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Chasing long-lived doubly charged scalars at future lepton colliders
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We come up with a novel search strategy for long-lived doubly charged scalars at future proposed lepton
colliders. The doubly charged scalar studied in this work belongs to an SU(2), complex scalar triplet that
accounts for tiny neutrino masses via the type Il seesaw mechanism. For scalar masses <200 GeV and
appropriate values of the triplet vacuum expectation value, this state can be long-lived and decay
predominantly into like-sign muon pairs (e.g. u*u™ or y~pu~), producing distinctive displaced-vertex
signals. We investigate the pair production of these scalars at the International Linear Collider (ILC) and a
prospective muon collider, considering their planned center-of-mass energies. Incorporating theoretical and
experimental constraints, we study the resulting signature of four leptons accompanied by missing
transverse energy. Displaced vertices offer direct evidence of the scalar’s long lifetime, while we further
show that the invariant mass distribution of same-sign dilepton pairs serves as a powerful complementary
probe for discovering doubly charged Higgs bosons at both the ILC and muon collider.
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I. INTRODUCTION

A decade after the Higgs discovery [1,2], the non-
observation of any beyond the Standard Model (BSM)
signals at the collider urges us to revisit the underlying
search techniques. Most of the searches at the colliders
assume that the new physics (NP) particles decay promptly.
But this need not be true, as even within the SM, we have
mesons and baryons which are long-lived particles (LLPs)
[3], i.e., they have a proper decay length ¢z = O (mm) in
the detector. The possibility that NP particles can be
long-lived has important consequences in the collider
searches [4-8]. In particular, searches for scalar LL.Ps have
long been one of the central focus of beam-dump experi-
ments such as SHiP [9], NA62 [10], and NA64 [11], as well
as in experiments and phenomenology at the Large Hadron
Collider (LHC) [12-27], the International Linear Collider
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(ILC) [28], and proposed future circular colliders (FCC)
[29-33]. The phenomenology of scalar LLPs has also been
extensively explored at low-energy ete™ colliders, such as
Belle II [34], as well as at neutrino facilities [35,36].

In a different context, the generation of tiny, nonzero
neutrino masses through the seesaw mechanism can be
realized in the type II seesaw model [37-41]. The scenario
extends the SM by introducing a SU(2); complex triplet
scalar, where lepton number is violated by two units
through a trilinear coupling u in the scalar potential.
Neutrinos acquire Majorana masses via the Yukawa inter-
action between the triplet and the lepton doublets, leading
YA,M%
ME
the vacuum expectation value of the SM Higgs doublet
(vev). The smallness of m, can thus be explained by a
naturally small i term, protected by symmetry in the sense
of 't Hooft naturalness [42]. The same y term generates the
uvy
M2
symmetry breaking. An appropriate choice of (1 or v;) and
Y s, consistent with current neutrino oscillation data [43],
allows one to obtain tiny neutrino masses even for triplet
scalars near the electroweak scale (M, ~ v,). Additionally,
the presence of the exotic singly and doubly charged scalars
makes this model phenomenologically appealing for col-
lider studies. In particular, the most striking signature of the

tom, ~ with M, being the triplet mass and v, being

which is induced after the electroweak

triplet vev v, ~
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triplet extension is the appearance of a doubly charged
scalar, which offers distinctive and experimentally acces-
sible collider signals.

Depending on the triplet vev, the doubly charged
scalar can decay to a pair of dileptons of the same-
sign (v, <107 GeV), or a pair of gauge bosons
(v, > 107 GeV) [44-46]. The ATLAS [22,47-49] and
CMS [50-52] collaborations have searched for these
doubly charged scalars H** in both pure leptonic and
WEW= final states at /s = 13 TeV, assuming prompt
decay of the scalar. The nonobservance of any significant
excess at the LHC has put an upper limit on the mass of
the doubly charged scalar to be > 1080 GeV for v, <
10~* GeV [49]. However, one should keep in mind that
all these null results are derived assuming that the doubly
charged scalar decays promptly. The possibility that these
scalar particles may not decay promptly, but instead
exhibit long-lived behavior, carries important implica-
tions for their search strategies at the collider. Searches
for such heavy stable charged particles (HSCPs) have
already been performed by ATLAS [53,54] and CMS
[55,56]. If the decays of a long-lived particle are non-
prompt but occur inside the detector volume, displaced
secondary vertices can also serve as a powerful probe.
This possibility has recently been explored in recent
literature in the context of the type II seesaw model
[57,58]. However, the search for displaced vertex search
for the doubly charged scalars at the lepton colliders is
scarce in the literature.

