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We point out how future lepton colliders can provide unique insight into the scalar sector of TeV scale
models for neutrino masses with local B − L symmetry. Our specific focus is on the TeV scale left-right
model, which naturally embeds this B − L symmetry. In particular, we make a detailed study of the lepton
collider implications of the neutral (H3) and doubly-charged (H��) scalars from the right-handed triplet
Higgs that is responsible for the spontaneous breaking of the B − L symmetry and implementing the
seesaw mechanism. Due to mixing with other scalars, the neutral scalar H3 could acquire sizable flavor
violating couplings to the charged leptons. Produced on-shell or off-shell at the planned eþe− colliders, it
would induce distinct lepton flavor violating signals like eþe− → μ�τ∓ðþH3Þ, with the couplings probed
up to ∼10−4 for a wide range of neutral scalar mass, which is well beyond the reach of current searches for
charged lepton flavor violation. The Yukawa couplings of the doubly-charged scalar H�� to the charged
leptons might also be flavor violating, which is correlated to the heavy right-handed neutrino masses and
mixings. With a combination of the pair, single and off-shell production of H�� like eþe− → HþþH−−,
H��e∓μ∓, μ�τ∓, the Yukawa couplings can be probed up to 10−3 at future lepton colliders, which is
allowed by current lepton flavor data in a large region of parameter space. For both the neutral and doubly-
charged cases, the scalar masses could be probed up to the few-TeV range in the off-shell channel.
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I. INTRODUCTION

Exploring the scale of new physics responsible for
neutrino masses is one of the major topics under intense
focus in particle physics today. If the scale is near the grand
unification theory (GUT) scale (or much higher than the
multi-TeV range), the only ways to explore this would be
via rare decays of leptons and via proton decay in GUT
models, providing only a limited window for their search.
The situation however changes drastically if the new
physics scale is around a few TeV, which is theoretically
quite plausible, thus opening up many more possible
experimental probes. In particular, explorations at the
high-energy frontier using existing as well as planned
future colliders primarily designed for other studies of

beyond-the-Standard-Model (SM) physics become viable
and effective for probing the neutrino mass physics. The
lepton colliders are particularly well suited to study this
question since they provide clean signals, not “muddied” by
the QCD jet background from the SM and other unrelated
new physics scenarios. It is therefore no surprise that the
literature using lepton colliders for studying neutrino mass
physics is already quite extensive; see e.g., Refs. [1–50] for a
partial list and Refs. [51,52] for reviews.
In this paper,we add to this literature by exploring how the

planned lepton colliders can provide unique insight into a
specific class of TeV scale seesaw models [53–57] for
neutrino masses based on the left-right symmetric model
(LRSM) of weak interactions [58–60]. The LRSM, origi-
nally proposed as a well-motivated extension of SM for
providing an alternative approach to parity violation in low-
energy processes, has since emerged as a model for neutrino
masses via the seesaw mechanism. In this note we focus
particularly on the scalar sector of the LRSM where the
parity symmetry has been broken at a high scale so that the
low-energy theory does not contain the left triplet with
B − L ¼ 2. We call this LRSM (in contrast with the version
where the discrete parity is broken at the TeV scale). This
model contains two unique particles, which are not part of
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the SM or many beyond-SM scenarios and are particularly
suited for the lepton collider searches: one is a hadrophobic
neutral scalar connected to spontaneous breaking of B − L
symmetry that goes into the seesaw mechanism (called
H3, following the convention in Ref. [61]) and another
is the right-handed (RH) doubly-charged scalar partner
of this (called Hþþ), that is part of the SUð2ÞR multiplet
that contains H3. The hadron collider implications of the
hadrophobic scalar were discussed in previous papers
[61–63] and we continue this exploration in this paper in
the context of lepton colliders like the Circular Electron-
PositronCollider (CEPC) [64], International LinearCollider
(ILC) [65], Future Circular Collider (FCC-ee) [66] and
Compact Linear Collider (CLIC) [67].
The reason these two scalars are particularly interesting

for studying the origin of neutrino masses is that in the
LRSM, the couplings (denoted by fαβ) of the hadrophobic
scalar and the doubly-charged scalar to leptons are the ones
that are responsible for the seesaw masses of the RH
neutrinos (RHNs) i.e., MN;αβ ¼ 2fαβvR. For a B − L
breaking scale vR in the 5–8 TeV range so that the WR
is accessible at the LHC [68–75], the magnitudes of fαβ
responsible to fit the neutrino oscillation data [76], i.e., the
mass square differences and the mixing angles, are sizable
and hence accessible at the lepton colliders, unless all the
entries of the Dirac mass matrix mD in the seesaw formula
mν ≃ −mDM−1

N mT
D are very tiny. There are of course

constraints on some subsets of these couplings from rare
lepton decays but they leave enough room for some of them
being of order one. Furthermore, rare lepton decays
generally probe products of two different f couplings
whereas the lepton collider probes them individually
[47]. A question one can of course ask is: do we really
know that all the mD entries in the seesaw formula are not
very tiny making the f’s similarly tiny and inaccessible?
Two reasons to think that this may not be the case are that

(i) there are interesting seesaw textures for neutrino
masses where some of the mD elements are siz-
able [77–84] for the TeV scale seesaw; and

(ii) if we make the f couplings very small, the Yukawa
couplings that go into mD become very small and
give a feeling of being unnatural in the sense that we
just as well could have had Dirac neutrinos of sub-
eV mass with Yukawa couplings ≲10−12 without
requiring any seesaw in the first place.

Add to this the possibility that sizable Dirac mass terms can
be measured in colliders by measuring the heavy-light
neutrino mixing parameters VνN in the process pp →
l�l�jj [72,85]. Finally, it is not just that left-right models
provide a venue for such sizable f couplings but also that
there can be other models (e.g., models with global B − L
[86]) with similar properties, making the probes of sizable
f of great theoretical as well as experimental interest. Also,
there exist well-motivated f matrix textures within the
context of LRSM fully consistent with current neutrino

mass and other observations e.g., rare lepton decays [83].
We show in this paper the interesting range of f values that
can be measured in the planned lepton colliders such as
CEPC and ILC and can provide new ways to test these
models. They will in any case provide complementary
information to rare lepton decay constraints on the f
couplings and make such studies interesting from the
synergistic viewpoint of energy and intensity frontiers.
This paper is organized as follows. In Sec. II, we

describe the essentials of the LRSM relevant for our
discussion. We then focus in Sec. III on the production of
the neutral scalar H3 in future lepton colliders like CEPC
and ILC, given its couplings to the other scalars, the
heavy RHNs and the heavy WR and ZR bosons, as well
as other relevant couplings. Special attention is paid to
the production of lepton flavor violating (LFV) signals
induced by the neutral scalar H3, as an explicit example
of the general proposal in Ref. [47]. Prospects in all the
possible on-shell and off-shell production channels of H3

are given in this section, some of which are well below
the current low-energy LFV constraints [76]. The lepton
collider physics for the RH doubly-charged scalar follows
in Sec. IV, where all the flavor and collider constraints
are summarized, and all the possible pair production,
single production and off-shell production modes of the
doubly-charged scalar are discussed, with potential LFV
signals. As far as we know, this is the first complete list
of the production of RH doubly-charged scalars at lepton
colliders in the literature, with all the possible accom-
panying LFV signals taken into consideration, though
some of the channels (and some of the flavor combina-
tions) have been separately investigated before. Three
particular textures of the fαβ matrix are also exemplified
for the doubly-charged scalar in this section, as seen in
Table V. We will summarize the main results and
conclude in Sec. V.

II. SEESAW SCALARS IN THE
LEFT-RIGHT MODEL

The LRSM is based on the gauge group GLR≡SUð3ÞC×
SUð2ÞL×SUð2ÞR×Uð1ÞB−L [58–60]. The quarks Q and
leptons ψ are assigned to the following irreducible repre-
sentations of GLR:

QL;α ¼
�
uL
dL

�
α

∶
�
3; 2; 1;

1

3

�
;

QR;α ¼
�
uR
dR

�
α

∶
�
3; 1; 2;

1

3

�
;

ψL;α ¼
�
νL

eL

�
α

∶ð1; 2; 1;−1Þ;

ψR;α ¼
�
NR

eR

�
α

∶ð1; 1; 2;−1Þ; ð1Þ
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where α ¼ 1, 2, 3 represents the family indices, and the
subscripts L, R denote the left and right chiral projection
operators PL;R ¼ ð1 ∓ γ5Þ=2, respectively.
In the LRSM, in addition to a bidoublet Higgs field

Φð2; 2; 0Þ, a RH triplet Higgs field is introduced:

ΔR ¼
 
Δþ

R=
ffiffiffi
2

p
Δþþ

R

Δ0
R −Δþ

R=
ffiffiffi
2

p
!
∶ð1; 1; 3; 2Þ; ð2Þ

in order to break the SUð2ÞR ×Uð1ÞB−L symmetry down to
Uð1ÞY and to give mass to the heavy RHNs from the
following Yukawa coupling:

LY ⊃ fαβψT
R;αC

−1σ2ΔRψR;β þ H:c:; ð3Þ
where C is the charge conjugation matrix, σ2 is the second
Pauli matrix, and fαβ are the Yukawa coupling matrix
elements with α, β the lepton flavor indices. The singly-
charged member of this triplet gets absorbed as the longi-
tudinal mode of the heavyWR boson and the imaginary part
of the neutral component ImΔ0

R as the longitudinal mode
of the ZR boson, leaving H3 ≡ ReðΔ0Þ and H�� ≡ Δ��

R
as physical fields. Note that the RHN mass matrix that

goes into the seesaw formula is now determined by
the vacuum expectation value (VEV) hΔ0

Ri¼vR, viz.
MN;αβ ¼ 2fαβvR. Therefore measuring the couplings of
H�� is tantamount to measuring the RHN mass matrix.
We show below how the planned lepton colliders like CEPC
and ILC can probe deeper into the ranges of fαβ, providing
tests of certain LRSM-based neutrino mass models. We call
H3 and H�� the “seesaw Higgs bosons” due to their role
in implementing the seesaw mechanism. For a detailed
discussion of the symmetry breaking scalar sector of the
LRSM, see e.g., Refs. [61,87–89].

III. THE NEUTRAL SCALAR

A unique property of the SUð2ÞR symmetry breaking
neutral scalar H3 in the LRSM is that it directly couples
only to the heavy doubly-charged scalar H�� from the RH
triplet ΔR and the heavy scalars from the bidoublet Φ; the
heavy gauge bosons WR, ZR; and the heavy RHNs Nα, but
does not interact directly with the SM quarks; i.e., it is
naturally a hadrophobic scalar [61]. Following Ref. [61],
the interaction Lagrangian involving H3 is given by

LH3
¼ 1

2
ffiffiffi
2

p α1vRH3hh −
1ffiffiffi
2

p α1vEWhH3H3 þ 2
ffiffiffi
2

p
ðρ1 þ 2ρ2ÞvRH3HþþH−−

þ
�

1ffiffiffi
2

p ½ŶU sin θ̃1 − ðVLŶDV
†
RÞ sin θ̃2�αβH3ūαuβ þ

1ffiffiffi
2

p ½ŶD sin θ̃1 − ðVLŶUV
†
RÞ sin θ̃2�αβH3d̄αdβ

þ 1ffiffiffi
2

p ½ŶE sin θ̃1 − YνN sin θ̃2�αβH3l̄αlβ þ fαβH3NC
αNβ þ H:c:

�
þ cH3γγαEM

4vR
H3FμνFμν

þ 1ffiffiffi
2

p g2L sin θ1vEWH3Wþ
μ W−μ þ g2L sin θ1vEW

2
ffiffiffi
2

p
cos2θw

H3ZμZμ þ
ffiffiffi
2

p
g2RvRH3W

þ
RμW

−μ
R ; ð4Þ

In Eq. (4), vEW is the electroweak VEV; ŶU;D;E are
respectively the diagonal Yukawa couplings of the SM
Higgs to the up-type quarks, down-type quarks and charged
leptons; VL;R are the left- and right-handed quark mixing
matrices; YνN ¼ mD=vEW; sin θ̃1;2 ≡ sin θ1;2 þ ξ sin θ2;1
with ξ ¼ κ0=κ the ratio of the VEVs from the bidoublet
Φ; α1, ρ1 and ρ2 are respectively the coefficients for the
quartic coupling terms TRðΦ†ΦÞTRðΔΔ†Þ, ½ TRðΦ†ΦÞ�2
and TRðΔΔÞTRðΔ†Δ†Þ in the scalar potential; gL is the
gauge coupling for the SUð2ÞL gauge group; θw is the weak
mixing angle; α and β are the quark/lepton flavor indices.
At the tree level, the scalar mass m2

H3
¼ 4ρ1v2R. For

sufficiently small coupling ρ1, the scalar massmH3
could be

much smaller than the RH scale vR. Then in this case the
radiative corrections to mH3

become important, and might
even dominate the H3 mass. However, using the Coleman-
Weinberg effective potential [90], it was found that [62,63]
the bosonic contributions to the H3 mass from the heavy

scalars and the heavy gauge bosons are partially canceled
by those from fermionic heavy RHNs, which allows for H3

masses much lighter than the vR scale.1 Here we treat mH3

as a free parameter in an effective theory approach.
The couplings of H3 to the heavy WR boson and the

singly and doubly-charged scalars induce an effective one-
loop coupling of H3 to two photons, as shown in Eq. (4),
with αEM the fine-structure constant and cH3γγ depending
on the scalar and vector loop functions as a function of the
mass mH3

[62,63]. Note that this coupling is effectively
suppressed by the RH scale vR and in the limit of
mH3

≪ vR, the coefficient cH3γγ approaches a numerical

constant ≃4
ffiffiffi
2

p
=3π.

