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Abstract Higgs couplings to charged leptons form an
important measurement to understand not only the Stan-
dard Model (SM), but also physics Beyond Standard Mod-
els (BSM). In this work, we update the bounds on the
Flavor-Violating (FV) Higgs couplings to charged leptons.
We find that the bounds on the couplings range between
∼ O(10−3) − O(10−6). In fact, the direct constraints from
LHC are much stronger than those inferred indirectly from
rare decays in the τ −μ and τ −e sector. We also match these
bounds to the SM Effective Field Theory (SMEFT) and find
lower limits on the scale of New Physics (NP). We find that
the scale of NP ranges between ∼ O(10)−O(100) TeV. We
also present projections for upcoming experiments, show-
ing that the current bounds on μ − e couplings are already
stronger than all foreseeable future projections.

1 Introduction

The discovery of the Higgs boson at 125 GeV in the LHC
[1,2] represented a key milestone in finalizing the SM of par-
ticle physics. Ever since, the LHC has reported on the proper-
ties of the discovered boson [3–6], revealing excellent agree-
ment with the predictions of the SM. Nonetheless, the level of
experimental measurements still allows for significant devi-
ation from the SM predictions, allowing for BSM physics
[7–13]. Some of the BSM proposals include FV in the Higgs
sector. It is known that in the SM, the Higgs boson does not
violate flavor, however, it is quite easy to generalize the Higgs
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couplings to include FV by assuming NP at high energy.
Studying FV in the Higgs sector has a long history [14–35]
(for FV in the Z boson decays see [36–41]). For instance,
it was argued in Ref. [35] that the lightest quarks in the SM
quark sector have an approximate U (1)5 symmetry that is
broken by the Yukawa couplings, which suggests that flavor
does not have to be conserved in the SM. Given that any FV
is excluded at the ∼ O(TeV) scale led the authors to suggest
Minimal Flavor Violation (MFV), where all FV arises from
the Yukawa interactions only. MFV was thoroughly investi-
gated in Ref. [42], where bounds on the FV Yukawa couplings
of the quarks and leptons were extracted from various exper-
imental measurements. The same argument was extended to
di-Higgs FV interactions in Ref. [43]. In this paper, we seek
to update the experimental bounds of Ref. [42] and set fur-
ther bounds on the FV Higgs Yukawa couplings. Some of
the experimental measurements have improved, making the
bounds more stringent. Lepton FV Higgs couplings can arise
in several well-motivated BSM frameworks, such as the two-
Higgs doublet model (2HDM) [44], R-parity violating mini-
mal supersymmetric SM (MSSM) [45], leptoquark-mediated
interactions in Grand Unified Theories (GUTs) [46], certain
Z ′ models [47], models with vector-like leptons [48], and
models with warped extra dimensions [49]. These frame-
works can generate such couplings at tree or loop level, mak-
ing the derived bounds valuable probes of NP in a broad class
of BSM models.

Following a bottom-up approach, it is quite easy to intro-
duce MFV in the Higgs sector after Electroweak Symmetry
Breaking (EWSB) by writing the effective Lagrangian of the
Yukawa interaction as follows

LY = −mi f̄
i
L f iR − Yi j f̄

i
L f j

Rh + h.c. + · · · , (1)
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where Yi j are now promoted to be non-diagonal complex
matrices. It is easy to see that the SM would correspond to
the case where the matrices are diagonal Yi j = (mi/v)δi j .
Such deviations could stem from higher-dimensional opera-
tors arising from integrating out heavy degrees of freedom.
Consider for instance the six-dimensional operator

L6 = λ
i j
L

�2 ( f̄ iLγ μ f j
L )(H†i

←→
D μH)

+λ
i j
R

�2 ( f̄ iRγ μ f j
R)(H†i

←→
D μH)

−
[

λi j

�2 ( f̄ iL f j
R)H(H†H) + h.c.

