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Leptophilic portals to new physics at colliders
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Abstract

Observed neutrino oscillations imply that the global lepton flavor symmetry of the Stan-
dard Model must be broken. Therefore, searches for lepton flavor violation (LFV) are
promising probes of new physics beyond the Standard Model. High-energy colliders pro-
vide a powerful tool to study LFV effects, which are complementary to the low-energy
charged LFV searches. Here we discuss the possibility of LFV signals at colliders arising
from exotic Higgs decays, and from leptophilic scalar and vector portal scenarios [1].
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1 Introduction

While the Large Hadron Collider (LHC) has consolidated the robustness of the Standard Model
(SM), its ultimate purpose of finding beyond-the-SM (BSM) phenomena remains unfulfilled.
Instead, stringent bounds, up to several TeV, have been placed on the scale of new physics.
This, however, does not necessarily preclude sub-TeV scale BSM particles, e.g. if they turn
out to be leptophilic, viz. electrically neutral and only coupling to the SM leptons (and not
quarks) at leading order. Here we discuss two such examples of leptophilic scalar and vector
resonances at the LHC and future lepton colliders.

Another interesting aspect of BSM physics is lepton flavor violation (LFV), which is forbid-
den in the SM by an accidental global symmetry U(1)B × U(1)Le

× U(1)Lµ × U(1)Lτ . In fact,
the observation of neutrino oscillations necessarily implies LFV at some level. However, the
LFV induced just by the light neutrino mass turns out to be negligible [2]. Therefore, any ob-
servation of LFV would be a ‘smoking gun’ signal of new physics involving BSM particles [3].
The low-energy charged LFV searches (µ→ eγ, τ→ 3ℓ, etc) have come a long way in putting
some of the most stringent constraints to date. Collider experiments like the LHC provide a
powerful complementary probe of LFV at high energies, e.g. via exotic decays of heavy SM
particles [4], as illustrated below with the SM and BSM Higgs bosons.
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Figure 1: Projected HL-LHC upper limits on the off-diagonal Yukawa couplings |Yµτ|
and |Yτµ| from h/H → µ±τ∓ searches, with h being the SM Higgs boson (left) and H
being a heavy Higgs boson in type-I 2HDM (right) [5].

2 LFV Higgs decays

Within the SM, the Higgs boson couplings to fermions are flavor diagonal. However, in pres-
ence of BSM physics, the Yukawa coupling in the mass basis can in general be written as

Yi j =
mi

v
δi j +

v2

p
2Λ2
λi j , (1)

where v is the electroweak vacuum expectation value (VEV), Λ is the scale of new physics and
λi j are the (non-diagonal) coefficients associated with the dimension-6 effective operators
that modify the Yukawa interactions [6]. This induces LFV Higgs decays h→ eµ, eτ,µτ which
have been searched for at the LHC [7–11], leading to stringent bounds on the off-diagonal |Yi j|,
which already surpass those coming from low-energy LFV observables, as shown in Fig. 1 for
the µτ case [5]. The HL-LHC will further improve these bounds by a factor of few.

3 Leptophilic neutral scalars

Although no evidence for LFV decays of the 125 GeV Higgs boson was found at the LHC, CMS
has reported an intriguing 3.8σ local (2.8σ global) excess in the resonant eµ search around
146 GeV, with a preferred cross section of σ(pp → H → eµ) = 3.89+1.25

−1.13 fb [11]. Although
a similar excess was not found in the ATLAS search [7], which disfavors the CMS excess at
1σ [12], it should be noted that unlike the CMS analysis, ATLAS did not perform a dedicated,
boosted decision tree (BDT)-optimized resonance search, and did not interpret the results for
masses different than 125 GeV. The nature of the CMS excess is therefore unclear and will have
to be clarified with more data collected in the next run.

Taking the CMS eµ excess at face value, we provide the simplest possible interpretation
in terms of a leptophilic neutral scalar within a two-Higgs-doublet model (2HDM) [13]. The
relevant Yukawa interactions of the second Higgs doublet are given by

LY ⊃ Yαβ L̄αH2ℓβ ,R +H.c. , where H2 =

�

H+
1p
2
(H + iA)

�

. (2)

The resonant eµ production at the LHC (pp → H/A → eµ) is then attributed to the lepton

007.2

https://scipost.org
https://scipost.org/SciPostPhysProc.17.007


SciPost Phys. Proc. 17, 007 (2025)

(g-2)μ
WP (1σ)

(g-2)μ
BMW (1σ)

CMS-excess (1σ)

CMS-excess (2σ)

σ(pp  eμ)

ATLAS Excluded

MACS Excluded

0.5 1.0 1.5 2.0

0.01

0.10

1

10

100

|Yeμ|

σ
(p
p

H
/A


eμ

)
[f
b
]

mH≃mA=146 GeV

LE
P
E
xc
lu
de
d

N
ot
ap
pl
ic
ab
le
fo
r
m
H
≃
m
A

σ (μ+e-  μ-e+)
σ (μ+e-  H γ)
σ (μ+e-  H Z)
σ (μ+μ+  e+e+)

10 50 100 500 1000 5000

0.001

0.010

0.100

1

mH [GeV]

|Y
eμ
|

Zee model

Mu
on
ium

ex
clu
de
d

Mu
on
ium

se
ns
itiv
ity

τ
- e

- μe
(B4

)

