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The observation of lepton flavor violation indicates new physics beyond the Standard Model.
Lepton colliders are ideal facilities to probe charged lepton flavor violation (CLFV) signals induced
by new physics at high energy. We perform a comprehensive study of the sensitivity of future lepton
colliders to charged lepton flavor violation. We consider the most general renormalizable Lagrangian
coupling two leptons to new bosonic particles, involving bothΔL ¼ 0 andΔL ¼ 2 interactions. The CLFV
processes are introduced by the exchange of off-shell new particles at tree level. We find that CEPC, ILC,
FCC-ee, and CLIC each provide a complementary probe of CLFV couplings to low-energy precision
experiments for τ lepton(s) in final states, while low-energy precision experiments are more sensitive in the
absence of τ leptons.
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I. INTRODUCTION

The observation of lepton flavor violation (LFV) clearly
indicates new physics beyond the Standard Model (SM). In
the SM, lepton flavor numbers are conserved because
neutrinos are massless. The observation of neutrino oscil-
lations and thus neutrino masses, however, confirms the
existence of LFV in the neutrino sector. Thus LFV naturally
occurs among charged leptons due to SUð2ÞL symmetry,
that is, the charged lepton flavor violation (CLFV) [1,2]. It
is defined as processes conserving total lepton number L≡
Le þ Lμ þ Lτ (and baryon number B) but violating the
global symmetry group

Uð1ÞLμ−Lτ
× Uð1ÞLμþLτ−2Le

; ð1Þ

without involving neutrinos [3]. Massive neutrinos them-
selves can lead to CLFV processes from right-handed Dirac
neutrinos in the SM or fromMajorana neutrinos induced by
the so-called Weinberg operator. However, the induced
CLFV processes are currently unobservable because they
are suppressed by the unitarity of the leptonic mixing
matrix and the smallness of neutrino masses. Many other
neutrino mass models, such as the inverse seesaw model

(see, e.g., [4]) and radiative neutrino mass models [5],
predict sizable CLFV processes. CLFV can also arise in
many other extensions of the SM such as multi-Higgs
doublet models or the minimal supersymmetric standard
model via gaugino-slepton loops with off-diagonal terms in
the slepton soft mass matrix [6].
The search for CLFVand the corresponding new physics

can be traced back to the 1940s and 1950s when the first
bounds were obtained for μ → eγ [7] and μ-e conversion in
nuclei [8]. CLFV has yet to be observed experimentally.
Thus upper limits have been derived on the scale of CLFV
of the order of 100 (10) TeV for muon (tau) decays [9].
There are also several scenarios of CLFV search at
colliders. The ATLAS and CMS experiments searched
for CLFV from Higgs decays, i.e., H → lτ [10,11], and
derived upper bounds on the off-diagonal Yukawa couplings
of the order of 10−3. The ATLAS experiment currently
provides the most stringent limit for Z → eμ [12] with
BR < 7.5 × 10−7, while experiments at the Large Electron
Positron (LEP) collider set the most stringent limits for Z →
eτ (Z → μτ) with BR < 9.8 × 10−6 [13] (BR < 1.2 × 10−5

[14]). Lepton colliders with their clean environment and
well-understood backgrounds can outperform hadron col-
liders with less integrated luminosity and thus provide an
ideal facility to probe rare CLFV events.
The proposed lepton colliders, in terms of the center-of-

mass (c.m.) energy and the integrated luminosity used in
our analysis, are

(i) Circular Electron Positron Collider (CEPC): 5 ab−1

at 240 GeV [15],
(ii) Future Circular Collider (FCC)-ee: 16 ab−1 at

240 GeV [16],
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(iii) International Linear Collider (ILC): 4 ab−1 at
500 GeV [17],

(iv) Compact Linear Collider (CLIC): 5 ab−1 at
3 TeV [18].

With their large foreseen c.m. energies and luminosities, the
search for CLFV at lepton colliders should yield comple-
mentary results to those of searches for rare lepton decays. In
this work, we illustrate the projected sensitivity of future
lepton colliders to the CLFV signal arisen from new physics
beyond the SM. Note that we will not include the results of
ILCwith2 ab−1 luminosity at 250GeV, as the c.m. energy of
proposed ILC is very close to that of CEPC and FCC-ee and
its integrated luminosity is much smaller as a linear collider.
The above ILC case is stated as ILC500 in the following
context and figures. We will also consider the option of
colliding two electron beams for each of the four proposed
lepton colliders, assuming the same center-of-mass energies
but a reduced integrated luminosity of 500 fb−1.
Previous searches for CLFV at lepton colliders mainly

focused on the rare decays of a tau lepton [19], Z boson
[20,21], and Higgs boson [22–24]. We instead study the
scattering CLFV processes mediated by the new particles
beyond the SM at lepton colliders. The advantage of this
scenario of off-shell channels is that one can directly
compare the projected limit of CLFV couplings with
current low-energy precision constraints. To apply the
results to a broader extent, in the aspect of new physics
contribution, we consider the most generic interactions that
are allowed by Lorentz invariance and gauge invariance.
The paper is outlined as follows. In Sec. II, we describe the

general SM extensions with CLFV couplings. Then, we
discuss the low-energy precision constraints on the CLFV
couplings in Sec. III.We present the sensitivity of future lepton
colliders to theCLFVcouplings inSec. IV,wherewealso show
the comparison to the low-energy constraints. Our conclusions
are drawn in Sec. V. Some technical details for low-energy
precision constraints are collected in the Appendix.

II. GENERAL LAGRANGIAN FOR CHARGED
LEPTON FLAVOR VIOLATION

In this section we construct the most general Lagrangian
which couples two charged leptons to either a scalar or a
vector boson. We consider both lepton number conserving
bilinears l̄Γl0 (ΔL ¼ 0) and lepton number violating
bilinears l̄cΓl0 (ΔL ¼ 2), where Γ denotes different γ-
matrix structures. The most general Lagrangians for
ΔL ¼ 0 and ΔL ¼ 2 bilinears are given by

LΔL¼0 ¼ yij1 H
0
1μl̄iγ

μPLlj þ y0ij1 H00
1μl̄iγ

μPRlj

þ ðyij2 H0
2l̄iPRlj þ H:c:Þ; ð2Þ

LΔL¼2 ¼ ðλij1Δþþ
1 l̄c

i PRlj þ H:c:Þ
þ ðλij2 Δþþ

2μ l̄c
i γ

μPRlj þ H:c:Þ
− ðλij3 Δþþ

3 l̄c
i PLlj þ H:c:Þ: ð3Þ

The subscript of the new bosonic fields, i.e., 1, 2, or 3,
indicates the SUð2ÞL representation, singlet, doublet, or
triplet, respectively. The terms in the Lagrangians are
obtained by expanding the most general SM gauge invari-
ant Lagrangian in terms of explicit leptonic fields [25].
In the ΔL ¼ 0 Lagrangian, Hð0Þ0

