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We explore the parameter space of lepton flavor violating (LFV) neutral Higgs Yukawa couplings with
the muon and tau leptons that can be probed at the high-luminosity Large Hadron Collider (HL-LHC) via
the vector boson fusion (VBF) Higgs production process. Our projected sensitivities for the Standard
Model Higgs (h) LFV branching ratio Brðh → μτÞ in the pp → hjj → ðh → μτÞjj channel at the HL-LHC
are contrasted with the current and future low-energy constraints from the anomalous magnetic moment
and electric dipole moment of the muon, as well as with other LFV observables, such as τ → 3μ and
τ → μγ. We also study the LFV prospects of a generic beyond the Standard Model neutral Higgs boson (H)
with a mass in the range ofmH ∈ ½20; 800� GeV and give the projected model-independent upper limits on
the VBF production cross section ofHjj times the branching ratio ofH → μτ at the HL-LHC. We interpret
these results in the context of a two-Higgs doublet model as a case study.
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I. INTRODUCTION

The discovery of the Higgs boson of mass 125 GeVat the
LHC [1,2] has opened the possibility to gain deeper insight
into the mechanism of electroweak symmetry breaking
(EWSB) and to search for beyond the Standard Model
(BSM) physics phenomena in the Higgs sector. Although
the properties of the 125 GeV Higgs boson are thus far
consistent with the Standard Model (SM) expectations [3,4],
any statistically significant deviations from the SM pre-
dictions in future data could point to a new source of EWSB
or some BSM physics close to the electroweak scale.
Therefore, it is important to search for nonstandard proc-
esses involving the Higgs boson.
Within the SM, the Higgs boson couplings to fermions

are flavor diagonal: Yij ¼ ðmi=vÞδij, where v ¼ 246 GeV

is the electroweak vacuum expectation value andmi are the
fermion masses. However, these couplings can be quite
different in the presence of new physics. In particular, there
exist several BSM scenarios which allow for lepton flavor
violating (LFV) couplings of the Higgs boson which are
absent in the SM; see e.g. Refs. [5–12].
In the case when the 125 GeV Higgs boson is the only

source for EWSB and the BSM physics present in the model
consists of heavy fields that can be integrated out [13–16],
the Yukawa coupling in the mass basis after EWSB can be
written as

Yij ¼
mi

v
δij þ

v2ffiffiffi
2

p
Λ2

λij; ð1Þ

where Λ is the scale of new physics and λij are
the coefficients associated with the lowest-dimension
(dimension-6) effective operators that modify the Yukawa
interactions, namely [17]

L ⊃ −
λij
Λ2

ðfLifjRÞϕðϕ†ϕÞ þ H:c:; ð2Þ

where ϕ is the SM Higgs doublet field and fL, fR are the
left- and right-handed SM fermions, respectively. Here λ is
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in principle an arbitrary nondiagonal matrix that can
significantly modify the Higgs Yukawa interactions for Λ
of the order of electroweak scale. It is worth pointing out that
to reproduce the hierarchical spectrum of the SM fermion
masses, we need to impose either fine-tuning in Eq. (1) or
the naturalness condition for the off-diagonal couplings [18]

jYijYjij ≲mimj

v2
for i ≠ j: ð3Þ

In the case of an additional Higgs boson ϕ2 taking part in
EWSB, the ϕ2 boson with the same quantum numbers as
ϕ∶ð2; 1=2Þ under SUð2ÞL ×Uð1ÞY can contribute to the
quark and lepton masses. This allows the Yukawa cou-
plings of the 125 GeV Higgs boson to be misaligned with
respect to the SM. In addition, the new scalar if leptophilic
can remain sufficiently light and lead to sizable LFV while
satisfying the constraints from flavor changing neutral
current (FCNC) as well collider bounds. A concrete
example is the lepton-specific two Higgs doublet model
(2HDM) [19–21].
Without loss of generality and referring to any specific

model, we write the effective LFV Yukawa couplings of the
(B)SM Higgs boson to the charged leptons as

LY ⊃ −YijlLieRjhðHÞ þ H:c: ð4Þ

with Yij (i ≠ j) as free parameters. We set the diagonal
couplings Yii to their respective SM values, i.e.
Yii ¼ mi=v. The new interactions in Eq. (4) can lead to
new LFV Higgs decay modes that may be directly
observable in current and future collider experiments.
The ATLAS and CMS collaborations have performed
several searches to study the LFV decays of the SM Higgs
boson in the h → eμ [22], eτ [22–26] and μτ [23–28]
channels at the LHC; however, any significant excess
over SM expectations is yet to be observed. LFV decays of
neutral heavy resonances and heavy Higgs bosons at the
LHC have also been investigated in Refs. [29–33]
and [34,35], respectively. The prospects of probing LFV
signals induced by Higgs at the future lepton [36–40] and
hadron [41–50] colliders have also been widely explored.
In this work, we focus on the LFV Higgs signal in the

μτ channel that can be effectively probed in a model-
independent way at the high-luminosity Large Hadron
Collider (HL-LHC) using the vector boson fusion (VBF)
channel. We first study the projected sensitivity for LFV
decays of the SM-like Higgs boson, h → μτ, in the VBF
Higgs production channel, pp → ðh → μτÞjj, at the
HL-LHC (

ffiffiffi
s

p ¼ 14 TeV, L ¼ 3 ab−1). We then perform
a detailed collider analysis to explore LFV decays of a
BSM Higgs boson H in the VBF production channel,
pp → ðH → μτÞjj for several BSM Higgs masses mH,
and derive “model-agnostic” projected upper limits on
the production cross section times BrðH → μτÞ for
mH ∈ ½20; 800� GeV.

