair with values slightly larger than Oð1Þ are still
allowed, whereas the couplings of the Rμ

2 doublet would be
1 or 2 orders of magnitude below for a LQmass of 2 TeV. In
this scenario the branching ratio of the t → cγγ decay is
also of the order of 10−11–10−12.
In conclusion the LQ contribution to the branching ratio

of the three-body decay t → cγγ is about 2 or 3 orders of
magnitude below the one for the two-body decay t → cγ,
which is below the expected experimental reach.

The supporting data for this paper are openly available
from [188].
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APPENDIX A: ANALYTICAL RESULTS
FOR THE f i → f jγγ FORM FACTORS

The form factors Fn ðn ¼ 1…6Þ of Eq. (12) were
obtained in terms of Passarino-Veltman scalar functions

with the help of the FeynCalc package [173,174], and a cross-
check was done via Package-X [175]. Since the results in
terms of Passarino-Veltman scalar functions are too lengthy
to be shown here, we present our results in terms of the
coefficients of two-. three-, and four-point tensor integrals:
B1, Bii, Ci, Cij, etc., where we follow the notation of
Ref. [173]. Note however that in order to simplify our
results, a scale factor was introduced to obtain dimension-
less three- and four-point scalar functions as well as
dimensionless tensor integral coefficients: all three-point
scalar functions and tensor integral coefficients, but C00ðiÞ,
are scaled by m−2

i , whereas all four-point scalar functions
and tensor integral coefficients, but D00ðiÞ and D00jðiÞ, are
scaled by m−4

i .
As already mentioned, we consider the mj ≃ 0 limit (an

outgoing massless fermion) and define Mandelstam-like
scaled variables ŝ ¼ ðp0 þ p2Þ2=m2

i ≃ 2p0 · p2=m2
i , t̂ ¼

ðp0 þ p1Þ2 ≃ 2p1 · p0=m2
i , and û ¼ ðp1 þ p2Þ2=m2

i ¼
2p1 · p2=m2

i , which obey ŝþ t̂þ û ¼ 1. We also define
the auxiliary variables xa ¼ m2

a=m2
i , ya ¼ ma=mi, for

a ¼ k, S, where the subscript k stands for the virtual
fermion. Furthermore, δs ¼ ŝ − 1, δt ¼ t̂ − 1, and the
electric charges of the external fermionsQi and the internal
one Qk are given in units of e.
The form factors Fn (n ¼ 1;…; 6) of Eq. (12) can be