1μ are real neutral gauge

bosons, while H0
2 ¼ ðh2 þ ia2Þ=

ffiffiffi
2

p
is a complex neutral

scalar. We thus have to consider both scalar and pseudo-
scalar parts of H0

2. The couplings y
ð0Þ
1 may arise from new

gauge interactions with a LFV Z0, and y2 can naturally
appear in two Higgs doublet models. Note that the inter-
actionwith an SUð2ÞL triplet gauge boson, i.e., L̄γμPLLH3μ,
gives the same charged lepton interaction asH0

1μ and thuswe
do not list it separately.
The ΔL ¼ 2 coupling λ1 may originate from the SUð2ÞL

singlet field in the Zee-Babu model which only couples to
right-handed charged leptons [26,27] and λ3 may come from
the SUð2ÞL triplet field in the type II seesaw model which
only interactswith left-handed charged leptons [28–32]. The
coupling λ2 can arise after the breaking of a unified gauge
model where the lepton doublet L and charge conjugate of
the charged lepton singlet lc reside in the same multiplet.
One example is an SUð3Þc × SUð3ÞL ×Uð1ÞY model [33].
Two examples of ultraviolet (UV)-complete models are a

LFV two Higgs doublet model whose leptonic Yukawa
term is described by

yij2H2αL̄iαPRlj þ H:c:; ð4Þ
and the type II seesaw model

−λij3 Δ3γβϵαγLT
iαCPLLjβ þ H:c:; ð5Þ

with the charge conjugation matrix C ¼ iγ2γ0. Besides the
charged lepton terms in Eqs. (2) and (3), as shown below,
there are additional contributions to low-energy precision
constraints in the above UV-complete models, which we
provide in theAppendix. In the rest of this paper, however,we
will restrict ourselves to the Lagrangians in Eqs. (2) and (3).

III. CONSTRAINTS

We discuss three different classes of constraints on the
CLFV parameters in the models introduced in the previous
section. In the analysis, we restrict ourselves to one new
boson at a time. The first subsection discusses low-energy
precision constraints from tree-level rare decays, radiative
decays, the anomalous electromagnetic moments of lep-
tons, and muonium-antimuonium conversion. The second
one presents existing constraints from the DELPHI experi-
ment at the LEP collider and searches at the Large Hadron
Collider (LHC), while the third subsection briefly describes
any additional constraints which arise from embedding the
particles in complete SM multiplets.

A. Low-energy precision constraints

The new bosons contribute to low-energy precision
observables at either tree level or loop level. In particular,
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there are tree-level contributions to trilepton decays and
muonium-antimuonium conversion, as shown in Figs. 1
and 2, respectively. At the one-loop level, there are radiative
lepton decays from Fig. 3 and new contributions to
electromagnetic dipole moments. Electric dipole moments
areCP violating and thus are not induced by real couplings.
We find that magnetic dipole moments only yield mild
constraints, as long as they are not enhanced by the τ lepton
mass in the loop.
The relevant constraints on the low-energy precision

LFV processes are summarized in Table I and the theo-
retical predictions for the different processes are collected
in the Appendix. The trilepton decay constraints are
obtained by a straightforward tree-level calculation and
are given as a ratio of the three-body decay branching ratio
from new physics contribution and the dominant leptonic
SM branching ratio. We neglect loop-level contributions to
trilepton decays, because they are generally suppressed.

Box diagrams become relevant and similar in size to the
tree-level contribution, if one of the couplings is close to its
perturbative limit ∼4π. Although this leads to an Oð1Þ
correction to the branching ratio, the tree-level calculation
still provides a good estimate and is sufficiently precise for
the following discussion. In some cases, additional trilepton
decay modes are induced via box diagrams. For example,
with nonzero couplings yeμ1 yeτ1 , the τ decay to 3μ is induced
in addition to the tree-level decay τ− → μ−eþe−. Given the
comparable experimental sensitivity of leptonic LFV τ
decays, the loop-induced decays do not provide stronger
constraints. For the radiative LFV decays and the anoma-
lous magnetic moments, we use the general formulas
provided by Lavoura in Ref. [34]. The experimental
measurement of the muon anomalous magnetic moment
differs from the SM prediction by more than 3σ [35] and the
electron magnetic moment shows deviations at 2.5σ [36].
Hence we demand the muon anomalous magnetic moment
to be only within 4σ of the experimental measurement,
while we require the anomalous magnetic moment of the
electron to be within 3σ of the experimental measurement.
The muonium-antimuonium conversion probability in

the absence of magnetic fields is given by PMM̄ ¼ jδj2=2Γ2
μ

[46,47] with the transition matrix element hM̄jHjMi ¼ δ=2
and the muon decay rate Γμ. For effective left-handed
(right-handed) vector interactions such as H ¼
C½μ̄γρPL;Re�½μ̄γρPL;Re�, we find δ ¼ 4C=πa3 [46] irrespec-
tive of whether the muonium and antimuonium are both in
a triplet or singlet state. The Bohr radius of muonium is
a ¼ ðαemmemμ=ðme þmμÞÞ−1. The effective Hamiltonian
H ¼ D½μ̄γρPL;Re�½μ̄γρPR;Le� leads to δ ¼ −2D=πa3 for the
triplet state and δ ¼ 6D=πa3 for the singlet state [48]. There
is no contribution from tensor interactions and the relevant
scalar and pseudoscalar interactions can be recast in terms of
the vector interactions using Fierz rearrangements. Typically
there are magnetic fields in the experimental setup which
suppress the conversion probability because the degeneracy
of the energy levels inM and M̄ is lifted. Thus the conversion
probability in presence of a magnetic field is PMM̄ðBÞ ¼
SBPMM̄, where SB denotes a suppression factor. The sup-
pression factors for a magnetic field of 0.1 T are SB ¼ 0.35
for the same ½LL;RR� chiralities and SB ¼ 0.78 for opposite
½RL� chiralities [43,49].
LFV Z-boson decays do not lead to competitive con-

straints: They are several orders of magnitude weaker,

FIG. 1. Tree-level LFV trilepton decays.

FIG. 2. Muonium-antimuonium conversion.

FIG. 3. Radiative LFV decays and anomalous magnetic moments.
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because they are induced at loop level and the current
experimental limits are of order 10−5 for Z → τl. Although
the sensitivity will be improved by 3–6 orders of magnitude
at the CEPC [50], the future sensitivity of Belle II to trilepton
τ decayswill bemore sensitive for our parameters of interest.
From the experimental constraints in Table I, we obtain

constraints on the different combinations of CLFV cou-
plings for ΔL ¼ 0 and ΔL ¼ 2 interactions which are
reported in Tables II and III, respectively. Future sensitivities
by Belle II [37], the MEG upgrade [51], and Mu3E [41] are
indicated inside square brackets. The detailed formulas for
low-energy precision constraints are collected in the
Appendix. Note that, for the numerical results in this and
the next sections, we assume all the CLFV couplings to be
real and symmetric. For H0

2, we additionally assume equal
masses for the scalar h2 and the pseudoscalar a2,mh2 ¼ ma2 .