Typically, at the hadron colliders, the major impetus has
been on gluon gluon fusion (ggF) Higgs production mode,
while LFV Higgs decays in the VBF channel have been
much less explored. This bias is understandable since the
ggF production rates are much larger than VBF in a typical
SM Higgs-like scenario with mh ∼ 125 GeV.
As expected, the leading sensitivity in searches for LFV

decays of h arises from the non-VBF Higgs production
category, largely constituted by ggF production. This is
also highlighted in the recent searches by CMS [26] and
ATLAS [25], where the limits from VBF signal regions
alone are weaker by a factor of few than their non-VBF
counterparts. However, the VBF production channel
becomes extremely relevant in new physics scenarios with
extended Higgs sectors like the singlet and 2HDM
extensions. The ggF and VBF production rates become
comparable for heavier BSM Higgs states H at masses
closer to Oð1Þ TeV [51,52]. In addition, the distinct
phenomenological features of the VBF topology offer
better control for signal-to-background discrimination than
the ggF signal. Overall, the VBF channel can play a
complementary role, if not leading, in the search for LFV
decays of BSM Higgs extensions and may lead to exciting
theoretical implications for new physics, as we show in
this work.
It is worth noting that LFV decays of the (B)SM Higgs

boson can also be realized in other Higgs production
channels, such as Higgstrahlung process pp → ZhðHÞ.
For a SM-like Higgs scenario with mh ∼ 125 GeV, the
VBF production cross section is 4.4 times larger than the Zh
production rate at the

ffiffiffi
s

p ¼ 14 TeV LHC [51]. The dis-
parity grows wider at higher Higgs masses; for instance,
at mH ∼ 1 TeV, the VBF to ZH cross-section ratio is
∼292 [51]. Because of considerably smaller cross sections,
especially at heavier Higgs masses, the sensitivity for LFV
decays of BSM Higgs bosons in the Higgstrahlung channel
is expected to be subleading than in ggF and VBFmodes in a
typical 2HDM extension. Therefore, the Zh mode is not
considered in the present analysis.
As for the LFV signal itself, ideally, all three LFV decay

channels, h=H → eμ; eτ and μτ, should be considered in
the search for LFV decays of the (B)SM Higgs bosons.
However, the partial decay width of an SM Higgs-like
boson into the LFV final states is typically proportional to
the mass of the heavier lepton, resulting in a usually
suppressed signal rate for the eμ channel than eτ and μτ.
Additionally, the rare μ decay processes typically impose
stringent upper limits on Yeμ, thus further restricting the
search potential in the eμ channel. The eτ and μτ decay
channels result in roughly similar sensitivity at the
LHC [26]; however, the background simulation for the
eτ channel is more challenging due to relatively more
significant contamination from the non-prompt-lepton
backgrounds. Moreover, we would also like to connect
the LFV signal at HL-LHC with the precision low-energy
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observable of muon anomalous magnetic moment [53],
for which the loop contribution involving a μτ flavor-
violating Higgs is typically enhanced by a factor of
mτ=mμ [12]. In addition, we find that the low-energy
constraint from muon electric dipole moment (EDM) on
Yμτ is 10 orders of magnitude less stringent than that on
Yeτ from electron EDM [54], thus making the collider
study of the μτ channel more relevant. Because of the
above reasons, we only focus on LFV decays of the Higgs
boson in the μτ channel.
The rest of the paper is organized as follows. In Sec. II

we present various low energy LFV constraints on the
Yukawa couplings Yμτ and Yτμ. Section III discusses the
projected sensitivity of the LFV couplings of the SM Higgs
boson at the HL-LHC in the VBF channel. Section IV
discusses the HL-LHC reach for a generic BSMHiggs LFV
decay, as well as a specific example in 2HDM. We
conclude in Sec. V.

II. LOW-ENERGY CONSTRAINTS

The LFV couplings in Eq. (4) are subject to various low
energy constraints discussed below.

A. Dipole moment

The CP violating and conserving parts of the Yukawa
couplings lead to the electric and magnetic dipole moment
of the leptons. The flavor violating neutral Higgs contri-
bution to the anomalous magnetic moment ðg − 2Þμ at one
loop [55] in the limit mi < mH is given by

Δaμ ≃
ℜðYμiYiμÞ

4π2
mμmi

m2
H

�
−
3

4
þ log

mH

mi

�
: ð5Þ

The difference between the experimentally measured
value [53,56] and the theoretical one predicted by the
SM [57], Δaμ ¼ aexpμ − aSMμ ¼ ð251� 59Þ × 10−11, is of
4.2σ discrepancy.1 In our case, the dominant contribution
arises from a τ-Higgs loop and leads to the relation
ℜðYμτYτμÞ ≃ ð2.37� 0.56Þ × 10−3 in order to accommo-
date the ðg − 2Þμ anomaly at 1σ for mH ¼ 125 GeV.
On the other hand, the EDM of leptons places constraints

on the imaginary part of the Yukawa couplings of the Higgs
field. These constraints are only significant when there is a
chirality flip in the fermion line inside the loop. Neglecting
terms suppressed by mμ=mτ and ml=mH, muon EDM is
given by [64]

dμ ≃ −
ℑðYμτYτμÞ

4π2
emτ

2m2
H

�
−
3

4
þ log

mH

mτ

�
: ð6Þ

The current upper limit from μEDM measurements dμ ≤
1.9 × 10−19 e-cm [65] translates to an upper bound of
ℑðYμτYτμÞ < 1.9 for mH ¼ 125 GeV. The sensitivity
reach of the future projection of μEDM is of the order
of 10−22 e-cm [66–68], corresponding to ℑðYμτYτμÞ <
6 × 10−4. The current limits on tau EDM [69,70] and
future projections [71] are a couple of orders of magnitude
weaker than those for muons.

B. li → ljγ

It is important to point out that the off-diagonal Yukawa
couplings Yij suffer strong constraints from radiative
decays like τ → μγ. The general expression for the rate
of l1 → l2γ decay involving the neutral Higgs and a lepton
l in the loop reads as [72]

Γ1-loop
l1→l2γ

¼ αem
144ð16π2Þ2

m5
1

16m4
H

�
ðjY2lY�

1lj2þjYl1Y�
l2j2ÞF 2

1ðtÞ

þ9m2
l

m2
1

ðjY�
1lY

�
l2j2þjY2lYl1j2ÞF 2

2ðtÞ
�
; ð7Þ

where t ¼ m2
l=m

2
H, and

F 1ðtÞ ¼
2þ 3t − 6t2 þ t3 þ 6t log t

ðt − 1Þ4 ;

F 2ðtÞ ¼
3 − 4tþ t2 þ 2 log t

ðt − 1Þ3 : ð8Þ

The second term in Eq. (7) appears from the chirally
enhanced radiative diagrams, whereas the first term has
no chirality flip in the fermion line inside the loop. The
bounds on the Yukawa couplings as a function of the
mediator masses can be derived from the current bound
on Brðτ → μγÞ < 4.4 × 10−8 [73]. The dominant contribu-
tion for one loop arises from a chirally enhanced τ-Higgs

loop, giving rise to the constraint
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
< 0.17

for mH ¼ 125 GeV.
In addition to the one loop contribution to the LFV

process τ → μγ, the two loop Barr-Zee diagrams are also
significant, where the dominant contribution arises from
top-Higgs and W-Higgs loops [9]. The relevant rate for
τ → μγ reads as

Γ2-loop
τ→μγ ¼ αm5

τ

64π4
jY�

τμj2 þ jYμτj2
m4

H
ð−0.082Yt þ 0.11Þ2; ð9Þ

where Yt ¼ mtop=v is the top-quark Yukawa coupling for
mH ¼ 125 GeV being the SM Higgs mass. In Eq. (9), the
two terms with relative minus sign respectively represent

1It should be noted here that a recent lattice simulation result
from the BMW collaboration [58] is more consistent with the
experimental value [53]. Moreover, recent results from other lattice
groups seem to be converging towards the BMW result [59,60].
However, these results are in tension with the low-energy
σðeþe− → hadronsÞ data [61–63], and further investigations are
ongoing. Until the dust is settled, we choose to use the discrepancy
quoted in Ref. [53].
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the terms with top quark and W boson contribution. From

this equation, we get
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
< 1.97 × 10−2. The

full expression can be found in Ref. [9].

