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Lepton flavor violating h → τµ decay induced by leptoquarks
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The flavor, changing neutral current decayh → τµ is studied in a renormalizable scalar leptoquark model with no proton decay. Analytical
expressions for the one-loop level contributions of a scalar leptoquark to the decay width of the processh → τµ are presented. We find a
viable model parameter space via the current constraints on the muon (g − 2), the decaysτ → µγ, µ → eγ, the LHC Higgs boson data and
the direct leptoquark searches at the LHC. Then, we evaluate the branching ratio of the decayh → τµ induced by leptoquarks, which is of
order10−9− 10−7. We find that with the branching ratio so suppressed, it will be difficult to observe theh → τµ decay in current colliders,
but potential evidence could be observed at the Future hadron-hadron Circular Collider.
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1. Introduction

Once the Higgs boson was discovered at LHC by ATLAS and
CMS collaborations [1, 2], several phenomenological stud-
ies on Higgs physics were proposed, from high precision ex-
periments to processes that would indicate physics beyond
the Standard Model (SM). In this context, nonstandard Higgs
couplings, including the Lepton Flavor Violating (LFV) ones,
are predicted by many models of physics beyond SM [3–8].
In particular, neutrino oscillations are a consequence of their
massive nature, which is not addressed by the SM. The exper-
iments with atmospheric, solar, reactor and accelerator neu-
trinos have provided evidence of this phenomenon [9–16],
which motivated the occurrence of LFV in nature. In the
framework of the SM, LFV processes vanish at any order of
perturbation theory, which encourages the study of SM ex-
tensions that predict sizable LFV effects that could be at the
reach of detection. In addition to decays as`i → `jγ and
`i → `j

¯̀
k`k, particularly interesting is the decayh → τµ,

which was studied first in Refs. [17–19]. Subsequent studies
on its detectability appeared soon after [20, 21], which mo-
tivated a plethora of analysis in the context of several SM
extensions [22–28], where the authors of Ref. [22] gave the
first correct prediction, including the GIM-like suppression
of this observable in the presence of right-handed neutrinos.

Searches for the LFV decayh → τµ carried out by CMS
and ATLAS collaborations in theτµ andeτ channels were
presented. However, no significant excess over the SM ex-
pectation was observed [29, 30]. The upper limits, at95%
confidence level, are:

CMS :BR(h → τµ) < 0.25%,

ATLAS :BR(h → τµ) < 0.28%.

With these encouraging values, searches for the LFV de-
cayh → τµ look promising with luminosities and energies
larger than the one searched at the Large Hadron Collider
(LHC). This could be achieved at future super hadron col-
liders, namely, High Luminosity LHC (HL-LHC) [31], High
Energy LHC (HE-LHC) [32], and at Future hadron-hadron
Circular Collider (FCC-hh) [33], which will reach an inte-
grated luminosity of up to 3 ab−1, 12 ab−1 and 30 ab−1 and
center-of-mass energies of 14, 27 and 100 TeV, respectively.

In our research, we study the decayh → τµ in the frame-
work of a specific version of Leptoquark (LQ) models, as
presented below. LQs can be scalar or vector particles that si-
multaneously carry lepton and baryon number and can appear
naturally in grand unified theories based onSO(10) [34,35],
SU(5) [36] andSU(6) [37], as well as in the context of a
SU(4)R × SU(4)L × SU(4′) theory, where the lepton num-
ber is considered as a fourth color [38, 39]. These parti-
cles also appear in other extensions of SM, such as Tech-
nicolor [40,41], supersymmetric models with R-parity viola-
tion [42], models with composite fermions [43–45], etc. The
LQs may or may not have well-defined baryon(B) and lep-
ton (L) number; however, those with violating interactions
can mediate the proton decay unless an extra symmetry is
invoked to forbid the diquark couplings, otherwise the lep-
toquark masses are expected to be at the Planck scale to en-
sure the stability of the proton [46]. The low-energy LQ phe-
nomenology has received considerable attention, and possi-
ble LQ manifestation in various processes has been exten-
sively investigated [47–49]. The LQs with left and right-
handed couplings to fermions are interesting candidates to
explain the discrepancy of the muon anomalous magnetic
moment (µAMDM) since they induce an enhancement by a
factor mt/mµ ∼ O(103) or mb/mµ ∼ O(10) compared
to the SM. Furthermore, the non-chiral LQs interactions can
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enhance as well the rare LFV Higgs boson decayh → τµ.

The spirit of our work was essentially studied also in the
Refs. [48, 50, 51], whose branching ratiosBR(h → τµ) are
of orderO(1%) because an explanation for an apparent ex-
cess of theBR(h → τµ) reported by the CMS [52] and AT-
LAS [53] collaborations was provided. However, the authors
of the aforementioned works carry out fine-tuning in order to
explain the supposed excess, although nowadays it is ruled
out. In our work, we take into consideration updated data, in-
cluding the electron(g− 2), which can be accommodated si-
multaneously with the muon(g−2) and the decaysτ → µγ,
µ → eγ.