written as

Fn ¼
X
lk¼μ;τ

ðfLLn YRL
ilk
YRL
jlk

þ fRRn YLR
ilk
YLR
jlk

þ fRLn YLR
ilk
YRL
jlk

þ fLRn YRL
ilk
YLR
jlk

Þ; ðA1Þ

where the nonvanishing f…n coefficients in turn can be
cast as

f…n ¼ a…n ðf…niQ2
i þ f…nkQ

2
k þ f…nikQiQkÞ; ðA2Þ

with … standing for LL; RR, etc. The a…n and f…n…
coefficients are

aLL1 ¼ 1

δsŝ2δtt̂2
; ðA3Þ

fLL1i ¼ δtð2δst̂ð2ŝð−D001ð2Þ −D001ð4Þ − 2ðD003ð2Þ þD003ð4ÞÞ þ C2ð7ÞÞ − 2C12ð4Þûþ 4C00ð4Þ
þ B0ð3Þðy2S − y2k − 1ÞÞ þ δsŝð4C00ð6Þ þ B0ð3Þðy2S − y2k − 1ÞÞ − 4C12ð4Þδst̂2Þ
þ 2δst̂2ððB0ð1Þ þ 1Þy2k − ðB0ð2Þ þ 1Þy2S − 2C12ð11ÞŝÞ þ δst̂ðŝð4C00ð11Þ − B0ð5ÞÞ
þ ðB0ð1Þ þ 1Þy2kðŝ − 2Þ − ðB0ð2Þ þ 1Þðŝ − 2Þy2SÞ þ B0ð5Þδsŝðy2S − y2kÞ; ðA4Þ
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fLL1k ¼ δtð2δsŝ t̂ð−ð2ðD11ð10Þ þD11ð11Þ þD11ð12Þ þD12ð10Þ þD13ð10Þ þD13ð11Þ þD13ð12ÞÞ
þ 2ðD1ð10Þ þD1ð11ÞÞ þD1ð12Þ −D3ð12ÞÞû − 2ðD00ð9Þ þ 2D00ð10Þ þD00ð11Þ þD00ð12Þ þD001ð2Þ
þD001ð4Þ þ 2D001ð9Þ þ 2ðD001ð10Þ −D001ð11Þ −D001ð12ÞÞ þD002ð9Þ þD002ð10Þ þ 2ðD003ð2Þ þD003ð4ÞÞ
þD003ð9Þ þD003ð10Þ −D003ð11Þ −D003ð12ÞÞ þ C0ð13Þ − 2C1ð18Þ þ 2C2ð7Þ þD3ð12ÞδsÞ
− 2ð2ðD11ð10Þ þD11ð11Þ þD11ð12Þ þD12ð11Þ þD12ð12Þ þD13ð10Þ þD13ð11Þ þ 2D13ð12Þ
þD23ð12Þ þD33ð12Þ þD1ð10Þ þD1ð11Þ þD1ð12ÞÞ þD3ð12ÞÞδsŝt̂2Þ; ðA5Þ

fLL1ik ¼ δtð2δst̂ðŝð2ððD11ð10Þ þD12ð10Þ þD13ð10Þ þD1ð10ÞÞûþD00ð9Þ þD002ð9Þ þD002ð10Þ
þ 2ðD00ð10Þ þD001ð2Þ þD001ð4Þ þD001ð9Þ þD001ð10ÞÞ þ 4ðD003ð2Þ þD003ð4ÞÞ þD003ð9Þ þD003ð10Þ
− 2C2ð7ÞÞ þ C1ð17ÞÞ þ 2ðC12ð3Þ þ C12ð4ÞÞû − 4ðC00ð3Þ þ C00ð4ÞÞ þ 2B0ð3ÞÞ
þ 2δsŝðB0ð3Þ − 2ðC00ð5Þ þ C00ð6ÞÞÞ þ 4δst̂2ðC12ð3Þ þ C12ð4Þ þ ðD11ð10Þ þD13ð10Þ þD1ð10ÞÞŝÞÞ
þ 2δsŝ t̂ðB0ð5Þ − 2ðC00ð10Þ þ C00ð11ÞÞÞ þ 4ðC12ð10Þ þ C12ð11ÞÞδsŝt̂2; ðA6Þ

aRL1 ¼ −
2yk
ŝ t̂

; ðA7Þ

fRL1i ¼ −
2

ŝ
ð2ðD00ð2Þ þD00ð4ÞÞŝþ B0ð3Þðŝþ û − 2Þ þ B0ð4Þ − C0ð15Þŝþ C1ð16ÞûÞ

þ 1

δtδsðy2k − y2SÞ
ðt̂ð−2ðŝþ û − 2ÞððB0ð1Þ þ 1Þy2k − ðB0ð2Þ þ 1Þy2SÞ − 2C2ð10Þδsðy2k − y2SÞÞ

þ t̂2ð2ðB0ð2Þ þ 1Þy2S − 2ðB0ð1Þ þ 1Þy2kÞ þ ððB0ð1Þ þ 1Þy2k − y2SÞðδs þ 2ûÞ − B0ð2Þy2Sðŝþ 2û − 1ÞÞ