B. Current collider constraints

There are already constraints from experiments at the LEP
and LHC colliders. In Ref. [52], the DELPHI Collaboration
interpreted their searches for eþe− → lþl− in terms of
leptonic dimension 6 operators defined by the effective
Lagrangian

Leff ¼
g2

ð1þ δelÞΛ2

X
i;j¼L;R

ηijēiγμeil̄jγ
μlj; ð6Þ

where Λ denotes the scale of the effective operator, g is
the coupling, and ηij parametrizes which operators are
considered at a given time and the relative sign of the

operators in order to distinguish constructive (destructive)
interference with the SM contribution. The analysis sets the
coupling to g2 ¼ 4π to obtain conservative limits on the new
physics scale, which are summarized in Table 30 of
Ref. [52]. We list the translated limits for masses well above
the center-of-mass energy of LEP,

ffiffiffi
s

p
∼ 130–207 GeV, in

Table IV. The analysis of contact interactions in Ref. [52]
does not directly apply to Δþþ

2μ , because the induced
effective interactions do not fall into the class of effective
interactions considered in Ref. [52]. Note that these limits
are only valid when the new particle mass is much greater
than

ffiffiffi
s

p
. To make it valid for any masses, we should replace

themass inTable IVby ðs cos θ=2þm2Þ−1=2 after averaging
over the scattering angle hcos θi ≃ 1=2. Nevertheless, the
LEP limits are less restrictive than the low-energy precision
constraints.
The ATLAS and CMS experiments searched for electro-

weak pair production of doubly charged scalars with
subsequent decay to e�e�, μ�μ�, e�μ� pairs. Currently
the most stringent limits by the ATLAS [53] are mΔþþ

1ð3Þ
≥

320ð450Þ GeV assuming BRðΔþþ
1;3 → lþlþÞ ≥ 10%. The

limits from searches for τ lepton final state are less stringent
by about 200 GeV, compared to the above constraints [54].

C. Other constraints

Although we focus on the models defined in Eqs. (2)
and (3) we briefly comment on constraints from embedding
the new bosons in complete SM multiplets.
There is an additional left-handed vector interaction of

H1 with neutrinos. This introduces new contributions to

TABLE I. Relevant constraints from low-energy precision experiments testing LFV. The top table lists constraints from decay, the
center one muonium-antimuonium conversion, and the bottom one shows the current experimental values for the anomalous magnetic
moments of the different leptons. The projected sensitivity of the Belle II experiment to LFV τ decays has been read off from Fig. 177 of
Ref. [37].

Process Experimental constraint Future sensitivity Lepton flavor symmetry

μþ → eþγ BR ≤ 4.3 × 10−13 [38] 6 × 10−14 [39] jΔðLe − LμÞj ¼ 2

τ− → μ−γ BR ≤ 4.4 × 10−8 [19] 10−9 [37] jΔðLτ − LμÞj ¼ 2

τ− → e−γ BR ≤ 3.3 × 10−8 [19] 3 × 10−9 [37] jΔðLτ − LeÞj ¼ 2

μþ → eþe−eþ BR ≤ 1.0 × 10−12 [40] 10−16 [41] jΔðLe − LμÞj ¼ 2

τ− → e−eþe− BR ≤ 2.7 × 10−8 [42] 4 × 10−10 [37] jΔðLτ − LeÞj ¼ 2

τ− → μ−μþμ− BR ≤ 2.1 × 10−8 [42] 4 × 10−10 [37] jΔðLτ − LμÞj ¼ 2

τ− → eþμ−μ− BR ≤ 1.7 × 10−8 [42] 3 × 10−10 [37] jΔðLτ þ Le − 2LμÞj ¼ 6

τ− → μþe−e− BR ≤ 1.5 × 10−8 [42] 3 × 10−10 [37] jΔðLτ þ Lμ − 2LeÞj ¼ 6

τ− → μ−eþe− BR ≤ 1.8 × 10−8 [42] 3 × 10−10 [37] jΔðLτ − LμÞj ¼ 2

τ− → e−μþμ− BR ≤ 2.7 × 10−8 [42] 4 × 10−10 [37] jΔðLτ − LeÞj ¼ 2

Process Experimental constraint Lepton flavor symmetry

μþe− → μ−eþ PMM̄ð0.1TÞ ≤ 8.3 × 10−11 [43] jΔðLμ − LeÞj ¼ 4

Measurement Lepton flavor symmetry

ae ¼ ð1159652180.91� 0.26Þ × 10−12 [44] jΔLej ¼ 0

aμ ¼ ð11659208.9� 5.4� 3.3Þ × 10−10 [45] jΔLμj ¼ 0
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leptonic lepton decays l → l0νν̄0, in particular to leptonic
muon decay which is used to extract the Fermi constant.
Given the stringent constraints from CLFV in Table II the
modifications to l → l0νν̄0 are small compared to the SM
contribution and thus we neglect them in the processes
which we are considering. Similarly neutrino trident
production [55], the production of a μþμ− pair from the
neutrino scattering off the Coulomb field of a nucleus,
provides a constraint. An order of magnitude estimate of
the constraint on the H1 gauge coupling, y1 ≲ 0.01 for
mH1

≃ 10 GeV, shows that the constraints from low-energy
precision experiments outperform the one from neutrino
trident production for the parameter region of interest. The
same conclusion holds for the other particles which induce
processes with neutrinos.
Several of the other particles, H2, Δþþ

3 , and Δþþ
2μ , are

accompanied by a singly charged scalar which are searched

for at colliders. In particular, the singly charged scalar of a
second electroweak doublet has been searched for at the
LHC under the assumption that it couples to quarks and
thus these searches do not apply in this case.
The additional particles in the multiplets also contribute

to the radiative LFV decay and may interfere constructively
like for Δ3 or destructively like for H2. As the LFV tree-
level trilepton decays are more stringent and do not receive
any additional contributions, we will only show the limits
from LFV tree-level trilepton decays in the following.

IV. SENSITIVITY OF FUTURE LEPTON
COLLIDERS TO THE CLFV

TheCLFVprocesses can happen through the scattering of
either opposite-sign [56–58] or same-sign [59,60] leptons,
i.e.,lþ

0 l
−
0 → l�

i l
∓
j orl−

0l
−
0 → l−

i l
−
j withl0 ¼ e, μ andli,

TABLE II. Constrained couplings in units of GeV−2 forH0
2 andH

ð0Þ0
1 . Here we assume all the CLFV couplings are real and symmetric,

and mh2 ¼ ma2 for H0
2. Future sensitivities are indicated inside square brackets.