1As long as the scalar, Yukawa and gauge couplings for the
loop contribution to mH3

are perturbative, the higher-loop
contributions are expected to be smaller than the one-loop
diagrams.
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TheH3 could of course mix with the SM Higgs h as well
as with the heavy CP-even scalarH1 from the bidoublet Φ,
due to the TrðΦ†ΦÞTrðΔRΔ

†
RÞ-type quartic interaction,

with the corresponding mixing angles sin θ1 and sin θ2
respectively. This induces the (flavor-changing) couplings
of H3 to the SM fermions and to the W and Z bosons.2 In
some specific scenarios the heavy-light neutrino mixings
might be sizable [83], and generate the couplings of H3 to
the light active neutrinos, depending also on the magnitude
of the f couplings in Eq. (3).
The H3 could mix with the heavy neutral component H1

from the bidoublet Φ, thereby acquiring tree-level flavor-
changing neutral current (FCNC) couplings in both the
quark and lepton sectors [62,63]. In light of the seesaw
mechanism, the flavor structure of the FCNC couplings of
H3 in the lepton sector is different from that in the quark
sector. In particular, the flavor-changing couplings ofH3 to
the charged leptons are dictated by the Dirac neutrino mass
matrixmD. In the most general cases,mD is not diagonal, as
it has to be used to generate the mixings of active neutrinos.
Furthermore, in some circumstances some elements of YνN
might be sizable, even of order Oð0.1Þ [83], which is
essential to have large effective couplings of H3 to the
charged leptons. For a heavy H3, the mixing angle with H1

could even reach up to the order of 0.1 [62,63]; then it is
possible to have an effective coupling hαβ of order 0.01 in
some region of the parameter space. For the sake of
concreteness and conciseness, we write the LFV couplings
of H3 in an effective form, without explicit dependence on
the parameters in the charged lepton mass matrix, the Dirac
neutrino mass matrix, or the RHN mass matrix:

LH3
⊃ hαβH3l̄αlβ; þ H:c:; ð5Þ

with α, β ¼ e, μ, τ. For simplicity we also assume the
coupling matrix hαβ is real and symmetric [47].3 The LFV
couplings of H3 to the charged leptons could also be
induced radiatively through the doubly-charged loop,

which is however highly suppressed by the mass ratio
m2

l=M
2
�� (ml and M�� being respectively the charged

lepton and doubly-charged scalar mass) and the loop factor
[93]. For the few TeV RH scale vR, the loop-level decay is
comparable to the tree-level width only when the effective
coupling h ∼ 10−8 in Eq. (4), which is far below the future
prospects (see Figs. 18 and 19); thus the loop-level LFV
couplings of H3 can be safely neglected in this paper. One
should note that the Dirac neutrino mass matrix mD, and
consequently the effective coupling hαβ in Eq. (4), might
also be tested by other future lepton data, e.g., the rare RHN
decay N → W�l∓, the electron EDM, neutrinoless double
beta decay and neutrino transition moments [94]. These
experiments depend however also on the RHN masses and
mixings, the CP violating phases in mD, and/or even the
W −WR mixing angle, and might be largely complemen-
tary to the direct searches of the “smoking-gun” beyond-
SM LFV signals at future lepton colliders.
The couplings ofH3 collected in Eq. (4) lead to very rich

phenomenology for the production and decay of H3 in
future lepton colliders like CEPC, ILC, FCC-ee and CLIC,
even though some of the heavy particles cannot be directly
produced on shell at these colliders. We first present the
decay branching ratios (BR) of H3, before moving on to its
production modes.

A. H3 decay branching ratios

For illustration purposes, two examples of decay BRs of
the neutral scalar H3 are shown in Fig. 1, with a sizable
mixing with the SMHiggs, sin θ1 ¼ 0.01 (left), and without
any mixing, sin θ1 ¼ 0 (right). The H3 decays into the SM
particles, like theW,Z, h bosons, quarks, charge leptons and
gluons, only due to its mixing with h, and therefore, all of
these partial decay widths are proportional to sin2 θ1. The
decayH3 → γγ receives two contributions: one from the SM
top quark andW boson loops viamixingwith the SMHiggs,
and the other one from the heavy WR boson and the heavy
charged scalar loops which are suppressed by the vR scale.
For concreteness we have set vR ¼ 5 TeV in Fig. 1. For the
LFV decays H3 → l�

α l
∓
β , we adopt a benchmark value of

h ¼ 10−2 for the effective LFV couplings [cf. Eq. (4)],
which is still allowed by current lepton flavor data in a large
parameter space formH3

≳ 10 GeV (see Figs. 18 and 19 for
more details). The analytic expressions for the partial decay
widths of H3 can be found in Refs. [62,63]. It is clear in
the left panel of Fig. 1 that when the neutral scalar is light,
i.e., mH3

≲ 2mW;Z, it decays predominantly into the
LFV lepton pairs, as all the other channels are either
suppressed by the small couplings in the SM (like the light
quarks) or loop suppressed (like gluons and photons).When
the decays h3 → WW, ZZ, hh are open, they will take
over as the dominant channels, as they grow as ΓðH3 →
WW;ZZ; hhÞ ∝ GFm3

H3
(GF being the Fermi constant),

much faster than the LFV channel.

2The W −WR and Z − ZR mixings contribute also to the
couplings of H3 to the SM W and Z bosons, but they are heavily
suppressed respectively by the mass ratios ∼m2

W=m
2
WR

and
m2

Z=m
2
ZR

[61,88] and are neglected here.
3The symmetric properties of the leptonic Yukawa couplings

and the Dirac matrix mD depend on how the left- and right-
handed leptons ψL;R and the bidoublet Φ transform under the
parity symmetry, but not on how parity is broken at the TeV or
higher energy scale, e.g., whether the left-handed triplet decou-
ples from the TeV scale physics, as the matrix mD does not come
from couplings to the triplets. These fields transform as Φ ↔ Φ†

and ψL ↔ ψR under parity P, so the Yukawa coupling matrices
for the leptons are required to be Hermitian [91]. There are of
course small radiative corrections below the scale of the triplet
mass but they are proportional to y2=16π2 (with y the Yukawa
couplings) and are therefore very small, maintaining the sym-
metric property for all practical purposes. More discussion of
generalized parity can be found in e.g., Ref. [92].
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In the limit of sin θ1 → 0, all the couplings of the SM
Higgs approach to their SM values [61]. In this alignment
limit, the neutral scalar could only decay into two photons
induced from the heavy charged particles in the SUð2ÞR
sector, and into the LFV charged leptons from mixing with
the heavy scalar H1. The fraction BRðH3 → lαlβÞ ¼ 1 −
BRðH3 → γγÞ depends largely on the vR scale and the
effective LFV coupling h [cf. Eq. (4)]. Given vR fixed at
5 TeV, three benchmark values of h ¼ 10−2, 10−3 and 10−4

are shown in the right panel of Fig. 1, depicted respectively
as solid, short-dashed and long-dashed contours. As seen in
this plot, for the LFV coupling h≳ 10−3, the BR of the
diphoton channel is very small for mH3

≲ TeV, as it is
suppressed both by the loop factors and by the vR scale.
As ΓðH3 → γγÞ ∝ m3

H3
=v2R and ΓðH3 → llÞ ∝ mH3

, the
diphoton width grows much faster than the dilepton
channel when mH3

gets heavier and becomes important
for h ∼ 10−4 and mH3

≳ few hundred GeV.

B. Production of H3

Based on the scalar, Yukawa and gauge interactions in
Eq. (4), the production of H3 at an eþe− collider can be
categorized into five groups:

(i) Doubly-charged scalar portal: Through the fusion
of the doubly-charged scalar pair, Hþþ�H−−� → H3

with the trilinear scalar interaction H3HþþH−−

related to their masses [61]. The virtual doubly-
charged scalars are emitted from the initial electron/
positron via the Yukawa interaction fαβ, inducing
potentially the LFV signal if α ≠ β; see Fig. 2.

(ii) Gauge portal: Through the effective one-loop cou-
pling to diphoton γγ → H3, with subleading con-
tribution from eþe− → γ� → γH3 and γ�γ� → H3;
see Fig. 4.

(iii) SM Higgs portal: Through mixing with SM Higgs
eþe− → Z� → ZH3 (and other subleading produc-
tion modes like through the fusion of SM W and
Z bosons); see Fig. 6.

(iv) Neutrino portal: Through the fusion of (heavy)
RHNs, which couples to the initial electron/positron
via the heavy-light neutrino mixing N�

αN�
β → H3;

see Fig. 8.
(v) Heavy scalar portal: The LFV couplings of H3

[cf. Eq. (4)] will induce various production modes,
like the on-shell production eþe− → ðγ=ZÞH3 and
eþe− → ðlþ

α l−
β =ναν̄βÞH3 and the H3-mediated

processes eþe− → lþ
α l−

β [47]. See Figs. 9, 11, 13
and 15.

We discuss below each of these production modes in some
details. To be specific, we focus in this paper only on the
CEPC and ILC as two benchmark machines for future
lepton colliders. However, for comparison, we present in
Table I the planned final center-of-mass energy

ffiffiffi
s

p
, the

expected integrated luminosity and the required running
time to achieve this luminosity for the four lepton colliders
under discussion, viz. CEPC, ILC, FCC-ee and CLIC [95].
The center-of-mass energies and luminosities at FCC-ee

10 50 100 500 1000

10–7

10–5

10–3

10–1

mH3
[GeV]

B
R

sin θ1 0.01

LFV

gg

qq tt

WW

ZZ

hh

10 50 100 500 1000

10–7

10–5

10–3

10–1

mH3
[GeV]

B
R

sin θ1 0

LFV

h 10–4

h 10–3

h 10–2

FIG. 1. Left: The decay BRs of the neutral scalarH3 into theWW, ZZ bosons; the light quarks qq̄ (with q ¼ u, d, s, c, b); the top pair
tt̄; the charged leptons lþl−; the gluon pair gg; the photon pair γγ; and the charged lepton pairs with the LFV signal (LFV). The mixing
with the SM Higgs sin θ1 ¼ 0.01, the RH scale vR ¼ 5 TeV and the LFV coupling h ¼ 0.01. For concreteness, the bidoublet VEV ratio
ξ ¼ κ0=κ has been set to mb=mt as in Refs. [62,63], and the mixing angle sin θ2 with the heavy scalar H1 is set to be zero. Right: The
decay BRs of H3 into γγ (red) and LFV lepton pairs (blue) without mixing with the SM Higgs (sin θ1 ¼ 0) and vR ¼ 5 TeV, for three
benchmark values of h ¼ 10−2 (solid line), 10−3 (short-dashed) and 10−4 (long-dashed).

FIG. 2. Feynman diagram for the production of H3 at lepton
colliders from the doubly-charged scalar fusion.
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and CLIC are expected to be comparable or higher than
those at CEPC and ILC and could therefore improve to
some extent the prospects at CEPC and ILC discussed in
this paper. In this sense, the results in this paper can be
considered to be conservative, at least in some of the
channels.

C. Doubly-charged scalar portal

For the coupling ofH3 to the doubly-charged scalarH��
in Eq. (4),

ðρ1 þ 2ρ2ÞvR ¼ m2
H3

4vR
þM2

��
2vR

; ð6Þ

where we have used the fact that the neutral and doubly-
charged scalar masses are respectively m2

H3
¼ 4ρ1v2R

and M2
�� ¼ 4ρ2v2R [61]. In the limit of mH3

≪ vR and
M�� ≫

ffiffiffi
s

p
, the dependence of the trilinear scalar coupling

on the doubly-charged scalar mass cancels partially the
suppression of the heavy H�� propagator ð1=M2

��Þ2 in
Fig. 2, leaving only a ∼1=M2

�� dependence on the doubly-
charged scalar mass. The couplings of H�� to the SM
charged leptons stem from the fαβ term in Eq. (3) and might
be flavor changing, i.e.,

eþe− → lþ
α l−

βH3 ð7Þ

with α, β ≠ e. In light of the clean environment at lepton
colliders, this would definitely point to new physics beyond
the SM. The production cross section contours at

ffiffiffi
s

p ¼
1 TeV are shown in Fig. 3, as functions of the doubly-
charged scalar mass M�� and jfeej, for the benchmark
values of vR ¼ 5 TeV and in the limit of small mH3

. The
initial state radiation (ISR) and beamstrahlung have been
taken into consideration for the colliding beams and pT >
10 GeV imposed for the e� in the final state, implemented
by using CalcHEP [96]. We have assumed that the initial
beams are polarized, i.e., Pe− ¼ 0.8 andPeþ ¼ −0.3, which
enhance the couplings to the RH doubly-charged scalar by
a factor of ð1þ Pe−Þð1 − PeþÞ ¼ 2.34 compared to the
unpolarized beams. Limited by a smaller

ffiffiffi
s

p ¼ 240 GeV,
the cross sections at CEPC are expected to be much smaller.

In the limit of small mixing with other scalar particles, the
neutral scalar H3 decays predominantly into two photons
H3 → γγ through theWR and charged scalar loops, or into a
pair of charged leptons, as detailed in Sec. III G with the
signal of eþe− → lαlβðH3 → γγ;lγlδÞ.
With the lepton flavor conserving and violating cou-

plings fαβ, the doubly-charged scalar contributes to the
electron and muon g − 2, rare charged lepton decays
lα → lβγ, lα → lβlγlδ, muonium-antimuonium oscilla-
tion and ee → ll. All the flavor limits on the Yukawa
couplings are collected in Table IV in Sec. IVA. The LFV
signals lαlβ ¼ eμ, eτ and μτ in Eq. (7) depend on the
combinations of Yukawa couplings jf†eefeμj, jf†eefeτj and
jf†eμfeτj, which are tightly constrained respectively by the
rare decays μ → eee, τ → eee and τ− → μ−eþe−. For
instance, for M�� ¼ 500 GeV, the limits are respectively

jf†eefeμj2 < 3.3 × 10−11;

jf†eefeτj2 < 5.2 × 10−6;

jf†eμfeτj2 < 2.6 × 10−6; ð8Þ

which make the corresponding LFV cross section too small
to be observable in the doubly-charged scalar fusion
portal.4 The flavor conserving process eþe− → eþe−H3

in Fig. 2 depends only on the coupling fee in the Yukawa

0.5 1 5 10
0.1

0.2

0.5

1

2

M [TeV]

f e
e

s 1 TeV
Pe 0.8, Pe 0.3 0.1 fb

0.01 fb

0.001 fbee
ee

FIG. 3. Production cross section contours of H3 at ILC 1 TeV
with polarized beams (Pe− ¼ 0.8, Peþ ¼ −0.3) through the
doubly-charged scalar fusion in the channel eþe− → eþe−H3

(see Fig. 2), as functions of M�� and jfeej, in the limit of
mH3

≪ M��. The shaded region is excluded by the LEP ee → ee
data [97]. See text for more details.

TABLE I. The planned final center-of-mass energy
ffiffiffi
s

p
, the

expected integrated luminosity and the required running time to
achieve this luminosity for the four future lepton colliders [95].

Collider

ffiffiffi
s

p
(GeV)

Luminosity
(ab−1)

Running
time (years)

CEPC 240 5 7
FCC-ee 250 5 3
ILC 1000 1 8–10
CLIC 3000 3 6–8

4Note that the low-energy rare decays μ → eee and the
production ee → eμH3 at high-energy lepton colliders have
the same dependence on the combination of jfeefeμj=M2

�� in
the limit of heavy doubly-charged scalar mass. Thus, a lighter
H�� pushes the limits on the fαβ couplings to more stringent
values [note that the triple scalar coupling in Eq. (6) becomes
smaller when the doubly-charged scalar gets lighter] and does not
help to alleviate the limits from the LFV decays.
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sector and is thus free of the LFV decay limits. It also
contributes to Bhabha scattering and is constrained by the
LEP ee → ee data [97], which are shown in Fig. 3 by the
shaded region. The production cross section contours of
σðee → eeH3Þ are also presented in Fig. 3, as functions of
the doubly-charged scalar mass M�� and jfeej in the limit
of small mH3

. It is clear that even if the doubly-charged
scalar is heavier than 1 TeV, there is still an ample
parameter region to have an observable production cross
section (up to 0.03 fb) that is allowed by the existing limits
from LEP.