−
2t̂
ŝ
ðB0ð3Þ þ C1ð16ÞÞ þ

1

δt̂ t̂
ðδt̂B0ð3Þ þ B0ð5ÞÞ; ðA8Þ

fRL1k ¼ 2ðC0ð14Þ þ C0ð15Þ −D0ð7ÞδŝÞ − 4ðD00ð2Þ þD00ð4Þ þD00ð9Þ þD00ð10Þ þD00ð11Þ þD00ð12ÞÞ
þ 2ðD1ð11Þ þD1ð12Þ −D0ð5Þ −D1ð10Þ −D2ð1Þ þD2ð11Þ þD2ð12Þ þD3ð11Þ þD3ð12ÞÞt̂
− 2ðD0ð5Þ þD1ð10Þ −D1ð11Þ −D1ð12Þ þD2ð1Þ þD2ð10Þ −D3ð11ÞÞûþD0ð8Þ; ðA9Þ

fRL1ik ¼ 4ð2D00ð2Þ þ 2D00ð4Þ þD00ð9Þ þD00ð10ÞÞ þ 2t̂

�
1

δs
C0ð1Þ þD0ð5Þ þD1ð10Þ þD2ð1Þ

�
þ 2û

δs
C0ð1Þ

−
1

δt
C0ð2Þ þ

1

t̂
C0ð13Þ − 2C0ð2Þ − 4C0ð15Þ þ 2ðD0ð5Þ þD1ð10Þ þD2ð1Þ þD2ð10ÞÞû; ðA10Þ

aRR2 ¼ −
4

δt̂ŝt̂2
; ðA11Þ

fRR2i ¼ δtð2t̂ðC22ð6Þ þ 2ðD00ð4Þ þD001ð4Þ þD003ð2Þ þD003ð4ÞÞ þ C1ð17ÞÞ þ 4C00ð6Þ
þC12ð6Þð1 − 2ŝ − 2ûÞ þ B0ð3Þðy2S − y2k − 1ÞÞ þ t̂ð4C00ð11Þ þ ðB0ð1Þ þ 1Þy2k − ðB0ð2Þ þ 1Þy2S
−B0ð5ÞÞ þ B0ð5Þðy2S − y2kÞ; ðA12Þ

fRR2k ¼ δtt̂ð−2ðD11ð9Þ þD11ð11Þ þD11ð12Þ þD12ð9Þ þD13ð9Þ þD13ð11Þ
þD13ð12Þ þD1ð9Þ þD1ð11Þ þD1ð12ÞÞŝþ 4ðD00ð4Þ þD00ð9Þ −D00ð12ÞÞ þD11ð9Þ þD11ð11Þ þD11ð12Þ
þD12ð9Þ þD13ð9Þ þD13ð11Þ þD13ð12Þ þ 4ðD001ð4Þ þD001ð9Þ þD001ð10Þ −D001ð11Þ −D001ð12Þ þD002ð9Þ
þD003ð2Þ þD003ð4Þ þD003ð9Þ −D003ð12ÞÞ þ 2ðD0ð6Þ þD1ð3Þ þD1ð9Þ þD2ð3Þ þD2ð9ÞÞy2k
þD1ð9Þ þD1ð11Þ þD1ð12ÞÞ; ðA13Þ
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fRR2ik ¼ δtðt̂ð−2ðC22ð5Þ þ C22ð6ÞÞ þ 2ðD11ð9Þ þD12ð9Þ þD13ð9Þ þD1ð9ÞÞŝ
−4ð2D00ð4Þ þD00ð9ÞÞ −D11ð9Þ −D12ð9Þ −D13ð9Þ − 4ð2D001ð4Þ þD001ð9Þ þD001ð10Þ þD002ð9Þ
þ2ðD003ð2Þ þD003ð4ÞÞ þD003ð9ÞÞ − 4C1ð17Þ − 2ðD0ð6Þ þD1ð3Þ þD1ð9Þ þD2ð3Þ þD2ð9ÞÞy2k −D1ð9ÞÞ
þðC12ð5Þ þ C12ð6ÞÞð2ŝþ 2û − 1Þ þ 2B0ð3ÞÞ þ 2t̂ðB0ð5Þ − 2ðC00ð5Þ þ C00ð6Þ þ C00ð10Þ þ C00ð11ÞÞÞ
þ 4ðC00ð5Þ þ C00ð6ÞÞ; ðA14Þ

