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Many new physics scenarios beyond the Standard Model (BSM) necessitate the existence of new
neutral and/or charged scalar fields, which might couple to the SM charged leptons (but not hadrons) and,
thus, can give rise to BSM signals while evading strong constraints mostly coming from the hadronic
sector. I show that future lepton colliders provide a clean environment to probe these leptophilic new
scalars via multilepton final states, including some interesting lepton flavor violating channels. I also
study the kinematic distributions of the final state leptons to distinguish the BSM contributions from
neutral and doubly charged scalars giving rise to the same final state, as well as from the irreducible SM
background.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
tremendously successful in explaining a wide variety of
experimental results and characterizing the fundamental
particles and their interactions. However, there are still
many unresolved issues that need to extend the SM by
introducing new particles and interactions, such as the
Higgs sector extension models, which introduce additional
scalar fields [1–4].
The neutral and doubly charged Higgs bosons are hypo-

thetical particles predicted by certain extensions of the SM,
such as the left-right symmetric model (LRSM) [5–9],
two Higgs doublet model [1,10–14], and Higgs triplet
model (HTM) [15–19]. The new neutral (dubbed as “H3”)
and doubly charged (dubbed as “H��”) scalar fields
might couple to the SM charged leptons through Yukawa
interactions:

LH3
⊃ YαβlαH3lβ þ H:c:; ð1Þ

LHþþ ⊃ YαβlC
αHþþlβ þ H:c: ð2Þ

For example, in the LRSM, the physical fields H3 and
H�� come from the triplet Higgs fieldsΔL;R:H3 ≡ ReðΔ0Þ
and H��

L;R ≡ Δ��
L;R, where

ΔL;R ¼
�Δþ

L;R=
ffiffiffi
2

p
Δþþ

L;R

Δ0
L;R −Δþ

L;R=
ffiffiffi
2

p
�

ð3Þ

and the triplet ΔL;R couples to the lepton doublets
LL;α ¼ ðνL; eLÞTα and LR;α ¼ ðνR; eRÞTα through Yukawa
interactions

LY ⊃ YL;αβLT
L;αC

−1σ2ΔLLL;β

þ YR;αβLT
R;αC

−1σ2ΔRLR;β þ H:c:; ð4Þ

where α and β denote the lepton flavor e, μ, or τ andC is the
charge conjugation matrix.
These Yukawa interactions are important in addressing

the (smallness) of the neutrino masses and the baryon
asymmetry of the Universe and are responsible for the
origin of the electroweak symmetry breaking. The obser-
vation of the Yukawa couplings could have important
implications for different beyond the Standard Model
(BSM) models, such as theories of neutrino mass and
baryogenesis.
If the mass scale of the scalars is less than a few TeV, the

lepton colliders (with the
ffiffiffi
s

p
∼ TeV scale) are especially

well suited for detections of the scalar fields as well as the
study of the corresponding BSM scenarios, because they
provide clean backgrounds and signals compared to hadron
colliders. Lepton colliders can also be run at a fixed center-
of-mass energy, which allows for precise control of the
collision energy and provides a spectacular chance for the
study of the new particles at high precision, such as their
masses, couplings, and decay modes.
In this work, ignoring the actual detailed form of the

Yukawa interactions, I simply treat the overall Yukawa
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couplings as model-independent observables and study
their discovery prospect at future lepton colliders such as
the International Linear Collider (ILC) [20,21] with a
center-of-mass energy of 1.0 TeV and the Compact
Linear Collider (CLIC) [22,23] with center-of-mass ener-
gies of 1.5 and 3 TeV. The final states in the collider
searches will be fairly similar, as both neutral and doubly
charged scalars couple to SM charged leptons. In this
paper, I also make a detailed investigation, outlining the
differences between their final states under various
cases, along with their distinctive dilepton invariant mass
distributions.
The rest of the paper is organized as follows: In Sec. II,

I briefly discuss the characteristic cases and the related
experimental constraints that are used in this paper.
Section III presents the detailed analysis of the collider
signal considered in this paper, as well as the background
evaluation and different cuts that are used for different
cases. The results and other discussions are summarized
in Secs. IV and V. Section VI gives the conclusions. The
related invariant mass distributions are shown in the
Appendix.