D. Gauge portal

The scalar H3 can also be produced from the radiative
couplings to photons, mediated by the heavy scalar and
gauge bosons, as shown in Fig. 4. All the diagrams in Fig. 4
are effectively suppressed by the RH scale vR, which is
typically (much) higher than the center-of-mass energy.
The cross section of photon fusion channel γ�γ� → H3

[Fig. 4(a)] depends largely on the momentum of the leptons
in the final state: if the transverse momenta of the outgoing
electron/positron are small, then the cross section would
rise significantly like in Compton scattering. With an
aggressive cut of pTðe�Þ ¼ 1 GeV, the photon fusion
cross sections are respectively 2.3 × 10−4 fb and 5.1 ×
10−4 fb at CEPC 240 GeV and ILC 1 TeV, in the light H3

limit for the RH scale vR ¼ 5 TeV. If the cuts are more
realistic, like pT > 5 GeV, the cross section is smaller, for
instance 7.0 × 10−5ð2.1 × 10−4Þ fb at

ffiffiffi
s

p ¼ 240 GeV
(1 TeV), as shown in Fig. 5 (the long-dashed curves).
The production cross section σðeþe− → γH3Þ is also very
small, roughly 1.1 × 10−4 fb in the light H3 limit at both
CEPC 240 GeVand ILC 1 TeV, with a pT > 5 GeV cut on

the photon, which is also presented in Fig. 5. Even though
the production cross sections would go larger as ∝ 1=v2R
when the RH scale is to some extent lower, they are still
too small.
In future lepton colliders, high luminosity photon beams

can be obtained by Compton backscattering of a low-
energy, high-intensity laser beam off the high-energy
electron beam, and then H3 can be produced from the
laser “photon fusion” processes as shown in Fig. 4(c). The
effective photon luminosity distribution reads [98–100]

fγ=eðxÞ¼
1

DðξÞ
�
ð1−xÞþ 1

ð1−xÞ−
4x

ξð1−xÞþ
4x2

ξ2ð1−xÞ2
�
;

with DðξÞ¼
�
1−

4

ξ
−
8

ξ2

�
logð1þξÞþ1

2
ð9Þ

þ 8

ξ
−

1

2ð1þ ξÞ2 ; ð10Þ

where x ¼ ω=Ee is the fraction of electron energy carried
away by the scattered photon, with ω and Ee respectively
the energies of the scattered photon and initial electron. The
parameter ξ ¼ 4ω0Ee=m2

e depends on the energy ω0 of the
initial laser photon. When ξ≳ 4.8 the photon conversion
efficiency drops drastically, as a consequence of the eþe−
pair production from the laser photons and the photon
backscattering, which sets an upper bound on the energy
fraction x < xmax ¼ ξ=ð1þ ξÞ ≃ 0.83. The production
cross sections σðγγ → H3Þ at

ffiffiffi
s

p ¼ 240 GeV and 1 TeV
are shown in Fig. 5. The cross section could reach up to
0.05 fb for the RH scale vR ¼ 5 TeV.

E. SM Higgs portal

At lepton colliders, themost important channel to produce
the SM Higgs is through the so-called Higgstrahlung
process, i.e., in association with a SM Z boson. IfH3 mixes

(a)

(b) (c)

FIG. 4. Feynman diagrams for the production of H3 at lepton
colliders from the effective radiative coupling to photons (de-
noted by the black blob) in the process (a) eþe− → eþe−H3,
(b) eþe− → γH3 and (c) γγ → H3.

ee ee H3 [CEPC]
ee H3 [CEPC]

H3 [CEPC]

ee ee H3 [ILC]
ee H3 [ILC]

H3 [ILC]

10 50 100 500 1000
10–5

10–4

10–3

10–2

0.1

1

mH3
[GeV]

[fb
]

FIG. 5. Production cross section contours of H3 at CEPC
240 GeV (red) and ILC 1 TeV (blue) from the radiative couplings
to photons (see Fig. 4), as functions of the scalar mass mH3

. The
pT cuts on the electrons and photons are all taken to be 5 GeVand
the RH scale vR ¼ 5 TeV.
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with the SM Higgs, then it could be produced from the
diagram in Fig. 6, with the amplitude proportional to the
mixing angle sin θ1. All the existing limits on the scalar
mixing sin θ1 are collected in Fig. 7. When H3 is light, say
lighter than the B meson masses, the mixing angle sin θ1 is
tightly constrained by the rare flavor-changing B meson
decays likeB → Klþl−. For heavierH3, the most stringent
limit is from the Bd − B̄d oscillation, which originates from
the FCNC couplings of the heavy doublet scalar H1 to the
SM quarks and its mixing with the SM Higgs, which is
governed by the VEV ratio κ0=κ in the bidoublet sector.
See more details in Refs. [62,63]. In the limit ofmB ≪ mH3

theBmeson oscillation limit scales like 1=m2
H3
, as shown in

Fig. 7. There are also constraints on the mixing angle
from the precision Higgs data [101] and the direct searches
of scalars at the LEP and LHC [86], which are however
weaker than that from Bd oscillation data for the mass
range mH3

< 1 TeV.5

The total production cross section at the leading order
can be easily obtained from that of the SM Higgs,

σðeþe− → ZH3Þ ¼
GFm4

Zsin
2θ1

96πs
ðv2e þ a2eÞ

× λ1=2
λþ 12m2

Z=s
ð1 −m2

Z=sÞ2
; ð11Þ

with ve ¼ −1, ae ¼ −1þ 4 sin θw, and

λ ¼
�
1 −

m2
H3

s
−
m2

Z

s

�2

−
4m2

H3
m2

Z

s2
: ð12Þ

The production cross sections at CEPC 240 GeV and ILC
1 TeV are shown in Fig. 7 respectively as the red and blue
contours, with the values of 0.1, 0.01 and 0.001 fb. Even if
the flavor and direct search constraints are taken into
consideration, for a wide range of H3 masses, from 6 to
149 GeV (75 to 900 GeV), the production cross section is
still larger than 0.01 fb at CEPC (ILC), excluding the
vicinity of SM Higgs from roughly 120 to 130 GeV, with a
clear signal of eþe− → ZH3 with H3 → γγ or H3 decaying

into a pair of charged leptons with different flavors, as
implied by Fig. 1.

F. Neutrino portal

In the LRSM, the tiny neutrino masses are generated via
the type-I seesaw mechanism (and/or type-II seesaw). With
the Dirac and Majorana mass matrices mD and MN , the
heavy and light neutrinos could mix with each other, and
the Feynman diagram in Fig. 8 can lead to production of an
H3. For Oð1Þ Yukawa couplings fαβ, the heavy neutrino
massesMN ≃ 2fvR are expected to be at the TeV scale (for
the few-TeV scale vR), and their mixing with the active
neutrino VνN ∼ 10−6. However, with specific textures of the
matrices mD and MN , (some of) the heavy-light neutrino
mixing angles might be sizable [78,83], or one or two of the
RHNs masses could be much smaller than the RH scale,
say at the GeV scale [40,102,103]. The production cross

FIG. 6. Feynman diagram for the production of H3 at lepton
colliders from mixing with the SM Higgs. 0.1 fb [CEPC]

0.01 fb [CEPC]
0.001 fb [CEPC]

0.1 fb [ILC]
0.01 fb [ILC]
0.001 fb [ILC]

1 5 10 50 100 500 1000

10–4

0.001

0.010

0.100

1

mH3 [GeV]

si
n

1

B
K

Bd
mixing

Higgs mixing LEP
LHC

FIG. 7. Experimental limits on the mixing angle sin θ1 of H3

with the SM Higgs (with the mixing angle sin θ2 set to zero), as a
function of the scalar mass mH3

: the flavor-changing decays B →
Kχχ (purple), the Bd − B̄d oscillation data (orange) [62,63], the
Higgs precision measurements (gray) [101], the direct searches of
scalars at the LEP (pink) and LHC (brown) [86]. For the Bmeson
limits, the bidoublet VEV ratio ξ ¼ κ0=κ is set to be mb=mt as in
Refs. [62,63]. All the shaded regions are excluded. The red and
blue contours are respectively the production cross sections of
0.1 fb (long dashed), 0.01 fb (short-dashed) and 0.001 fb (solid)
at CEPC 240 GeVand ILC 1 TeV, as functions of the scalar mass
mH3

and mixing angle sin θ1.

FIG. 8. Feynman diagram for the production of H3 at lepton
colliders from heavy-light neutrino mixing.

5In models where the FCNC couplings to the SM quarks are
loop induced, like a Uð1ÞB−L gauge extension of the SM, the
constraints from B oscillation data would be much weaker and the
limits from Higgs precision data and direct searches at LEP and
LHC take over as the primary constraints for a heavy scalar [63].
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section via the neutrino portal is, however, suppressed by
both the heavy-light neutrino mixing V4

νN and the small
Yukawa couplings f2 ¼ ðMN=2vRÞ2 in the LRSM when
the RHN is light; therefore there is no hope to see the
neutral scalarH3 or to set any limits on the neutrino mixing
by producing off-shell RHNs as in Fig. 8.

G. Heavy scalar portal

The hαβ couplings in Eq. (4) will induce the on-shell
production processes eþe− → ðγ=ZÞH3, eγ → lH3 and
eþe− → ðlþ

α l−
β =ναν̄βÞH3 as well as the off-shell processes

eþe− → lþ
α l−

β [47], as aforementioned and detailed below.

1. On-shell production

The diagram for eþe− → ðγ=ZÞH3 is shown in Fig. 9(a),
where we have neglected the mixing of H3 with the SM
Higgs and the loop-induced coupling of H3γγ. The ampli-
tude is proportional to the effective coupling hee in Eq. (4).
For illustration purposes, we show in the left panel of
Fig. 10 the cross sections of σðeþe− → ðγ=ZÞH3Þ at the
CEPC 240 GeV and ILC 1 TeV, as a function of the scalar
mass mH3

, for the value of hee ¼ 0.01. Though the
production of H3 proceeds in this channel via the lepton
flavor conserving coupling hee, the scalar H3 could decay

into two charged leptons with different flavors, i.e.,
H3 → l�

α l
∓
β (α ≠ β), thus generating clear LFV signals.

The neutral scalar H3 could also be produced in the
process

e�γ → l�H3ðl ¼ e; μ; τÞ; ð13Þ

with the initial photon being the laser photon as in
Sec. III D, and the flavor conversion “e → l” induced
by the coupling hel. The Feynman diagrams are shown in
Fig. 9(b), and the corresponding cross sections at CEPC
and ILC are presented in the right panel of Fig. 10, again
with the value of hel ¼ 0.01. Obviously the cross sections
in the eþe− and eγ channels are comparable to each other in
a larger region of parameter space and largely comple-
mentary in probing the Yukawa couplings of H3 at lepton
colliders.
With the Yukawa couplings hαβ in Eq. (4), we can have

the on-shell LFV processes of the form [47]

eþe− → l�
α l

∓
β H3; α ≠ β; ð14Þ

with the representative Feynman diagrams shown in the
upper panels of Fig. 11. The neutral scalar H3 can be
emitted from any of the initial or final fermion lines in the
Drell-Yan process eþe− → lþl− and hence potentially
change the lepton flavors. The total production cross
sections for lαlβ ¼ eμ and μτ at CEPC 240 GeV and
ILC 1 TeVare collected in the left panel of Fig. 12, with the
nominal cuts of pT > 10 GeV on the leptons. In a large
parameter space the process ee → eeH3 is dominated by
ee → ZH3 with the subsequent decay Z → ee. The cross
sections for eτ are almost the same as that for the eμ, with
subleading corrections from the muon and tauon mass
difference, and are thus not shown in the plot. Only some of
the diagrams in Fig. 11, e.g., the first one, apply to the
process ee → μτ þH3, and therefore the cross section for

(a) (b)

FIG. 9. Feynman diagrams for the on-shell production eþe− →
ðγ=ZÞH3 (a) and e�γ → l�H3 (b) from the (LFV) couplings hαβ
in Eq. (4).
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0.1

1

10

100

mH3 [GeV]

[e
H

3
][

fb
]

he = 0.01

FIG. 10. Production cross sections of H3 in the processes eþe− → ðγ=ZÞH3 (left) and e�γ → l�H3 (right) at CEPC 240 GeV (red)
and ILC 1 TeV (blue), as functions of mH3

, with the Yukawa coupling hee ¼ 0.01 (left) or hel ¼ 0.01 (right). For other values of hee or
hel, the cross section can be simply rescaled by a factor of ðhee=0.01Þ2 (left) or ðhel=0.01Þ2 (right), though hel ¼ 0.01 has been
excluded for some ranges of mH3

(see Fig. 18). See Fig. 9 for the diagrams.

PROBING TEV SCALE ORIGIN OF NEUTRINO MASS AT … PHYS. REV. D 98, 075028 (2018)

075028-9



the μτ channel is much smaller than those for eμ and eτ, as
clearly seen in Fig. 12. The cross sections with the final
states μμ and ττ are approximately the same as that for μτ.
H3 could also be emitted from the γγ processes at lepton

colliders, i.e.,

γγ → l�
α l

∓
β H3; ð15Þ

as shown in the lower panels of Fig. 11, and induce LFV
signals if α ≠ β. The cross sections at CEPC and ILC are
given in the right panel of Fig. 12, with the same cuts as
above on the leptons. Note that for the final state with
different flavors, e.g., e�μ∓, the cross section in Fig. 12 has
to be multiplied by a factor of 2, to account for the two
different flavor and charge combinations of eþμ− and
e−μþ. The γγ processes could provide complementary
prospects to those in Eq. (14) in searching for the LFV
signals at future lepton colliders.

The neutral scalar H3 could also be produced in the
processes

eþe− → ναν̄β þH3; ð16Þ
as shown in Fig. 13, with the flavors α ¼ e or β ¼ e being
induced from the LFV couplings hαβ in Eq. (4) if α ≠ β.

FIG. 11. Feynman diagrams for the on-shell production of H3 via eþe− → lþ
α l−

βH3 (upper) and γγ → l�
α l

∓
β H3 (lower) at lepton

colliders from the (LFV) couplings hαβ in Eq. (4).
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h = 0.01
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FIG. 12. Production cross sections of H3 in the processes eþe− → l�
α l

∓
β H3 (with lαlβ ¼ eμ, μτ, left) and γγ → lþ

α l−
βH3 (right) at

CEPC 240 GeV (red) and ILC 1 TeV (blue), as functions ofmH3
. The Yukawa couplings involved hαβ are set to be 0.01 and all the others

that are irrelevant are zero. For other values of hαβ, the cross section can be simply rescaled by a factor of ðhαβ=0.01Þ2, though
hαβ ¼ 0.01 has been excluded for some ranges of mH3

(see Fig. 18). See Fig. 11 for the diagrams.