aLR2 ¼ 4yk
ŝ t̂

; ðA15Þ

fLR2i ¼ 1

t̂
ðB0ð3Þ − C1ð17ÞÞ þ

1

δt

�
2

y2k − y2S
ððB0ð2Þ þ 1Þy2S − ðB0ð1Þ þ 1Þy2kÞ þ

2

t̂
B0ð5Þ

�
; ðA16Þ

fLR2k ¼ 2D0ð8Þ −D0ð6Þ −D1ð9Þ þD1ð11Þ þD1ð12Þ −D2ð3Þ −D2ð9Þ þD3ð12Þ; ðA17Þ

fLR2ki ¼
2

δt
C0ð2Þ þ

1

t̂
C0ð13Þ þD0ð6Þ þD1ð9Þ þD2ð3Þ þD2ð9Þ; ðA18Þ

aLL3 ¼ −
4

ŝ t̂
; ðA19Þ

fLL3i ¼ D13ð2Þ þD13ð4Þ þ 2ðD33ð2Þ þD33ð4Þ þD333ð2Þ þD333ð4ÞÞ þD113ð2Þ þD113ð4Þ þ 3ðD133ð2Þ þD133ð4ÞÞ;
ðA20Þ

fLL3k ¼ 2ðD11ð9Þ þD11ð10ÞÞ − 4ðD11ð11Þ −D11ð12ÞÞ þD12ð9Þ þD12ð10Þ þD13ð2Þ
þD13ð4Þ þD13ð9Þ þD13ð10Þ þ 2ðD33ð2Þ þD33ð4Þ þD111ð9Þ þD111ð10Þ −D111ð11Þ −D111ð12ÞÞ
− 3ðD13ð11Þ þD13ð12Þ −D112ð9Þ −D112ð10Þ −D113ð9Þ −D113ð10Þ þD113ð11Þ þD113ð12Þ
−D133ð2Þ −D133ð4ÞÞ þD113ð2Þ þD113ð4Þ þD122ð9Þ þD122ð10Þ þ 2ðD123ð9Þ þD123ð10ÞÞ þD133ð9Þ
þD133ð10Þ −D133ð11Þ −D133ð12Þ þ 2ðD333ð2Þ þD333ð4ÞÞ − 2D1ð11Þ − 2D1ð12Þ; ðA21Þ

fLL3ik ¼ −ð2ðD11ð9Þ þD11ð10ÞÞ þD12ð9Þ þD12ð10Þ þ 2ðD13ð2Þ þD13ð4ÞÞ þD13ð9Þ þD13ð10Þ þ 4ðD33ð2Þ þD33ð4ÞÞ
þ 2ðD111ð9Þ þD111ð10ÞÞ þ 3ðD112ð9Þ þD112ð10ÞÞ þ 2ðD113ð2Þ þD113ð4ÞÞ þ 3ðD113ð9Þ þD113ð10ÞÞ
þD122ð9Þ þD122ð10Þ þ 2ðD123ð9Þ þD123ð10ÞÞ þ 6ðD133ð2Þ þD133ð4ÞÞ þD133ð9Þ þD133ð10Þ
þ 4ðD333ð2Þ þD333ð4ÞÞÞ; ðA22Þ

aRL3 ¼ 8yk
ŝ t̂

; ðA23Þ

fRL3i ¼ D13ð2Þ þD13ð4Þ þD33ð2Þ þD33ð4Þ þD3ð2Þ þD3ð4Þ; ðA24Þ

fRL3ik ¼ D11ð9Þ þD11ð10Þ þD11ð11Þ þD11ð12Þ þD12ð9Þ þD12ð10Þ þD13ð2Þ þD13ð4Þ þD13ð9Þ þD13ð10Þ
þD13ð11Þ þD13ð12Þ þD33ð2Þ þD33ð4Þ þD1ð9Þ þD1ð10Þ þD1ð11Þ þD1ð12Þ þD3ð2Þ þD3ð4Þ; ðA25Þ

fRL3k ¼ −ðD11ð9Þ þD11ð10Þ þD12ð9Þ þD12ð10Þ þ 2ðD13ð2Þ þD13ð4ÞÞ þD13ð9Þ þD13ð10Þ þ 2ðD33ð2Þ þD33ð4ÞÞ
þD1ð9Þ þD1ð10Þ þ 2ðD3ð2Þ þD3ð4ÞÞÞ; ðA26Þ