The organization of our work is as follows. In Sec. 2, we
briefly discuss the generalities of the LQ model that we are
interested in Sec. 3. There is devoted on the constraints on the
relevant model parameter space whose values will be used in
our analysis. Section 4 is focused on the calculation of the
LFV decayh → τµ amplitudes and decay width. In addi-
tion, we present the number of signal and background events
produced at LHC, HL-LHC, HE-LHC, and FCC-hh. Finally,
conclusions and outlook are presented in Sec. 5.

2. Theoretical framework

It is quite feasible to study the low-energy leptoquark phe-
nomenology in a model-independent way via an effective
Lagrangian, under the assumption of renormalizability and
SM gauge invariance. Deeper analysis about the most gen-
eral effective interactions of scalars and vector LQs can be
found in [46, 54]. We focus on a simple renormalizable LQ
model, where aSU(2) doubletR2 with quantum numbers
(3, 2, 7/6) is added to the SM. With this unique representa-
tion, it is not necessary to implement additional symmetries
that forbid the proton decay sinceR2 does not couple to a
pair of quarks. After the electroweak symmetry breaking,
two LQs with fractional electric charges2/3e and5/3e ap-
pear, where the latter has non-chiral interactions to fermions;
therefore, its contribution can improve the branching ratio of
the LFV Higgs boson decayBR(h → τµ) at the one-loop
level. The phenomenology of this model has been studied
in Refs. [47, 55] and more recently in Ref. [49] where con-
straints on the couplings to a lepton-quark pair were obtained
through the analysis of theµAMDM and the LFV tau de-
cay τ → µγ. We are interested in the contribution of the
non-chiral leptoquark since it gives rise to a chirality-flipping
term which is proportional to the internal quark mass that
can enhance the Higgs boson decayh → τµ. Although the
complete expressions for the non-chiral LQ contribution to
h → τµ were obtained in [49], the aim of this work is the
analysis of the signals events in the present and future col-
liders. For our calculations, we require the LQ couplings to
fermions, the gauge bosons, and the Higgs boson, which can
be obtained from the effective Lagrangians presented below.

The symmetries ofSU(3)C×SU(2)L×U(1)Y allow the
following zero-fermion-number interactions of the LQ dou-
bletR2 [54]

LF=0 = hij
2LRT

2 ūi
Riτ2L

j
L + hij

2RQ̄i
Lej

RR2 + H.c., (1)

whereF = 3B+L is the fermion number,Qi
L andLj

L denote
SU(2)L quark and lepton left-handed doublets, respectively,
whereasqi

R andei
R are the corresponding singlet fields, with

i and j the generation indices.h2L,2R are, in general, the
Yukawa couplings matrices.

After rotating to the LQ mass eigenstatesΩ2/3 andΩ5/3

(where the indices refer to the electric charge of the two lepto-
quark states) via an unitary rotation, we obtain the leptoquark
couplings to a quark-lepton pair

LF=0 = ēi
(
λij

L PL + λij
RPR

)
ujΩ∗5/3

+ ēiηij
RPRdjΩ∗2/3 + H.c., (2)

wherePL,R are the chiral projection operators. Since the
flavor eigenstates were rotated to the mass eigenstates, the
couplingsλij

L,R andηij
R already encompass such information.

In order to avoid the very stringent constraints on the LQ
couplings to fermions of the two first families in our study,
we consider thatΩ5/3 only couples to the second and third-
generation fermions. On the other hand, the scalar leptoquark
Ω2/3 couples to down quarks-lepton pair, inducing the decay
b → sγ at one-loop level. However, we are interested in the
effects of the non-chiral LQΩ5/3 on the FCNC decay of the
Higgs boson.

The leptoquark coupling to the photon, which is neces-
sary for the calculations of theµAMDM and the LFV decay
τ → µγ, can be extracted from the leptoquark kinetic La-
grangian

LLQ
kin ⊃ ieQΩk

Ωk
←→
∂µΩ∗kAµ + H.c., (3)

whereQΩk
stands for the leptoquark electric charge. Finally,

the Higgs boson coupling to LQs can be obtained from the
following renormalizable effective LQ interaction to the SM
Higgs doubletΦ

L =
(
M2

R2
+ λR2Φ

†Φ
) (

R†2R2

)
, (4)

whereMR2 is the LQ mass. Then, we derive the Higgs boson
coupling to the LQΩk

L ⊃ λΩvHΩ∗kΩk. (5)

where we denote the dimensionless coupling associated with
the Higgs-LQ interaction term asλΩ.

All the Feynman rules obtained from the previous La-
grangians are required for our calculations and can be con-
sulted in Fig. 1.
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FIGURE 1. Feynman rules for the couplings of the LQ to the pair
lepton-quark, the Higgs boson, and the photon. For complete-
ness, we also present the interaction of the photon with a fermion-
antifermion pair, whereQf stands for the fermion charge in units
of the elemental charge.