FIG. 13. Feynman diagram for the on-shell production of H3

via eþe− → ναν̄eH3 at lepton colliders from the (LFV) couplings
hαβ in Eq. (4).
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The production cross section for the cases of νeν̄e and νeν̄μ
(including also the contribution of νμν̄e) at CEPC 240 GeV
and ILC 1 TeV are presented in Fig. 14. It should be noted
that for the case of νeν̄e, there is extra contribution from the

process eþe− → ZH3 with Z → νeν̄e, which cannot be
distinguished from theW-mediated diagram in Fig. 13, as a
result of the invisible nature of neutrinos. The solid red and
blue lines in Fig. 14 combine both the contributions. If the
vertex H3ēl is flavor violating, i.e., l ¼ μ, τ, then we have
only the diagram in Fig. 13, and the cross sections are
comparatively smaller, as indicated by the dashed lines in
Fig. 14. Neglecting the small charged lepton masses, the
cross sections for νeν̄τ are almost the same as that for νeν̄μ,
and are thus not shown in Fig. 14.

2. Off-shell production

As studied in Ref. [47], even if the neutral scalar H3 is
heavier than the center-of-mass energy, the LFV signals
could still be produced from an off-shell H3, i.e.,

eþe− → l�
α l

∓
β ; ð17Þ

with the diagram presented in Fig. 15. This could occur in
both the s and t channels, depending on different combi-
nations of the couplings hαβ. For instance, the process
eþe− → μ�τ∓ is respectively proportional to the couplings
jh†eehμτj and jh†eμheτj in the s and t channels. The production
cross sections for eτ and μτ (in both the s and t channels)
are presented in Fig. 16, for the center-of-mass energies of
240 GeV and 1 TeV at CEPC and ILC, with the relevant
couplings jh†hj ¼ 0.001. In the s channel H3 could be
produced on shell if the colliding energy

ffiffiffi
s

p
≃mH3

, as
clearly shown in the plots, where we have set explicitly the
widths to be 10 and 30 GeV for CEPC and ILC, for the sake
of concreteness.

H. Prospects at lepton colliders

In this section, we compare the future prospects of
the neutral scalar search at lepton colliders in light of the

H3 [CEPC, 240 GeV]
H3 [CEPC, 240 GeV]

H3 [ILC, 1 TeV]
H3 [ILC, 1 TeV]
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+
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H
3
) 
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he = 0.01

FIG. 14. Production cross sections of H3 in the process of
eþe− → ναν̄βH3 with ναν̄β ¼ νeν̄e (solid) and νeν̄μ (dashed) at
CEPC 240 GeV (red) and ILC 1 TeV (blue), as functions of mH3

.
The Yukawa coupling involved (hee or heμ) is set to be 0.01 and
all the others that are irrelevant are zero. For other values of hel,
the cross section can be simply rescaled by a factor of
ðhel=0.01Þ2, though hel ¼ 0.01 has been excluded for some
ranges of mH3

(see Fig. 18). See Fig. 13 for the diagram.

FIG. 15. Feynman diagrams for the off-shell production of H3

via the process eþe− → l�
α l

∓
β at lepton colliders from the (LFV)

couplings hαβ in Eq. (4).
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FIG. 16. Cross sections for the off-shell production of H3 in the process eþe− → e�τ∓, μ�τ∓ from respectively the couplings h†eeheτ
(red); h†eehμτ (blue, solid); and h†eμheτ (blue, dashed) at CEPC 240 GeV (left) and ILC 1 TeV (right), as functions of mH3

. The Yukawa
coupling involved jh†hj is set to be 10−3 and all the others that are irrelevant are zero. For other values of jh†hj, the cross section can be
simply rescaled by a factor of ðjh†hj=10−3Þ2, though jh†hj ¼ 10−3 has been excluded for some ranges of mH3

(see Fig. 19). See Fig. 15
for the diagrams.
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existing constraints from both low- and high-energy
sectors.

1. Current flavor constraints

The direct searches of neutral scalars have been per-
formed at LEP [104] and LHC, e.g., when they decay into
two SM fermions [105], gauge bosons [106–112], or
di-Higgs [113–115], as already mentioned in Sec. III E.
Here we summarize all the available flavor constraints on
the Yukawa couplings hαβ in Eq. (4) [47,86], including
those from the rare decays lα → lβlγlδ, lα → lβγ; the
electron and muon g − 2; the muonium-antimuonium
oscillation; and the LEP eþe− → lþl− data [97]. All
the current experimental data and constraints on the
couplings hαβ are collected in Table II.
In the limit of mH3

≫ mμ ≫ me, the partial decay width
of μ → eee is given by [120]

Γðμ− → eþe−e−Þ ≃ 1

δ

jh†eeheμj2m5
μ

3072π3m4
H3

; ð18Þ

with the symmetry factor δ ¼ 2 accounting for the
identical particles in the final state. The calculations of
the widths for the LFV three-body tau decays such as
Γðτ− → eþe−e−Þ and Γðτ− → μ−eþe−Þ are quite similar,
with the couplings and symmetry factor in Eq. (18)
appropriately replaced.
The presence of couplings hαβ could induce the effective

Wilson operators that couple the photon to an electron and
muon at one-loop level,

Oμeγ;ðL;RÞ ¼
e
8π2

mμðēσαβPL;RμÞFαβ; ð19Þ

with the effective coefficients, in the limit ofmH3
≫ mτ ≫

mμ ≫ me [121,122],

cðμeγÞL ¼ cðμeγÞR

≃
1

8m2
H3

�
1

3
h†eeheμ þ h†eμhμμ

�
2 log

�
m2

H3

m2
μ

�
− 3

�

þ mτ

mμ
h†eτhτμ

�
2 log

�
m2

H3

m2
τ

�
− 3

��
: ð20Þ

As expected, in the large mH3
limit, the effective coef-

ficients are suppressed by m2
H3
. Then the partial decay

width is

Γðμ → eγÞ ¼ αEMm5
μ

64π4
ðjcLj2 þ jcRj2Þ: ð21Þ

The calculations of Γðτ → eγÞ and Γðτ → μγÞ are quite
similar, with m5

μ in Eq. (21) replaced by m5
τ and the

corresponding Wilson coefficients

cðτeγÞL ¼ cðτeγÞR ≃
1

8m2
H3

�
1

3
h†eeheτ þ

1

3
h†eμhμτ

þ h†eτhττ

�
2 log

�
m2

H3

m2
τ

�
− 3

��
; ð22Þ

cðτμγÞL ¼ cðτμγÞR ≃
1

8m2
H

�
1

3
h†μeheτ þ

1

3
h†μμhμτ

þ h†μτhττ

�
2 log

�
m2

H3

m2
τ

�
− 3

��
: ð23Þ

The H3 − μ and H3 − τ loops contribute to the electron
magnetic dipole moment, given by [123]

TABLE II. Current experimental data of the rare LFV decays
lα → lβlγlδ, lα → lβγ [76,116], the electron [117] and muon
[118] g − 2, muonium oscillation [119] and the LEP eþe− →
lþl− data [97], and the resultant constraints on the couplings
jh†hj=m2

H3
. Note that the lα → lβγ and the electron and muon

g − 2 constraints on jh†hj=m2
H3

have a weak dependence on the
scalar mass mH3

, due to the extra logarithm terms in Eqs. (20),
(22)–(24). The ee → ll limits do not apply when mH3

≲ ffiffiffi
s

p
. See

text for more details.

Process Current data Constraints (GeV−2)

μ−→e−eþe− <1.0×10−12 jh†eeheμj=m2
H3

<6.6×10−11

τ−→e−eþe− <1.4×10−8 jh†eeheτj=m2
H3

<1.9×10−8

τ−→e−μþμ− <1.6×10−8 jh†μμheτj=m2
H3

<1.4×10−9

τ−→μ−eþμ− <9.8×10−9 jh†eμhμτj=m2
H3

<1.5×10−9

τ−→μ−eþe− <1.1×10−8 jh†eehμτj=m2
H3

<1.2×10−8

τ−→e−μþe− <8.4×10−9 jh†eμheτj=m2
H3

<1.4×10−8

τ−→μ−μþμ− <1.2×10−8 jh†μμhμτj=m2
H3

<1.7×10−8

μ−→e−γ <4.2×10−13 jh†eeheμj=m2
H3

<1.5×10−9

jh†eμhμμj=m2
H3

<2.1×10−11

jh†eτhτμj=m2
H3

<2.3×10−12

τ− → e−γ <3.3×10−8 jh†eeheτj=m2
H3

<1.0×10−6

jh†eμhμτj=m2
H3

<1.0×10−6

jh†eτhττj=m2
H3

<2.6×10−8

τ− → μ−γ <4.4×10−8 jh†μeheτj=m2
H3

<1.2×10−6

jh†μμhμτj=m2
H3

<1.2×10−6

jh†μτhττj=m2
H3

<3.0×10−8

Electron g−2 <5.2×10−13 jheμj2=m2
H3

<6.2×10−8

jheτj2=m2
H3

<6.9×10−9

Muon g−2 <4.0×10−9 jhμτj2=m2
H3

<4.4×10−7

Muonium
oscillation

<8.2×10−11 jh2eμj=m2
H3

<1.0×10−7

ee→ee (LEP) Λeff>5.7TeV jh†hj2=m2
H3

<1.9×10−7

ee→μμ (LEP) Λeff>6.3TeV jh†hj2=m2
H3

<1.6×10−7

ee→ττ (LEP) Λeff>7.9TeV jh†hj2=m2
H3

<1.0×10−7
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Δae ≃
X
l¼μ;τ

h2elmeml

16π2m2
H3

�
2 log

�
m2

H3

m2
l

�
− 3

�
: ð24Þ

It is simple to get the extra contribution for the muon g − 2,
which is dominated by the coupling hμτ.
The muonium-antimuonium oscillation probability is

given by [124]

P ¼ 2jΔMj2
Γ2
μ þ 4jΔMj2 ð25Þ

with the H3-induced mass splitting

jΔMj ¼ 2α3EMjheμj2μ3
πm2

H3

; ð26Þ

with μ ¼ memμ=ðme þmμÞ the effective mass. In the
denominator of Eq. (25), the muon decay width Γμ is
typically much larger than 2jΔMj for the range of mass and
couplings we are interested in; therefore, P ∝ jheμj4=m4

H3
.

The dimuonium (not yet found experimentally), i.e., the
bound state Dm≡ ðμþμ−Þ, could also be affected by the
LFV couplings hαβ in Eq. (4), e.g., a t-channel H3 could
contribute to the decay Dm → eþe−.6 Even if Dm is found
in the low-energy experiments and its decay BR into eþe−
is consistent with the SM prediction, the theoretical
uncertainties would imply a bound jheμj2=m2

H3
≲ GeV−2

[125–127], which is much weaker than the muonium
oscillation constraint.
The neutral scalar H3 could mediate the scattering

eþe− → lþl− (l ¼ e, μ, τ), in the s and/or t channel,
depending on the couplings involved, e.g., the ee → μμ
could be induced in the s channel by the coupling h†eehμμ
and in the t channel by heμ. The H3-mediated diagrams
interfere with the pure SM process, thus altering both the
total cross section and differential distributions [128]. The
LEP data exclude an effective cutoff scale Λeff of a few
TeV, by analyzing the ee → ll data [97], which could be
used to set limits on the couplings Λeff ∼mH3

=
ffiffiffiffiffiffiffiffiffiffi
jh†hj

p
, as

collected in Table II. When H3 is lighter than the center-of-
mass energy

ffiffiffi
s

p
, the limits on the effective cutoff scale Λeff

do not apply, and we have to consider the H3 propagator:

1

q2 −m2
H3

¼ 1

−s cos θ=2 −m2
H3

: ð27Þ

For simplicity we take an average over the scattering angle
hcos θi ≃ 1=2 to interpret the LEP constraints. Then in the

limit of mH3
≪

ffiffiffi
s

p
, the propagator is dominated by the q2

term, and the ee → ll limit in Figs. 18 and 19 approaches
a constant, as expected.

2. Comparison of different production portals

All the Feynman diagrams of H3 production through its
couplings to leptons, scalars and gauge bosons (including
also the loop-level coupling to photons) at future eþe−
colliders can be found in Figs. 2, 4, 6, 8, 9, 11, 13 and 15.
Categorizing by the particles in the final state, all these
production channels are collected in Table III. For the
associated production of H3Z, we include only the visible
decays of the Z boson, while the invisible decays of Z → νν̄
are categorized into the channel with large missing
energy H3 þ =ET.
It should be noted that for some of the production

channels, we can have more than one portal depending
on the different couplings in the Lagrangian (4). For
instance, the associated production with a pair of leptons
H3l�

α l
∓
β can be induced from the trilinear scalar coupling to

the doubly-charged scalarsH�� (Fig. 2), from the fusion of
photons if l�

α l
∓
β ¼ eþe− via the loop-level effective cou-

pling H3γγ [Fig. 4(a)], from the (LFV) couplings hαβ to the
charged leptons (Fig. 11), or from the processH3Z with the
subsequent decayZ → lþl− if α ¼ β [Fig. 9(a)]. In most of
the parameter space, it is likely that one (or more) of the
portals will dominate, depending largely on the relevant
parameters. In some cases, the kinematic distributions of the
final states might also be used to distinguish different
production portals. A thorough comparison of all the portals

TABLE III. Production channels ofH3 at future eþe− colliders,
and the corresponding Feynman diagrams. See text for more
details.

Channel Diagram(s) Comment

H3 Fig. 4(c) Loop coupling to photons

H3l�
α Fig. 9(b) (LFV) couplings to l�

H3 þ =ET Fig. 13 (LFV) couplings to l�
Figs. 6, 9(a) From H3Z, Z → νν̄

H3γ Fig. 4(b) Loop coupling to photons
Fig. 9(a) Coupling to e�

H3Z (Z → visible) Fig. 6 Mixing with SM Higgs
Fig. 9(a) Coupling to e�

H3WþW− Fig. 8 Couplings to RHNs

H3l�
α l

∓
β Fig. 2 Coupling to H��

Fig. 4(a) Loop coupling to photons
(l�

α l
∓
β ¼ eþe−)

Fig. 11 (LFV) couplings to l�
Figs. 6, 9(a) From H3Z, Z → lþl−

(α ¼ β)

l�
α l

∓
β Fig. 15 Off-shell production

6If mH3
≲mμ, then Dm could also decay via Dm → H3H3,

which would turn out to be invisible if jheej is sufficiently small
such that the decay length of H3 → eþe− is long enough at the
detector level.