aRR4 ¼ 1

ŝδt̂ t̂2
; ðA27Þ
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fRR4i ¼ δtð4C00ð6Þ þ 4ðD001ð2Þ −D001ð4ÞÞt̂þ B0ð3Þðy2S − y2k − 1ÞÞ
þ t̂ð4C00ð11Þ þ ðB0ð1Þ þ 1Þy2k − ðB0ð2Þ þ 1Þy2S − B0ð5ÞÞ þ B0ð5Þðy2S − y2kÞ; ðA28Þ

fRR4k ¼ 2δtt̂ð−2ðD00ð9Þ þD00ð11Þ þD00ð12Þ −D001ð2Þ þD001ð4Þ þD002ð9Þ −D002ð10Þ þD003ð9Þ −D003ð10Þ
þD003ð11Þ −D003ð12ÞÞ þ C0ð13Þ þD1ð12ÞûÞ; ðA29Þ

fRR4ik ¼ 2t̂ðB0ð5Þ − 2ðC00ð10Þ þ C00ð11ÞÞÞ þ δtð2ðB0ð3Þ − 2ðC00ð5Þ þ C00ð6ÞÞÞ
þ2t̂ð2ðD00ð9Þ − 2D001ð2Þ þ 2D001ð4Þ þD002ð9Þ −D002ð10Þ þD003ð9Þ −D003ð10ÞÞ þ C1ð17ÞÞÞ; ðA30Þ

aLR4 ¼ 2yk
ŝδt̂ t̂2

; ðA31Þ

fLR4i ¼ t̂
y2k − y2S

ððB0ð1Þ þ 1Þy2k − ðB0ð2Þ þ 1Þy2SÞ

− B0ð5Þ − B0ð3Þδt̂; ðA32Þ
fLR4k ¼ −D0ð8Þt̂δt̂; ðA33Þ

fLR4ik ¼ −ðC0ð2Þt̂þ C0ð13Þδt̂Þ; ðA34Þ

aLL5 ¼ 4

ŝt̂2
; ðA35Þ

fLL5i ¼ C12ð6Þ; ðA36Þ

fLL5k ¼ t̂ðD11ð9Þ þD11ð11Þ þD11ð12Þ þD12ð9Þ þD13ð9Þ
þD13ð11Þ þD13ð12Þ þD1ð9Þ þD1ð11Þ
þD1ð12ÞÞ; ðA37Þ

fLL5ik ¼ −ðC12ð5Þ þ C12ð6Þ þ t̂ðD11ð9Þ þD12ð9Þ
þD13ð9Þ þD1ð9ÞÞÞ; ðA38Þ

aRL5 ¼ −
4yk
ŝt̂2

; ðA39Þ

fRL5i ¼ C1ð17Þ; ðA40Þ
fRL5k ¼ t̂ðD0ð6Þ þD1ð9Þ −D1ð11Þ −D1ð12Þ

þD2ð3Þ þD2ð9Þ −D3ð12ÞÞ; ðA41Þ

fRL5ik¼C0ð13Þ− t̂ðD0ð6ÞþD1ð9ÞþD2ð3ÞþD2ð9ÞÞ; ðA42Þ

and

aRR6 ¼ 4

ŝ t̂
; ðA43Þ

fRR6i ¼ D13ð2Þ −D13ð4Þ þD113ð2Þ −D113ð4Þ
þD133ð2Þ −D133ð4Þ; ðA44Þ

fRR6k ¼ −D12ð9Þ þD12ð10Þ þD13ð2Þ −D13ð4Þ −D13ð9Þ þD13ð10Þ −D13ð11Þ þD13ð12Þ −D112ð9Þ þD112ð10Þ
þD113ð2Þ −D113ð4Þ −D113ð9Þ þD113ð10Þ −D113ð11Þ þD113ð12Þ −D122ð9Þ þD122ð10Þ − 2D123ð9Þ
þ 2D123ð10Þ þD133ð2Þ −D133ð4Þ −D133ð9Þ þD133ð10Þ −D133ð11Þ þD133ð12Þ; ðA45Þ