II. THEORETICAL ANALYSIS

At lepton colliders, the interaction terms presented in
Eqs. (1) and (2) will produce highly comparable final states
consisting of multiple charged leptons. To demonstrate the
differences and for simplicity, I consider only the e, μ sector
of the Yukawa matrices and further assume the diagonal
and off-diagonal couplings are equal separately: jYeej ¼
jYμμj and jYeμj ¼ jYμej.
Because of the extremely strong constraints of

μ → eeē (<1.0 × 10−12 at 90% CL) [24] and μ → eγ

(<4.2 × 10−13 at 90% CL) [25], the diagonal and
off-diagonal terms cannot be large at the same time.
Otherwise, these lepton flavor violating (LFV) rare lepton
decay processes can happen at the tree level (for μ → eeē)
and one-loop level (for μ → eγ) with a neutral or doubly
charged mediator in the diagrams.
Thus, to describe the differences between neutral and

doubly charged scalars and the differences between diagonal
and off-diagonalYukawa couplings in each scalar interaction
term, I consider four characteristic cases in this work:
(a) neutral scalar H3 with nonzero diagonal Yukawa

couplings jYeej ¼ jYμμj,
(b) neutral scalar H3 with nonzero off-diagonal Yukawa

couplings jYeμj ¼ jYμej,
(c) doubly charged scalar H�� with nonzero diagonal

Yukawa couplings jYeej ¼ jYμμj, and
(d) doubly charged scalar H�� with nonzero off-diagonal

Yukawa couplings jYeμj ¼ jYμej.
From now on, we will use a convention in this paper

that the letters (a), (b), (c), and (d) appearing in the
equations, figures, and tables below, respectively, corre-
spond to the four cases (a), (b), (c), and (d) presented here.
For the possible experimental constraints in the four

cases, I use the data from the rare LFV decays lα →
lβlγlδ and lα → lβγ [26,27], the muonium oscillation
[28], the large electron–positron collider (LEP) eþe− →
lþl− [29], and the LHC multilepton [30,31].
As for the electron [32,33] and muon [34] anomalous

magnetic moments, I have checked and agree with the
previous theoretical expressions [35,36] for the Δae and
Δaμ contributions induced by neutral and doubly charged
scalar fields. Specifically, the ðg − 2Þμ contributions in
cases (b) and (d) are, respectively,

FIG. 1. Feynman diagrams for the ðg − 2Þμ in case (b) H3, jYeμj ≠ 0 and case (d) H��, jYeμj ≠ 0. Feynman diagrams for the ðg − 2Þμ
in case (a) H3, jYeej ¼ jYμμj ≠ 0 and case (c) H��, jYeej ¼ jYμμj ≠ 0 can be obtained simply by changing all the e indices to μ in the
figures. Feynman diagrams for the ðg − 2Þe can be obtained simply by exchanging all the e and μ indices in the corresponding ðg − 2Þμ
diagrams.
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ΔaðbÞμ ¼ 1

8π2
m2

μ

m2
H3

Z
1

0

dx
jYeμj2x2

�
1 − xþ me

mμ

�

ð1 − xÞ
�
1 − m2

μ

m2
H3

x
�
þ m2

e
m2

H3

x
; ð5aÞ

ΔaðdÞμ ¼ −
1

π2
m2

μ

m2
H��

Z
1

0

dx
jYeμj2xð1 − xÞ

�
xþ me

mμ

�
m2

e

m2

H��
ð1 − xÞ

�
1 − m2

μ

m2
e
x
�
þ x

−
1

2π2
m2

μ

m2
H��

Z
1

0

dx
jYeμj2x2

�
1 − xþ me

mμ

�

ð1 − xÞ
�
1 − m2

μ

m2

H��
x
�
þ m2

e
m2

H��
x
:

ð5bÞ

The corresponding Feynman diagrams are shown in Fig. 1.
The Feynman diagrams and the expressions of the ðg − 2Þμ
contribution in cases (a) and (c) can be easily obtained by
changing all the e indices to μ in Fig. 1 and Eq. (5). The
Feynman diagrams and the expressions of the ðg − 2Þe can
be easily obtained by exchanging all the e and μ indices in
the corresponding ðg − 2Þμ figures and expressions.