Process H0
2 Hð0Þ0

1

μþ → eþγ jðy†2y2Þeμj < 1.6 × 10−9m2
h2

jðyð0Þ†1 yð0Þ1 Þeμj < 5.5 × 10−10m2

Hð0Þ
1[5.8 × 10−10m2

h2
� [2.1 × 10−10m2

Hð0Þ
1

]

τ− → μ−γ jðy†2y2Þμτj < 1.2 × 10−6m2
h2

jðyð0Þ†1 yð0Þ1 Þμτj < 4.2 × 10−7m2

Hð0Þ
1

[1.8 × 10−7m2
h2
] [6.4 × 10−8m2

Hð0Þ
1

]

τ− → e−γ jðy†2y2Þeτj < 1.0 × 10−6m2
h2

jðyð0Þ†1 yð0Þ1 Þeτj < 3.6 × 10−7m2

Hð0Þ
1

[3.1 × 10−7m2
h2
] [1.1 × 10−7m2

Hð0Þ
1

]

μþ → eþe−eþ jyee2 yeμ2 j < 4.7 × 10−11m2
h2

jyð0Þee1 yð0Þeμ1 j < 1.9 × 10−11m2

Hð0Þ
1

[4.7 × 10−13m2
h2
] [1.9 × 10−13m2

Hð0Þ
1

]

τ− → e−eþe− jyee2 yeτ2 j < 1.8 × 10−8m2
h2

jyð0Þee1 yð0Þeτ1 j < 7.4 × 10−9m2

Hð0Þ
1

[2.2 × 10−9m2
h2
] [9.0 × 10−10m2

Hð0Þ
1

]

τ− → μ−μþμ− jyμμ2 yμτ2 j < 1.6 × 10−8m2
h2

jyð0Þμμ1 yð0Þμτ1 j < 6.6 × 10−9m2

Hð0Þ
1

[2.2 × 10−9m2
h2
] [9.1 × 10−10m2

Hð0Þ
1

]

τ− → eþμ−μ− jyeμ2 yμτ2 j < 1.5 × 10−8m2
h2

jyð0Þeμ1 yð0Þμτ1 j < 6.0 × 10−9m2

Hð0Þ
1

[1.9 × 10−9m2
h2
] [7.9 × 10−10m2

Hð0Þ
1

]

τ− → μþe−e− jyeμ2 yeτ2 j < 1.4 × 10−8m2
h2

jyð0Þeμ1 yð0Þeτ1 j < 5.6 × 10−9m2

Hð0Þ
1[1.9 × 10−9m2

h2
] [7.9 × 10−10m2

Hð0Þ
1

]

τ− → μ−eþe− ðjyee2 yμτ2 j2 þ jyeμ2 yeτ2 j2Þ1=2 ðjyð0Þee1 yð0Þμτ1 j2 þ jyð0Þeμ1 yð0Þeτ1 j2þ
< 1.5 × 10−8m2

h2
4yð0Þee1 yð0Þμτ1 yð0Þeμ1 yð0Þeτ1 Þ1=2 < 1.1 × 10−8m2

Hð0Þ
1

[1.9 × 10−9m2
h2
] [1.4 × 10−9m2

Hð0Þ
1

]

τ− → e−μþμ− ðjyμμ2 yeτ2 j2 þ jyeμ2 yμτ2 j2Þ1=2 ðjyð0Þμμ1 yð0Þeτ1 j2 þ jyð0Þeμ1 yð0Þμτ1 j2þ
< 1.8 × 10−8m2

h2
4yð0Þμμ1 yð0Þeτ1 yð0Þeμ1 yð0Þμτ1 Þ1=2 < 1.3 × 10−8m2

Hð0Þ
1

[2.2 × 10−9m2
h2
] [1.6 × 10−9m2

Hð0Þ
1

]

μþe− → μ−eþ jyeμ2 j2 < 1.6 × 10−7m2
h2

jyð0Þeμ1 j2 < 2.0 × 10−7m2

Hð0Þ
1

ae½3σ� jðy†2y2Þeej < 1.6 × 10−3m2
h2

jðyð0Þ†1 yð0Þ1 Þeej < 1.5 × 10−4m2

Hð0Þ
1

aμ½4σ� jðy†2y2Þμμj < 8.4 × 10−6m2
h2

jðyð0Þ†1 yð0Þ1 Þμμj < 6.1 × 10−5m2

Hð0Þ
1
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lj ¼ e, μ, τ, mediated by the new bosonic particles in
Eqs. (2) and (3) at tree level. The mediators are off-shell in
both s and t channels, except for the resonance case where
the mediator mass is close to the c.m. energy in s channel. In
this section, we analyze the sensitivity of proposed lepton
colliders to the CLFV couplings and directly compare with
the constrained couplings from low-energy precision
observables. The following results are mainly for eþe− or
e−e− colliders. Actually, the explored lepton flavors and the

TABLE III. Constrained couplings in units of GeV−2 for Δþþ
1 (Δþþ

3 ) and Δþþ
2 . Here we assume all the CLFV couplings are real and

symmetric. Future sensitivities are indicated inside square brackets.

Process Δþþ
1;3 Δþþ

2

μþ → eþγ jðλ†1;3λ1;3Þeμj < 1.1 × 10−9m2
Δ1;3

jðλ†2λ2Þeμj < 1.6 × 10−10m2
Δ2

[4.1 × 10−10m2
Δ1;3

] [5.9 × 10−11m2
Δ2
]

τ− → μ−γ jðλ†1;3λ1;3Þμτj < 8.4 × 10−7m2
Δ1;3

jðλ†2λ2Þμτj < 1.2 × 10−7m2
Δ2

[1.3 × 10−7m2
Δ1;3

] [1.8 × 10−8m2
Δ2
]

τ− → e−γ jðλ†1;3λ1;3Þeτj < 7.2 × 10−7m2
Δ1;3

jðλ†2λ2Þeτj < 1.0 × 10−7m2
Δ2

[2.2 × 10−7m2
Δ1;3

] [3.1 × 10−8m2
Δ2
]

μþ → eþe−eþ jλee1;3λeμ1;3j < 2.3 × 10−11m2
Δ1;3

jλee2 λeμ2 j < 2.3 × 10−11m2
Δ2

[2.3 × 10−13m2
Δ1;3

] [2.3 × 10−13m2
Δ2
]

τ− → e−eþe− jλee1;3λeτ1;3j < 9.1 × 10−9m2
Δ1;3

jλee2 λeτ2 j < 9.1 × 10−9m2
Δ2

[1.1 × 10−9m2
Δ1;3

] [1.1 × 10−9m2
Δ2
]