fRR6ik ¼ D12ð9Þ −D12ð10Þ − 2D13ð2Þ þ 2D13ð4Þ þD13ð9Þ −D13ð10Þ þD112ð9Þ −D112ð10Þ − 2D113ð2Þ
þ 2D113ð4Þ þD113ð9Þ −D113ð10Þ þD122ð9Þ −D122ð10Þ þ 2D123ð9Þ − 2D123ð10Þ − 2D133ð2Þ þ 2D133ð4Þ
þD133ð9Þ −D133ð10Þ: ðA46Þ

As far as the arguments of the Passarino-Veltman scalar
functions and tensor integral coefficients are concerned,
they are presented in Tables IV through VI, where again we
follow the notation of [173].

APPENDIX B: AVERAGE SQUARE AMPLITUDE
FOR THE f i → f jγγ DECAY

After averaging (summing) over polarizations of the
ingoing fermion (outgoing particles), from Eq. (12) we

TABLE IV. Arguments of the two-point scalar functions B0ðiÞ
in the notation of [173].

(i) (a, b, c)

(1) ð0; m2
k; m

2
kÞ

(2) ð0; m2
S; m

2
SÞ

(3) ðm2
i ; m

2
k; m

2
SÞ

(4) ðs; m2
k; m

2
SÞ

(5) ðt; m2
k; m

2
SÞ
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obtain the following average square amplitude in the
mj ≃ 0 limit:

jM̄ðfi → fjγγÞj2 ¼
N2

cα
2

16π2
ðA1 þA2Þ; ðB1Þ

with

A1 ¼
�
ŝ t̂
32

½ðŝþ t̂Þð4ŝkF1k2 þ 2t̂ û kF2k2 þ ŝû2kF3k2Þ

þ ððŝ − t̂Þ2 þ ûðŝþ t̂ÞÞð4ŝkF4k2 þ 2t̂ û kF5k2 þ ŝû2kF6k2Þ þ 2ŝðŝþ t̂ÞûReðF1F�
3Þ

þ ûððŝ − t̂Þ2 − ðŝþ t̂Þ2ÞReðð2F1 þ ûF3ÞF�
5 − F2ð2F�

4 þ ûF�
6ÞÞ þ 2ŝ û ððŝ − t̂Þ2 þ ûðŝþ t̂ÞÞReðF4F�

6Þ

þ 2t̂ðt̂ − ŝÞReðŝð4F1 þ ûF3ÞF�
4 þ 2t̂ û F2F�

5 þ ŝ ûðF1 þ ûF3ÞF�
6Þ� þ ðŝ ↔ t̂Þ

�
þ ðYLR

lk ↔ YRL
lk Þ;

and

A2 ¼
1

32
ŝt̂2Re

�
2ŝðŝþ t̂ÞûðF3G�

1 − F2G�
2 þ F1G�

3 þ ûF3G�
3Þ

þ û2ððŝ − t̂Þ2 − ðŝþ t̂Þ2Þ
�
ŝ
t̂
ðF6G�

2 þ F3G�
5Þ þ F5G�

3 þ F2G�
6

�

þ 2ŝ û ððŝ − t̂Þ2 þ ûðŝþ t̂ÞÞðF5G�
5 − F6G�

6 − F6G�
4 − F4G�

6Þ

þ 2ŝ û ðt̂ − ŝÞðF6G�
1 − F1G�

6 þ F2G�
5 − F5G�

2 þ F4G�
3 − F3G�

4 þ ûF6G�
3 − ûF3G�

6Þ
�
þ ðŝ ↔ t̂Þ; ðB2Þ

where Gnðŝ; t̂Þ ¼ Fnðt̂; ŝÞ are the form factors obtained
after exchanging the photons. The extra terms arise from
the right-handed amplitude MR and interference terms.

APPENDIX C: LQ CONTRIBUTION
TO LEPTON PROCESS

For completeness we present some formulas used in the
evaluation of the constraints on the LQ couplings presented
in Sec. IV B.