3. Constraints on the parameter space of the
scalar LQ model

We now turn to the analysis of the parameter space for the
LQ model previously introduced. We first start with a brief
discussion about the constraints on the mass of the LQ and
its coupling to the Higgs boson. Regarding the LQ coupling
to fermions, we employ theµAMDM to constrain the LQ
coupling to aµ-quark pair and the LFV decayτ → µγ to
constrain theτ -quark ones. It turns out that low energy pro-
cesses strongly constrain the couplings to the first-generation
fermions while over the second and third-generations are less
restricted.

Constraints on the mass for the LQs have been obtained
by the ATLAS [56] and CMS [57] collaborations from the
LHC data at

√
s = 13 TeV, where the most stringent value

mΩ5/3 & 1 TeV, at 95% at confidence level (CL), was ob-
tained assuming that the third-generation leptoquarkΩ2/3

mainly decays into a bottom quark and aτ lepton. Second-
generation leptoquark pair production searches also give an
upper limit, at 95% CL, of 1.5 TeV on the LQ mass [58];
however, we omitted that limit sinceΩ2/3 couples to second
and third-generation fermions. The leptoquark doubletR2

can give large contributions to the oblique parameters unless
the mass eigenstatesΩ5/3 andΩ2/3 have a small mass split-
ting [59], then we will assume the boundmΩ5/3 ≥ 1 TeV in
our analysis. On the other hand, the scalars LQs can consider-
ably modify other loop-induced Higgs boson processes such
asH → γγ and the production cross-section of the Higgs bo-
son via the gluon fusion mechanismgg → H. In particular,
for the model, we are interested in the leptoquarksΩ5/3 and
Ω2/3 that contribute to the loop functions and the correspond-
ing LQ coupling to the Higgs bosonλΩ = λΩ5/3 = λΩ2/3 can
be constrained by the so-called Higgs boson coupling mod-
ifiers. Such analysis was carried out in [49], where the cou-
pling λΩ can take values in the interval(−5, 5) for an LQ
massmΩ5/3 = 1 TeV. For larger values of the LQ mass, the
allowed area slightly increases, being of orderO(10); how-

ever, we will consider the conservative value:λΩ = 4, which
agrees with the perturbative limit.

3.1. Constraints from the muon anomalous magnetic
dipole moment and the LFV decayτ → µγ

The discrepancy between the theoretical and experimental
values of theµAMDM has been a long-standing unsolved
problem within the SM framework. On the theoretical
side, the update SM theoretical prediction was reported in
Ref. [60], whose value isaSM

µ = (116591810±43)×10−11.
On the experimental side, the Brookhaven experiment E821
reports the valueaExp

µ = (116592089±64±33)×10−11 [61].
These values yield to3.7 σ level discrepancy

δaµ = aExp
µ − aSM

µ = (279± 76)× 10−11, (6)

that could be explained by the existence of new physics. In
this work, we consider the leptoquarkΩ5/3 contribution as an
explanation for theµAMDM. As pointed out before, the LQ
mass must be rather heavy due to the LHC constraints; how-
ever, one can still get sizable effects in theµAMDM since the
amplitude can be enhanced by the factormt/mµ compared
to the SM. As for the chiral leptoquarkΩ2/3, its contribution
to aµ is proportional to the muon mass and therefore sub-
dominant. The scalar leptoquarkΩ5/3 induces theµAMDM
at one-loop level via the Feynman diagrams of Fig. 2 for
fi = fj = µ. Then, the contribution toaµ from LQ can
be written as:

aLQ
` =− Ncm

2
`

8π2

∑
q=t,c

1
m2

Ω5/3

([ ∣∣∣λ`q
L

∣∣∣
2

+
∣∣∣λ`q

R

∣∣∣
2
]
I(xq)

+
mq

m`
Re

[
λ`q

L λ`q∗
R

]
J(xq)

)
, (7)

whereNc is the color number of the internal fermion and
` = e, µ, τ . The kinematic loop functionsI(xq) andJ(xq)
depend on the variablexq = m2

q/m2
Ω5/3

, and they are given
in Appendix A. It is interesting to note from Eq. (7) that the

FIGURE 2. Feynman diagrams that contribute to the decayfi →
fjγ in the leptoquark model, wherefi and fj can be leptons
(quarks) if the internal fermionfk is a quark (lepton). TheΩ5/3

represents the leptoquark with electric charge5/3 in units of the
elemental chargee. Similar diagrams contribute to theµAMDM,
only the replacementfi = fj = µ must be done.
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LQs having both left and right-handed couplings to charged
leptons can generate much larger contributions due to the en-
hancement from the quark mass in the loop, mainly the top
quark. If one assumes that the discrepancyδaµ is due en-
tirely to the scalar leptoquark contributionaLQ

µ , we can ob-
tain constraints on the leptoquark left and right coupling to
the muon-quark pairλµq

L/R.
As for the constraints of the LFV processes, the exper-

imental boundBR(τ → µγ) < 4.4 × 10−8, obtained by
the BaBar experiment, restricts the LQ couplingsλτq

L,R and
λµq

L,R. The Feynman diagrams for the LFV decayτ → µγ
induced by the scalar LQ are shown in Fig. 2 forfi = τ and
fj = µ. Just like theµAMDM, we only consider the lep-
toquarkΩ5/3 effects along with the top quark. We do not
consider the charm quark since it gives a small contribution
compared with the top quark.