III. SIGNAL AND BACKGROUND ANALYSIS

I focus on the ILC [21] and CLIC [23] as two benchmark
machines for future lepton colliders and present in Table I
their planned final center-of-mass energy

ffiffiffi
s

p
and the

expected integrated luminosity Lint.
Based on the four cases mentioned above, I propose two

collider signals that can be used to test the ðmscalar; YαβÞ
parameter space: eþe− → eþe−μþμ− and eþe− →
eþeþμ−μ−=e−e−μþμþ. The second signal that has two
same-sign dilepton pairs violates the lepton flavor, and the
SM background mainly comes from the misidentification
of the lepton flavor in the final states. For lepton colliders,
the misidentification rate for electron and muon is less than
0.5% [37]. This makes e�e�μ∓μ∓ almost background-free,
and I find that the background would not have substantial
effects on the estimates of the signal sensitivities. For
simplicity, I neglect the e�e�μ∓μ∓ SM background for all
the prospects below. In this work, I consider only the eeμμ
type of the final state. The eeeμ or eμμμ type is closely
related to the process μ → eγ and μ → eee, which is not
possible in the cases considered in this paper. The eeee and
μμμμ types are possible in the nonzero diagonal coupling
cases (a) and (c) and will give a similar cross section
compared to their corresponding eeμμ channel.
In this work, I perform a simulation for the signal and

background processes using MadGraph5_aMC@NLO [38],
requiring all leptons in the final states to satisfy the minimal
trigger cuts pT > 10 GeV, jηj < 2.5, and ΔR > 0.4.
The multilepton channels discussed here at future lepton

colliders are very clean, because we can reconstruct the
scalar mass from the dilepton invariant mass. Nevertheless,
there are irreducible SM backgrounds, as shown in Fig. 5,
which make it difficult to disentangle the signal for smaller

TABLE I. The planned center-of-mass energy and expected
integrated luminosity for the ILC and two stages of CLIC.

Collider
ffiffiffi
s

p
(TeV) Lint (ab−1)

ILC 1.0 4.0

CLIC
1.5 2.5
3.0 5.0

FIG. 2. Representative Feynman diagrams for the single production of H3 and H�� and pair production of H��.
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Yukawa couplings. This has been taken into account while
deriving the sensitivity contours.
In this work, I present only the cross sections at the

leading order. But, since these are electroweak processes,
the next-to-leading-order corrections are expected to be
small, and, hence, the k factors should be close to the
identity.
The eþe−μþμ− and e�e�μ∓μ∓ signals come from the

single production of H3 or H��, while there are also
contributions from the Drell-Yan pair production of H��

which are dominant when mH�� ≲ ffiffiffi
s

p
=2 as shown in

Fig. 2.
I present in Table II the potential signal(s) for each

case along with their corresponding invariant mass distri-
butions. The emergence of a resonance peak in these
distributions would signify the existence of a new neutral
or doubly charged Higgs, thereby aiding in the further
distinction of the signal from the background. From
Table II, we can see that only case (b) can give both
signals, while the other cases have only one possible
signal. As a demonstration, Fig. 5 shows the relevant
signal and background invariant mass distributions in the
eþe−μþμ− channel. The parameter values used in Fig. 5
correspond to the values at the * marks in Fig. 3. The clean
red peaks in Fig. 5 mainly come from the prompt decay of
neutral or doubly charged scalar. The invariant mass
distributions in the e�e�μ∓μ∓ channel are not shown,
since they are almost background-free, and the signal
distributions are very similar to the ones I present in
Fig. 5 except for the charge of the electron or muon. In
Figs. 5(b1) and 5(d1), the signal events that mainly range
from 0 to 500 GeV correspond to the events in the peak in
Figs. 5(b2) and 5(d2) and vice versa. For example, in
Fig. 5(d1), the signal events that ranging from 0 to 500 GeV
mainly come from the process eþe− → eþμþðH−−

L →
e−μ−Þ and should peak around 950 GeV in Fig. 5(d2),
because, in Fig. 5(d2), it shows the invariant mass dis-
tribution of e−μ−. This is the feature of the single
production channel and would be useful to enhance the
signal sensitivity, as one can choose a selection like
Meþμ− jjMe−μþ > 450 GeV in Fig. 5(b) or MeþμþjjMe−μ− >
900 GeV in Fig. 5(d).