1. Muon anomalous magnetic dipole moment

The one-loop contribution to the muon anomalous mag-
netic dipole moment aLQμ from a charge QS scalar LQ with
couplings to the muon and quark qi can be written as [135]

aLQμ ¼ −
X
i

3
ffiffiffiffiffixμp

32π2
ð ffiffiffiffiffi

xμ
p ðjYRL

iμ j2 þ jYLR
iμ j2ÞFðxμ; xqiÞ

þ 2
ffiffiffiffiffiffi
xqi

p
ReðYRL

iμ YLR
iμ

�ÞGðxμ; xqiÞÞ; ðC1Þ

TABLE V. Arguments of the three-point scalar functions C0ðiÞ
and three-point tensor integral coefficients CjðiÞ and CjkðiÞ in the
notation of [173].

(i) (a, b, c, d, e, f, g)

(1) ð0; 0; s; m2
k; m

2
k; m

2
SÞ

(2) ð0; 0; t; m2
k; m

2
k; m

2
SÞ

(3) ð0; m2
i ; s; m

2
k; m

2
k; m

2
SÞ

(4) ð0; m2
i ; s; m

2
S; m

2
S; m

2
kÞ

(5) ð0; m2
i ; t; m

2
k; m

2
k; m

2
SÞ

(6) ð0; m2
i ; t; m

2
S; m

2
S; m

2
kÞ

(7) ð0; m2
i ; u; m

2
S; m

2
k; m

2
SÞ

(8) ð0; s; 0; m2
k; m

2
k; m

2
SÞ

(9) ð0; s; 0; m2
S; m

2
S; m

2
kÞ

(10) ð0; t; 0; m2
k; m

2
k; m

2
SÞ

(11) ð0; t; 0; m2
S; m

2
S; m

2
kÞ

(12) ðm2
i ; 0; s; m

2
S; m

2
k; m

2
kÞ

(13) ðm2
i ; 0; t; m

2
S; m

2
k; m

2
kÞ

(14) ðm2
i ; 0; u; m

2
k; m

2
S; m

2
kÞ

(15) ðm2
i ; 0; u; m

2
S; m

2
k; m

2
SÞ

(16) ðm2
i ; s; 0; m

2
k; m

2
S; m

2
kÞ

(17) ðm2
i ; t; 0; m

2
k; m

2
S; m

2
kÞ

(18) ðm2
i ; u; 0; m

2
S; m

2
k; m

2
kÞ

TABLE VI. Arguments of the four-point scalar functions D0ðiÞ
and four-point tensor integral coefficients DjðiÞ, DjkðiÞ, and
DjklðiÞ in the notation of [173].

(i) (a, b, c, d, e, f, g, h, i, j)

(1) ð0; s; 0; t; 0; m2
i ; m

2
k; m

2
k; m

2
S; m

2
SÞ

(2) ð0; s; m2
i ; u; 0; 0; m

2
S; m

2
S; m

2
k; m

2
SÞ

(3) ð0; t; 0; s; 0; m2
i ; m

2
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2
S; m

2
SÞ

(4) ð0; t; m2
i ; u; 0; 0; m

2
S; m

2
S; m

2
k; m

2
SÞ

(5) ðm2
i ; 0; 0; 0; s; t; m

2
k; m

2
S; m

2
S; m

2
kÞ

(6) ðm2
i ; 0; 0; 0; s; t; m

2
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2
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2
k; m

2
SÞ

(7) ðm2
i ; 0; 0; 0; s; u; m

2
S; m

2
k; m

2
k; m

2
kÞ

(8) ðm2
i ; 0; 0; 0; t; u; m

2
S; m

2
k; m

2
k; m

2
kÞ

(9) ðm2
i ; s; 0; t; 0; 0; m

2
k; m

2
S; m

2
k; m

2
SÞ

(10) ðm2
i ; t; 0; s; 0; 0; m

2
k; m

2
S; m

2
k; m

2
SÞ

(11) ðm2
i ; u; 0; s; 0; 0; m

2
S; m

2
k; m

2
k; m

2
kÞ

(12) ðm2
i ; u; 0; t; 0; 0; m

2
S; m

2
k; m

2
k; m

2
kÞ
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where xa ¼ m2
a=m2

S and the sum runs over the second
and third generation up (down) quarks for QS ¼ 5=3
(QS ¼ 2=3). The Fðx; yÞ and Gðx; yÞ functions are given
in terms of Feynman parameter integrals by