]
, (2)

where � is the scale of NP, (H†i
←→
D μH) ≡ H†i DμH −

(i DμH†)H , and the Wilson coefficients λi j , λ
i j
L ,R could be

non-diagonal complex matrices. After EWSB and after diag-
onalizing the mass matrices, these operators will lead to non-
diagonal contributions to the Yukawa matrices

Yi j = mi

v
δi j + v2

√
2�2

λ̂i j , (3)

where λ̂i j = ULλi jU
†
R , with U being the unitary matrix that

diagonalizes the mass matrix. Notice here that the higher-
order operators will also contribute to the diagonal elements
that correspond to the SM Yukawa couplings. Thus, to remain
within experimental limits, such diagonal contributions need
to be suppressed compared to the non-diagonal ones. This
involves a certain level of fine-tuning of any UV comple-
tion which is unavoidable barring any hidden symmetry that
forces such a suppression. Also note that Yi j need not be
symmetric, and in fact, they were treated as non-symmetric
in Ref. [42].

In this paper, we limit ourselves to the lepton sector. We
delay treating the quark sector to future work. We review the
experimental bounds on the FV Yukawa couplings arising
from the LHC direct searches, FV lepton decays τ → μγ ,
τ → eγ and μ → eγ ; lepton number-violating decays
τ → 3μ, τ → 3e and μ → 3e; the anomalous magnetic
dipole moments of the muon and electron (g − 2)μ,e; the
electric dipole moments of the muon and electron EDMμ,e;
muonium–antimuonium oscillation and from muon conver-
sion in nuclei. Some of the bounds, in particular those from
LHC represent improvement over those found in Ref. [42].
We also convert these bounds on the Yukawa couplings to
lower limits on the scale of NP by utilizing the SMEFT. We
find that the scale of NP ranges between ∼ O(10)−O(100)

TeV, depending on the coupling. We perform a χ2 analysis to
determine the size of each FV Yukawa coupling. In order to
do that, we assume these couplings to be complex. We also
present the allowed regions for different confidence intervals.

This paper is organized as follows. In Sect. 2, we discuss
the bounds from direct and indirect searches. In Sect. 3, we
describe the χ2 fit and fit results. In Sect. 4, we evaluate the
scale of NP using matching to the SMEFT. In Sect. 5, we
present our conclusions.

2 Bounds on the FV Higgs Yukawa couplings to leptons

In this section, we update the experimental bounds on the
FV Yukawa couplings of charged leptons, derived from the
latest relevant experimental searches. In our approach, we
mostly follow a similar argument as in Ref. [42], however, in
addition to the updated bounds, there are several novelties in
our work, including matching to the SMEFT. Explicitly, the
Lagrangian describing FV Higgs decays in the lepton sector
can be written as

LLFV ⊃ −YeμēLμRh − Yμeμ̄LeRh − Yeτ ēLτRh

−Yτe τ̄LeRh − Yμτ μ̄LτRh − Yτμτ̄LμRh + h.c.,

(4)

where in the most general caseYi j 	= Y ji . We set the diagonal
Yukawa couplings equal to the SM values and extract bounds
on the FV off-diagonal elements. All bounds are discussed
below in details and summarized in Table 1.

2.1 Bounds from direct searches

The simplest and most straightforward bounds are obtained
from direct searches of FV leptonic Higgs decays from the
LHC. These decays proceed at tree-level with the decay width
given by

�(h → 	̄i	 j ) ∼ mh

8π
(|Yi j |2 + |Y ji |2), (5)

where 	i, j = {τ, μ, e}. The current bound on h → τμ from
CMS is given by 1.5×10−3 at 95% CL [50], which translates
to

√|Yτμ|2 + |Yμτ |2 < 1.06×10−3, whereas bound on h →
τe is given by 2 × 10−3 at 95% CL [51], which translates to√|Yτe|2 + |Yeτ |2 < 1.22×10−3. Finally, the bound on h →
μe also from CMS is given by 4.4 × 10−5 at 95% CL [52],
which gives

√|Yμe|2 + |Yeμ|2 < 1.81×10−4. Better bounds
are expected from the high luminosity run of the LHC (HL-
LHC) [53]. Specifically, the projected bounds on Br(h →
τμ(e)) < 3 × 10−4 translate to