τ− → μ−μþμ− jλμμ1;3λμτ1;3j < 8.1 × 10−9m2
Δ1;3

jλμμ2 λμτ2 j < 8.1 × 10−9m2
Δ2

[1.1 × 10−9m2
Δ1;3

] [1.1 × 10−9m2
Δ2
]

τ− → eþμ−μ− jλeτ1;3λμμ1;3j < 7.3 × 10−9m2
Δ1;3

jλeτ2 λμμ2 j < 7.3 × 10−9m2
Δ2

[9.7 × 10−10m2
Δ1;3

] [9.7 × 10−10m2
Δ2
]

τ− → μþe−e− jλee1;3λμτ1;3j < 6.8 × 10−9m2
Δ1;3

jλee2 λμτ2 j < 6.8 × 10−9m2
Δ2

[9.7 × 10−10m2
Δ1;3

] [9.7 × 10−10m2
Δ2
]

τ− → μ−eþe− jλeμ1;3λeτ1;3j < 5.3 × 10−9m2
Δ1;3

jλeμ2 λeτ2 j < 5.3 × 10−9m2
Δ2

[6.8 × 10−10m2
Δ1;3

] [6.8 × 10−10m2
Δ2
]

τ− → e−μþμ− jλeμ1;3λμτ1;3j < 6.5 × 10−9m2
Δ1;3

jλeμ2 λμτ2 j < 6.5 × 10−9m2
Δ2

[7.9 × 10−10m2
Δ1;3

] [7.9 × 10−10m2
Δ2
]

μþe− → μ−eþ jλee1;3λμμ1;3j < 2.0 × 10−7m2
Δ1;3

jλee2 λμμ2 j < 7.8 × 10−8m2
Δ2

ae½3σ� jðλ†1;3λ1;3Þeej < 3.1 × 10−4m2
Δ1;3

jðλ†2λ2Þeej < 2.3 × 10−4m2
Δ2

aμ½4σ� jðλ†1;3λ1;3Þμμj < 1.2 × 10−4m2
Δ1;3

jðλ†2λ2Þμμj < 1.2 × 10−6m2
Δ2

TABLE IV. LEP limits for masses well above the center-of-mass energy
ffiffiffi
s

p
∼ 130–207 GeV.

eþe− → eþe− eþe− → μþμ− eþe− → τþτ−

H1 jyee1 j ≤ 6.7 × 10−4mH1
jyeμ1 j ≤ 4.9 × 10−4mH1

jyeτ1 j ≤ 4.5 × 10−4mH1

H0
1 jy0ee1 j ≤ 6.8 × 10−4mH0

1
jy0eμ1 j ≤ 5.1 × 10−4mH0

1
jy0eτ1 j ≤ 4.7 × 10−4mH0

1

H2 jyee2 j ≤ 5.3 × 10−4mh2 jyeμ2 j ≤ 2.5 × 10−3mh2 jyeτ2 j ≤ 2.4 × 10−3mh2

Δþþ
1 jλee1 j ≤ 6.8 × 10−4mΔ1

jλeμ1 j ≤ 3.6 × 10−4mΔ1
jλeτ1 j ≤ 3.3 × 10−4mΔ1

Δþþ
3 jλee3 j ≤ 6.7 × 10−4mΔ3

jλeμ3 j ≤ 3.4 × 10−4mΔ3
jλeτ3 j ≤ 3.2 × 10−4mΔ3

TABLE V. CLFV channels for probing coupling yijyi
0j0 or

λijλi
0j0 via ΔL ¼ 0 or ΔL ¼ 2 interaction at eþe− collider, while

e ↔ μ for μþμ− collider.

CLFV channel Flavor ij; i0j0 ΔL ¼ 0 ΔL ¼ 2

eþe− → e�μ∓ ee; eμ sþ t t
eþe− → e�τ∓ ee; eτ sþ t t
eþe− → μ�τ∓ ee; μτ s � � �
eþe− → μ�τ∓ eμ; eτ t t
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dedicated CLFV processes at a muon collider can be easily
obtained by swapping e and μ flavors in the couplings and
both initial and final states of processes at eþe− or e−e−

colliders.
We apply basic cuts pT > 10 GeV and jηj < 2.5 on the

leptons in final state and assume ten discovered signal

events. The total width of the mediating particle is set to be
10 GeV [56]. If we take tau efficiency of 60% [61], the
sensitivity to the combination of Yukawa couplings in the
scattering amplitude will become weaker by 77% and 60%
for final states with one and two tau leptons, respectively.
Note that we do not intend to discriminate the chiral nature
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FIG. 4. Sensitivity to jyee1 yeμðeτÞ1 j (top panels) through eþe− → e�μ∓ðe�τ∓Þ, and jyee1 yμτ1 j (center panels) and jyeμ1 yeτ1 j (bottom panels)
through eþe− → μ�τ∓, as a function of the mediator mass forH0

1 (left panels) andH
0
2 (right panels) interaction. The tau efficiency is not

included and thus the sensitivity becomes weaker by 77% if there is one tau lepton.
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of the couplings of the mediating particles, i.e., we only
consider the total number of signal events. Thus the
following results for H0

1 and Δþþ
3 which only couple to

left-handed leptons are the same as those for H00
1 and

Δþþ
1 with only couplings to right-handed leptons,

respectively. Different chirality interactions can be distin-
guished by measuring the angular distribution with polar-
ized beams [62–64].

A. Opposite-sign lepton collision

Table V summarizes the induced CLFV channels at an
eþe− collider and the relevant couplings in either the
ΔL ¼ 0 or ΔL ¼ 2 Lagrangian. One can see that, at an
opposite-sign lepton collider, the ΔL ¼ 0 interactions can
mediate eþe− → e�μ∓; e�τ∓ processes in both s and t
channels. The eþe− → μ�τ∓ process without electron or
positron in final states can happen in either s or t channel,
governed by different coupling configurations. The ΔL ¼
2 interactions only occur in t channel, as a result of the
fermion flow of charge.
In the left panels of Fig. 4, we show the lepton collider

sensitivity to the detection of jyee1 yeμðeτÞ1 j (top left) through
eþe− → e�μ∓ðe�τ∓Þ, and jyee1 yμτ1 j (center left), and
jyeμ1 yeτ1 j (bottom left) through eþe− → μ�τ∓, as a function
of mH1

for the H0
1 interactions. The reachable limits for the

couplings in H0
2 interaction are given in the right panels of

Fig. 4, assuming mh2 ¼ ma2 . As stated before, the e and μ
labels of the couplings in these and following figures
should be swapped to obtain the couplings which can be
probed at a muon collider.
For processes with an s-channel contribution in the top

four figures, there is an increased sensitivity at the c.m.
energy of the lepton collider due to resonant enhancement.
The scattering through both s and t channels can be sensitive
in both low and high mass region, in particular for H0

1,
due to the interference of two channels. Above the c.m.

energy there are only contributions from off-shell proc-
esses and thus the scattering cross section and conse-
quently the limits on the Yukawa couplings weaken with
increasing mass like maxðyÞ ∝ m. The tree-level mediated
LFV decays provide a stronger constraint than the loop-
induced radiative decays and existing collider constraints.
Thus, in these plots and below, we only include the most
stringent constraints from tree-level LFV decays for each
relevant coupling and their future projections. A compari-
son with the sensitivity of a future eþe− lepton collider
demonstrates the complementarity of the two searches.
Low-energy precision experiments generally dominate for
eμ final states, while a lepton collider provides comple-
mentary sensitivity for final states with τ lepton(s), in
particular close to an s-channel resonance

ffiffiffi
s

p
≃m.