C. Trilepton decay

In addition to the radiative decays, the flavor changing
Higgs boson allows tree level trilepton decay li → lkl̄jll.
In the limit of massless decay products, the partial decay
rate reads as [74]

Γli→lkl̄jll ¼
1

6144π3
m5

i

4m4
H

�
1

ð1þ δlkÞ
ðjY�

ikY
�
jlj2 þ jYkiYljj2Þ

þ jY�
ikYljj2 þ jYkiY�

jlj2
�
: ð10Þ

Here δlk is the symmetry factor. Using the total tau decay
width Γtot

τ ¼ 2.27 × 10−12 GeV andmuon Yukawa coupling

Yμμ ¼ mμ=v, we obtain a bound of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
<

1.35 for the SM Higgs case from the experimental limit
Brðτ → 3μÞ < 2.1 × 10−8 [75]. It is clear that these tree
level decays are suppressed by the muon Yukawa coupling.
On the other hand, loop level contributions do not have such
suppression and can be dominant. The one loop contribution
for τ → 3μ is obtained by attaching a muon line to the
photon in the radiative decay of τ → μγ, which corresponds

to a bound of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
< 0.13 [9,76]. This however

turns out to be weaker than the τ → μγ constraint, as
expected.

D. Z-boson decay

In the presence of the Yukawa couplings Yτμ and Yμτ,
the effective μ − τ − Z vertices are induced at one loop
order [77]:

ΓZ→τμ ¼
mZ

6π

�
1

2
jCZ

Lðm2
ZÞj2 þ

m2
Z

m2
τ
jDZ

Lðm2
ZÞj2 þ ðL↔ RÞ

�
;

ð11Þ

where the coefficients read as

CZ
LðsÞ ¼

gYττYτμ

64π2
ðFv

VðsÞgeV þ Fa
VðsÞgeAÞ;

DZ
LðsÞ ¼

gYττY�
μτ

64π2
ðFv

DðsÞgeV þ Fa
DðsÞgeAÞ: ð12Þ

CZ
R and DZ

R are obtained by interchanging Yτμ ↔ Y�
μτ and

Fa
V;D → −Fa

V;D. The functions F
v;a
V;D are expressed in terms

of Passarino-Veltman functions (see Ref. [77] for details).
Numerically the functions fFa

V; F
v
V; F

a
D; F

v
Dg at s ¼ m2

Z

read as f5−0.78i;−4.8−0.78i;ð−8.1þ1.6iÞ×10−5;0.84g.
Using these values and current experimental bound

BrðZ → μτÞ < 9.5 × 10−6 [78] leads to the relation BrðZ→
μ∓τ�Þ ¼ 8.9×10−10jYμτj2þ 7.7× 10−10jYτμj2 [76,77]. The
upcoming eþe− collider such as the FCC-ee has the
sensitivity that can prove the LFV decay of Z in μτ decay
up to Oð10−9Þ [79].

III. PROJECTED SENSITIVITY AT THE HL-LHC

We study the projected sensitivity for the LFV couplings
of the 125 GeV SM Higgs boson at the high luminosity
LHC (

ffiffiffi
s

p ¼ 14 TeV, L ¼ 3 ab−1) through searches in VBF
Higgs production channel

pp → hjj → ðh → μτÞjj; ð13Þ

where τ leptons can decay leptonically τe → eþ νe þ ντ
2 or

hadronically τh → hadronsþ ντ. Representative Feynman
diagram for the signal is shown in Fig. 1.
Both leptonic and hadronic decay modes of the τ leptons

are considered in the present analysis. In the μτe channel, we
require exactly one isolated muon and one oppositely
charged isolated electron in the final state, with pT;μ=e >
15 GeV and jηj < 4.0. Likewise in the μτh channel, we
require exactly one isolated muon with the aforesaid trigger
cuts and one oppositely charged τ tagged jet with pT;τh >
25 GeV and jηj < 4.5. Both channels are also required to
have at least two light flavored jets (j) with pT > 30 GeV
and jηj < 4.5. The η cuts are less stringent than the recent
ATLAS [25] and CMS [26] studies in the same channel due
to larger η coverage at the HL-LHC [80].
The important backgrounds are Z þ jets, tt̄, multijet and

W þ jets with jets misidentified as leptons or τ-tagged jets,
and VV þ jets, while subleading contributions can arise
from single Higgs production in the VBF and gluon-gluon-
fusion (ggF) channel with h → ττ and h → WþW−.
Furthermore, ggF mediated single Higgs production with
LFV Higgs decay can also contribute to the VBF signal
[25,81,82]. We generate the signal and background events
with MG5_aMC@NLO [83–85] at the leading order withffiffiffi
s

p ¼ 14 TeV. Signal and background events are simulated
with generator-level cuts on the transverse momentum pT
and pseudorapidity η for the light flavored jets and leptons,

FIG. 1. Leading order Feynman diagram for Higgs production
in association with two jets in the vector boson fusion mode.