√|Yτμ(e)|2 + |Yμτ(e)|2 <

4.72×10−4, whereas the projected bound on Br(h → μe) <

3 × 10−5 translates to
√|Yμe|2 + |Yμe|2 < 1.49 × 10−4. In

our calculation, we have set decay width of Higgs �h = 3.7
MeV.
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Table 1 Current limits on the FV Yukawa couplings from the relevant
observables. For comparison, we also list the earlier bounds reported
in Ref. [42]. The corresponding lower limits on the NP scale inferred

from the current bounds are indicated for each case. Future projected
bounds are also listed

Sources Couplings Bounds from Ref. [42] Bounds from this work � (TeV) Future Projections

τ → μγ
√|Yτμ|2 + |Yμτ |2 1.6 × 10−2 1.6 × 10−2 2.4 2.4 × 10−3

τ → 3μ
√|Yτμ|2 + |Yμτ |2 0.25 0.25 0.6 0.038

(g − 2)μ Re(YμτYτμ) (2.7 ± 0.75) × 10−3 (2.33 ± 0.45) × 10−3 1.1 − 1.2 −
EDMμ Im(YμτYτμ) [−0.8, 1.0] [−0.8, 1.0] 0.3 −
h → μτ

√|Yτμ|2 + |Yμτ |2 − 1.06 × 10−3 9.3 4.72 × 10−4

τ → eγ
√|Yτe|2 + |Yeτ |2 1.40 × 10−2 1.38 × 10−2 2.6 2.4 × 10−3

τ → 3e
√|Yτe|2 + |Yeτ |2 0.12 0.12 0.9 0.017

(g − 2)e Re(YeτYτe) [−2.1, 2.9] × 10−3 (6.61 ± 3.18) × 10−5 2.5 − 3.3 −
EDMe Im(YeτYτe) 1.1 × 10−8 [−0.80, 3.42] × 10−11 105 −
h → eτ

√|Yτe|2 + |Yeτ |2 − 1.22 × 10−3 8.6 4.72 × 10−4

μ → eγ
√|Yμe|2 + |Yeμ|2 3.6 × 10−6 2.5 × 10−5 60 6.22 × 10−6

μ → 3e
√|Yμe|2 + |Yeμ|2 3.1 × 10−5 3.1 × 10−5 54 3.1 × 10−7

EDMe Im(YeμYμe) 9.8 × 10−8 [−0.75, 3.18] × 10−10 60 −
(g − 2)e Re(YeμYμe) [−0.019, 0.026] (6.16 ± 2.96) × 10−4 1.5 − 1.9 −
M − M oscillation |Yμe + Y ∗

eμ| 0.079 0.079 0.7 −
μ → e conversion

√|Yμe|2 + |Yeμ|2 1.2 × 10−5 1.2 × 10−5 87 1.71 × 10−9

h → μe
√|Yμe|2 + |Yeμ|2 − 1.81 × 10−4 22 1.49 × 10−4

μ → eγ (|YτμYeμ|2 + |YμτYτe|) 1
4 3.4 × 10−4 2.18 × 10−4 20 1.22 × 10−4

2.2 Constraints from τ → μγ , τ → eγ and μ → eγ

The decay τ → μγ proceeds at loop-level. It was shown in
Ref. [42] that the 2-loop contribution is as important as the
1-loop contribution. The 1-loop and 2-loop contributions can
be found in Figs. 1 and 12 in Ref. [42], and the decay width
can be expressed as

�(τ → μγ ) = αm5
τ

64π5
(|cL |2 + |cR |2), (6)

where cL and cR are the Wilson coefficients, which at one
loop are given by

c1loop
L � 1

12m2
h

YττY
∗
τμ

(
− 4 + 3 log

m2
h

m2
τ

)
,

c1loop
R � 1

12m2
h

YμτYττ

(
− 4 + 3 log

m2
h

m2
τ

)
, (7)

and at two loops

c2loop
L � 0.055Y ∗

τμ

(125GeV)2 , c2loop
R � 0.055Yμτ

(125GeV)2 . (8)