The decay width for the processfi → fjγ can be written
as

Γ(fi → fjγ) =
mi

16π

×
(

1−
[
mj

mi

]2
)3 (

|L|2 + |R|2
)
, (8)

where form factorsL andR are presented in Appendix B.
In order to explore the allowed values for the couplings

λ`t
L/R (` = µ, τ), we use the discrepancy of theµAMDM

along with the experimental bound on the LFV tau decay.
In Fig. 3, the allowed points in the planeλtµ

R λtτ
L vs λtµ

L λtτ
R

are displayed for different values of the LQ mass. We ob-
serve that the leptoquark coupling products can be of the or-
der of 10−3 for an LQ mass ofmΩ5/3 = 2000 GeV; how-
ever, the allowed area slightly decreases when the LQ mass
is mΩ5/3 = 1000 GeV. This behavior is understandable since
the loop functions of the low energy processes are suppressed

FIGURE 3. Allowed region in theλtµ
R λtτ

L −λtµ
L λtτ

R plane agree with
the µAMDM and the experimental bound on the LFV tau decay
τ → µγ for mΩ5/3 = 1 TeV (orange points online),mΩ5/3 = 2
TeV (magenta points online),mΩ5/3 = 3 TeV (red points online),
mΩ5/3 = 10 TeV (blue points online).

FIGURE 4. Allowed region by electron anomalous magnetic dipole
momentδae (red points) and theµ → eγ decay (blue points).

by the LQ mass and, therefore, larger areas for the LQ cou-
plings are found when the LQ mass increases.

Nevertheless, the Fermilab Muon (g−2) experiment [62],
which will have four times the precision of the experiment
conducted at Brookhaven National Laboratory, could con-
firm at a higher statistical significance the Brookhaven dis-
crepancy with the SM. This would be a clear sign for physics
BSM. Conversely, if the (g − 2) measurement confirms the
agreement between measurement and SM theory, then this
would place very strong limits on the existence of many BSM
theories, such as the one considered in this paper. However,
in our study, we are considering a scenario such that if the dis-
crepancy disappears, our result would not be affected. On the
contrary, we must wait for the update of the Fermilab Muon
(g−2) collaboration and compare between the constraint im-
posed by theτ → µγ decay. This is because we find that this
decay is more restrictive thanδaµ.

As far as the electron AMDM is concerned, the most
current measurement of the fine structure constantα−1 =
137.035999206(11) [63] differs by 5.4σ from cesium recoil
measurement [64]. While the former is in agreement with the
SM, the latter seems to point to a slight tension correspond-
ing to a factor of 2.5. This controversy needs to be settled
before concluding on the possible new physics BSM.

Given the above, it is worth mentioning that this model
can simultaneously explain both theδae (considering the re-
sult reported in Ref. [64]) andδaµ as well as the bounds
on theBR of both µ → eγ and h → µe. For illustra-
tion, we present in Fig. 4 theλet

L -λet
L plane, in which the

blue points represent the ones that satisfy the upper limit
on BR(µ → eγ) [65]; meanwhile, the red points represent
the values for whichδae is corrected (in case of being pre-
served [64]). We do not include points for the decayh → µe
since it is easily explained in our theoretical framework.

The allowed region that satisfies bothδae andµ → eγ
is the one in which the points overlap, and we observe that
this allowed region is a combination of the values ofλet

R, L.
For example, the values that accommodateδae, setting
λet

R, L = 10−6 (values that satisfy the upper bound on the

Rev. Mex. F́ıs. 67040801 1–13
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FIGURE 5. Feynman diagrams for the rare decayh → fif̄j in-
duced by the scalar leptoquarks. In particular we consider the con-
tribution of the leptoquark with electric charge5/3 which arises
from the leptoquark doubletR2.

decayµ → eγ), are in the interval (0.1-1). In an inter-
mediate regime, we find values forλet

R, L ∼ O(10−2) that
explain both observables. The graph was generated by the
SpaceMath package [66].