Except for the basic cuts mentioned above, I also apply
some specific cuts to enhance the sensitivity based on the
characteristic signatures in each case.
(a) H3 with diagonal couplings.—Only the eþe−μþμ−

final state is possible in this case, where eþe− →
eþe−ðH3 → μþμ−Þ or eþe− → μþμ−ðH3 → eþe−Þ.
Another important channel comes from eþe− →
ZH3 → eþe−μþμ−. We expect the dielectron and
dimuon invariant mass Meþe− and Mμþμ− to peak at
Z and H3 mass; see Figs. 5(a1) and 5(a2). However,
the SM background has similar Meþe− and Mμþμ−

distributions around the Z peak. I find that applying
a cut on Mμþμ− or Meþe− cannot improve the sensi-
tivities much and makes the sensitivities worse in the
region where mH3

≈mZ. So, I first do not apply any
further cut for this case. As a comparison, I also
show sensitivities with the cut Mμþμ− > 120 GeV in
Fig. 3(a). The red, yellow, and blue solid (dashed)
contours show the 3σ sensitivities of the signal without
(with) applying the cutMμþμ− > 120 GeV in Fig. 3(a).
As we can see, the red, yellow, and blue dashed
contours cannot improve the sensitivities much and are
not valid when mH3

≲ 120 GeV.
(b) H3 with off-diagonal couplings.—Both eþe−μþμ−

and e�e�μ∓μ∓ final states are possible in this case.
For the eþe−μþμ− final state, I further apply the cut
Meþe− ;Mμþμ− > 120 GeV to reduce the events with a
Z boson decaying to a pair of leptons. We also expect
the invariant mass Me�μ∓ to peak at the H3 mass; see
Figs. 5(b1) and 5(b2). Since we do not know the
mass of H3 and cannot tell where the peak should be
around, I do not apply cut on Me�μ∓ for this case.
Because e�e�μ∓μ∓ is almost background-free, I do
not apply any further cut in this channel. In Fig. 3(b),
the red, yellow, and blue solid (dashed) contours
now show the 3σ sensitivities in the eþe−μþμ−

(e�e�μ∓μ∓) channel. Because the background is
small in the e�e�μ∓μ∓ channel (assumed to be zero
in this work), it is not surprising that the red, yellow,
and blue dashed contours behave better than the solid
contours.

(c) H�� with diagonal couplings.—Only the e�e�μ∓μ∓
final state is possible in this case. Because e�e�μ∓μ∓
is almost background-free, I do not apply any further
cut for this case.

(d) H�� with off-diagonal couplings.—Only the
eþe−μþμ− final state is possible in this case, where
eþe− → e∓μ∓ðH�� → e�μ�Þ. We expect the e�μ�

invariant massMe�μ� to peak around theH
�� mass; see

Figs. 5(d1) and 5(d2). Because the pair production
channel that is independent of the Yukawa coupling is
dominant when mH�� ≲ ffiffiffi

s
p

=2, the sensitivity in the
ðmH�� ; YeμÞ parameter space is valid only in the region
where mH�� ≳ ffiffiffi

s
p

=2. Based on this feature, I further

TABLE II. Possible signal(s) for each case and the corresponding
invariant mass distributions that could be used to distinguish the
signal from the background. “� � �”means the signal is not possible
(except for the misidentification) in the corresponding case.

eþe−→eþe−μþμ− eþe−→e�e�μ∓μ∓

(a) H3; jYeej ¼ jYμμj Meþe− and Mμþμ− � � �
(b) H3; jYeμj Meþμ− and Me−μþ Meþμ− and Me−μþ