The decay widths for μ → eγ and τ → eγ are obtained
with replacing τ → μ and μ → e in the equations for the
first, and by μ → e for the second. The latest bound on the

first decay reads Br(τ → μγ ) < 4.2 × 10−8 [54], which
translates to

√|Yτμ|2 + |Yμτ |2 < 1.6 × 10−2. The bound
on second decay reads Br(τ → eγ ) < 3.3 × 10−8 [55],
which translates to

√|Yτe|2 + |Yeτ |2 < 1.38×10−2. Finally,
the bound on the last decay is given by Br(μ → eγ ) <

4.2 × 10−13 [56], which translates to
√|Yμe|2 + |Yeμ|2 <

2.5 × 10−5. It should also be noted that the decay μ → eγ
can be used to set bound on the combination YμτYτe by using
the 1-loop Wilson coefficients

c1loop
L � 1

8m2
h

mτ

mμ

Y ∗
μτY

∗
τe

(
− 4 + 3 log

m2
h

m2
τ

)
,

c1loop
R � 1

8m2
h

mτ

mμ

YτμYeτ
(

− 4 + 3 log
m2

h

m2
τ

)
. (9)

The experimental measurement yields the bound (|YτμYeτ |2+
YμτYτe|2)1/4 < 2.18 × 10−4. All these bounds are given at
90% CL. Future projections could give more stringent bounds
on the Yukawa couplings. With 50 ab−1 of data to be accu-
mulated at SuperKEKB, the future sensitivity could reach
Br(τ → {μ, e}γ ) < 1.0 × 10−9 [57]. This sets the pro-
jected bounds to be

√|Yτμ(e)|2 + |Yμτ(e)|2 < 2.4 × 10−3.
The future sensitivity of Br(μ → eγ ) is 4.0 × 10−14 from
the MEG-II experiment [58]. This leads to the projected
bounds

√|Yeμ|2 + |Yμe|2 < 6.22 × 10−6 and (|YτμYeτ |2 +
YμτYτe|2)1/4 < 1.22 × 10−4.
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2.3 Constraints from τ → 3μ, τ → 3e, μ → 3e

Lepton number violating decays could proceed either at tree
level through a Higgs mediator, or at loop level via the loop
diagrams from the above decay after integrating out the loops,
with the photon decaying to two identical leptons. The decay
width of τ → 3μ is given by

�(τ → 3μ) � αm5
τ

6(2π)5

∣∣∣ log
m2

μ

m2
τ

− 11

4

∣∣∣(|cL |2 +|cR |2), (10)

where the Wilson coefficients are given by Eqs. (7) and (8)
above. The decays τ → 3e and μ → 3e can be obtained
with the same replacements described above. The latest
experimental measurements are given by Br(τ → 3μ) <

2.1 × 10−8 [59], Br(τ → 3e) < 2.7 × 10−8 [59] and
Br(μ → 3e) < 1 × 10−12 [51] at 90% CL, which trans-
late to

√|Yτμ|2 + |Yμτ |2 < 0.25,
√|Yτe|2 + |Yeτ |2 < 0.12

and
√|Yμe|2 + |Yeμ|2 < 3.1×10−5 respectively. The future

projections on Br(τ → 3μ) and Br(τ → 3e) are given
by 5 × 10−10 from the Belle-II experiment [57,60]. This
leads to the projected bounds

√|Yτμ|2 + |Yμτ |2 < 0.038
and

√|Yτe|2 + |Yeτ |2 < 0.017, respectively. On the other
hand, the future limit on Br(μ → 3e) < 10−16 taken also
from the Belle II experiment [61,62] leads to the projected
bound

√|Yμe|2 + |Yeμ|2 < 3.1 × 10−7.