2Since we have a muon final state from h → μτ, we do not
consider the tau decay into muon.
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pT;j=l > 10 GeV and jηjlj < 5.0. A minimum threshold on
the dijet invariant mass, mjj > 300 GeV, is applied at the
generator level for the background events. PYTHIA8 [86] is
used for parton showering and hadronization. The detector
response is simulated using DELPHES-3.5.0 [87] with the
default HL-LHC detector card [88,89].
We closely follow the analysis strategy in a recent

ATLAS study for the
ffiffiffi
s

p ¼ 13 TeV LHC [25]. In the μτe
channel, the leading and subleading pT leptons, l1 and l2,
respectively, are required to satisfy pT;l1 > 45 GeV and
pT;l2 > 15 GeV. The asymmetric pT cuts are used to
suppress the h → τþτ− background. We also veto events
containing a third isolated electron or muon to reduce the
diboson background. Similarly, in the μτh channel, we
require pT;μ > 30 GeV and pT;τh > 45 GeV. We also
require the sum of cosine of azimuthal angle differences
among the fμ; =ETg and fτh; =ETg pairs,

P
i¼μ;τh cosΔ

Φði; =ETÞ, to be greater than > −0.35 in order to reduce
the W þ jets background. Furthermore, an upper limit is
imposed on the pseudorapidity difference between μ and
τh, jΔηðμ; τhÞj < 2.0 to suppress the contributions arising
from multijet backgrounds [25]. To reduce the massive
tt̄ background, events containing any b tagged jet with
pT > 25 GeV and jηj < 4.0 are vetoed in both channels.
The next objective is to identify and reconstruct the VBF

topology. The leading and subleading pT light jets j1 and j2,
respectively, are tagged as VBF jets provided they satisfy
pT;j1ðj2Þ > 40 GeV (30 GeV). The VBF jets feature a large
invariant mass mj1j2 . Correspondingly, we impose a mini-
mum threshold ofmj1j2 > 350 GeV. Furthermore, the VBF
jets are mostly produced back to back in the forward regions

of the detector, thus having ηj1 · ηj2 < 0, and are charac-
terized by a large pseudorapidity difference jΔηðj1; j2Þj.
For illustrative purposes, we present the distributions for
jΔηðj1; j2Þj in Fig. 2. Since the VBF jets are mostly
populated at large jΔηðj1; j2Þj regions, we require the
events to satisfy jΔηðj1; j2Þj > 2 at the event selection
stage and also use jΔηðj1; j2Þj as a training observable in the
multivariate analysis. The VBF topology also features
reduced jet activity in the central region. Therefore, events
with additional light jets (j3) in the central region are vetoed
by imposing jηj3 − ðηj1 þ ηj2Þ=2j > 1.0. The event selec-
tion cuts for μτe and μτh channels are summarized in
Table I.
We perform a multivariate analysis using the Boosted

Decision Trees (BDT) algorithm to discriminate the VBF
signal from SM backgrounds. The kinematic observables
used to perform the multivariate analysis are shown in
Table II.
Here, mTðα; =ETÞðα ¼ μ; eÞ is the transverse mass for

the lepton α and =ET pair, defined as mTðα; =ETÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pT;α=ETð1 − cosΔϕðα; =ETÞÞ

p
, Δϕðβ; =ETÞ (β ¼ α; τh) is

the difference in azimuthal angles for object β and =ET , and
mvis is the visible invariant mass for the h → μðτ → eντνeÞ
system. The full reconstruction of the Higgs boson is
challenging since the τ decay is associated with missing
energy. Several techniques have been developed to

FIG. 2. Distributions for the difference of pseudorapidities for
the VBF tagged jets jΔηðj1; j2Þj at the detector level for the
l0l0 þ jets (red) and tt̄ (green) backgrounds, gg → h125 (blue)
and VBF (black) signal events at mh ¼ 125 GeV. The events
satisfy the basic selection cuts for μτe channel in Table I,
pT;j1 > 40 GeV, pT;j2 > 30 GeV and mj1j2 > 350 GeV. We
assume

ffiffiffi
s

p ¼ 14 TeV LHC with L ¼ 3 ab−1.

TABLE I. Summary of event selection cuts for μτe and μτh
channels.

μτe μτh

Basic selection nμ ¼ 1, ne ¼ 1 nμ ¼ 1, nτh ¼ 1

(eþμ−=e−μþ) (τþh μ
−=τ−hμ

þ)
pT;l1 > 45 GeV pT;τh > 45 GeV
pT;l2 > 15 GeV pT;μ > 30 GeV

� � � P
i¼μ;τh

cosΔΦði; =ETÞ > −0.35
� � � jΔηðμ; τhÞj < 2.0

b jet veto if pT > 25 GeV and jηj < 4.0

VBF topology pT;j1 > 40 GeV, pT;j2 > 30 GeV,
jΔηðj1; j2Þj > 2, ηj1 · ηj2 < 0,

mj1j2 > 350 GeV
jηj3 − ðηj1 þ ηj2Þ=2j > 1.0

TABLE II. Input observables used in the BDT analysis for μτe
and μτh channels.

μτe μτh

pT;e; mTðe; =ETÞ pT;τh ; mTðτh; =ETÞ,
ΔRðμ; eÞ;Δϕðe; =ETÞ ΔRðμ; τhÞ;Δϕðτh; =ETÞ
pT;e=pT;μ; ηe;ϕe ητh ;ϕτh ;

P
i¼μ;τh cosΔΦði; =ETÞ,

pT;μ; mTðμ; =ETÞ;Δϕðμ; =ETÞ; ημ;ϕμ;ϕ=ET
,

mcoll; mvis; mj1j2 ;Δηðj1; j2Þ; =ET

CONSTRAINING LEPTON FLAVOR VIOLATING HIGGS … PHYS. REV. D 107, 075018 (2023)

075018-5



reconstruct the resonant invariant mass in such cases
(cf. Refs. [90–92] and references therein). In this analysis,
we adopt the collinear mass approximation technique which
is rooted on two important assumptions that the visible and
invisible decay products of τ are collinear, and the only
source of missing energy in the system is the neutrinos from
τ decay. Following Ref. [91], the collinear mass is computed
as mcoll ¼ mvis=

ffiffiffiffiffiffixτe
p , where xτe ¼ pT;τe=ðpT;τe þ =ETÞ. The

rest of the observables in Table II have their usual meaning.
In Figs. 3 and 4, we show the correlation among the

input variables for signal and background events in the μτe
and μτh channels, respectively. Because of high correla-
tion (≳80%) between mcoll and mvis, the latter is not
considered in the training. Similarly, in the μτh channel,
the highly correlated observable pairs are fmvis; mcollg and
fΔϕðτh; =ETÞ; mTðτh; =ETÞg, among which, we include only
the latter two observables in the training. The kinematic
observables from Table II with the highest ranks in the
BDT analysis are

μτe∶mcoll; mTðμ=e; =ETÞ;ΔRðμ; eÞ; =ET;ΔΦðμ; =ETÞ
μτh∶mcoll; mTðτh; =ETÞ;ΔΦðμ; =ETÞ;ΔΦðμ; =ETÞ; =ET;ϕμ:

In the μτe channel, the contribution from multijet events
to the total background is expected to be suppressed since
the probability for two jets being misidentified as isolated
leptons with different flavors is relatively small. Previous
searches performed in the aforesaid channel using the LHC
run-II data collected at L ¼ 36.1 fb−1 [25] indicate that the
relative contribution frommisidentified backgrounds, which
includeW þ jets and multijet processes, is around 5% of the
total background. Therefore, we ignore the misidentified
backgrounds in our analysis for the μτe channel. However,
in the μτh channel, misidentified events have a nontrivial
contribution. The analysis for the VBF μτh channel in
Ref. [25] indicates the contribution from misidentified
backgrounds to be roughly 25%, and hence, cannot be
neglected. However, simulating the QCD multijet and

FIG. 3. Linear correlation coefficient matrix for input variables to the BDT for signal and background events in the μτe channel.