4. Decayh → τµ induced via scalar lepto-
quarks

We now turn to present the LFV Higgs decay, which is eval-
uated from the Feynman diagrams shown in Fig. 5. Although
the triangle diagram of Fig. 5a) has ultraviolet divergences,
they are canceled out by the bubble diagrams b) and c). In this
case, it turns out that the diagram with the vertexHΩ5/3Ω5/3

is ultraviolet finite.
Once the invariant amplitude for each Feynman diagram

was written down, we used the Passarino-Veltman reduction
scheme to solve the loop integrals [67], which was carried
out with the implementation of the Mathematica package so-
called Package-X [68]. After some algebraic simplifica-

tions, the invariant amplitude can be written in the form

M(h → τµ) = ū(pτ )(FLPL + FRPR)v(pµ), (9)

where theFL and FR form factors are given in terms of
Passarino-Veltman scalar functions and can be consulted in
Appendix B.

After summing over the polarization of the final fermions,
we introduce the average squared amplitude into the two-
body decay width formula to obtain

Γ(h → τµ) =
λ1/2(m2

h,m2
µ,m2

τ )
16πm3

h

×
([
|FL|2 + |FR|2

]
pµ · pτ

− 2mµmτRe
[
FLF ∗R

]
)

. (10)

whereΓ(h → τµ) = Γ(h → τ−µ+) + Γ(h → τ+µ−) and
the scalar product ispµ ·pτ = (m2

h−[m2
µ+m2

τ ])/2. We write
the exact formula for the decay width, which includes the in-
terference term proportional to lepton masses. However, for
the numerical calculations, we omit such a term since it is at
least four orders of magnitude less than the main contribu-
tion.

4.1. Branching ratioBR(h → τµ)

Once the free model parameters involved in the decay width
were constrained, we are ready to present theBR(h → τµ),
which is displayed as a function of the LQ model parameters
involved in the process. We consider a Higgs boson mass of
125 GeV whose total width isΓh = 4.07× 10−3 GeV.

Figure 6 shows the contours ofBR(h → τµ) as a func-
tion of λ

tτ(tµ)
L, R couplings in theλtµ

R λtτ
L -λtµ

L λtτ
R plane, for

mΩ5/3 = 1, 2, 10 TeV.

FIGURE 6. Branching ratio of the decayh → τµ as a function ofλtµ
R(L)λ

tτ
L(R) couplings for a)mΩ5/3 = 1 TeV, b) mΩ5/3 = 2 TeV,

c) mΩ5/3 = 10 TeV.
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We observe that there are regions in theλtµ
R λtτ

L -λtµ
L λtτ

R

plane in which theBR(h → τµ), for an LQ mass of
mΩ5/3 = 1 TeV, has values up to10−7. While in the
case ofmΩ5/3 = 10 TeV, a BR(h → τµ) of order up
to 10−8 is predicted. We note that this small variation in
the branching ratio is due to thatλtµ

R (L)λ
tτ
L (R) increases as

mΩ5/3 increases, as shown in Fig. 3. We also note that our
results are lower by up to 6 orders of magnitude than the
result reported by the authors of Ref. [48]. They found a
BR(h → τµ) of up to 1%, where the destructive cancella-
tion among amplitudes is achievable by fine-tuning. Never-
theless, this encouraging result is now excluded by the upper
limit imposed by the ATLAS and CMS [29, 30] collabora-
tions:0.28%, 0.25%, respectively. Similar rates can be found
in the Refs. [50, 51] in which an explanation for an appar-
ent excess of theBR(h → τµ) reported by the CMS [52]
and ATLAS [53] collaborations was provided. The authors
of Ref. [69] have analyzed the decayh → τµ mediated by
the leptoquark with quantum numbers (3,1,-1/3) (correspond-
ing to the leptoquarkS1 in the nomenclature of Ref. [46]).
Specifically, they found aBR(h → τµ) of order10−9 and
10−7, assuming a value forλS of O(1) andO(4π), respec-
tively. These results are comparable with ours, although we
are not considering a value forλΩ so close to the pertur-
bative limit. Furthermore, the phenomenology of the lepto-
quarkS1 has been studied in Ref. [70], where they found that
S1 can also explain the predicted and measured value of the
µAMDM.

4.2. Number of signal events

Let us first explicitly mention the background and signal pro-
cesses:

• SIGNAL: We consider the main production mode of
the Higgs boson at hadron colliders, i.e., the gluon fu-
sion mechanism with its subsequent decay into aτµ
pair:

gg → h → τµ → eντνeµ. (11)

The electron channel must contain exactly two
opposite-charged leptons, namely, one electron and
one muon. Therefore, we search for the final stateeµ
plus missing energy due to undetected neutrinos.

• BACKGROUND: The potential SM background
arises from:

1. Drell-Yan process, followed by the decayZ →
ττ → eντνeµντνµ.

2. WW production with subsequent decaysW →
eνe andW → µνµ.

3. ZZ production, later decaying intoZ → ττ →
eντνeµντνµ andZ → νν.

Table I shows the number of background events in which
we consider the optimally integrated luminosities associated
with each collider, namely: HL-LHC,3 ab−1; HE-LHC,
12 ab−1; FCC-hh,30 ab−1. We compute the cross-section
of all background processes withMadGraph5 at NLO in
QCD [71].