2.4 Constraints from muonium–antimuonium oscillation

Muonium (a bound state of μ+e−) can oscillate to an
antimuonium (a bound state of μ−e+), with the time-
integrated conversion probability given by [42]

P(M → M) =
∫ ∞

0
dt�μ sin2(�Mt)e−�μt

= 2

�2
μ/(�M)2 + 4

, (11)

where �μ is the muon decay width, and �M is the mass
splitting between the two states [63]

�M = |Yμe + Y ∗
eμ|2

2πa3m2
h

, (12)

where a = (me + mμ)/(memμα) is the muonium Bohr
radius. The time-integrated conversion probability is con-
strained by the MACS experiment at PSI [64] to be P(M →
M) < 8.3 × 10−11/SB , where SB accounts for the splitting
of the muonium states in the magnetic field of the detec-
tor. Taking SB = 0.35 as in Ref. [42], we obtain the bound
|Yμe + Y ∗

eμ| < 0.079 at 90% CL, which is the same as in
Ref. [42].

2.5 The magnetic dipole moments

FV Higgs couplings to τμ contribute to the magnetic dipole
moment of the muon at 1-loop. This contribution is given by
[32,42]1

aμ ≡ (g − 2)μ

2
� Re(YμτYτμ)

8π2

mμmτ

2m2
h

(
2 log

m2
h

m2
τ

− 3
)
.

(13)

The discrepancy between the SM predictions and experimen-
tal measurements stands at [65,66]2

�aμ ≡ aExp
μ − aSM

μ = (249 ± 48) × 10−11, (14)

which requires Re(YμτYτμ) = (2.33±0.45)×10−3 to solve
it. It should also be noted that FV Higgs couplings could also
contribute to the magnetic dipole moment of the electron. The
magnetic dipole moment for the electron can be obtained
by replacing μ → e in Eq. (13) to obtain bound on the
combination YτeYeτ , and by replacing τ → μ in the same
equation to obtain bound on the combination YμeYeμ. The
latest measurement of the electron magnetic dipole moment
reveals the following discrepancy with the SM prediction
[67]

�ae ≡ aExp
e − aSM

e = (3.41 ± 1.64) × 10−13, (15)

which requires either Re(YeτYτe) = (6.61 ± 3.18) × 10−5

or Re(YμeYeμ) = (6.16±2.96)×10−4 to solve it. However,
as can be seen from Fig. 1, these regions are excluded by
the other bounds. Thus, the FV Higgs interactions cannot
account for either (g − 2)μ or (g − 2)e, at least not on their
own.

2.6 Constraints from electric dipole moments

If the FV Higgs couplings to leptons are allowed to be
complex, then they would contribute to the Electric Dipole
Moments (EDM) of the muon and electron. The contribution
of the FV Yukawa couplings to the EDM of the muon is given
by [42]

1 Notice that the Higgs coupling to μe also contributes to (g − 2)μ,
however, this contribution is suppressed by the small mass of the elec-
tron.
2 We should point out that the recent high-precision lattice gauge QCD
simulations [69–71] appear to be closer to the experimental results,
thereby lowering the significance of the gap, however, for the purposes
of this paper, we assume that the discrepancy is real and is given by
Eq. (14).
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dμ � − Im(YτμYμτ )

16π2

emτ

2m2
h

(
2 log

m2
h

m2
τ

− 3
)
, (16)

and the EDM for the electron can be obtained by replacing
YτμYμτ → YτeYeτ with τ running in the loop, and by replac-
ing YτμYμτ → YeμYμe and mτ → mμ with μ running in
the loop. The experimental bound on the muon EDM indi-
cates that dμ = (−0.1 ± 0.9) × 10−19 at 95% CL [68],
which translates into the bound −0.8 < Im(YμτYτμ) < 1.0.
On the other hand, the experimental limit on the EDM for
the electron is given by de = (−1.3 ± 2.1) × 10−30 at 90%
CL [72], which translates to −0.8×10−11 < Im(YμτYτμ) <

3.42×10−11 for τ running in the loop, and −0.75×10−10 <

Im(YμτYτμ) < 3.18 × 10−10 for μ running in the loop.