FIG. 4. Linear correlation coefficient matrix for input variables to the BDT for signal and background events in the μτh channel.
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W þ jets background relevant for the μτh channel is very
challenging, and is mostly estimated through data-driven
techniques which is beyond the scope of the present
work. The simulated background used in our BDT
analysis constitutes roughly 75% of the full background.
Accordingly, the ratio of the left-out misidentified back-
ground and the simulated background contribution to the
total background is around 1=3. In order to account for the
underestimated background rate, we adopt a simplistic
approach of compounding the total yield from other
simulated background processes after the optimized BDT
analysis by a factor of ð1þ 1=3Þ ¼ 4=3. It must be noted
that the inclusion of misidentified events in the BDT
optimization itself might lead to marginally different sensi-
tivity. As such, our results for the μτh channel are only
conservative projections, and must be viewed as such.
The signal efficiency (εS) and background yields (B) at

the HL-LHC from the BDT analysis are shown in Table III.
Assuming SM rates for ggF and VBF Higgs production atffiffiffi
s

p ¼ 14 TeV, σggFhSM
¼ 49.5 pb [computed at next-to-next-

to-leading-order (NNLO) QCDþ next-to-next-to-leading-
logarithm QCDþnext-to-leading-order (NLO) electroweak
(EW)] and σVBFhSM

¼ 4.2 pb (computed at NNLOQCDþ
NLO EW) [93], the relative contribution from the ggF
signal to the total signal rate is roughly 30% and 27% in the
μτe and μτh channels, respectively. We translate the results
into projected upper limits on the branching ratio for LFV
Higgs decays in Table III using

Brðh → μτÞ ¼ nS ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ ðκ · BÞ2

p
L × ðσggFhSM

· εggFS þ σVBFhSM
· εVBFS Þ ; ð14Þ

where nS is the standard deviation from background, and κ
is the systematic uncertainty. We observe that the HL-LHC
would be able to probe Higgs LFV decays in the VBF Higgs
production channel up to Brðh → μτÞ ∼ 0.032% at 2σ in a
quasi-ideal scenario with no systematic uncertainties.
The limit weakens to Brðh → μτÞ ∼ 0.1% upon considering
5% systematic uncertainty. The current CMS limit on
Brðh → μτÞ from combined searches in μτe, μτh, eτμ and
eτh channels with ggF and VBF Higgs production, using

the LHC run-II data collected at L ¼ 137 fb−1, is Brðh →
μτÞ < 0.15% at 95% C.L. [26]. The corresponding ATLAS
limit is slightly weaker at Brðh → μτÞ < 0.18% [94]. The
projected reach at the HL-LHC from combined searches
in the aforesaid channels with both ggF and VBF Higgs
production has been estimated at Brðh → μτÞ≲ 0.05% in
Ref. [95] through a luminosity scaling of the current limits,
and is roughly 2 times stronger than the projected sensitivity
derived in the present analysis for κ ¼ 5%. Note that the
search potential for the VBF channel alone is complemen-
tary to the combined projected reach.
The LFV Higgs branching fraction is related to the off-

diagonal Yukawa couplings,

jYμτj2 þ jYτμj2 ¼
8π

mh

Brðh → μτÞ
1 − Brðh → μτÞΓh; ð15Þ

where Γh ¼ 4.07 MeV [93] is the decay width for the SM
Higgs boson. Using Eq. (15), upper limits on the LFV
Higgs branching ratio can be translated into limits for Yμτ

and Yτμ,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
< 5.1 × 10−4. We present these

projected upper limits in the plane of jYμτj and jYτμj in
Fig. 5 as solid-black lines. The current LHC limit at

95% C.L.,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y2
μτ þ Y2

τμ

q
< 1.1 × 10−3 [26,96], is also

shown as the shaded-black region with the current exclu-
sion region displayed in shaded black. Other low-energy
constraints and future projections discussed in Sec. II are
also shown for comparison. The black-dashed line is
the naturalness bound given in Eq. (3). It is clear that
the HL-LHC projected sensitivities surpass the future low-
energy constraints from τ → μγ and τ → 3μ expected at
Belle II [97].
We also find from Fig. 5 that the current ðg − 2Þμ anomaly

cannot be accommodated by LFV couplings of the SM
Higgs boson, as the preferred region (green/yellow-shaded
for 1σ=2σ) is already excluded by both τ → μγ constraint, as
well as by the 13 TeV LHC upper limit on Brðh → μτÞ. It
should however be noted that the significance of this
anomaly has recently diminished, because of recent lattice
developments [58–60]. So it remains to be seen whether we
need any BSM physics in the muon g − 2 sector.

IV. BSM HIGGS LFV DECAY AT THE HL-LHC

In this section, we further extend the analysis strategy
discussed in Sec. III to study the projected sensitivity for
LFV decays of a generic BSM leptophilic Higgs bosons H
produced in the VBF mode, pp → Hjj → ðH → μτÞjj, at
the HL-LHC. Because of its leptophilic nature, the con-
tributions from ggF Higgs production to the signal are not
taken into account. We perform the BDT analysis for five
signal benchmarks with mH < mhSM , mH ¼ 20, 40, 60, 80
and 100 GeV, and five benchmarks with mH > mhSM ,
mH ¼ 150, 200, 400, 600 and 800 GeV. Analogous to

TABLE III. Signal efficiency and background yields from
searches for LFV decays of Higgs boson pp → ðh → μτÞjj in
the μτe and μτh channels at the

ffiffiffi
s

p ¼ 14 TeV LHC with
L ¼ 3 ab−1. Projected upper limits (U.L.) on the LFV branching
ratios are also shown for null and 5% systematic uncertainty.