As far as the signal is concerned, we present in Fig. 7 the
number of signal events produced at the HL-LHC as a func-
tion of λtµ

R(L)λ
tτ
L(R) couplings formΩ5/3 = 1, 2, 10 TeV and

an integrated luminosityL = 3 ab−1. While in the Figs. 8,

TABLE I. Number of background events. In all cases we take into
account the optimal integrated luminosities: HL-LHC,3 ab−1; HE-
LHC, 12 ab−1; FCC-hh,30 ab−1.

Background

process HL-LHC HE-LHC FCC-hh

Drell-Yan 194988300 1474246800 12337410000

WW production 5031000 50400000 503100000

ZZ production 69720 584400 10161000

FIGURE 7. Number of signal events produced at the HL-LHC as a function ofλtµ
R(L)λ

tτ
L(R) couplings for a)mΩ5/3 = 1 TeV, b)mΩ5/3 = 2

TeV, c)mΩ5/3 = 10 TeV. In all cases we useL = 3 ab−1.

Rev. Mex. F́ıs. 67040801 1–13
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FIGURE 8. The same as in Fig. 7 but for the HE-LHC andL = 12 ab−1.

FIGURE 9. The same as in Fig. 7 but for the FCC-hh andL = 30 ab−1.

TABLE II. Kinematic cuts applied to the signal and main SM background for the FCC-hh with a center-of-mass energy
√

s = 100 TeV and
Lint = 30 ab−1 andmΩ5/3 = 1 TeV.

Cut number Cut NS NB(≈) SFCC-hh

Initial (no cuts) 4230 1.29× 1010 0.0373145

1 |ηe| < 1.5 3891 4.6× 109 0.0572067

2 |ηµ| < 1.5 3780 2.78× 109 0.0717467

3 0.1 < ∆R(e, µ) 3671 1.25× 109 0.10387

4 40 < pT (e) 3592 1.2× 108 0.321392

5 50 < pT (µ) 3422 8.37× 107 0.374058

6 40 < MET 3257 1.92× 107 0.742309

7 110 < mcol(e, µ) < 140 3081 1.6× 106 2.43522

8 25 < MT (e) 2987 1.2× 106 2.70744

9 15 < MT (µ) 2879 9.2× 105 2.99237

9 are shown the corresponding cases for the HE-LHC and
FCC-hh, respectively.

We note that for specific regions in theλtµ
R λtτ

L -λtµ
L λtτ

R

plane, the number of signal events for an LQ mass of

mΩ5/3 = 1 TeV could reach about 21 (252, 4230) events at
the HL-LHC (HE-LHC, FCC-hh). As far asmΩ5/3 = 2 TeV
is concerned, the number of events produced at the HL-LHC
(HE-LHC, FCC-hh) is closer to 12 (150, 2500). Finally, for
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an LQ mass ofmΩ5/3 = 10 TeV the events produced are 3
(35, 590) at the HL-LHC (HE-LHC, FCC-hh).

Although the branching ratioBR(h → τµ) is very sup-
pressed and not detectable in current colliders, we analyzed
the feasibility for the study ofh → τµ decay at future collid-
ers. In order to isolate the signal from the background pro-
cesses, inspired in the strategies of ATLAS and CMS col-
laborations [52, 72], we applied the kinematic cuts shown in
Table II, where we have considered the following benchmark
point: λ mΩ5/3 = 1 TeV and

√
s = 100 TeV for an integrated

luminosity ofLint = 30 ab−1, i.e., for the FCC-hh.
We observe that the main kinematic cut is the collinear

mass, which is defined as:

mcol(e µ) =
minv(e µ)√

x
, with x =

|~P e
T |

|~P e
T |+ ~Emiss

T · ~P e
T

,

and minv(e µ) the visible invariant mass. (12)

5. Conclusions

The decay width of the LFV decayh → τµ in the context
of a simple LQ model with no proton decay was calculated.

This model incorporates to the SM aSU(2) scalar LQ dou-
blet with hyperchargeY = 7/6. In such a model a non-chiral
LQ with electric chargeQ = 5/3e that couples to charged
leptons and up-type quarks are predicted, which contributes
to the LFV decay of the Higgs boson.

As far as the analytical results are concerned, we present
them in terms of Passarino-Veltman scalar functions. As for
the numerical analysis, in order to have a realistic calculation,
we obtained bounds on the parameter space involved in the
calculations via the most up-to-date experimental constraints
on the LHC Higgs boson data, the muon and electron(g−2),
the LFV radiative decaysτ → µγ andµ → eγ, explaining
all the processes simultaneously.

We find that for specific regions of the allowed parame-
ter space in theλtµ

R λtτ
L -λtµ

L λtτ
R plane, theBR(h → τµ) is of

order10−9 − 10−7. Although these results are highly sup-
pressed, we impose kinematic cuts to isolate the signal as
much as possible, and we found that the signature is out of
detection in current colliders, but evidence for theh → τµ
decay could be had at the FCC-hh.