PROBING TEV SCALE ORIGIN OF NEUTRINO MASS AT … PHYS. REV. D 98, 075028 (2018)

075028-13



for the processes in Table III goes beyond the main scope of
this work. However, for illustration purposes we present the
production cross sections σðeþe− → eþe−H3Þ in Fig. 17
from all the scalar, gauge and H3Z (Z → eþe−) portals
collected in Table III, with the benchmark values of the
parameters

sin θ1 ¼ 0; M�� ¼ 1 TeV;

fee ¼ 0.2; hee ¼ 0.01: ð28Þ

Note that in theH3Z process we have set the h −H3 mixing
to be zero such that it receives only the contribution from the
coupling H3eþe− as shown in Fig. 9(a), with subleading
contribution from the diagrams eþe− → eþe−H3 in Fig. 11
which are induced by the same coupling H3eþe−. For the
parameters chosen in Eq. (28), the doubly-charged scalar
portal is highly suppressed by the mass M�� (red line in
Fig. 17), while the gauge portal is highly suppressed by the
loop-induced effective H3γγ coupling (orange line in
Fig. 17), and the process eþe− → eþe−H3 is dominated
by the associatedH3Z productionwith the subsequent decay
Z → eþe− (blue line in Fig. 17).

3. Prospects and LFV signals

All the amplitudes for the on-shell production of H3

depend linearly on the couplings hαβ, as shown in Figs. 9,
11 and 13, thus free of the constraints from the rare LFV
decays such as μ → eee and τ → eγ which depend quad-
ratically on the Yukawa couplings jh†hj, as clearly pre-
sented in Table II. With the production cross sections in
Figs. 10, 12 and 14, one can readily estimate the prospects
of all the independent couplings hαβ at future lepton
colliders, which are collected in Fig. 18. As stated in
Ref. [47], the SM backgrounds are expected to be small, in

particular for the LFV processes.7 For simplicity, we have
turned on only one of the couplings hαβ and set all others
irrelevant to be zero. Neglecting the mixing of H3 with the
SM Higgs, the v2R-suppressed loop-decay H3 → γγ and the
decay H3 → νν̄ suppressed by the heavy-light neutrino
mixing V4

νN , the neutral scalar H3 decays predominantly
into a pair of leptons, i.e., H3 → l�

α l
∓
β . To be concrete, we

assume a minimum number of 10 (30) for the signals with
(without) LFV, and adopt an efficiency factor of 60% for
the tau lepton [65]. In the process eþe− → ZH3, only the
visible decay products of Z are taken into account for the
prospects of hee in the first row panels of Fig. 18, with
roughly a BRðZ → visibleÞ ≃ 80%.
Regarding the flavor conserving coupling hee, there exist

only constraints from the LEP data ee → ee [97] (the limit
from electron g − 2 [117] is highly suppressed by the
electron mass and thus not considered). Given an integrated
luminosity of 5 ab−1 (1 ab−1) at CEPC (ILC), the coupling
hee could be probed up to the order of 10−4 (10−3), orders
of magnitude lower than the current LEP constraints, as
seen in the first row panels of Fig. 18. With three particles
in the final state, the cross sections (and future prospects)
for γγ → eeH3 and eþe− → νν̄H3 are comparatively
weaker than those with only two particles such as eþe− →
γH3 and eγ → eH3.
As in Ref. [47], the most stringent constraints on heμ

come from the muonium oscillation [119], the electron
g − 2 [117] and the LEP ee → μμ data [97]. A broad range
of the mass mH3

and heμ can be probed in the channels of
eγ → μH3, eþe−, γγ → eμH3 and ee → νν̄H3 at future
lepton colliders, as shown in the second row of panels in
Fig. 18. The case for heτ is quite similar, with the existing
limits primarily from the electron g − 2 and ee → ττ data,
as presented in the third row of panels in Fig. 18.
The processes involving only the muon and tauon flavors

in the final state are limited, i.e., eþe− → ðμμ; μτ; ττÞH3

and γγ → ðμμ; μτ; ττÞH3, as shown in the last row of panels
in Fig. 18. If hee ≠ 0, we also have the contribution from
eþe− → ZH3, Z → μμ, ττ, which are not included in the

10 50 100 500 1000
10–5

10–4

0.001

0.010

0.100

1

mH3 [GeV]

(e
e

e
e

H
3
) 

[fb
]

s 1 TeV

from coupling to H

from loop coupling to photons

from H3Z, Z e e

FIG. 17. Production cross sections of H3 in the process of
eþe− → eþe−H3 at ILC 1 TeV from coupling to the doubly-
charged scalar H�� (red), from the loop-level coupling to
photons (orange) and from the process H3Z in Fig. 9(a) with
the subsequent decay Z → eþe− (blue), as functions ofmH3

, with
the benchmark parameters in Eq. (28).

7A detailed analysis of the SM backgrounds for the LFV
processes is outside the scope of this paper. As the neutral scalar
H3 is hadrophobic and its couplings to the charged leptons are
relatively small (compared to the SM gauge couplings), the decay
width of H3 is expected to be very small. Therefore the decay
products of H3 should form a sharp peak over the continuum SM
background, mostly due to the gauge boson decays, which
improve further the distinguishability of the signals and back-
grounds, as illustrated in Ref. [47]. For LFV processes such as
eþe− → μþe−H3 withH3 → μ−eþ, we expect a peak in the μ−eþ
invariant mass distribution for the signal, which is absent in the
SM, although one could get the same eþe−μþμ− final state from
ZZ decay. Similarly, for lepton flavor conserving processes, e.g.,
eþe− → eþe−H3 withH3 → e−eþ, the eþe− invariant mass peak
due to H3 can in principle be distinguished from the Z → eþe−
SM background, by putting an invariant mass cut to exclude the
Z-pole region.
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FIG. 18. Prospects of the couplings hαβ from the on-shell production of H3 at CEPC (240 GeVand 5 ab−1, left) and ILC (1 TeV and
1 ab−1, right), in the channels of eþe− → ðγ=ZÞH3, eγ → lH3, eþe−, γγ → l�

α l
∓
β H3 and eþe− → νν̄H3. The shaded regions are

excluded by the muonium oscillation, electron g − 2, muon g − 2 (excluded by the theoretical-experimental discrepancy at the 5σ C.L.)
[76] and the LEP eþe− → lþl− data [97], as indicated in Table II. The green and yellow bands in the second and fourth rows can
explain the muon g − 2 anomaly at the 1σ and 2σ C.L., respectively, while the dotted line at the center of the 1σ band corresponds to the
central value.
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last two panels, as they do not depend on the couplings
hμμ;ττ. As a result of the smaller cross sections, the prospects
for the couplings hμμ;μτ;ττ are comparatively weaker than
those for hel. However, the coupling hμτ could provide a
natural explanation for the muon g − 2 anomaly [76]

Δaμ ¼ ð2.87� 0.80Þ × 10−9 ð29Þ

in the presence of the neutral scalar H3, as indicated by the
green and yellow bands in the last two panels of Fig. 18
covering the 1σ and 2σ ranges respectively around the
central value (dotted line). More importantly, it could be
directly tested at the future lepton colliders like CEPC and
ILC (and FCC-ee and CLIC), by searching for the LFV
signals

eþe−; γγ → μ�τ∓ þH3; ð30Þ

with H3 decaying back into μ − τ pairs or other particles
such as two photons (cf. the solid blue and red lines in the last
two panels of Fig. 18). Almost the whole (kinematically
allowed) parameter space could be covered, if a sizable BR
of theH3 decay products, say≳10%, could be reconstructed
at lepton colliders.
As seen in Table II, the decay μ → eee sets a very

stringent limit on the coupling jh†eeheμj; thus there is no

hope to see any signal of eþe− → e�μ∓. In the τ lepton
sector, the constraints from the LFV decays τ → lαlβlγ are
much weaker, which leaves us a large parameter space to
probe by direct searches at future lepton colliders. In light
of the large production cross sections in Fig. 16 and the
small SM background [129,130], the couplings jh†hj can
be measured down to 10−4 (10−3) at CEPC (ILC), as shown
in Fig. 19 [47], well beyond the existing flavor limits in
Table II. In the vicinity of mH3

≃
ffiffiffi
s

p
, the production cross

sections are largely enhanced by the resonance effect, if H3

could be produced in the s channel, as seen in the upper and
lower left panels of Fig. 19. For the sake of concreteness,
we have set the width of H3 to be 10 GeV (30 GeV) at
240 GeV (1 TeV). Even if mH3

is larger than the center-of-
mass energy, the LFV signals would still reveal new
physics beyond the SM, if they were found at the future
lepton colliders.

IV. THE DOUBLY-CHARGED SCALAR

In this section, we study the production and detection
prospects of the doubly-charged scalar H�� in the LRSM
at future lepton colliders.

A. Current experimental constraints

We first examine the current experimental constraints
from the direct same-sign dilepton searches at LHC

FIG. 19. Prospects of jh†eeheτj (upper), jh†eehμτj (lower left) and jh†eμheτj (lower right) from searches of eþe− → e�τ∓, μ�τ∓ at CEPC
(red,

ffiffiffi
s

p ¼ 240 GeV, L ¼ 5 ab−1) and ILC (blue, 1 TeV and 1 ab−1). Also shown are the constraints from the rare lepton decays
lα → lβlγlδ, lα → lβγ, electron g − 2 [76], and the LEP eþe− → lþl− data [97], as indicated (cf. Table II). The figure is from
Ref. [47].
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[131,132], the low-energy flavor constraints from rare LFV
decays of charged leptons like lα → lβγ and lα → lβlγlδ

[76], the anomalous magnetic moments of electron and
muon, the LEP eþe− → lþl− data (with l ¼ e, μ, τ, with
the diagram shown in the left panel of Fig. 26) [97], and
muonium-antimuonium oscillation [119], as in the neutral
scalar case in Sec. III.
Following the Yukawa Lagrangian in Eq. (3), the

doubly-charged scalar H�� is RH, i.e., coupling only to
the RH charged leptons, with the decay width

ΓðH�� → l�
α l�

β Þ ≃
SαβM��jfαβj2

8π
; ð31Þ

where α, β ¼ e, μ, τ run over all the three flavors, and
Sαβ ¼ 1ð2Þ for α ¼ β (α ≠ β) is the symmetry factor. In the
case where parity and SUð2ÞR breaking scales are
decoupled [133],8 the left-handed triplet ΔL decouples in
such models from the TeV scale physics, and the Yukawa
couplings fαβ in Eq. (3) are not directly connected to the
active neutrino masses and mixings like in type-II seesaw
[134–138], and all the entries can in principle be totally free
parameters.
Regarding the decay of H��, in the LRSM, it couples

also to the heavyWR boson, dictated by the gauge coupling
gR. The current K and B meson oscillation data require that
the WR boson be beyond roughly 3 TeV [88,139]; thus a
TeV scale doubly-charged scalar could decay only into two
off-shell heavy WR bosons, which decay further into the
SM quarks (plus charged leptons and heavy RHNs if
kinematically allowed), with the partial width [140]

ΓðH��→W��
R W��

R Þ≃ 1

π2

Z
M2

��

0

dp
Z ðM��−

ffiffiffi
p

p Þ2

0

dq

×
MWR

ΓWR

ðp−M2
WR

Þ2þM2
WR

Γ2
WR

×
MWR

ΓWR

ðq−M2
WR

Þ2þM2
WR

Γ2
WR

Γ0; ð32Þ

where Γ0 ¼
M3

��
16πv2R

λ1=2ðp; q;M2
��Þ

×

�
λðp; q;M2

��Þ þ
12pq
M4

��

�
; ð33Þ

and λða; b; cÞ≡
�
1 −

a
c
−
b
c

�
2

−
4ab
c2

: ð34Þ

For sufficiently small fαβ couplings which are of great
interest for the prospects of the fαβ couplings at future lepton
colliders, the RHNs are expected to be lighter than the WR
boson. Then taking into account all the decays WR → qq̄
and WR → lN leads to the width ΓWR

≃ g2RMWR
=4π.

The SM W boson mixes with the heavy WR boson, but
the mixing angle is highly suppressed by the mass ratio via
[61,88]

tanζW≃−
gR
gL

2 tanβ
1þ tan2β

m2
W

M2
WR

≃−3.5×10−5×

�
tanβ
mb=mt

��
gR
gL

��
MWR

3TeV

�
−2
; ð35Þ

with tan β ¼ κ0=κ the VEV ratio in the bidoublet sector
which might also be small in light of the mass hierarchy
mb;τ ≪ mt in the SM fermion sector. Thus we neglect here
also the decay H�� → W�W�. Due to the severe FCNC
constraints on the heavy doublet scalars Mϕ2

≳ 10 TeV
[88], the decay H�� → H��H�� (with H� the singly-
charged scalar from the heavy doublet) is also highly
suppressed.
The BRs of 1%, 10%, 50%, 90% and 99% for the

doubly-charged scalar decay into the same-sign leptons and
the heavy WR boson pairs are shown in Fig. 20, where for
simplicity we do not consider any of the flavor dependence
in Eq. (31) and have taken gR ¼ gL and the RH scale vR ¼
5 TeV in Eq. (33). For the on-shell production of a doubly-
charged scalar at future lepton colliders, the dilepton
channel will dominate over the heavy WR channel, as long
as its mass is below 1 TeV and the Yukawa coupling
f ≳ 10−4. For the off-shell production eþe− → l�

α l
∓
β

BR( )
1%
10%
50%
90%
99%

100 200 500 1000 2000

10–8

10–6

10–4

10–2

M [GeV]

f

vR = 5 TeV

FIG. 20. Contours of BRðH�� → l�
α l�

β Þ ¼ 1−BRðH�� →
W��

R W��
R Þ ¼ 1%, 10%, 50%,90%,99% in theLRSM, as a function

of the doubly-charged scalarmassM�� and theYukawacouplingf.
The gauge coupling gR ¼ gL and the RH scale vR ¼ 5 TeV.