The left panel of Fig. 5 shows the sensitivity to
jλee1 λeμðeτÞ1 j through eþe− → e�μ∓ðe�τ∓Þ, and jλeμ1 λeτ1 j
through eþe− → μ�τ∓, as a function of mΔ1

for Δþþ
1

interaction. They are all induced by the exchange of Δþþ
1

in t channel. The results for Δþþ
2 couplings are in the right

panel of Fig. 5. The lepton colliders are more sensitive to the
couplings ofΔþþ

2 as spin-1 mediator than thosewith a scalar
mediatorΔþþ

1 . Similar to the exchange ofΔL ¼ 0mediators,
μ → 3e decays outperform the sensitivity of a lepton collider.
Lepton colliders, however, provide competitive complemen-
tary limits, if there are τ leptons in the final states.
In summary, the jyee

1ð2Þy
eμ
1ð2Þj and jλee

1ð2Þλ
eμ
1ð2Þj couplings are

highly constrained by the tree-level decay μ → 3e and
hence the accessible regions for lepton colliders have
already been excluded. In contrast, CLFV couplings
involving τ flavor are less constrained and a larger
parameter space can be probed by future lepton colliders.
Comparing different machines, the FCC-ee with the highest
integrated luminosity in proposal can explore smaller
couplings in the low mass region. In the high mass region,
however, the ILC500 and CLIC with larger c.m. energies
are able to reach a broader parameter space.
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FIG. 5. (Left panel) Sensitivity to jλee1 λeμðeτÞ1 j through eþe− → e�μ∓ðe�τ∓Þ, and jλeμ1 λeτ1 j through eþe− → μ�τ∓, as a function of mΔ1

for Δþþ
1 interaction. (Right panel) Sensitivity to jλee2 λeμðeτÞ2 j through eþe− → e�μ∓ðe�τ∓Þ, and jλeμ2 λeτ2 j through eþe− → μ�τ∓, as a

function of mΔ2
for Δþþ

2 interaction.
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B. Same-sign lepton collision

We show the CLFV channels and the explored couplings
in either ΔL ¼ 0 or ΔL ¼ 2 Lagrangian at a same-sign
lepton collider in Table VI.When same-sign leptons collide,
the CLFV process led by ΔL ¼ 0 and ΔL ¼ 2 interactions

only emerges in t and s channels, respectively. This type of
collider can also probe identical lepton final states, such as
μ−μ−; τ−τ−, which are forbidden in opposite-sign lepton
collisions. As a result, single couplings such as yeμ

1ð2Þ or y
eτ
1ð2Þ

can be measured through a t-channel process for ΔL ¼ 0
interactions.
As the luminosity for an e−e− collider will be much

smaller than that of eþe−machines,we assume an integrated
luminosity of 500 fb−1 below for the same-sign lepton
colliders. The left panel of Fig. 6 displays the sensitivity
to jyee1 yeμðeτÞ1 j through e−e−→e−μ−ðe−τ−Þ, and jyeμ1 yeτ1 j
through e−e− → μ−τ−, as a function of mH1

for H0
1 inter-

action. The sensitivity to jyeμ1 yeμ1 jðjyeτ1 yeτ1 jÞ through the
process with identical final states, i.e., e−e−→
μ−μ−ðτ−τ−Þ, is weakened by a factor of 2. The right panel
is for H0

2 couplings. Smaller couplings of vector H0
1 can be

reached in t channel, compared with scalar H0
2. We display

the explored couplings for Δþþ
1 and Δþþ

2 through the same
scattering as above, but in s channel, in Fig. 7. The sensitivity
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1 interaction. (Right panel) Sensitivity to jλee2 λeμðeτÞ2 j through e−e− → e−μ−ðe−τ−Þ, and jλee2 λμτ2 j through e−e− → μ−τ−, as a
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for Δþþ

2 interaction.

TABLE VI. CLFV channels for probing coupling yijyi
0j0 or

λijλi
0j0 via ΔL ¼ 0 or ΔL ¼ 2 interactions at e−e− collider, while

e ↔ μ for μ−μ− collider.

CLFV channel Flavor ij; i0j0 ΔL ¼ 0 ΔL ¼ 2

e−e− → e−μ− ee; eμ t s
e−e− → e−τ− ee; eτ t s
e−e− → μ−μ− ee; μμ � � � s
e−e− → μ−τ− ee; μτ � � � s
e−e− → τ−τ− ee; ττ � � � s
e−e− → μ−μ− eμ; eμ t � � �
e−e− → μ−τ− eμ; eτ t � � �
e−e− → τ−τ− eτ; eτ t � � �
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FIG. 6. (Left panel) Sensitivity to jyee1 yeμðeτÞ1 j through e−e− → e−μ−ðe−τ−Þ, and jyeμ1 yeτ1 j through e−e− → μ−τ−, as a function of mH1

for H0
1 interaction. (Right panel) Sensitivity to jyee2 yeμðeτÞ2 j through e−e− → e−μ−ðe−τ−Þ, and jyeμ2 yeτ2 j through e−e− → μ−τ−, as a

function of mh2 ¼ ma2 for H
0
2 interaction.
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results for processes with identical final states are weaker by
a factor of 2.