(c) H��;jYeej¼jYμμj � � � Meþeþ and Mμþμþ

(d) H��; jYeμj Meþμþ and Me−μ− � � �
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FIG. 3. Four cases in the H3 or H��
L;R parameter space. The orange-shaded regions explain the ðg − 2Þμ anomaly at 2σ CL, while the

brown-shaded regions display the 5σ disfavored regions of Δaμ. The purple-shaded regions with solid (dashed) boundaries are the 5σ
disfavored regions of Δae using Cs (Rb) measurements. The black solid and dashed contours are the 13 TeV limits derived from the
different LHC multilepton searches discussed in the text. Other shaded regions show the relevant constraints on the parameter
space from muonium oscillation (gray), LEP ee → ee (magenta), and LEP ee → μμ (green). The red, yellow, and blue contours,
respectively, show the 3σ sensitivities of the 1.0 TeV ILC, 1.5 TeV CLIC, and 3.0 TeV CLIC in the (a) eþe−μþμ− channel without (solid
contours) or with (dashed contours) Mμþμ− > 120 GeV; (b) eþe−μþμ− channel (solid contours) and e�e�μ∓μ∓ channel (dashed
contours); (c) e�e�μ∓μ∓ channel (solid contours forH��

L and dashed contours forH��
R ); and (d) eþe−μþμ− channel (solid contours for

H��
L and dashed contours for H��

R ). The * marks in the figures give the representative values of the corresponding parameters used
in Fig. 5.
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apply the cutMe�μ� ≳ ffiffiffi
s

p
=2 to maximize the sensitiv-

ity. To be specific, I require Me�μ� > 500 GeV at ILC
1.0 TeV stage, Me�μ� > 750 GeV at CLIC 1.5 TeV
stage, and Me�μ� > 1400 GeV at CLIC 3.0 TeV
stage.

I summarize the further selections used in my analysis in
Table III in the eþe−μþμ− channel.

IV. RESULTS

In the left-right symmetric model [5–9,39,40], the triplet
Higgs fields ΔL and ΔR transform as triplets under SUð2ÞL
and SUð2ÞR gauge symmetries, respectively. Both of them
give rise to a doubly charged Higgs. They are named as
H��

L and H��
R . Besides, the doubly charged Higgs in the

canonical type-II seesaw model [41–43] is the same as
H��

L , and the doubly charged scalar in the Zee-Babu
neutrino mass model [44–46] has the same quantum
numbers as H��

R .1 In cases (c) and (d) of this work,
I consider both H��

L and H��
R . Because they have different

couplings to the Z boson [47], their sensitivities [the red,
yellow, and blue solid or dashed contours in Figs. 3(c) and
3(d)] are a little bit different, but the LHC constraints
derived from the Drell-Yan pair production process [the
black solid or dashed contours in Figs. 3(c) and 3(d)] have a
sizable difference.2

I consider all four cases where H3 or H��
L;R has nonzero

diagonal or off-diagonal Yukawa couplings in the e, μ
sector. In Fig. 3, the orange-shaded regions explain the
ðg − 2Þμ anomaly [34] at 2σ CL, while the brown-shaded
regions display the 5σ disfavored regions ofΔaμ. As shown
in Eq. (5), the doubly charged scalar has an opposite
contribution to Δaμ, so there is no 2σ favored region in
Figs. 3(c) and 3(d). The purple-shaded regions in Fig. 3
with solid (dashed) boundaries are the 5σ disfavored
regions of Δae using Cs [32] (Rb [33]) measurements.
Again, because the doubly charged scalar has an opposite

contribution to Δae compared with the neutral scalar, the
ðg − 2ÞCse constraint is stronger in the H3 parameter space
[Figs. 3(a) and 3(b)], while the ðg − 2ÞRbe constraint is
stronger in the H��

L;R parameter space [Figs. 3(c) and 3(d)].
I recast the ATLAS multilepton analysis [30] using the
signal region 4l off-Z with Minv > ð<Þ400 GeV and set
new bounds on the neutral scalar H3 shown as the black
solid (dashed) contours in Figs. 3(a) and 3(b). The black
solid (dashed) contours in Figs. 3(c) and 3(d) are the
95% C.L. on mH��

L
(mH��

R
) from the LHC multilepton

search [31], assuming Σll0BRðH�� → l�l0�Þ ¼ 100%.
Other shaded regions in Fig. 3 show the relevant constraints
on the parameter space from muonium oscillation [28]
(gray), LEP ee → ee [29] (magenta), and LEP ee →
μμ [29] (green).
The red, yellow, and blue contours in Fig. 3 show the

3σ sensitivities of the 1.0 TeV ILC, 1.5 TeV CLIC, and
3.0 TeV CLIC in the eeμμ channels, respectively. To be
specific, in Fig. 3(a), H3 with nonzero diagonal Yukawa
couplings, the red, yellow, and blue solid (dashed)
contours show the 3σ sensitivities in the eþe−μþμ−
channel without (with) cut Mμþμ− > 120 GeV; in
Fig. 3(b), H3 with nonzero off-diagonal Yukawa cou-
plings, the red, yellow, and blue solid (dashed) contours
show the 3σ sensitivities in the eþe−μþμ− (e�e�μ∓μ∓)
channel; in Fig. 3(c), H��

L (H��
R ) with nonzero diagonal

Yukawa couplings, the red, yellow, and blue solid
(dashed) contours show the 3σ sensitivities in the
e�e�μ∓μ∓ channel; in Fig. 3(d), H��

L (H��
R ) with non-

zero off-diagonal Yukawa couplings, the red, yellow, and
blue solid (dashed) contours show the 3σ sensitivities in
the eþe−μþμ− channel.
In Fig. 3, all the red, yellow, and blue contours

asymptotically approach the line mH3;H��
L;R

¼ ffiffiffi
s

p
, because

this is the search of the single production channels of the
H3 andH��

L;R. In case (a), because there is another important
channel for the H3 single production (eþe− → ZH3 →
eþe−μþμ−), the red, yellow, and blue contours in Fig. 3(a)
have a kink at mH3

≈
ffiffiffi
s

p
− 90 GeV which displays the

feature that an on-shell Z boson turning into an off-shell Z
boson as we increase the mass of H3.
The red, yellow, blue, and black curves in Figs. 3(a) and

3(b) are increasing fast as the mass of H3 decreases in the
low-mass region, because the leptons in the final state are
soft and cannot pass the selection of the corresponding pT
cutoff. This feature means that, although the on-shell
production of H3 could be very large, the ability to
detect on-shell, low-mass H3 at colliders is still not
promising. However, although on-shell searches are not
sensitive in the low-mass range because of soft leptons, the
LEP constraints in Figs. 3(a) and 3(b) give a flat (this is
because the EFT approach for the LEP ee → ll data is
sensitive only to the couplings) and stronger limit when
mH3

≲ 10 GeV.

TABLE III. Further selections for the analysis for each case in
the eþe−μþμ− channel.

eþe−μþμ− Selection

Case (a) � � � or Mμþμ− > 120 GeV
Case (b) Meþe− ;Mμþμ− > 120 GeV
Case (d) Meþμþ ;Me−μ− ≳ ffiffiffi

s
p

=2

1I assume the Z0 is much heavier; then the electroweak
production of the doubly charged scalar in the Zee-Babu model
is the same as H��

R .
2The cross section for the pair production of H��

L is roughly 2
times larger than the H��

R [31], which makes the constraints of
H��

L stronger than H��
R in Figs. 3(c) and 3(d).
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V. DISCUSSIONS

A. Other possible bounds

For the neutral Higgs cases, the future lepton collider
constraints I proposed depend on the overall Yukawa
couplings, while the current constraints mostly come from
low-energy data, such as B and K meson mixing [48]. The
LHCb B → Kμþμ− limitations are applicable exclusively
below 5 GeV [48]. These constraints on the mass of H3

depend on the specific model-dependent parameters.
The future lepton collider constraints derived here
are complementary to the low-energy constraints and
extend to higher H3 masses. There also exist astrophysi-
cal and cosmological constraints at lower masses
[mH3