2.7 Constraints from μ → e conversion in nuclei

It is possible to set stringent bounds on the FV Higgs cou-
plings to μ and e from experiments searching for μ → e con-
version in nuclei. The full treatment is provided in Ref. [42].
Here, we provide the final results. The decay width of the
muon conversion can be expressed as

�(μ → e) =
∣∣∣ − e

16π2 cRD + g̃(p)
LS S

(p) + g̃(n)
LS S

(n) + g̃(p)
LV V

(p)
∣∣∣2

+
∣∣∣ − e

16π2 cL D + g̃(p)
RS S

(p) + g̃(n)
RS S

(n) + g̃(p)
RV V

(p)
∣∣∣2

,

(17)

where cL ,R are the same Wilson coefficients given in Eqs. (7)

and (8) and full expressions of the couplings g̃(n,p)
L ,R;S , and

g̃(n,p)
L ,R;V can be found in Ref. [42]. The coefficients D, S(p),

S(n) and V (p) are the overlap integrals of the muon, electron
and nucleon wave functions and are tabulated for various
materials in Ref. [73].

Bounds are placed on the conversion rate relative to the
muon capture rate in the nucleus. According to the SIN-
DRUM II Collaboration, gold yields the strongest bound [74]

�(μ → e)Au

�Capture, Au
< 7 × 10−13, (18)

which given �Capture, Au = 13.07 × 106 s−1 yields√|Yμe|2 + |Yeμ|2 < 1.2 × 10−5 at 90% CL. On the other
hand, the Mu2e experiment is planning on improving this
limit by using Aluminum as a target to become �(μ→e)Al

�Capture, Al
<

1×10−16 [75]. Given that �Capture, Al = 0.7054 s−1, this sets
the bound to be

√|Yμe|2 + |Yeμ|2 < 1.71 × 10−9. Finally,
we summarize all of these bounds and future projections in
Fig. 1.

3 χ2 analysis

For the sake of this analysis, we assume that the Yukawa
matrix is symmetric, i.e., Yτμ = Yμτ , Yeμ = Yμe and Yτe =
Yeτ , and we assume these couplings to be complex Yi j =
|Yi j |eδi j . We perform a χ2 analysis on the direct and indirect
measurements listed in Table 1 to evaluate the values of FV
Yukawa couplings. The χ2 function is defined as

χ2(Yi j ) =
∑

all obs.

(
O th(Yi j ) − Oexp(Yi j )

)2

σ 2
exp

, (19)

where O th is theoretical prediction, Oexp is the correspond-
ing experimental central value, and σexp is the experimental
error for each observable. In order to include an upper limit
in the fit, we convert it to a central value plus an error so that
we can reproduce the upper limit value at a levels of 1.645σ

(or 90% CL) and 2σ (or 95% CL). For a given Yukawa cou-
pling, the most likely value is obtained by minimizing χ2.
For this minimization, we use the MINUIT library [76,77].
The best fit values of the FV Yukawa couplings are listed in
Table 2. We find that the absolute values of Yμτ and Yeτ to
be of ∼ O(10−3) whereas Yeμ is found to be three orders of
magnitude smaller. The phases of these couplings are consis-
tent with zero within the error bars due to the lack of enough
constraints on the imaginary part of the couplings. We also
find the allowed 68%, 90% and 99% CL regions for Yμτ and
Yμe.3 These regions are shown in Fig. 2.

4 Matching to the SMEFT

Having placed upper bounds on the FV Yukawa couplings,
it would be interesting to translate these bounds into limits
on the scale of NP using the SMEFT. In our calculation,
we utilize the so called Warsaw basis [78] to formulate the
higher-dimensional operators. In that basis, there is only one
class of operators that contribute to the FV Higgs couplings
to leptons, which is the H3ψ2, i.e.,

Odim-6 = −Ci j

�2 (H†H)(	i He j ) + h.c. (20)

This is to be matched to the FV Lagrangian

L = −Yi j	i Le j Rh + h.c., (21)

3 For Yτe, we fail to get the regions because of flat nature of the χ2

function and a small number of measurements. We hope to get it if we
have more constraints on it.
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Fig. 1 Summary of the experimental limits on the FV couplings of
the Higgs to charged leptons. The plots show the excluded region and
future projections for the |Yτμ| − |Yμτ |, |Yτe| − |Yeτ | and |Yμe| − |Yeμ|
parameter space. In addition, we show the region required to explain

the (g − 2)μ,e anomalies, where we see that this possibility is already
excluded by other bounds. Also notice that the current bounds on μe
already stronger than all future projections