Signal efficiency Brðh → μτÞð2σÞ U.L.
Channel VBF ggF Background κ ¼ 0 κ ¼ 5%

μτe 1.13 × 10−2 4.5 × 10−4 3192 5.4 × 10−4 1.6 × 10−3

μτh 9.2 × 10−3 3.0 × 10−4 403 2.5 × 10−4 3.5 × 10−4

μτe þ μτh combined 3.2 × 10−4 1.0 × 10−3

CONSTRAINING LEPTON FLAVOR VIOLATING HIGGS … PHYS. REV. D 107, 075018 (2023)

075018-7



the earlier analysis, the search is performed in both μτh and
μτe channels using the kinematic observables iterated in
Table II. The observables found useful for our BDTanalysis
are identified in Tables IV and V for the μτe and μτh
channels, respectively.
The signal efficiency and background yields at the

HL-LHC from the BDTanalysis in the μτh and μτe channels
for various signal benchmarks are presented in Table VI.
We translate the results into projected upper limits on the
VBF Higgs production cross section times the branching
ratio for LFV Higgs decays, σVBFH→μτ ¼ nS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ ðκ · BÞ2

p
=

ðL × εVBFS Þ, as a function of mH. Projected upper limits at
2σ from searches in the μτe and μτh channels are shown in
Table VI. Limits from combined searches in μτe þ μτh
channels are also shown for κ ¼ 0 and 5%. We observe that
the projected limits get stronger with mH except around
mH ∼mZ and mH ∼mhSM. For mH ∼mZ, the signal has a
greater overlap with the ðZ → ττÞ þ jets background than
the nearby signal benchmark points, which leads to a
relatively lower signal efficiency. A similar albeit smaller

decline in sensitivity occurs when the mass of the BSM
Higgs boson is closer to mhSM due to greater overlap
between the signal and the ggF/VBF h → ττ backgrounds
in the input dataset used for the BDT analysis, despite their
subdominant contributions to the final event rate.
The combined search limits are interpolated to derive

projected upper bounds on σVBFH→μτ for mH ∈ ½20; 800� GeV
in Fig. 6 (left). It must be noted that the aforesaid
projections are independent of any model considerations
and can be translated to any new physics scenario in order

TABLE IV. Kinematic observables used in the BDTanalysis for
the μτe channel with different BSM Higgs boson masses. The
used observables are marked with a ✓ (shows the six observables
with the highest rank) or a •.

mH ½GeV�
μτe 20 40 60 80 100 125 150 200 400 600 800

pT;e ✓ • • • • • • • • •
mTðe; =ETÞ ✓ ✓ • ✓ • ✓ ✓ ✓ ✓ ✓ ✓
ΔRðμ; eÞ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ • • •
Δϕðe; =ETÞ ✓ • • ✓ • ✓ • • ✓ ✓
pT;μ • • ✓ • • • • ✓ ✓ ✓ ✓

mTðμ; =ETÞ • • • • ✓ • • ✓ ✓ ✓
Δϕðμ; =ETÞ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ •
mcoll ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
mj2j2 • • • • • • • • • • •
Δηðj1; j2Þ ✓ ✓ ✓ ✓ ✓ • • ✓ ✓ • •
=ET ✓ ✓ ✓ ✓ ✓ ✓ ✓ • • • ✓
pT;e=pT;μ ✓ • • • •

TABLE V. Kinematic observables used in the BDT analysis for
the μτh channel with different BSM Higgs boson masses. The
used observables are marked with a ✓ (shows the six observables
with the highest rank) or a •.

mH ½GeV�
μτh 20 40 60 80 100 125 150 200 400 600 800

pT;τh • • • • • • • • • ✓ ✓

mTðτh; =ETÞ • • • • • ✓ ✓ ✓ ✓ ✓ ✓
ΔRðμ; τhÞ ✓ • • • • • • • • •
ητh • • • • • • • • • •
ϕτh ✓ • • ✓ ✓ • • • • • •
pT;μ • • • • • • • • ✓ ✓ ✓

mTðμ; =ETÞ • • • • • • • ✓ ✓ ✓ ✓
Δϕðμ; =ETÞ • • • • • ✓ ✓ ✓ ✓ ✓ ✓
ημ ✓ ✓ ✓ • • • • • • • •
ϕμ • • • ✓ ✓ ✓ ✓ • • • •
ϕ=ET

✓ • ✓ • • • • • • • •

mcoll ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
mj1j2 • • • • • • • • • • •
Δηðj1; j2Þ • ✓ ✓ ✓ ✓ • • • • • •
=ET ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ • • •
Δηðμ; τhÞ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ • •

FIG. 5. Projected upper limits on the off-diagonal Yukawa
couplings jYμτj and jYτμj from direct searches in the combined
μτe þ μτh channel at the HL-LHC are represented as solid black
lines (see also Table III). The current limit from 13 TeV LHC
data [26] is shown by the black-shaded region. The red (blue)
shaded region represents the exclusion from LFV decays
τ → 3μ [75] (τ → μγ [73]), whereas the red and blue dash-dotted
lines are the corresponding future projected sensitivities at
Belle II [98]. The green (yellow) band represents the preferred
parameter space to accommodate the ðg − 2Þμ anomaly [53] at 1σ
(2σ). The black and cyan shaded regions at the top right corner
respectively represent the exclusions from μEDM [65] [only if
ℑðYμτYτμÞ ≠ 0] and ðg − 2Þμ [53] at 5σ, whereas the black dash-
dotted diagonal line corresponds to the future sensitivity reach of
μEDM [68] for ℑðYμτYτμÞ. The black dashed diagonal line in the
middle is the theoretical naturalness limit YτμYμτ ¼ mμmτ=v2 [18].
The dotted contours correspond to different values of the h → μτ
branching ratios (0.001%, 0.1%, 10% and 90%).
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to test their projected reach at the HL-LHC. We observe
that the HL-LHCwould be able to probe LFVHiggs decays
in VBF Higgs production up to σVBFH→μτ ≳ 0.28ð0.05Þ fb for
mH ¼ 200ð800Þ GeV, at 2σ uncertainty. The projected
sensitivity drops down to 0.34 and 0.056 upon considering
5% systematic uncertainty. Note that these projected limits
are roughly 2 orders of magnitude smaller than the existing
LHC limits on σðgg → HÞ × BrðH → μτÞ [35].
Considering SM-like VBF Higgs production rates, the

above projections for κ ¼ 0 are translated into upper limits
on BrðH → μτÞ in Fig. 6 (right). The projected sensitivity
for BrðH → μτÞ at the HL-LHC is roughly ∼0.0015% at
mH ¼ 300 GeV, which weakens to ∼0.0030% as mH
increases to 800 GeV. At this point, we would like to note
that the inclusion of ggF contributions to the VBF signal
could further enhance the projected sensitivity, with the

overall improvement being largely governed by the ratio
of σggFH =σVBFH .
To illustrate these constraints in a concrete model frame-

work, we reinterpret them in a generic 2HDM [19,20]
scenario, where the coupling of the SM-like Higgs boson h
and the BSM Higgs boson H to weak bosons is sinðβ − αÞ
and cosðβ − αÞ times the SM coupling, respectively, where
β is the ratio of vacuum expectation values for the two
Higgs doublets and α is the neutral Higgs mixing
angle. Accordingly, in the 2HDM scenario, the VBF
BSM Higgs production cross section can be parametrized
as cos2ðβ − αÞ times the SM production rate. Using this
analogy, we recast the upper limits on the VBF production
cross section σðpp → HjjÞ times the branching ratio
BrðH → μτÞ into projections in the plane of j sinðβ − αÞj
and BrðH → μτÞ for several BSM Higgs masses, as shown