< OðGeVÞ] [49,50]. For this work, additional astro-
physical and cosmological constraints at lower masses
might apply from dark matter direct detection experiments
[51], but this requires the Higgs to couple to dark
matter.
As for the doubly charged Higgs, there are also studies

on the future lepton colliders [52,53] HL-LHC [52–56] and
FCC-hh [53,54] that will work up to

ffiffiffi
s

p ¼ 100 TeV [57].
At HL-LHC, the Drell-Yan-like pair production channel
can improve the limit of the doubly charged Higgs to
∼1400 GeV at 95% CL [55].
In this work, I show only the constraints which depend

on the relevant Yukawa couplings and masses. However,
there might be additional constraints in a specific model
like HTM or LRSM [53], which are stronger. For instance,
the Møller scattering limit is stronger than the LEP limit
in the parity-violating LRSM [53,58]. Similarly, the
ρ-parameter constraint applies to the HTM with a large
triplet vacuum expectation value (VEV) [53].

B. Electron and muon (g− 2)
Remarkably, we observe that, in Figs. 3(a) and 3(c), the

ðg − 2Þμ bounds are more stringent than the ðg − 2Þe ones,
whereas in Figs. 3(b) and 3(d) the ðg − 2Þe bounds are
stronger than the ðg − 2Þμ ones. Roughly speaking, for the
off-diagonal Yukawa coupling case in Eq. (5), the dominant
contribution to ðg − 2Þμ comes from Δaoff−diagonalμ ∝
m2

μ

m2
H

R
1
0 dxx

2 ¼ m2
μ

3m2
H
, while the dominant contribution to

ðg − 2Þe should be Δaoff−diagonale ∝ m2
e

m2
H

R
1
0 dx x2ðmμ=meÞ

1−xþm2
μ=m2

H
≈

− memμ

m2
H
lnðm2

μ

m2
H
Þ. This gives ðΔaeΔaμ

Þ
off−diagonal

∼ −3 me
mμ

lnðm2
μ

m2
H
Þ ∼

Oð0.01Þ to Oð0.1Þ. But, for the diagonal Yukawa coupling
case, the ratio is simply ðΔaeΔaμ

Þ
diagonal

∼ m2
e

m2
μ
∼Oð10−5Þ. As a

result, the ðg − 2Þe gets a relatively larger contribution in the
off-diagonal coupling case than the diagonal coupling case
compared with the ðg − 2Þμ. This means the constraints of the
ðg − 2Þe should be stronger in the off-diagonal case. And that
is the reason in Figs. 3(b) and 3(d) the ðg − 2Þe constraints are

stronger than the ðg − 2Þμ ones, but in Figs. 3(a) and 3(c) the
ðg − 2Þμ constraints are stronger.

C. New lattice results on muon (g− 2)
In this paper, my goal is not to address the ðg − 2Þμ

anomaly but rather to focus on the discovery prospect of the
neutral and doubly charged scalars at future lepton col-
liders. However, in Fig. 3(a), there does exist a parameter
space of neutral scalar with its mass ranging from 5 to
50 GeV that can explain ðg − 2Þμ and can be partly tested at
CLIC in the eþe−μþμ− channel.
The discrepancy of Δaμ used in this paper comes from

the result of the Fermilab Muon (g − 2) experiment [34],
which is compared with the world average of the SM
prediction using the “R-ratio method” [59] and gives a
discrepancy of 4.2σ:

Δaμ ≡ aexpμ − aSMμ ¼ ð251� 59Þ × 10−11: ð6Þ

But the lattice simulation result from the BMW
Collaboration [60] increases the leading hadronic contri-
bution of aSMμ with a relatively larger uncertainty. There are
several new lattice results available now that come from
other collaborations [61–66], seem to agree with the BMW
result, and would result in a discrepancy of ∼3.3σ. Note
that the center value of Δaμ determines the position of the
orange strip in Figs. 3(a) and 3(b), while the error of Δaμ
determines the width of the orange strip. If the center value
of Δaμ is reduced according to the lattice results and the
error is not changed much, the ðg − 2Þμ 5σ constraints in
Fig. 3 would become stronger, while the survived ðg − 2Þμ
2σ favored region in Fig. 3(a) would shift downward and
become larger (in the direction of length) accordingly,
because, for the same value of mass, a smaller coupling
would be enough to generate the needed value of Δaμ. As a
comparison, the lower orange boundary of the ðg − 2Þμ 2σ
favored region in Figs. 3(a) and 3(b) corresponds to
Δaμ ¼ 133 × 10−11, which is about 30% larger than the
BMW center value Δaμ ¼ 107 × 10−11.

D. μ → eγ

Assuming the diagonal and off-diagonal terms of the
Yukawa couplings are not zero separately is crucial. It
allows us not to worry about the strong constraint from
μ → eγ. One would argue that, in case (b), even if only the
Yeμ coupling of H3 is not 0, there are still contributions
from the VEVof H3; see Fig. 4. Indeed, the spin-averaged
amplitude square of each diagram in Fig. 4 is

hjM1j2i ¼ hjM2j2i ¼ 4e2jYeμj2v2
pe · pμ − 2memμ

ðme −mμÞ2
ð7Þ
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and could be large. But the interference terms will cancel
this identically:

hM1M�
2i ¼ hM2M�

1i

¼ −4e2jYeμj2v2
pe · pμ − 2memμ

ðme −mμÞ2
: ð8Þ

VI. CONCLUSIONS

Lepton colliders allow for precise measurements of new
physics beyond the SM. They produce cleaner collision
events with less background noise compared with hadron
colliders.
Focusing on the e, μ sector of the Yukawa coupling

matrix of the neutral and doubly charged scalars, I proposed
four characteristic cases and analyzed their discovery
prospect in the eþe−μþμ− and e�e�μ∓μ∓ channels at
future lepton colliders in a model-independent way. I recast
the current ATLAS multilepton analysis [30] and set new
bounds on the neutral scalar H3. I also made a detailed
investigation, outlining various dilepton invariant mass
distributions in discriminating signals in each of the cases
from backgrounds and from each other. The corresponding
Yukawa couplings can be detected ranging from 0.005 to
0.5 at future lepton colliders depending on the cases,

ffiffiffi
s

p
,

luminosity, and the mass of the scalar.

I also checked the previous expressions of the electron
and muon (g − 2) induced by neutral and doubly charged
scalar fields [35,36]. I further showed that, for both neutral
and doubly charged scalar cases, the ðg − 2Þe gets a
relatively larger contribution in the off-diagonal Yukawa
coupling cases, while the ðg − 2Þμ gets a relatively larger
contribution in the diagonal Yukawa coupling cases.
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APPENDIX: KINEMATIC DISTRIBUTIONS

As a demonstration, in Fig. 5, I show the signal and
background invariant mass distributions in the eþe−μþμ−
channel using the parameter values at the * marks in
Fig. 3. One can see the red signal resonance peak around
the mass of the assumed neutral or doubly charged
scalar. But it is not always useful to put a cut on these
distributions, because the position of the peak is not
known at first. However, the signal peaks in Fig. 5 would
provide direct evidence of the new particle with its mass
and charge.

FIG. 4. μ → eγ contributions in case (b) H3, Yeμ ≠ 0. However, the total amplitude square is zero.
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FIG. 5. Invariant mass distributions for case (a) mH3
¼ 500 GeV, jYeej ¼ jYμμj ¼ 0.1 at

ffiffiffi
s

p ¼ 1.0 TeV; (b) mH3
¼ 500 GeV,

jYeμj ¼ 0.1 at
ffiffiffi
s

p ¼ 1.0 TeV; and (d) mH��
L

¼ 950 GeV, jYeμj ¼ 0.13 at
ffiffiffi
s

p ¼ 1.5 TeV signals (red) and SM background (blue) in the
eþe− → eþe−μþμ− channel. The parameter values used here correspond to the values at the * marks in Fig. 3.
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