8Such models allow SOð10Þ embedding of TeV scale WR left-
right models and are compatible with coupling unification. Parity
becomes a symmetry called D-parity in SOð10Þ, a discrete
symmetry that transforms f → fc, and is broken close to the
GUT scale (by the VEVof a parity-odd singlet scalar field) well
before the SUð2ÞR gauge symmetry breaks. The D-parity is
different from the Lorentz parity, in the sense that Lorentz parity
only interchanges the left-handed fermions with the right-handed
ones, whereas the D-parity also interchanges the SUð2ÞL Higgs
fields with the SUð2ÞR Higgs fields.
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(see Fig. 26), as long asM�� < 2MWR
, the effects from the

gauge coupling to the WR boson could be neglected;
otherwise for M�� > 2MWR

it will contribute significantly
to the total width of the doubly-charged scalar. Then the
decay branching ratios into different flavor combinations of
charged leptons are simply

BRðH�� → l�
α l�

β Þ ¼
Sαβjfαβj2P

α;βjfαβj2
: ð36Þ

The latest dilepton searches ofH�� → l�
α l�

β at the LHC
can be found in Refs. [131,132], with the doubly-charged
scalar pair-produced form of the Drell-Yan process
pp → γ�=Z� → HþþH−−. The limits on the doubly-
charged scalar mass M�� for all six combinations of final
states ij ¼ ee, eμ, μμ, eτ, μτ, ττ are collected in Fig. 21, as
well as the combined limit from eeþ eμþ μμ, as functions
of the corresponding BRs. For simplicity, we assume that
only one of the six is open at a time and all the others are
vanishing. The final states involving only the e and μ
flavors are the most stringent [131] and those with the τ
flavor are much weaker [132], as a result of the poor
reconstruction efficiency of the τ lepton at hadron colliders.
Note that all the limits in Ref. [132] are specific to the left-
handed doubly-charged scalar; to interpret these limits onto
the RH H��, we rescale down the pair-production cross
section σðpp → γ�=Z� → HþþH−−Þ by a factor of 2.3, to
take into account the different couplings of left- and right-
handed doubly-charged scalars to the Z boson.9 All the

limits in Figs. 5 and 6 of [132] for H�� → e�τ�, μ�τ�,
τ�τ� have assumed a BR of 100% into each of the final
states. To obtain the constraints in Fig. 21 as functions of
the BRs, we rescale further down the theoretical predictions
for the pair-production cross sections by a factor of BR2.
For a doubly-charged scalar mass of 200 GeV, the BR for
the final states involving the tauon flavor could go down to
0.45, 0.41 and 0.74 for respectively eτ, μτ and ττ, which is
much weaker than the constraints from Ref. [131] with only
electrons and muons, as expected: if the BRs get smaller,
the production cross sections are too small to be con-
strained by the experimental data.
The LFV couplings fαβ (with α ≠ β) could induce

rare flavor violating decays and anomalous magnetic
moments which are highly suppressed in the SM. The
partial width for the tree level three-body decay lα →
lβlγlδ is [141,142]

BRðl−
α → l−

β l
þ
γ l−

δ Þp≃
jfαγj2jfβδj2

2ð1þ δβδÞG2
FM

4
��

BRðlα → eνν̄Þ;

ð37Þ

with GF the Fermi constant and δβδ ¼ 1ð0Þ for β ¼ δ
(β ≠ δ) the symmetry factor. As the doubly-charged
scalar mass scale is much larger than the charged lepton
masses, the constraints on jf†fj=M2

�� are almost constants,
which correspond to an effective cutoff scale of
Λ ≃M��=

ffiffiffiffiffiffiffiffiffiffi
jf†fj

p
. All the current experimental data on

the rare muon and tauon decays and the corresponding
upper limits on jf†fj=M2

�� are collected in Table IV.
At the one-loop level, the LFV couplings contribute to

the two-body decays [143]

BRðlα → lβγÞ≃
αEMj

P
δf

†
αδfβδj2

3πG2
FM

4
��

pBRðlα → eνν̄Þ; ð38Þ

where we have summed up all the diagrams involving a lδ

lepton running in the loop. The experimental data of
μ → eγ, τ → eγ and τ → μγ could be used to set limits
on the couplings jPδf

†
αδfβδj=M2

��, which are also pre-
sented in Table IV. As a result of the loop factor, the
constraints on the Yukawa couplings jf†fj are one or two
orders of magnitude weaker than those from the three-body
decays lα → lβlγlδ, as shown in Table IV.
In an analogousway,we can calculate the contributions of

the doubly-charged scalar loops to the anomalous magnetic
moments of electron and muon (with α ¼ e, μ) [144–146]:

Δaα ≃ −
m2

lα

6π2M2
��

X
β

jfαβj2; ð39Þ

where we have summed up the loops involving all three
flavors β ¼ e, μ, τ. The current 2σ experimental uncertainty
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FIG. 21. Same-sign dilepton limits on the mass M�� of a RH
doubly-charged scalar from ATLAS [131] (solid) and CMS [132]
(dashed), as functions of BRðH�� → l�

α l�
β Þ. The black solid

line combines the three decay modes of ee, eμ and μμ.

9In the LRSM, the singly-charged scalar H� has an almost
degenerate mass with the heavy neutral scalars H and A from the
bidoublet, which is required to be beyond roughly 10 TeV by the
flavor data [88]; thus the single production of H�� in associated
production with H� is highly suppressed, and those single
production data in [132] are not applicable to the LRSM, though
the limits tend to bemore stringent than the double production data.
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Δae ¼ 5.2 × 10−13 [76] can be used to set limits on the
couplings

P
βjfeβj2 as a function of the doubly-charged

scalar mass. As the contributions from the doubly-charged
scalar loops are always negative, the controversial theoreti-
cal and experimental discrepancy Δaμ ¼ ð2.87� 0.80Þ ×
10−9 cannot be explained; we use instead the 5σ uncertainty
of 5 × 0.80 × 10−9 to constrain the Yukawa couplings, as
shown in Table IV.
The muonium-antimuonium oscillation, i.e., the LFV

conversion of the bound states ðμþe−Þ ↔ ðμ−eþÞ, can be
induced by the effective four-fermion Lagrangian, which
arises from the exchange of doubly-charged scalars in the
LRSM [147]:

LMM̄ ¼ GMM̄ffiffiffi
2

p ½μ̄γαð1þ γ5Þe�½μ̄γαð1þ γ5Þe� ð40Þ

with the oscillation probability [124,148]

P ≃
ðΔMÞ2
2Γ2

μ
; ð41Þ

where the mass splitting

ΔM ¼ 2hM̄jLMM̄jMi ¼ 16GMM̄ffiffiffi
2

p
πa3

; ð42Þ

with a ¼ ðαμÞ−1 and μ ¼ memμ=ðme þmμÞ the effective
mass. By performing a Fierz transformation, the effective
coefficient is related to the couplings and doubly-charged
scalar mass via

GMM̄ ¼ feef
†
μμ

4
ffiffiffi
2

p
M2

��
: ð43Þ

The MACS experiment [119] sets a 90% C.L. upper bound
of P < 8.2 × 10−11, which requires that jf†eefμμj=M2

�� <
1.2 × 10−7 GeV−2, as shown in Table IV.
There are also direct searches of doubly-charged

scalars at LEP in the single [149] or pair [150]
production mode; limited by the center-of-mass energy,
the constraints are very weak. An off-shell H�� in the
t channel could mediate the Bhabha scattering eþe− →
eþe− and interfere with the SM diagrams. This alters
both the total cross section and the differential distri-
butions [149,150]. If the Yukawa coupling fee is of order
one, the doubly-charged scalar H�� could be probed up
to the TeV scale. By Fierz transformation, the doubly-
charged scalar contributes to the effective contact four-
fermion interaction

1

Λ2
eff

ðēRγμeRÞðf̄RγμfRÞ; ð44Þ

and it is constrained by the ee → ll (with ll ¼ ee, μμ,
ττ) data in Ref. [97]; Λeff ∼M��=jfelj corresponds to
the effective cutoff scale related to the doubly-charged
scalar mass and the Yukawa couplings. It turns out that
the LEP data in Ref. [97] could provide more stringent
limits than those in Refs. [149,150], so we list in
Table IV only the limits on the cutoff scale Λeff from
[97] and the consequent constraints on jfelj2=M2

��.
10

B. Production at colliders

1. Pair production

In the LRSM, the doubly-charged scalarH�� can be pair
produced at lepton colliders through the Drell-Yan process
and the Yukawa interaction fel to the SM charged fermions
[153], with l covering all three flavors of e, μ and τ. The
Feynman diagrams are shown in the upper panels of
Fig. 22. At ILC, high luminosity photon beams can be
obtained by Compton backscattering of a low-energy, high-
intensity laser beam off the high-energy electron beam, and
then the doubly-charged scalar can be pair produced from
the “photon fusion” processes as shown in the lower panels

TABLE IV. Current experimental data of the rare LFV decays
lα → lβlγlδ, lα → lβγ [76,116], the electron [117] and muon
[118] g − 2, muonium oscillation [119] and the LEP eþe− →
lþl− data [97], and the resultant constraints on the couplings
jf†fj=M2

�� for the doubly-charged scalar.

Process Current data Constraints (GeV−2)

μ−→e−eþe− <1.0×10−12 jf†eefeμj=M2
��<2.3×10−11

τ−→e−eþe− <1.4×10−8 jf†eefeτj=M2
��<6.6×10−9

τ−→e−μþμ− <1.6×10−8 jf†eμfμτj=M2
��<4.0×10−9

τ−→μ−eþμ− <9.8×10−9 jf†eτfμμj=M2
��<5.2×10−9

τ−→μ−eþe− <1.1×10−8 jf†eμfeτj=M2
��<5.0×10−9

τ−→e−μþe− <8.4×10−9 jf†eefμτj=M2
��<5.5×10−9

τ−→μ−μþμ− <1.2×10−8 jf†μμfμτj=M2
��<5.1×10−9

μ−→e−γ <4.2×10−13 jPkf
†
ekfμkj=M2

��<2.7×10−10

τ−→e−γ <3.3×10−8 jPkf
†
ekfτkj=M2

��<1.8×10−7

τ−→μ−γ <4.4×10−8 jPkf
†
μkfτkj=M2

��<2.1×10−7

Electron g−2 <5.2×10−13
P

kjfekj2=M2
��<1.2×10−4

Muon g−2 <4.0×10−9
P

kjfμkj2=M2
��<1.7×10−5

Muonium
oscillation

<8.2×10−11 jf†eefμμj=M2
��<1.2×10−7

ee→ee (LEP) Λeff>5.2 TeV jfeej2=M2
��<1.2×10−7

ee→μμ (LEP) Λeff>7.0 TeV jfeμj2=M2
��<6.4×10−8

ee→ττ (LEP) Λeff>7.6 TeV jfeτj2=M2
��<5.4×10−8

10For f ¼ e, the effective interaction in Eq. (44) would also
induce an additional contribution to the Møller scattering and can
be constrained by the upcoming MOLLER experiment [151],
which could probe the effective scale Λeff ≃ 5.3 TeV, slightly
stronger than the current limit from LEP data [152].
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of Fig. 22 [154], including both the trilinear and quartic
gauge-scalar couplings.11 The effective photon luminosity
distribution is given in Eq. (9) above [98–100].
The direct dilepton mass limits on the doubly-charged

scalar mass M�� depend largely on the BRs of H��
decaying into different flavors of SM charged leptons; in
particular, if H�� decays mostly into the tauon flavor, the
same-sign dilepton limits are expected to be roughly
below 440 GeV, as seen in Fig. 21, and H�� can be pair
produced on shell at an ILC running of

ffiffiffi
s

p ¼ 1 TeV (for
the “photon fusion” process, the center-of-mass energy
can only go effectively up to 1 TeV × xmax ≃ 830 GeV).
The total cross sections at ILC 1 TeV for the pair
production of doubly-charged scalars through the
Drell-Yan process, the Yukawa couplings and the photon
fusion are presented in Fig. 23. For concreteness, we
have set fee ¼ 0.1 and feμ ¼ feτ ¼ 0 in the Yukawa
channel; for other specific values of the Yukawa cou-
plings the cross section has to be rescaled by the factor of
jPlfelj2=0.14. The electron/positron beams have been
assumed to be unpolarized. For polarized beams, the
cross section for the Yukawa coupling portal has to be
rescaled by a factor of ð1þ Pe−Þð1 − PeþÞ.

2. Single production

When the doubly-charged scalar is too heavy to be pair
produced at lepton colliders, it could be singly produced
from eþe− [153,156–158], eγ [156,159–162] and γγ
collisions, i.e.,12

eþe− → H��l∓
α l

∓
β ;

e�γ → H��l∓
α ;

γγ → H��l∓
α l

∓
β ; ð45Þ

with γ the laser photon beam as in the pair-production
case. Some of the representative Feynman diagrams are
shown in Fig. 24. For the eþe− single production, it is in
fact the Drell-Yan process ee → ll with one doubly-
charged scalar emitted from the initial or final state
and possibly changing the lepton flavor [149]; see the
first row of diagrams in Fig. 24. The process eþe− →
Hþþ�H−−=HþþH−−� should also be taken into consider-
ation, with one of the doubly-charged scalars in the final
state on shell and the other one off shell (cf. the first
diagram in Fig. 22). Similarly, for the γγ single production,
we can have the doubly-charged scalar produced by
couplings to the charged leptons in γγ → ll (the lower
row in Fig. 24) or with one off-shell doubly-charged scalar
in the pair production like γγ → Hþþ�H−− (cf. the last
two diagrams in Fig. 22). The three diagrams in the middle
row of Fig. 24 are examples for the single produc-
tion e�γ → H��l∓

α .
The cross sections for the single production of H��

depend largely on the production modes, the charged lepton
flavors and the Yukawa couplings fαβ involved. Some
representative production cross sections at ILC 1 TeV as
functions of the doubly-charged scalar mass are presented
in Fig. 25, with the nominal cuts of pTðlÞ > 10 GeV and
jηðlÞj < 2.5. In particular, all the Yukawa couplings
involved are assumed to be 0.1. When the scalar mass is
roughly below

ffiffiffi
s

p
=2 ¼ 500 GeV, the signal of H��l∓

α l
∓
β

FIG. 22. Feynman diagrams for the pair production of a doubly-
charged scalar H��

2 at lepton colliders through the Drell-Yan
process (top left), the Yukawa couplings fαβ to the charged
leptons (top right), and photon fusion (lower panels).
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10–2

0.1

1

10

100

1000

M [GeV]

[fb
]

s 1 TeV

Drell Yan

Yukawa (fee 0.1)

photon fusion

FIG. 23. Pair-production cross sections of the doubly-charged
scalar H�� at ILC 1 TeV through the Drell-Yan process, the
Yukawa couplings to the charged leptons (assuming fee ¼ 0.1
and other couplings vanishing), and photon fusion. For other
values of fee, the cross section in the Yukawa channel can be
simply rescaled by a factor of ðfee=0.1Þ2, though fee ¼ 0.1 has
been excluded for some ranges ofM�� (see Fig. 28). See Fig. 22
for the Feynman diagrams and text for more details.

11The doubly-charged scalar contributes to the light-by-light
scattering at future lepton colliders and interferes with the SM
processes; see e.g., Ref. [155].