TABLE VI. Signal efficiency, background yields, and projected upper limits on σðpp → HjjÞ × BrðH → μτÞ at
2σ, from searches for VBF Higgs production in the μτh and μτe channels at

ffiffiffi
s

p ¼ 14 TeV LHC with L ¼ 3 ab−1.

mH ðGeVÞ

μτh μτe μτe þ μτh

Signal
efficiency
(10−3) Background

U.L.
(2σ)
(in fb)

Signal
efficiency
(10−3) Background

U.L.
(2σ)
(in fb)

2σ U.L. (fb)

κ

0 5%

20 0.46 11 4.8 6.7 557 2.3 1.6 2.1
40 4.4 26 0.77 5.4 250 1.9 0.55 0.60
60 5.3 81 1.1 3.8 641 4.4 0.90 1.1
80 2.1 32 1.8 5.6 1928 5.2 1.3 1.6
100 3.5 67 1.6 7.1 463 2.0 0.88 1.1
125 19.9 1603 1.3 9.4 1479 2.7 0.90 2.0
150 11.9 137 0.65 5.8 176 1.5 0.46 0.54
200 25.5 235 0.40 7.8 115 0.92 0.28 0.34
400 43.5 60 0.12 22.8 833 0.84 0.10 0.12
600 79.8 55 0.062 26.3 235 0.39 0.053 0.058
800 78.5 55 0.063 30.6 170 0.28 0.052 0.056

FIG. 6. Left: projected upper limits on the production cross section for the Higgs boson in the vector boson fusion mode times the
branching ratio for LFV decays of the BSM Higgs boson, σVBFH→μτ, from combined searches in the μτe þ μτh channels at the

ffiffiffi
s

p ¼
14 TeV at L ¼ 3 ab−1. Right: projected upper limits on the left panel are translated into upper bounds on BrðH → μτÞ considering
SM-like vector boson fusion Higgs production rates.
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in Fig. 7. The shaded areas represent the projected exclusion
regions at 5σ uncertainty for the respective values of mH.
It is important to note that the results in Fig. 7 are directly
correlated to the projections for BrðH → μτÞ shown in
Fig. 6 (right). We observe that among the different repre-
sentative signal benchmarks considered in the present
analysis, the strongest sensitivity for BrðH → μτÞ and
henceforth, in the fj sinðβ − αÞ;BrðH → μτÞjg plane for
a generic 2HDM model is observed for mH ¼ 40 GeV.

The sensitivity weakens as mH approaches mZ or mh (as
shown by the blue curve) due to a larger overlap with the
backgrounds. Interestingly, the area of the projected exclu-
sion region in the plane of fj sinðβ − αÞ;BrðH → μτÞjg
improves with increasing mH until around mH ¼ 150 GeV
beyond which the sensitivity again recedes gradually due to
smaller cross sections.
The above result can be easily reinterpreted in

different avatars of the 2HDM with LFV Higgs bosons
[5,20,46,47,99–110]. For illustration, we consider two
representative benchmarks, BPI with cosðβ − αÞ ¼ 0.1,
tan β ¼ 6, mH ¼ 400 GeV in the type-I 2HDM, and BPII
with cosðβ − αÞ ¼ 0.05, tan β ¼ 2.4, mH ¼ 400 GeV in
the type-II 2HDM scenario, respectively. Both bench-
marks are chosen from the parameter space allowed by
the current Higgs global fit constraints [111]. We study the
projected sensitivity for BPI and BPII from searches in the
μτe þ μτh channels with VBF heavy Higgs production at
the HL-LHC, using the results from our collider analysis
(see Fig. 6). The projected sensitivities at the HL-LHC are
presented in the plane of jYμτj and jYτμj in Fig. 8 as the
solid-black curves. These are analogous to but weaker
than the numbers shown in Fig. 5 for the 125 GeV Higgs
case, mainly because the VBF production cross section for
the Heavy Higgs boson is suppressed by a cos2ðβ − αÞ
factor, as compared to the SM-like case.
In Fig. 8, the parameter space constrained by LFV decays

τ → 3μ [75] and τ → μγ [73] is shaded in red and blue,
respectively, while their future reach at BELLE-II [98] is
shown by the dashed curves. The green (yellow)-shaded
area represents the parameter region consistent with the
ðg − 2Þμ anomaly at 1ð2Þσ. Here again, we observe that the

FIG. 7. Projected reach at 5σ in the plane of j sinðβ − αÞj and
BrðH → μτÞ for a generic 2HDM scenario for different BSM
Higgs masses from combined searches in the μτe þ μτh channels
with VBF Higgs production at the

ffiffiffi
s

p ¼ 14 TeV at L ¼ 3 ab−1.
The limit vanishes for sinðβ − αÞ → 1 [or cosðβ − αÞ → 0, the so-
called alignment limit], in which case, the HWW coupling
vanishes and there is no VBF production of H.

FIG. 8. Projected upper limits on the off-diagonal Yukawa couplings jYμτj and jYτμj from direct searches in the combined μτe þ μτh
channel at the HL-LHC are represented as solid black lines. The red (blue) shaded region represents the exclusion from LFV decays
τ → 3μ [75] (τ → μγ [73]), whereas the red and blue dashed lines are the corresponding future projected sensitivities at Belle II [98]. The
green (yellow) band represents the preferred parameter space to accommodate the ðg − 2Þμ anomaly [53] at 1σ (2σ). The black dashed
line represents the future sensitivity reach of μEDM [68] for ℑðYμτYτμÞ.