Appendix

A. Analytical expressions for the calculation of constraints

A.1 Radiative decayτ → µγ and µAMDM

For the sake of completeness, we present the exact expressions for the decayfi → fjγ induced by the leptoquarkΩ5/3.
Thereby the form factorsL andR of Eq. (8) can be written as

L =
Ncmi

16π2m2
Ω5/3

∑
q=t,c

(
mjλ

qj
R λqi

RαRR + miλ
qj
L λqi

L αLL + mqλ
qj
L λqi

RαLR

)
, (A.1)

R = L
(
λql

L ↔ λql
R

)
, (A.2)

where the explicit form of the coefficientsαi is

αRR = QΩk

(
1

2η2
ji

[
− {

xj(xi − 2ξq) + ξqxi

}
Λ

{
xj , 1,

√
xq

}
/xj +

{
xi − ξq

}
Λ

{
xi, 1,

√
xq

}

− 2ηjiC
0
ΩΩq +

ηji

2x2
jxi

{
2xjxi + ξ2

qηji

}
log(xq)− ηji

xj

{
xj − ξq

}])

+ Qq

(
1

2η2
ji

[{
xj(xi + 2ξq)− ξqxi

}
Λ

{
xj , 1,

√
xq

}
/xj −

{
xi + ξq

}
Λ

{
xi, 1,

√
xq

}

+ 2xqηjiC
0
qqΩ +

ηji

2x2
jxi

{
2xqxjxi + ξ2

qηji

}
log(xq) +

ηji

xj

{
xj + ξq

}])
, (A.3)
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αLR = QΩk

(
1

ηji
Λ

[
xj , 1,

√
xq,

]− 1
ηji

Λ
[
xi, 1,

√
xq,

]
+

ξq

2xjxi
log

[
xq

]
)

+ Qq

(
1

ηji
Λ

[
xj , 1,

√
xq,

]− 1
ηji

Λ
[
xi, 1,

√
xq,

]
+

ξq

2xjxi
log

[
xq

]
+ C0

qqΩ

)
, (A.4)

where we employ the shorthand notationxi = m2
i /m2

Ω5/3
, ξi = xi− 1 andηij = xi− xj . The functionΛ(x1, x2, x3) is given

by

Λ(x1, x2, x3) =
λ(x1, x

2
2, x

2
3)

2x1

1∫

0

dz
1

x1z + (−x1 + x2
3 − x2

2)z + x2
3

, (A.5)

with λ the triangle function:λ(x1, x2, x3) = x2
1 + x2

2 + x2
3 − 2x1x2 − 2x2x3 − 2x3x1. We also define the following set of

Passarino-Veltman scalar functions:

C0
ΩΩq = m2

Ω5/3
C0(0,m2

j ,m
2
i ,m

2
Ω5/3

,m2
Ω5/3

,m2
q), (A.6)

C0
qqΩ = m2

Ω5/3
C0(0,m2

j ,m
2
i ,m

2
q,m

2
q,m

2
Ω5/3

). (A.7)

The coefficientαLL can be obtained fromαRR by exchanging the external fermion masses.
From the Eqs. (A.3) and (A.4) one can obtain the approximate expressions in the limit of smallxi andxj (limit of vanishing

external fermion masses). Then the following results are valid for the LFV decayτ → µγ and theµAMDM

I(xq) = αRR(xq) ≈ QΩk

(
1− 6xq + 3x2

q − 6x2
q log

[
xq

]

12
[
xq − 1

]4
)

+ Qq

(
− 2 + 3xq − 6x2

q + x3
q + 6xq log

[
xq

]

12
[
xq − 1

]4
)

, (A.8)

J(xq) = αLR(xq) ≈ QΩk

(
− −1 + x2

q − 2xq log
[
xq

]

2
[
1− xq

]3
)

+ Qq

(
3− 4xq + x2

q + 2 log
[
xq

]

2
[
1− xq

]3
)

. (A.9)

The above expressions agree with the formulas presented in [73].

B. Form factors FL, R contributing to the h → τµ decay

In order to write the form factorsFR andFL of Eq. (9), we first define the following set of Passarino-Veltman scalar functions

∆µ = B0

(
m2

µ, m2
Ω5/3

,m2
q

)−B0

(
0,m2

Ω5/3
, m2

q

)
, (B.1)

∆τ = B0

(
m2

τ ,m2
Ω5/3

,m2
q

)−B0

(
0, m2

Ω5/3
,m2

q

)
, (B.2)

∆µτ = B0

(
m2

µ, m2
Ω5/3

,m2
q

)−B0

(
m2

τ ,m2
Ω5/3

,m2
q

)
, (B.3)

∆hµ = B0

(
m2

h, m2
q, m

2
q

)−B0

(
m2

µ,m2
Ω5/3

,m2
q

)
, (B.4)