12In the eþe− single production of a doubly-charged scalar, we
have the subprocesses eγ� → lαH��, with the virtual photon
emitted from the initial electron/positron [157,161] (see the
second and third diagram in the upper row of Fig. 24), which
is different from the laser photon in the eγ collision in Eq. (45).
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from both the eþe− and γγ processes would be dominated
by the pair-production modes in Fig. 22, and the cross
sections go much larger, as indicated by the thick black line
in Fig. 25.
For the eγ channel, the production cross sections are almost

the same for the three flavorsl ¼ e,μ, τ in the final state, up to
the reconstruction efficiencies (in particular for the tauon
lepton) and the Yukawa couplings, e.g., to obtain the cross
section σðe�γ → H��τ∓Þ, one has only to multiply the

corresponding value for σðe�γ → H��e∓Þ in Fig. 25 by a
factor of ϵτ × jfeτj2=0.01, with ϵτ the τ efficiency factor.
One should note that due to xmax ≃ 0.83 < 1 for the laser
photon, the center-of-mass energy could go only up to
ð500 GeVÞ ⊕ ð500 GeV × xmaxÞ ≃ 911 GeV. With the pT
cut of 10 GeVon the charged leptons, in reality the doubly-
charged scalar mass could only be probed up to roughly
900 GeV, as shown in Fig. 25.
In the eþe− → H��l∓

α l
∓
β single production ofH��, we

can have all six distinct combinations of charged lepton
flavors of α, β in the final state, i.e., lαlβ ¼ ee, eμ, eτ, μμ,
μτ, ττ, which can be categorized into two groups: (a) those
with an electron/positron in the final state (ee, eμ, eτ) and
(b) those with only the muon or tauon flavors (μμ, μτ, ττ).
The production cross sections in each of the groups are
roughly the same, up to the trivial symmetry factors for
identical particles and the efficiency factors; two represen-
tative curves for ee and μμ are shown in Fig. 25. For
instance, to obtain the cross section σðeþe− → H��e∓μ∓Þ,
one needs only to multiply that for an ee process by a factor
of 2ϵμ × jfeμj2 with ϵμ ≃ 1 the muon efficiency factor. For
the processes of the (b) group, only some of the diagrams in
Fig. 24 contribute, e.g., the first one, and the cross sections
are much smaller than those of the (a) group involving an
e�, as clearly seen in Fig. 25 by comparing the cross
sections for ee and μμ.
Regarding the production of a doubly-charged scalar in

the process γγ → H��l∓
α l

∓
β , all the three lepton flavors are

essentially on the same footing. In other words, all the fix
different flavor combinations of lαlβ share the same
production cross sections as shown in Fig. 25 (in the plot
we have explicitly set αβ ¼ ee and fee ¼ 0.1), up to the

FIG. 24. Representative Feynman diagrams for the single production of H�� at lepton colliders from the eþe− (upper), eγ (middle)
and γγ (lower) processes.
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FIG. 25. Single production cross sections of the doubly-
charged scalar H�� at ILC 1 TeV through the eþe−, eγ and
γγ processes, with all the Yukawa couplings relevant set to be 0.1.
On the left of the thick black line, the ee and γγ processes are
dominated by the pair-production modes. For other values of fαβ,
the cross section can be simply rescaled by a factor of ðfαβ=0.1Þ2,
though fαβ ¼ 0.1 has been excluded for some ranges ofM�� (see
Fig. 28). See Fig. 24 for the Feynman diagrams and the text for
more details.
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symmetry factors due to the identical particles α ¼ β, the
Yukawa couplings ðfαβ=0.1Þ2 and the efficiency factors.

3. Off-shell production

Even if the doubly-charged scalar is too heavy to be
directly single/pair produced on shell at lepton colliders, it
could still mediate the processes eþe− → l�

α l
∓
β in the t

channel [153] (if lαlβ ¼ eþe−, then the doubly-charged
scalar contributes to the Bhabha scattering), as shown in
the left panel of Fig. 26, and induce LFV signals if
α ≠ β. In an analogous way, we can have the trilepton
processes e�γ → l∓

α l�
β l

�
γ [159–161]13 with potential

LFV signals if

αβγ ¼ eeμ; eeτ; eμμ; eμτ; eττ; μee; τee; μeτ; τeμ; μμμ; τττ;

μμτ; ττμ; μττ; τμμ; ð46Þ

as shown in the right panel of Fig. 26. As for the single
production, here one has to take into account also the
processes e�γ → H���l∓

α → l∓
α l�

β l
�
γ with the same-sign

lepton pair (l�
β l

�
γ ) originating from the off-shell H��;

cf. the diagrams in the middle row of Fig. 24.
For illustration purpose, we show in Fig. 27 the

production cross sections for eþe− → e�μ∓ and e�γ →
e∓e�μ� at both CEPC 240 GeV and ILC 1 TeV. To
be concrete, the Yukawa couplings involved have
set to be jf†fj ¼ 0.01, for instance jf†eefeμj ¼ 0.01 in
the e�μ∓ channel (the solid and dashed purple curves
in Fig. 27).

C. Prospects and LFV signals

Given the cross sections in the previous subsection for all
the different modes of pair production, single production
and off-shell production of the RH doubly-charged scalar
H�� in the LRSM, we estimate the prospects for the
doubly-charged scalar at future colliders like CEPC and
ILC, in particular with the LFV signals which are highly
suppressed in the SM. All the current LFV constraints are

collected in Table IV. One should note that some of the
limits in Table IV depend on the products of two different
entries in the Yukawa coupling matrix fαβ, like the decays
lα → lβlγlδ, lα → lβγ and the muonium oscillation,
while the g − 2 and LEP eþe− → lþl− data rely only
on (combinations of) the single elements fαβ.
Among all the on-shell and off-shell production modes

in Sec. IV B, only the Drell-Yan process eþe− → HþþH−−

and γγ → HþþH−− do not depend on the Yukawa cou-
plings fαβ, but rather on the gauge couplings; cf. the first,
third and fourth diagrams in Fig. 22. As stated in Sec. IVA,
the doubly-charged scalar in the LRSM decays predomi-
nantly into the charged leptons, with the BR and flavor
dependence given in Eq. (36). By counting the event
numbers of different lepton flavors, one could, at least
in principle, fix the relativemagnitudes of the elements fαβ,
e.g., the ratios jfαβj2=jfeej2.14 The absolute values of fαβ
have to been determined from other on-shell channels.
At the leading order, both the amplitudes of the Yukawa

pair production (the second diagram in Fig. 22) and single
production channels in Fig. 24 are linear functions of the
couplings fαβ. In the simplest case with only one inde-
pendent element of the f matrix turned on, one can predict

FIG. 26. Feynman diagrams for the off-shell production ofH��

at lepton colliders from the eþe− (left) and eγ (right) processes.
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FIG. 27. Single production cross sections of the doubly-
charged scalar H�� at CEPC (dashed,

ffiffiffi
s

p ¼ 240 GeV) and
ILC (solid,

ffiffiffi
s

p ¼ 1 TeV) through the eþe− (purple) and eγ
(orange) processes, with all the Yukawa couplings jf†fj relevant
set to be 0.01. For other values of jf†fj, the cross section
can be simply rescaled by a factor of ðjf†fj=0.01Þ2, though
jf†fj ¼ 0.01 has been excluded for some ranges of M�� (see
Figs. 29 and 30). See Fig. 24 for the Feynman diagrams and text
for more details.

13It is also possible to have the off-shell production mode γγ →
l�
α l�

β l
∓
γ l∓

δ with potentially LFV in the final state, but the cross
sections are much smaller than the ee and eγ processes and are
thus not considered here.

14In the left-right models, in the limit of smallW −WR mixing
and heavy WR boson, with sufficiently small Yukawa couplings
fαβ, the same-sign leptons from doubly-charged scalar decay
will form displaced vertices [163], which is expected to be a
strikingly clear signal at lepton colliders. The decay length of a
doubly-charged scalar could, in principle, be used to determine
the values of Yukawa couplings jfαβj for a given doubly-charged
scalar mass.
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the production cross sections as functions of the coupling
fαβ involved, and estimate the resultant prospects for the
individual couplings at future lepton colliders like CEPC,
ILC and FCC-ee. To be specific, we consider only the pair
and single production at an ILC running of

ffiffiffi
s

p ¼ 1 TeV in
Fig. 28, as the planned CEPC and FCC-ee energies are
lower. To be conservative, the ILC beams are assumed to be
unpolarized; for the RH H��, polarized beams could
improve to some extent the production cross sections
and prospects, e.g., with Pe− ¼ 0.8 and Peþ ¼ −0.3
[65]. The basic cuts and efficiencies are the same as above,
i.e., pTðlÞ ¼ 10 GeV, and ϵe;μ ≃ 1 and ϵτ ¼ 60%. The SM
backgrounds for the pure lepton final states are well
understood, with the τ decays causing some complications.
In particular, the SM backgrounds with LFV like
ðe�μ�Þðe∓μ∓Þ are expected to be very low, and they might
originate from e.g., particle misidentification [164,165].
With the well-controlled SM background, the on-shellH��
is expected to give rise to sharp resonancelike peaks over
the continuous kinetic distributions of the charged leptons
like the invariant mass mðl�l0�Þ [47]. To be concrete, we
assume a total number of 30 events for the signals without

apparent LFV like H�� → e�e� and 10 for the LFV
signals such as H�� → e�μ�.
As already mentioned, only the electron and muon g − 2

and the LEP data could be used to set unambiguous limits on
the Yukawa couplings fαβ for the Yukawa pair and single
production modes. Suppressed by the small charged lepton
masses in Eq. (39), the g − 2 limits in Table IVare very weak
and are not shown in Fig. 28. For the few hundred GeV scale
H��, the LEP ee → ll data exclude the couplings fel of
order Oð0.1Þ with l ¼ e, μ, τ, as presented in the first three
plots of Fig. 28. The same-sign dilepton limits on the doubly-
charged scalar mass from the ATLAS [131] and CMS [132]
data in Fig. 21 are also shown in Fig. 28 as the vertical dashed
gray lines, assuming a BRðH�� → l�

α l�
β Þ ¼ 100% with

respect to the specific lepton flavors lα;β. The dilepton limits
for the states μτ and ττ are below 500 GeVand are not shown
in the lower right panel of Fig. 28.
When M�� ≲ ffiffiffi

s
p

=2 ¼ 500 GeV at ILC, the doubly-
charged scalar can be either pair or single produced, via
respectively the Yukawa couplings (the second diagram in
Fig. 22) or the eγ process (the middle row in Fig. 24). In the
lighter mass range, the single-production-like processes

FIG. 28. Prospects of the doubly-charged scalar H�� at ILC 1 TeVand an integrated luminosity of 1 ab−1. The top left, top right and
bottom left panels show both the prospects in the Yukawa pair (orange) and single productionmodes of the eþe− (blue), eγ (purple) and γγ
(brown) processes, for respectively the couplings fee, feμ and feτ, as functions of the doubly-charged scalarmass. The pink shaded regions
are excluded by the LEP ee → ll data [97]. The prospects for the Yukawa couplings fαβ not involving the electron flavor are collected in
the lower right panel, in both the eþe− and γγ processes. The vertical dashed gray lines indicate the current same-sign dilepton limits on the
doubly-charged scalar mass from LHC [131,132], assuming a BRðH�� → l�

α l�
β Þ ¼ 100%. See text for more details.
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eþe−, γγ → H��l∓
α l

∓
β are in fact dominated by the pair-

production modes eþe−, γγ → HþþH−− in Fig. 22 which
do not depend on the Yukawa couplings; thus all the ee and
γγ single production processes in Fig. 28 are truncated at
500 GeV. As the pair-production amplitudes have a
quadratic dependence on the couplings fαβ while the single
eγ process is only linear, the latter could probe a much
smaller Yukawa coupling down to Oð10−3Þ (the purple
lines in the first three plots of Fig. 28), while the pair
production only to a few times 10−2 (the orange lines).
For M�� ≳ ffiffiffi

s
p

=2, only the single production modes ee
(blue), eγ (purple) and γγ (brown) are kinematically
available. Compared to the eγ processes, the ee and γ
ones have one more lepton in the final state. Thus the cross
sections are comparatively smaller (see Fig. 25), and the γγ
modes are further suppressed by the effective photon
luminosity function in Eq. (9). Though the eγ cross sections
are comparatively larger, they are limited to the couplings
fαβ involving at least one electron; cf. the middle row
diagrams in Fig. 24. The Yukawa couplings in the μ − τ
sector (fμμ, fμτ and fττ) could only be reached via the eþe−

and γγ collisions, with the prospects collected in the lower
right panel of Fig. 28. There is currently almost no limit on
these couplings, except for the muon g − 2 on fμμ and fμτ
which however is too weak to set any limits. Compared to
the couplings involving at least one electron flavor, the
production cross sections for those in the μ − τ sector are
much smaller, and the prospects are resultantly also much
weaker, at most of order 10−2. Nevertheless, all these
modes are largely complementary to each other, in par-
ticular the ee and eγ processes, in producing the doubly-
charged scalars, revealing the flavor structure of the
Yukawa couplings fαβ and hunting for the LFV signals.
For the off-shell production eþe− → lαlβ and

eγ → lαlβlγ , the doubly-charged scalar mass could be
(much) higher than the center-of-mass energy of the lepton

colliders. For the sake of comparison we show in Figs. 29
and 30 the prospects at both CEPC with

ffiffiffi
s

p ¼ 240 GeV
and an integrated luminosity of 5 ab−1 and ILC with

ffiffiffi
s

p ¼
1 TeV and a luminosity of 1 ab−1. With a higher lumi-
nosity at 240 GeV anticipated, the FCC-ee could do better
than CEPC. As the production amplitudes depend quad-
ratically on the couplings fαβ, the experimental constraints
on the Yukawa couplings jf†fj are different from those for
the on-shell production in Fig. 28, as clearly seen in
Table IV. In particular, the limit from μ → eee is so
stringent that it leaves no probable space for jf†eefeμj.
The limits from the tauon sector are comparatively much
weaker, with the prospects for jf†eefeτj and jf†eμfeτj at
CEPC and ILC via the ee → lαlβ and eγ → lαlβlγ

processes collectively presented in Fig. 29. For jf†eefeτj,
the constraints are predominantly from the rare decays τ →
eee and τ → eγ, whereas the τ− → μ−eþe− and τ → μγ
data can be used to set limits on jf†eμfeτj. Given the limits
on jfelj (with l ¼ e, μ, τ) from the ee → ll data at LEP
[97], these combinations jf†eefeτj and jf†eμfeτj are also
constrained by the LEP data, as shown in Fig. 29.
With only two leptons in the final state, the cross sections

for the ee → lαlβ processes are orders of magnitude larger
than those for eγ → lαlβlγ, as seen in Fig. 27; thus the
former could probe smaller Yukawa couplings jf†fj, i.e.,
respectively 3.4 × 10−9ð1.8 × 10−9Þ GeV−2 at CEPC (ILC)
for both jf†eefeτj and jf†eμfeτj in the heavy doubly-charged
scalar limit. These are well beyond the current limits from
the rare three-body tauon decays, as seen in Fig. 29.
Benefiting from the larger colliding energy, the ILC
running at 1 TeV outperforms the CEPC. At ILC, when
the doubly-charged scalar mass M�� ≲ 1 TeV, the eγ
process is actually dominated by the on-shell production
eγ → lαH�� with the subsequent decay H�� → l�

β l
�
γ

(see the middle row in Fig. 25 for the Feynman diagrams),

FIG. 29. Prospects of the Yukawa couplings jf†eefeτj and jf†eμfeτj for the doubly-charged scalar H�� production via the ee → lαlβ

(red) and eγ → lαlβlγ (blue) processes, at CEPC with
ffiffiffi
s

p ¼ 240 GeV and an integrated luminosity of 5 ab−1 (dashed) and at ILC withffiffiffi
s

p ¼ 1 TeV and 1 ab−1 (solid). The shaded regions are excluded by the rare tauon decays τ → lαγ, τ → lαlβlγ and the LEP ee → ll
data [97]. See the text for more details.
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and the production cross sections in Fig. 27 and the
prospects in Fig. 29 are largely enhanced, even better than
the ee mode.
All other combinations of the lepton flavors in f†αβfγδ

can be collected in the form of f†eαfβγ with α ¼ e, μ, τ and
β, γ ¼ μ, τ. These couplings could only be probed via the
processes e�γ → l∓

α l�
β l

�
γ , with the corresponding pros-

pects at CEPC and ILC presented in the plots of Fig. 30.
As in Fig. 29, when the doubly-charged scalar mass is
below 1 TeV, it could be produced on shell at ILC and the
prospects increase significantly. Given all the flavor con-
straints in Table IV, only some of the Yukawa couplings
jf†fj are constrained by current experimental data: muo-
nium oscillation can be used to set a limit on jf†eefμμj (red
curves in the upper panel), while the rare tauon decays
τ− → e−μþe−, τ− → e−μþμ− and τ− → μ−eþμ− could be
used to constrain respectively the couplings jf†eefμτj
(orange curves in the upper panel), jf†eμfμτj (orange curves
in the lower left panel) and jf†eτfμμj (red curves in the
lower right panel). It is transparent in Fig. 30 that when
these limits are taken into consideration, one would not see
any signal at CEPC or ILC in these channels, unless the

doubly-charged scalar could be produced on shell. All the
other combinations of couplings jf†fj are not constrained
by any data, and one could probe these couplings with the
LFV signals by searching for the trileptons eγ → lαlβlγ ,
even if the doubly-charged scalar mass is beyond the
TeV scale.