BARMAN, DEV, and THAPA PHYS. REV. D 107, 075018 (2023)

075018-10



projected sensitivities at the HL-LHC exceed the future
LFV reach of BELLE-II measurements for BPI and they are
comparable for BPII. It is also worth noting that, unlike in
the SM Higgs scenario, LFV can be further suppressed here
by an appropriate choice of α and β, whereas the HL-LHC
sensitivity is primarily determined by the combination
β − α. Moreover, for BPI, we find that there is currently
some allowed parameter space to explain the ðg − 2Þμ
anomaly, which can be completely probed by HL-LHC.
Besides the 2HDM model, there are several other well-

motivated extended Higgs sector models where LFV
decays might naturally arise, such as in the little Higgs
models [112–115], left-right symmetric models [116–120],
mirror models [121–125], supersymmetric models [6,126–
135], models with flavor symmetries [136], composite
Higgs models [16,137], warped extra-dimension models
[138–142], models with higher-dimensional operators
[6,14,15,143,144], neutrino mass models [145–162] and
other models [163–168]. The analysis presented in this
section can be extended to these scenarios as well.

V. CONCLUSION

In this paper, we have examined the parameter space for
LFV couplings of a neutral Higgs boson to muon and tau
leptons. We show that these flavor violating couplings can
be effectively probed at the HL-LHC through the VBF
production process: pp → hjj → ðh → μτÞjj, comple-
mentary to the ggF process. For the SM Higgs, we findffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYμτj2 þ jYτμj2

q
< 5.1 × 10−4 as the projected limit on

the LFV Higgs Yukawa couplings, which turns out to
be stronger than the existing and future limits from

low-energy LFV observables like τ → μγ and τ → 3μ
(see Fig. 5). In addition, we have also studied the LFV
arising from a generic BSM neutral Higgs boson H in the
mass range of mH ∈ ½20; 800� GeV and have given the
projected model-independent upper limits on the VBF
production cross section of Hjj times the branching ratio
of H → μτ at the HL-LHC (see Fig. 6). Finally, we have
reinterpreted our results for the BSM neutral CP-even
Higgs boson in the 2HDM (see Figs. 7 and 8). We find that
HL-LHC will provide comparable or better constraints
than the low-energy LFV searches on the LFV couplings
of the BSM Higgs boson.
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Montes De Oca, and A. Fernández-Téllez, Flavor-changing

BARMAN, DEV, and THAPA PHYS. REV. D 107, 075018 (2023)

075018-12

https://doi.org/10.1103/PhysRevD.62.033002
https://doi.org/10.1103/PhysRevD.62.033002
https://doi.org/10.1016/j.physletb.2008.05.062
https://doi.org/10.1103/PhysRevD.80.075016
https://doi.org/10.1007/JHEP11(2016)084
https://doi.org/10.1103/PhysRevD.35.3484
https://doi.org/10.1103/PhysRevD.8.1226
https://doi.org/10.1103/PhysRevD.8.1226
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1016/j.physletb.2016.09.062
https://doi.org/10.1016/j.physletb.2016.09.062
https://doi.org/10.1140/epjc/s10052-017-4624-0
https://doi.org/10.1007/JHEP06(2018)001
https://doi.org/10.1016/j.physletb.2019.135069
https://doi.org/10.1016/j.physletb.2019.135069
https://doi.org/10.1103/PhysRevD.104.032013
https://doi.org/10.1016/j.physletb.2015.07.053
https://doi.org/10.1016/j.physletb.2015.07.053
https://doi.org/10.1007/JHEP11(2015)211
https://doi.org/10.1103/PhysRevLett.115.031801
https://doi.org/10.1103/PhysRevLett.115.031801
https://doi.org/10.1140/epjc/s10052-016-4385-1
https://doi.org/10.1007/JHEP04(2018)073
https://doi.org/10.1007/JHEP04(2018)073
https://doi.org/10.1103/PhysRevD.98.092008
https://arXiv.org/abs/2205.06709
https://doi.org/10.1140/epjc/s10052-018-6386-8
https://doi.org/10.1140/epjc/s10052-018-6386-8
https://doi.org/10.1007/JHEP03(2020)103
https://doi.org/10.1088/0954-3899/43/12/125001
https://doi.org/10.1088/0954-3899/43/12/125001
https://doi.org/10.1103/PhysRevLett.120.221804
https://doi.org/10.1103/PhysRevD.96.115020
https://doi.org/10.1140/epjc/s10052-018-6298-7
https://doi.org/10.1103/PhysRevD.99.055038
https://doi.org/10.1142/S0217732316501741
https://doi.org/10.1142/S0217732316501741
https://doi.org/10.1007/JHEP07(2016)059
https://doi.org/10.1007/JHEP07(2016)059
https://doi.org/10.1007/JHEP05(2016)026
https://doi.org/10.1007/JHEP05(2016)026
https://doi.org/10.1140/epjc/s10052-019-7249-7
https://doi.org/10.1007/JHEP06(2020)015
https://doi.org/10.1103/PhysRevD.103.055009
https://doi.org/10.1103/PhysRevD.103.055009
https://doi.org/10.1140/epjc/s10052-021-09844-9
https://doi.org/10.1140/epjc/s10052-021-09844-9
https://doi.org/10.1103/PhysRevD.106.075014
https://doi.org/10.1103/PhysRevD.106.075014


decay h → τμ at super hadron colliders, J. High Energy
Phys. 08 (2020) 170.

[50] W.-s. Hou, R. Jain, and C. Kao, Searching for extra Higgs
bosons via pp → H;A → τμ; ττ at the Large Hadron
Collider, arXiv:2202.04336.

[51] S. Dittmaier et al. (LHC Higgs Cross Section Working
Group), Handbook of LHC Higgs Cross Sections: 1.
Inclusive Observables (CERN, Geneva, 2011).

[52] D. Das, Dominant production of heavier Higgs bosons
through vector boson fusion in the NMSSM, Phys. Rev. D
99, 095035 (2019).

[53] B. Abi et al. (Muon g − 2 Collaboration), Measurement of
the Positive Muon Anomalous Magnetic Moment to
0.46 ppm, Phys. Rev. Lett. 126, 141801 (2021).

[54] V. Andreev et al. (ACME Collaboration), Improved limit
on the electric dipole moment of the electron, Nature
(London) 562, 355 (2018).

[55] J. P. Leveille, The second order weak correction to (G-2) of
the muon in arbitrary gauge models, Nucl. Phys. B137, 63
(1978).

[56] G.W. Bennett et al. (Muon g − 2 Collaboration), Final
report of the muon E821 anomalous magnetic moment
measurement at BNL, Phys. Rev. D 73, 072003 (2006).

[57] T. Aoyama et al., The anomalous magnetic moment of
the muon in the Standard Model, Phys. Rep. 887, 1
(2020).

[58] S. Borsanyi et al., Leading hadronic contribution to the
muonmagnetic moment from lattice QCD, Nature (London)
593, 51 (2021).
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