V. CONCLUSION

We perform a comprehensive study of the sensitivity to
both opposite- and same-sign lepton colliders to charged
lepton flavor violating interactions. We consider the most
general Lagrangian coupling of two charged leptons to new
bosonic particles, involving both ΔL ¼ 0 and ΔL ¼ 2
interactions. The CLFV processes are mediated by off-
shell new particles at tree level in the scattering processes.
Low-energy precision experiments and future lepton
colliders provide complementary limits on CLFV cou-
plings. Although low-energy precision experiments pro-
vide very stringent limits on the LFV transition μ → e, the
CLFV couplings involving τ flavor are less constrained. We
find that a large space of these couplings can be probed by
future lepton colliders. In general, the FCC-ee with the
highest integrated luminosity in proposal can reach smaller
couplings in the low mass region. The ILC500 and CLIC
with larger c.m. energies are able to explore broader
parameter space in the high mass region.
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APPENDIX: TECHNICAL DETAILS FOR
CURRENT CONSTRAINTS

In this Appendix, we summarize the analytic expressions
for several relevant low-energy constraints and the relevant

effective operators for the LEP limits. We generally
compare the CLFV process to the related SM process with
partial width Γðl → l0νν̄0Þ ¼ G2

FM
5=192π3 assuming any

new physics contribution can be neglected. M denotes the
mass of the decaying lepton l. The relevant SM branching
ratios are BRðμ → eνμν̄eÞ ≈ 1, BRðτ → eντν̄eÞ ≈ 0.178,
and BRðτ → μντν̄μÞ ≈ 0.174 [35]. In the following, we
report the leading order expressions, where we neglect final
state lepton masses and only show the leading order term in
the expansion of the internal fermion mass versus the mass
of the new boson.
Anomalous magnetic moments only provide mild con-

straints for the parameter choices in the main part of the
text, unless the amplitude is enhanced by a heavy fermion
in the loop. There is a > 3σ discrepancy between the SM
prediction, aSMμ ¼ ð11659182.3� 4.3Þ × 10−10 [35] of
the muon anomalous magnetic moment and its measured
value, aexpμ ¼ ð11659208.9� 6.3Þ × 10−10 [35]. The differ-
ent errors have been added in quadrature. Similarly
there is a 2.5σ discrepancy [36] between the SM prediction
of the anomalous magnetic moment of the electron,
aSMe ¼ ð1159652181.61� 0.23Þ × 10−12, and the experi-
mental value, aexpe ¼ð1159652180.91�0.26Þ×10−12 [35].
In order to derive a constraint, we add experimental and
theoretical errors in quadrature and demand that the new
physics contribution deviates from the experimental obser-
vation by at most 3σ for the electron and 4σ for the muon in
order to take into account the current discrepancies between
experiment and SM theory prediction.

1. Hð0Þ
1

The branching ratio of the trilepton decay l−
0 → l−

1 l
þ
2 l

−
3

in the limit of vanishing final state masses is given by

BRðl0 → l1l̄2l3Þ
BRðl0 → l0νν̄0Þ ¼ jyð0Þ231 yð0Þ011 j2 þ jyð0Þ211 yð0Þ031 j2 þ 4Reðyð0Þ23�1 yð0Þ01�1 yð0Þ211 yð0Þ031 Þ

8ð1þ δl1l3ÞG2
Fm

4

Hð0Þ
1

ðA1Þ

in Feynman gauge. For radiative LFV decays, we find

BRðl1 → l2γÞ
BRðl1 → l2ν1ν̄2Þ

¼ αemjðyð0Þ†1 yð0Þ1 Þ21j2
12πG2

Fm
4

Hð0Þ
1

ðA2Þ

in the limit of vanishing final state masses and neglecting
the fermion mass in the loop compared to the gauge boson
mass. Similarly there is a contribution to the anomalous
magnetic moment of the lepton l

Δal ¼ ðyð0Þ†1 yð0Þ1 Þll
12π2

m2
l

mð0Þ2
H1

≥ 0 ðA3Þ

and the relevant interaction Lagrangian for muonium-
antimuonium conversion is

L ¼ jyμe1 j2
2m2

H1

½μ̄γμPLe�½μ̄γμPLe� þ
jy0μe1 j2
2m2

H0
1

½μ̄γμPRe�½μ̄γμPRe�:

ðA4Þ

There is a new (t-channel) contribution to eþe− → lþl−

scattering cross section from Hð0Þ
1μ which is described by the

effective operator

Leff ¼
yð0Þel1 yð0Þle1

ð1þ δelÞm2

Hð0Þ
1

ēγμPLðRÞel̄γμPLðRÞl ðA5Þ

under the assumption that either yee1 or yll1 vanish.
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2. H2

The branching ratio of the trilepton decay l−
0 → l−

1l
þ
2 l

−
3 mediated by neutral scalar exchange in the limit of vanishing

final state masses is given by

BRðl0 → l1l̄2l3Þ
BRðl0 → l1νν̄1Þ

¼ 1

128ð1þ δl1l3
Þ
��

1

GFm2
h2

−
1

GFm2
a2

�
2

× ðjy322 y102 j2 þ jy232 y012 j2 þ jy122 y302 j2 þ jy212 y032 j2 þ Reðy12�2 y322 y30�2 y102 þ y212 y23�2 y032 y01�2 ÞÞ

þ
�

1

GFm2
h2

þ 1

GFm2
a2

�
2

ðjy322 y012 j2 þ jy232 y102 j2 þ jy122 y032 j2 þ jy212 y302 j2Þ
�
: ðA6Þ

For radiative LFV (taking only the neutral scalar into account), we find for the branching ratio for l1 → l2γ

BRðl1 → l2γÞ
BRðl1 → l2ν1ν̄2Þ

¼ 3αem
16π

ðjσ0Lj2 þ jσ0Rj2Þ ðA7Þ

with the fine structure constant αem and

σ0L ¼ −
ðy2y†2Þ21

12

�
1

GFm2
h2

þ 1

GFm2
a2

�
−
X
k

y�2k2 y�k12

2

mk

m1

 ln m2
k

m2
h2

− 3
2

GFm2
h2

−
ln

m2
k

m2
a2
− 3

2

GFm2
a2

!
ðA8Þ

σ0R ¼ −
ðy†2y2Þ21

12

�
1

GFm2
h2

þ 1

GFm2
a2

�
−
X
k

yk22 y1k2
2

mk

m1

 ln m2
k

m2
h2

− 3
2

GFm2
h2

−
ln

m2
k

m2
a2
− 3

2

GFm2
a2

!
ðA9Þ

in the limit of a vanishing final state mass and to leading order in the fermion mass in the loop. The anomalous magnetic
moment of a lepton l receives an additional contribution

Δal ¼ −
ðy†2y2 þ y2y

†
2Þll

96π2

�
m2

l

m2
h2

þ m2
l

m2
a2

�
−
X
k

Re½ykl2 ylk2 �mkml

8π2

 ln m2
k

m2
h2

− 3
2

m2
h2

−
ln

m2
k

m2
a2
− 3

2

m2
a2

!
: ðA10Þ

Thus, for real symmetric Yukawa couplings and mh2 ¼ ma2 , the contribution is always negative. The relevant interaction
Lagrangian for muonium-antimuonium conversion is