∆hτ = B0

(
m2

h, m2
q, m

2
q

)−B0

(
m2

τ ,m2
Ω5/3

,m2
q

)
, (B.5)

Ch
qqΩ = m2

Ω5/3
C0

(
m2

h,m2
µ,m2

τ ,m2
q,m

2
q,m

2
Ω5/3

)
, (B.6)

Ch
ΩΩq = m2

Ω5/3
C0

(
m2

h,m2
µ,m2

τ ,m2
Ω5/3

,m2
Ω5/3

, m2
q

)
. (B.7)

The form factorFR of Eq. (9) can be written as

FR =
Nc

16π2

(
βLLλqµ

L λqτ
L + βRRλqµ

R λqτ
R + βRLλqµ

R λqτ
L + βLRλqµ

L λqτ
R

)
. (B.8)
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where the coefficientβLL has the following form

βLL =
g mΩ5/3xq

2mW
√

xµλ(xh, xµ, xτ )

(
λ
[
xh, xµ, xτ

]

2xqηµτ

[
ξq

{
xµ∆τ − xτ∆µ

}− xµxτ∆µτ

]
− xµ

[
ηµτ − xh

][
ηµh + 2ξq + xτ

]
Ch

qqΩ

+
[
xh

{
xµ − ξq

}− {
xq + ξµ

}
ηµτ

]
log(xq) + 2xµ

[
− {

ηhµ + xτ

}
xhΛ

{
xh,

√
xq,

√
xq

}− {
xµ − ηhτ

}
xµΛ

{
xµ, 1,

√
xq

}

+2xτxτΛ
{
xτ , 1,

√
xq

}])
+

λΩvxµ

mΩ5/3

√
xµλ(xh, xµ, xτ )

(
[
ηµh+xτ

]
xµΛ

[
xµ, 1,

√
xq

]
+

[
xh

{
ξq+xτ

}
+

{
xτ−ξq

}
ηµτ

]
Ch

ΩΩq

+
log(xq)

2xµ

[
xh

{
ξq + xµ

}− {
xµ − ξq

}
ηµτ

]
+

[
xτ − ηµH

]
Λ

[
xh, 1, 1

]− 2x2
τΛ

[
xτ , 1,

√
xq

]
)

. (B.9)

The coefficientβRR can be obtained fromβLL by exchanging the lepton masses:βRR = βLL(mµ ↔ mτ ). As for the
coefficientsβRL andβLR, they have the following form

βRL =
g mΩ5/3

√
xq

4mW λ(xh, xµ, xτ )

(
2λ

[
xh, xµ, xτ

][
xτ∆hµ − xµ∆hτ

]
η−1

µτ + 2 x2
τ

[
xh + ηµτ

]
Λ

[
xτ , 1,

√
xq

]
+ 2x2

µ

[
ηhµ + xτ

]

× Λ
[
xµ, 1,

√
xq

]− 2
[
xh

{
xµ + xτ

}− η2
µτ

]
xhΛ

[
xh,

√
xq,

√
xq

]− 2 Ch
qqΩ

[
xh

{
ηhµ + 2xτxµ

}
+ 3xh

{
xqηµτ − xτ

}

+ xq

{
x2

h + 2η2
µτ

}]
− log(xq)

[
η2

µτ − xh

{
xµ + xτ − 2ξq

}])
− λΩv

mΩ5/3

√
xqC

h
ΩΩq, (B.10)

βLR =
g mΩ5/3

√
xq
√

xµ
√

xτ

2mW λ(xh, xµ, xτ )

(
λ
[
xh, xµ, xτ

]

ητµ
∆µτ − xh

[
ηhµ − 2ξq − xτ

]
Ch

qqΩ − 2xhΛ
[
xh, xq, xq

]
+ xµ

[
xh + ηµτ

]

Λ
[
xµ, 1,

√
xq

]
+ xτ

[
xh − ηµτ

]
Λ

[
xτ , 1,

√
xq

]
+

log(xq)
2xµxτ

[
2xµxτxh − ξq

{
xµ + xτ

}
xh + ξqη

2
µτ

])
. (B.11)

The form factorFL can be obtained fromFR employing the following replacement

FL = FR

(
λql

L ↔ λql
R

)
. (B.12)

If we consider the limit of vanishing external fermion masses, Eq. (B.10) reduces to

βRL(mq, mΩ5/3) ≈
mq

v

(
B0

[
m2

h,m2
q,m

2
q

]
−B0

[
0,mΩ5/3 ,m

2
q

]
+ λΩv2C0

[
0,m2

h, 0,m2
q,m

2
Ω5/3

,m2
Ω5/3

]

+
[
m2

q + m2
Ω5/3

]
C0

[
0,m2

h, 0,m2
Ω5/3

,m2
q,m

2
q

])
. (B.13)

and the remainingβi functions vanish in such a limit. This result agrees with the one presented in [48,50].
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