Table 2 Best fit values of the (complex) FV Yukawa couplings Yi j = |Yi j |eδi j . The phases are in radian. Here �χ2 = χ2
SM − χ2

bf

Yi j |Yi j |, δi j �χ2

Yμτ (0.40 ± 0.19) × 10−3, (0.8 ± 2.0) 4.2

Yeμ (1.10 ± 0.50) × 10−6, (0.0 ± 2.0), 4.4

Yeτ (0.46 ± 0.22) × 10−3, (0.0 ± 1.7) 4.8

where 	i, j = {τ, μ, e}. Plugging the Higgs doublet (in the
unitary gauge) leads to the matching condition

Yi j = 3v2Ci j

2
√

2�2
. (22)

Now, it is a simple exercise to recast the bounds on the
FV Yukawa couplings to bounds on the scale of NP �. This
depends on the form of the Yukawa couplings that define the
bound. For bounds that have the form |Yi j |2 + |Y ji |2 < N 2

and setting Ci j = C ji = 1, one can show that the scale of

new physics can be expressed as � ≥
√

3v√
2N

. On the other

hand, for bounds of the form Re(Yi jY ji ) or Im(Yi jY ji ) < N ,
setting Re(Im)Ci j = Re(Im)C ji = 1, one finds that the

scale of NP is given by � ≥
√

3v√
2
√

2N
. Finally, for bounds

of the form |Yi j + Y ∗
j i | < N (M-M oscillation), one can

show that the scale of NP is given by � ≥
√

3v
(2N )1/4 . Using

the calculated bounds on the Yukawa couplings, the scale of
NP corresponding to each is easily calculated. These scales
are summarized in Table 1 and we see from the table that
the scale of NP ranges from O(1) −O(102) TeV depending
on the experimental bound. More specifically, and focusing
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Fig. 2 The 68%, 90% and 99% CL ellipses of Yμτ and Yμe are shown in the complex plane for each coupling

only on the magnitudes of the couplings, the most stringent
bounds on the couplings to τμ and τe come from direct
LHC searches and lead to a scale of NP of � 9 TeV, whereas
the most stringent bound on the coupling to μe stems from
μ → e conversion and yields to a scale of NP � 87 TeV. This
clearly indicates that any FV in the Higgs sector (assuming it
exists) is beyond the reach of any current colliders, although
it could be within the reach of some future colliders, such
as the FCC and the muon collider. Low energy experiments
also constitute suitable venues for searching for FV.

5 Conclusions

In this work, we have investigated the present bounds on
the FV Higgs couplings to the charged leptons. We have
investigated the current bounds from high energy direct
searches and from low energy searches, including FV lepton
decays, lepton number-violating decays, the magnetic and
electric dipole moments of the muon and electron, muonium–
antimuonium oscillation, and muon conversion in nuclei. We
also utilized the SMEFT to translate these bounds into a lower
limit on the scale of NP.

We found that for the Higgs coupling to τμ and τe, the
most stringent bound arises from direct LHC searches at
O(10−3), which translates to a scale of NP ∼ 9 TeV, whereas
for the coupling to μe we found that the most stringent
bounds arise from muon conversion at O(10−5), which leads
to a scale of NP of ∼ 87 TeV. A key difference from the ear-
lier study [42] is that the direct LHC searches for h → eτ
and h → μτ now place more stringent bounds on the corre-
sponding Higgs couplings (τe and τμ) than those obtained
from indirect constraints. In contrast, the Higgs coupling to
μe continues to be most strongly constrained by indirect

searches, with the direct limits from h → μe remaining
comparatively weaker, consistent with earlier findings.

We also extracted projections on the FV couplings from
various future experiments. We performed a χ2 analysis to set
predictions of the (complex) FV couplings. We found that the
χ2 analysis suggests sizes of the FV couplings of ∼ O(10−3)

for Yμτ or Yeτ and O(10−6) for Yeμ, with phases consistent
with 0. Our key result is that any FV in the Higgs sector (if
it exists at all) must be extremely suppressed.
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