Fðz1; z2Þ ¼ 2

Z
1

0

ð1 − xÞxðQqið1 − xÞ þQSxÞ
ð1 − xÞðz2 − xz1Þ þ x

dx; ðC2Þ

Gðz1; z2Þ ¼ 2

Z
1

0

ð1 − xÞðQqið1 − xÞ þQSxÞ
ð1 − xÞðz2 − xz1Þ þ x

dx; ðC3Þ

where the electric charges of the internal quark and the LQ qi
and QS are in units of the positron charge. In the limit of a
heavy quark, aLQμ reduces to

aLQμ ≃
3

16π2
X
i

ffiffiffiffiffixμp ffiffiffiffiffiffixqi
p

ð1 − xqiÞ3
ReðYRL

iμ YLR�
iμ Þ

× ðQqið3 − 4xqi þ x2qi þ 2 logðxqiÞÞ
−QSð1 − x2qi þ 2xqi logðxqiÞÞÞ: ðC4Þ

We note that sinceΩ2=3 is a chiral LQ (it only has either left-
or right-handed couplings to fermion pairs), its contribution
to aμ can be neglected as it is proportional to xμ rather
than ffiffiffiffiffixμp ffiffiffiffiffiffixqi

p .

2. τ → μγ decay

A charge QS scalar LQ contributes at the one-loop level
to the τ → μγ decay via triangle diagrams with an internal
LQ. The corresponding decay width is given by

Γðτ → μγÞ ¼ mτ

16π

�
1 −

�
mμ

mτ

�
2
�

3

ðjLj2 þ jRj2Þ; ðC5Þ

where the L and R form factors are ultraviolet finite and are
given in terms of Feynman parameter integrals as fol-
lows [135]:

L¼3g2e
ffiffiffiffiffi
xτ

p
64c2Wπ

2

X
i

ð ffiffiffiffiffi
xτ

p
YRL
iτ YRL

iμ H1ðxqiÞ

þ ffiffiffiffiffi
xμ

p
YLR
iτ YLR

iμ H2ðxqiÞþ
ffiffiffiffiffiffi
xqi

p
YRL
iμ YLR

iτ H3ðxqiÞÞ; ðC6Þ

where

H1ðzÞ ¼
Z

1

0

dx
Z

1−x

0

dyx

�
Qqiy

ζ1ðxτ; xμ; zÞ
−
QSð1− x− yÞ
ζ2ðxτ; xμ; zÞ

�
;

ðC7Þ

H2ðzÞ ¼
Z

1

0

dx
Z

1−x

0

dyð1 − x − yÞ

×

�
Qqix

ζ1ðxτ; xμ; zÞ
−

QSy
ζ2ðxτ; xμ; zÞ

�
; ðC8Þ

and

H3ðzÞ ¼
Z

1

0

dx
Z

1−x

0

dy

�
Qqið1 − xÞ
ζ1ðxτ; xμ; zÞ

−
QSð1 − x − yÞ
ζ2ðxτ; xμ; zÞ

�
;

ðC9Þ

with

ζ1ðz1; z2; z3Þ ¼ xðyðz1 − z2Þ þ z2ðx − 1Þ þ 1 − z3Þ
þ z3; ðC10Þ

ζ2ðz1; z2; z3Þ ¼ xyðz2 − z1Þ − xðð1 − xÞz1 − z3 − 1Þ
− yðð1 − yÞz2 − z3 − 1Þ þ z3: ðC11Þ

In addition, the right-handed form factor can be obtained
from the left-handed one as follows:

R ¼ L

�
YRL
mlk

↔ YLR
mlk

QS → −QS

�
: ðC12Þ

We note that the results presented in this appendix are given
in terms of Passarino-Veltman scalar functions in [135].
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