L ¼ 1

16m2
h2

½ðyμe2 þ yeμ�2 Þμ̄eþ ðyμe2 − yeμ�2 Þμ̄γ5e�2 −
1

16m2
a2

½ðyμe2 − yeμ�2 Þμ̄eþ ðyμe2 þ yeμ�2 Þμ̄γ5e�2; ðA11Þ

which reduces in the limit mh2 ¼ ma2 for real and symmetric couplings to

L ¼ −
ðyeμ2 Þ2
2m2

h2

½μ̄γμPLe�½μ̄γμPRe�: ðA12Þ

There is a new (t-channel) contribution to eþe− → lþl− scattering cross section from Hð0Þ
1μ. In the limit of real symmetric

Yukawa couplings and mh2 ¼ ma2 , we obtain

Leff ¼ −
jyel2 j2

2ð1þ δelÞm2
h2

½ēγμPLel̄γμPRlþ ēγμPRel̄γμPLl� ðA13Þ

under the assumption that either yee2 or yll2 vanish.
If the neutral complex scalar originates from a two Higgs doublet model, there is a second contribution to radiative LFV

decays from the charged scalar and thus the branching ratio is given by Eq. (A7) by using the following replacements,
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σ0L → σ0Lþ
ðy2y†2Þ21
24GFm2

hþ
; σ0R → σ0Lþ

ðy†2y2Þ21
24GFm2

hþ
; ðA14Þ

and the anomalous magnetic moment receives an additional
contribution

Δal → Δal þ
ðy†2y2 þ y2y

†
2Þll

192π2
m2

l

m2
hþ

: ðA15Þ

The mass of the charged scalar is denoted mhþ . Note that
there is a partial cancellation between the contribution of
the charged scalar and the neutral scalars. Thus, depending
on the masses, the contribution to the anomalous magnetic
moment may be positive or negative.

3. Δ+ +
1

The branching ratio of the trilepton decay l−
0 → lþ

1 l
−
2l

−
3

in the limit of vanishing final state masses is given by

BRðl0 → l̄1l2l3Þ
BRðl0 → l2ν0ν̄2Þ

¼ jλ011 λ23�1 j2
2G2

Fm
4
Δ1
ð1þ δl2l3Þ

: ðA16Þ

For radiative LFV decays, we find

BRðl1 → l2γÞ
BRðl1 → l2ν1ν̄2Þ

¼ αemjðλ†1λ1Þ21j2
48πG2

Fm
4
Δ1

ðA17Þ

and the anomalous magnetic moment is given by

Δal ¼ ðλ†1λ1Þll
24π2

m2
l

m2
Δ1

≥ 0: ðA18Þ

The relevant interaction Lagrangian for muonium-
antimuonium conversion is

L ¼ λee1 λμμ�1

2m2
Δ1

½μ̄γμPRe�½μ̄γμPRe�: ðA19Þ

There is a new (t-channel) contribution to eþe− → lþl−

scattering cross section fromΔþþ
1 which is described by the

effective operator

Leff ¼
2jλel1 j2

ð1þ 3δelÞm2
Δ1

ēγμPRel̄γμPRl: ðA20Þ

4. Δ+ +
3

We can directly translate the results from Δþþ
1 . The

branching ratio of the trilepton decay l−
0 → lþ

1 l
−
2 l

−
3 in the

limit of vanishing final state masses is given by

BRðl0 → l̄1l2l3Þ
BRðl0 → l2ν0ν̄2Þ

¼ jλ013 λ23�3 j2
2G2

Fm
4
Δ3
ð1þ δl2l3Þ

: ðA21Þ

For radiative LFV decays we find

BRðl1 → l2γÞ
BRðl1 → l2ν1ν̄2Þ

¼ αemjðλ†3λ3Þ21j2
48πG2

Fm
4
Δ3

ðA22Þ

in the limit of vanishing final state masses and fermion
masses in the loop. Similarly there is a contribution to the
anomalous magnetic moment of the lepton l

Δal ¼ ðλ†3λ3Þll
24π2

m2
l

m2
Δ3

≥ 0: ðA23Þ

The relevant interaction Lagrangian for muonium-
antimuonium conversion is

L ¼ λee3 λμμ�3

2m2
Δ3

½μ̄γμPLe�½μ̄γμPLe�: ðA24Þ

There is a new (t-channel) contribution to eþe− → lþl−

scattering cross section fromΔþþ
3 which is described by the

effective operator

Leff ¼
2jλel3 j2

ð1þ δelÞm2
Δ3

ēγμPLel̄γμPLl: ðA25Þ

In the type II seesaw model, there are additional
contributions to the radiative decays and the anomalous
magnetic moments due to the additional charged scalars. In
the limit of vanishing final state masses and fermion masses
in the loop, we find for radiative LFV decays

BRðl1→l2γÞ
BRðl1 →l2ν1ν̄2Þ

¼ αemjðλ†3λ3Þ21j2
48π

�
1

GFm2
Δ3

þ 1

2GFm2
Δþ

3

�
2

ðA26Þ

and the anomalous magnetic moment is changed by

Δal ¼ ðλ†3λ3Þll
24π2

�
m2

l

m2
Δ3

þ m2
l

2m2
Δþ

3

�
≥ 0; ðA27Þ

where mΔþ
3

(mΔ3
) denotes the singly (doubly) charged

scalar mass of the electroweak triplet scalar.

5. Δ+ +
2

The branching ratio of the trilepton decay l−
0 → lþ

1 l
−
2l

−
3

in the limit of vanishing final state masses is given by

BRðl0 → l̄1l2l3Þ
BRðl0 → l2ν0ν̄2Þ

¼ ðjλ012 j2 þ jλ102 j2Þðjλ232 j2 þ jλ322 j2Þ
8G2

Fm
4
Δ2
ð1þ δl2l3Þ

:

ðA28Þ

For radiative LFV decays, we find
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BRðl1 → l2γÞ
BRðl1 → l2ν1ν̄2Þ

¼ 49αemjðλ†2λ2Þ21j2
48πG2

Fm
4
Δ2

ðA29Þ

in the limit of vanishing final state masses and neglecting
the fermion mass in the loop compared to the gauge boson
mass. The contribution to the anomalous magnetic moment
of the lepton l is

Δal ¼ −
7ðλ†2λ2Þll
24π2

m2
l

m2
Δ2

≤ 0 ðA30Þ

and the relevant interaction Lagrangian for muonium-
antimuonium conversion is

L ¼ −
λee2 λμμ�2

m2
Δ2

½μ̄γμPLe�½μ̄γμPRe�: ðA31Þ

There is a new (t-channel) contribution to eþe− → lþl−

scattering cross section fromΔþþ
2μ which is described by the

effective operator

Leff ¼ −
jλel2 j2

ð1þ 3δelÞm2
Δ2

�
ðl̄γμPRlÞðēγμPLeÞ

− 2ðl̄PRlÞðēPLeÞ þ
1

2
ðl̄ΣμνPRlÞðēΣμνPLeÞ

þ ðR ↔ LÞ
�
: ðA32Þ

This set of operators is not described by the analysis
in Ref. [52].
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