D. Application to specific textures

In this section, we consider three specific textures of the
matrix fαβ in Eq. (3) to exemplify the flavor constraints and
lepton collider prospects of the RH doubly-charged scalar
in the LRSM. Typically, the property of each case starts
with specific textures of the charged lepton mass matrix, the
Dirac neutrino mass matrix and the heavy RHN mass
matrix in the LRSM, which give rise to the physical
charged lepton masses, the tiny neutrino masses, the lepton
flavor mixing angles and the CP violating phases [83].
With regard to the doubly-charged scalar sector, only the f
coupling matrix is relevant, which is related to the heavy
RHN masses via MN ≃ 2fvR. Three simple textures of f
are presented in Table V, i.e., the textures A, B and C,
which share the same sets of parameters, with only two free
parameters f1;2 of orderOð0.1Þ, following the numerical fit

FIG. 30. The same as in Fig. 29, for the couplings jf†eefμμj (red), jf†eefμτj (orange) and jf†eefττj (blue) in the upper panel; jf†eμfμμj (red),
jf†eμfμτj (orange) and jf†eμfττj (blue) in the lower left panel; and jf†eτfμμj (red), jf†eτfμτj (orange) and jf†eτfττj (blue) in the lower right
panel, at both CEPC (dashed) and ILC (solid). The shaded brown region is excluded by muonium oscillation, which is applicable to
jf†eefμμj (cf. Table IV). The rare tauon decays τ− → e−μþe−, τ− → e−μþμ− and τ− → μ−eþμ− (gray) are used to constrain respectively

the couplings jf†eefμτj, jf†eμfμτj and jf†eτfμμj (cf. Table IV).
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of Ref. [83]. The texture zeros might originate from and be
protected by some underlying discrete symmetry groups in
the lepton sector [78,83].
For the texture A, the doubly-charged scalar decays

predominantly into e�μ� and τ�τ�; following Eq. (36), the
BR are respectively 7.4% and 92.6%, as collected in
Table V. With the texture zeros, some of the flavor
constraints in Table IV are not applicable to this specific
scenario; only the electron and muon g − 2 and the LEP
ee → μμ data set limits on the f1;2 couplings, depending on
the doubly-charged scalar mass M��. Among them, the
most stringent is from the LEP data, which requires that
M�� > 395 GeV (cf. the upper right panel of Fig. 28), and
the g − 2 limits are below 100 GeV. Regarding the ATLAS
and CMS same-sign dilepton limits in Fig. 21, it is trivial to
interpret the eμ and ττ data with respect to the correspond-
ing BRs and to obtain the constraints on a doubly-charged
scalar mass, which turn out to be 321 GeV (eμ) and
253 GeV (ττ).
Combining all the limits above, there is only a narrow

window left for the pair production of H�� at the ILC
running at 1 TeV: 395 GeV < M�� < 500 GeV, with

nevertheless a strikingly clear signal in particular in the
eμ channel15:

eþe−→ γ�=Z�→HþþH−−

→ ðeþμþÞðe−μ−Þ;ðe�μ�Þðτ∓τ∓Þ;ðτþτþÞðτ−τ−Þ:
ð47Þ

With the Oð0.1Þ Yukawa couplings f1;2, the doubly-
charged scalar is hard to miss at lepton colliders by
reconstructing the invariant mass meμ and mττ of the
same-sign dilepton pairs. One should note that the dou-
bly-charged scalar could also be produced through the
Yukawa coupling feμ (cf. the second diagram in Fig. 22),
which is however comparatively suppressed by a factor of
ðf1=eÞ4 (e here being the electric charge) and thus
contributes only with a factor of ∼½1þ ðfeμ=eÞ2� to the
total cross section for the pair production of H��.

TABLE V. Three specific sample textures A, B and C, for the coupling matrix f, with the fixed values of f1;2 given in the table. We
show collectively, for all three textures, the decay BRs, the flavor limits from Table IV (the lower bounds onM�� are put in the brackets
with those lower than 100 GeV not shown), the LHC same-sign dilepton limits from Fig. 21 (the corresponding channels are in
parentheses), the pair-production mass windows at ILC 1 TeV in the ee mode, the single production channels (the lepton pairs in
parentheses are from on-shell H�� decay) in both the ee=γγ and eγ modes, and the off-shell production channels of the ee and eγ
processes. For textures B and C, the on-shell production is not possible (as denoted by −), because of the stringent LHC limits. See the
text for more details.

Textures A B C

f1 ¼ 0.1  
0 f1 0

f1 0 0

0 0 f2

!  f2 0 0

0 0 f1
0 f1 0

!  
0 0 f1
0 f2 0

f1 0 0

!
f2 ¼ 0.5

Decay BRs BRðeμÞ ¼ 7.4% BRðμτÞ ¼ 7.4% BRðeτÞ ¼ 7.4%
BRðττÞ ¼ 92.6% BRðeeÞ ¼ 92.6% BRðμμÞ ¼ 92.6%

Flavor limits τ− → e−μþe− (2.6 TeV) τ− → μ−eþμ− (1.7 TeV)
Electron g − 2 Electron g − 2 Electron g − 2
Muon g − 2 Muon g − 2 Muon g − 2

ee → μμ (395 GeV) ee → ee (1.4 TeV) ee → ττ (430 GeV)

LHC limits 321 GeV (eμ) 648 GeV (ee) 710 GeV (μμ)

Pair production at ILC 1 TeV [395, 500] GeV � � � � � �
Single production (ee; γγ) ðe�μ�Þe∓μ∓ � � � � � �

ðe�μ�Þτ∓τ∓
ðτ�τ�Þe∓μ∓
ðτ�τ�Þτ∓τ∓

Single production (eγ) ðe�μ�Þμ∓ � � � � � �
ðτ�τ�Þμ∓

Off-shell production (ee) μþμ− eþe− τþτ−

Off-shell production (eγ) μ∓e�μ� e∓e�e� τ∓e�τ�
μ∓τ�τ� e∓μ�τ� τ∓μ�μ�

15For a doubly-charged scalar with massM�� > 395 GeV, the
production γγ → HþþH−− is only marginally allowed at ILC
1 TeV, as seen in Fig. 23.
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When the doubly-charged scalar is heavier than
500 GeV, it could only be single produced at ILC from
the ee, γγ and eγ processes, with potentially all the flavor
combinations listed in the first column of Table V. Roughly
speaking, with the initial ee or γγ, the doubly-charged
scalar can be produced in association with the same-sign
lepton pairs of e�μ� or τ�τ�, while for the eγ process,
the doubly-charged scalar can be produced with a
muon, which is dictated by the f1 coupling. If the
doubly-charged scalar is too heavy to be directly produced
on shell, it could yet mediate the processes eþe− → μþμ−

and e�γ → μ∓e�μ�; μ∓τ�τ�. The doubly-charged scalar
mediated ee → μμ would interfere with the SM back-
ground, altering both the total cross section and angular
distributions, thus constrained by the LEP data [97]. The
doubly-charged scalar mediated μ∓e�μ� process will also
interfere with the pure SM diagrams of e�γ → e�μ�μ∓ and
might have effects on both the cross section and differential
distributions, depending on the mass M��. A dedicated
analysis is beyond the main scope of this paper and we will
not go into any further details. The μ∓τ�τ� final states are,
on the contrary, clear signatures of LFV, even if the doubly-
charged scalar goes beyond the TeV scale.
By replacing 1 ↔ 3 and 2 ↔ 3 in the matrix f of texture

A, we obtain respectively scenarios B and C. With the
textures changed, the lepton flavor constraints also vary,
which are all collected in the second and third column of
Table V. For scenario B, the most stringent limits are from
the rare decay τ− → e−μþe− which requires that M�� >
2.6 TeV for the specific values of f1;2 (cf. the upper panel
of Fig. 30). The electron and muon g − 2 limits are below
100 GeV and are not shown in the table. The coupling
fee ¼ f2 induces also extra contribution to the Bhabha
scattering and is thus tightly constrained by the LEP data
with a lower bound of 1.4 TeVon the doubly-charged scalar
mass. With these overwhelming limits, the H�� can only
be produced at ILC 1 TeV in the off-shell mode, producing
the LFV signal of e�γ → e∓μ�τ�, though the on-shell
production is possible at CLIC 3 TeV.16 In addition, the
large branching fraction into ee pushes the LHC dilepton
limits onM�� much more stringently than texture A, being
648 GeV.
Texture C is kind of similar to texture B, with the doubly-

charged scalar decaying predominantly into μ�μ� with a
small proportion to e�τ�. The rare decay τ− → μ−eþμ−
provides the most stringent flavor constraints of 1.7 TeVon
the doubly-charged scalar mass (cf. the lower right panel of
Fig. 30). The limit from the LEP ee → ττ data is com-
paratively much weaker, roughly 430 GeV, suppressed to
some extent by the coupling f1. The LHC same-sign
dilepton limit is somewhat stronger than in scenario B
and is 710 GeV. With a beyond-TeV scale H��, the LFV

signal in the off-shell mode is primarily τ∓μ�μ�, in
addition to the lepton-flavor-conserving-like process
e�τ�τ∓, from the eγ collision.
Although the three textures A, B and C share the same

data set of f1;2, their implications on the searches ofH�� at
future lepton colliders are distinctly different, e.g., the flavor
limits on the doubly-charged scalar mass and the on-shell
and off-shell signals. Given the prospects in Sec. IV B, these
realistic models could easily be tested and distinguished at
future lepton colliders, e.g., via searches of the LFV signals
and direct (pair) production of doubly-charged scalars. In the
LRSM with a multi-TeV scale RH scale vR, say 5 TeV, to
accommodate TeV scale RHNs for the seesaw mechanism,
(some of) the f elements are expected to be sizable. In the
absence of any beyond-SM signal at lepton colliders, these
scenarios will be clearly ruled out. More importantly, it
might imply that the RH scale vR is much heavier than the
TeV scale and hence theWR mass will be pushed beyond the
LHC capability by the absence of these signals, which will
anyway be an interesting result in the study of TeV scale left-
right seesaw models for neutrino masses.

V. CONCLUSION

In this paper we have studied in great detail the prospects
for observing the effects of triplet scalars of the left-right
symmetric model in future lepton colliders, i.e., the neutral
SUð2ÞR-breaking scalar H3 and its doubly-charged scalar
partner H��. In the original Lagrangian, the neutral scalar
H3 couples only to the heavy beyond-SM scalar, the heavy
WR and ZR gauge boson, and the heavy right-handed
neutrinos, and not to any SM quarks. Thus it could easily
evade all the current direct searches at the LHC. Via its
mixing in the scalar sector and the neutrino sector, it could
be produced in lepton colliders from fusion of the doubly-
charged scalars, the radiative couplings to photons at the
one-loop level, the mixing with the SM Higgs, the Yukawa
couplings to the heavy neutrinos, and the mixing with the
heavy neutral scalar H1 from the bidoublet. From the
phenomenological point of view, the most interesting
channel is the last one, as the mixing with H1 would lead
to the LFV couplings of H3, which is directly connected to
the Dirac mass matrix in the seesaw formula. Given these
LFV couplings, the neutral scalar H3 can be produced in
future lepton colliders on shell or off shell, leading to
strikingly clear LFV signals such as eþe− → e�μ∓ þH3

and eþe− → μ�τ�. The Feynman diagrams can be found in
Figs. 9, 11, 13 and 15, with the cross sections depicted in
Figs. 10, 12, 14 and 16. With an integrated luminosity of
the order of ab−1, the couplings can be probed up to ∼10−4
(see Figs. 18 and 19), depending on the center-of-mass
energy, the production channel and decay products. This is
well beyond the current stringent flavor constraints in the
lepton sector (see Table II) such as τ → eee and μ → eγ in a
larger parameter space, and it could explain the muon g − 2
anomaly in the channel ee → μτ þH3.

16This is currently under investigation for an upcoming Yellow
report on CLIC physics potential.
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Regarding the right-handed doubly-charged scalar in the
left-right symmetric model, its couplings to the charged
leptons stem from type-II seesaw and point directly to the
masses and flavor structure in the right-handed neutrino
sector. We provide a full list of the production of doubly-
charged scalars at future lepton colliders, through the eþe−,
eγ and γγ collisions (γ here refers to the real laser photon),
in the channels of pair production, single production (in
association with one or two additional charged leptons in
the final state) and off-shell production, and with all the
possible charge lepton flavor combinations. The represen-
tative Feynman diagrams can be found in Figs. 22, 24
and 26, and the production cross sections are collected in
Figs. 23, 25 and 27. The prospects are presented in
Figs. 28–30. The lepton flavor conserving and violating
coupling can be probed up to ∼10−3 for a large range of
doubly-charged scalar masses that are well beyond the
current flavor constraints listed in Table IV. As exemplified
in Table V, the flavor limits and lepton collider prospects
depend largely on the structure of the Yukawa coupling f.
The neutral and doubly-charged seesaw scalars are

intimately correlated to the tiny neutrino mass generation

via the seesaw mechanism. The lepton collider searches of
these scalars are largely complementary to the effects at
current and future hadron colliders and the low-energy
neutrino experiments such as those aiming at the leptonic
CP violation, neutrino mass hierarchy and neutrinoless
double beta decays. Due to the “clean” background of
lepton colliders, the direct searches of the neutral and
doubly-charged scalar at CEPC, ILC, FCC-ee and CLIC
are very promising, and they might reveal the beyond-SM
physics in searches of the LFV signals. These searches can
even be connected to the dark matter particle in the type-II
seesaw frameworks in a different class of left-right models
with the lightest right-handed neutrino being the darkmatter
[166–168].
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