τ
- μ

- μe
(A1

)

τ
- e

- μe
(B3

)

(g-
2)μ
exc
lud
ed

ILC Sensitivity

LE
P

L
H
C

Figure 2: Left: Fitting the CMS eµ excess in a leptophilic 2HDM [13]. Right: Future
lepton collider sensitivities to the Zee model parameter space [14].

parton distribution function of the proton [15–17]. This is different from other scalar inter-
pretations of the CMS excess [18–20], which used quark couplings to enhance the production
cross section via gluon fusion. As shown in Fig. 2 (left), our leptophilic scenario can explain
the CMS excess with a Yukawa coupling Yeµ ∼ 0.55–0.81, while being consistent with all ex-
isting constraints. The killer constraint from muonium-antimuonium oscillation [21] can be
evaded by making the CP-even and CP-odd neutral scalars quasi-degenerate in mass. Interest-
ingly, the same Yeµ coupling is also consistent with the muon (g −2) anomaly [22], if we take
the BMW value [23] for the SM prediction. Moreover, by introducing a mass splitting between
the charged and neutral components of the second Higgs doublet in this leptophilic 2HDM,
we can also explain the CDF W -mass anomaly [24].

Irrespective of the future status of these anomalies, the prospects of probing a leptophilic
light Higgs sector at the energy and intensity frontiers is a worthwhile study in its own right.
One of the reasons is that leptophilic scalars arise naturally in radiative neutrino mass mod-
els [25]. Taking the Zee model [26, 27] as a prototypical example, we show in Fig. 2 (right
panel) some future lepton collider sensitivities [14], along with the existing constraints from
LEP and LHC, as well as from low-energy LFV searches. Note that the tau LFV constraints
depend on the Yukawa texture and can be rendered much weaker than the collider limits.

4 Leptophilic vector bosons

There are good symmetry reasons that can motivate leptophilic neutral gauge bosons (Z ′).
First of all, the presence of additional Abelian symmetries like U(1) often arise as low-energy
remnants of Grand Unified Theories, string compactifications, or extra dimensional models at a
high scale [28], which always come with the corresponding Z ′ bosons after the U(1)-symmetry
breaking. As for its leptophilic nature, a simple anomaly-free local U(1) gauge extension of
the SM that realizes it is U(1)Lα−Lβ (where α,β = e,µ,τ with α ̸= β) [29–31]. The relevant
terms in the effective Lagrangian are given by

−LLα−Lβ ⊃ g ′Z ′µ(L̄αγ
µLα − L̄βγ

µLβ + ℓ̄Rαγ
µℓRα − ℓ̄Rβγµeℓβ) +

1
2

M2
Z ′Z
′
µZ ′µ , (3)

where the Z ′ mass is given by MZ ′ = 2g ′vΦ, with vΦ being the VEV of the extra scalar field Φ
which is singlet under the SM gauge group but has a charge 2 under U(1)Lα−Lβ .
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Figure 3: The 95% CL sensitivity for the U(1)Lα−Lβ models at
p

s = 3 TeV electron
and muon colliders [33].

Since the quark couplings of the Z ′ in this model are induced only at the loop level, the
most stringent dijet constraints on heavy Z ′ coming from Tevatron and LHC [32] are not ap-
plicable, thus opening up a large chunk of parameter space in the Z ′ mass-coupling plane.
Future lepton colliders provide an ideal environment for probing this unexplored leptophilic
Z ′ parameter space at the electroweak scale and above. This is shown in Fig. 3, taking

p
s = 3

TeV future e+e− and muon colliders as examples [33]. The HL-LHC sensitivities in the 3ℓ/4ℓ
channels [34] are also shown for comparison, along with the existing constraints (grey shaded
regions). Note that in the allowed parameter space shown here, the leptophilic Z ′ can also
serve as a portal to the dark sector, with very interesting phenomenology of its own [35].

Another interesting and complementary aspect of the leptophilic U(1) models pertains to
the cosmological phase transition of the U(1)-symmetry-breaking scalar field Φ. If the symme-
try is classically conformal, the tree-level potential is flat due to scale-invariance, and thermal
corrections can easily dominate to make the phase transition strongly first order, leading to
a potentially observable stochastic gravitational wave (GW) signal. In fact, the current GW
data from advanced LIGO/VIRGO [36] already excludes a portion of the U(1)Lα−Lβ model
parameter space at high MZ ′ values not accessible to colliders, whereas the next-generation
GW experiments in the mHz-kHz regime, such as µARES, LISA, DECIGO, BBO, ET, and CE will
further extend the sensitivity reach to complement the collider reach presented in Fig. 3 [33].

5 Conclusion

Any observation of LFV signal involving charged leptons would be a ‘smoking gun’ for BSM
physics. While the low-energy charged LFV searches must continue, the high-energy LFV sig-
nals at colliders provide a powerful complementary probe of a wide variety of BSM scenarios.
Here we discussed a few such examples of LFV in exotic Higgs decays and from leptophilic
scalar or vector bosons. In each case, we showed that LFV searches at future colliders, from
HL-LHC to a future electron/muon collider, can provide new insights into BSM physics. We
should keep a close eye on the intriguing hint of an LFV signal emerging from the LHC data.
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