In this paper, we rekindle the idea of probing the doubly
charged scalar as a long-lived particle in future precision
collider facilities such as the International Linear Collider
(ILC) [59-64] and the International Muon Collider
Collaboration (IMCC) [65-71]. Compared to the hadron
colliders, because of the added advantage of being less
noisy, the lepton colliders may act as a discovery machine
for the doubly charged Higgs boson. To be more specific,
we produce the doubly charged scalar in pairs in the
proposed 500 GeV ILC machine with 4 ab~! integrated
luminosity [72] whereas we pair produce the doubly
charged scalars with a pair of fermions in the proposed
10 TeV muon collider with 10 ab~! luminosity [73,74].
We find out that owing to the cleaner environment of the
colliders, with a few to a few hundred fb~! of luminosity,
we can discover the doubly charged scalar in the mass
range €[100:180] GeV by looking at the long-lived
dimuonic decays of the scalar. This mass range, as
discussed in [58], corresponds to a region that remains
difficult to probe at the LHC and therefore represents an
LHC blind spot. Our analysis demonstrates that future
eTe™ and putu~ colliders can effectively cover this blind-
spot region.

The paper is organized as follows. In Sec. II, we briefly
discuss the model, followed by theoretical and experimen-
tal constraints on our model parameter space in Sec. III. We

motivate our analysis strategy and results in Sec. IV.
Finally, we conclude in Sec. V.

II. MODEL

In this section, we briefly outline the type II seesaw
model, which augments the Standard Model (SM) with
a SU(2), complex triplet scalar field A of hypercharge
Y =2 given by

_ii - 5+/\/§ 5tt
A_x/iA’_< & —5+/ﬁ>’ @1

Here o6,’s correspond to the Pauli matrices where i runs
from one to three and A, = (5t 4 8°)/v2.A, =
i(6t+ = 8°)/\/2, Ay = 6*. The Lagrangian of the model,
incorporating the SM with the triplet sector, is given by
L= £A+SM + £A+H +£SM

Yukawa Scalar Gauge

(2.2)

where the third term consists of the gauge boson
Lagrangian of the SM and the gauged kinetic terms for
the fermions. The scalar part is composed of

A+H __
’CSca]ar - 'CKinetic

—V(®,A), (2.3)

The kinetic and Yukawa interactions are, respectively, [75]

Liineic = (D,®)"(DF®) + Tr[(D,A)T(D*A)],  (2.4)
LYK — LM e — (YA),.jL,TCiazAL ;+He (25)

Here, ®" = (¢ ¢°) is the SM scalar doublet, L repre-
sents the SU(2), left-handed lepton doublet, Y, is the
Yukawa coupling, and C is the Dirac charge conjugation
matrix. The covariant derivative of the scalar triplet field is
given by

.g .
D,A=0,A+ i3 [c“Wi, Al +igB,A (a=1,2,3). (2.6)
o are the Pauli matrices, g and ¢ are the gauge coupling

constants of the SU(2), and U(1), group, respectively.
The most general scalar potential can be written as [75]

A
V(®,A) = —mk (DT D) + 2 (@ @)% + MATr(ATA)
+ (u®Tic,AT® + H.c.)
+ A (®TD)Tr(ATA) + A,[Tr(ATA)]?

+ A3Tr(ATA)? + 4, ®TAATD, (2.7)

In general, all the parameters of the potential can be
complex. However, for simplicity, we have assumed that
they are real.
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After EWSB, the neutral component of the scalar
fields expanded around the respective vevs can be para-
metrized as

5
O =— .
\/j Ud+hd+”7d

A:i< 5t \/§5++>'

2.8
V2 \uv, +h, +in, =68 28)

where v; and v, denote the doublet and triplet vacuum
expectation values (VEV), respectively. Similarly, mini-
mizing the potential, the two mass parameters of the
potential can be written in terms of the other free param-
eters as

2 A+
mi = /1% —V2uv, —I—%U%, (2.9)
2 4 44
My =M _MTAa g 02 (2.10)

V2o, 2

The scalar spectrum of the model is brought down to the
mass basis from the gauge basis by orthogonal rotation in
the CP-even, CP-odd, and charged sector with rotation
angles «, f# and S’ respectively giving us seven physical
Higgs bosons, namely two doubly charged H**, two
singly charged H*, two CP-even neutral (h, H) and a
CP-odd (A) scalar. For more details, see [76]. Although no
extension of the SM gauge sector is needed for the
inclusion of this triplet scalar, the electroweak gauge boson
masses (My, M) get a finite contribution from the triplet
VEV (v,) at tree level, which in turn modifies the p
parameter. Precision electroweak data constrain the p
parameter to be very close to its SM value of unity [3],
which imposes an upper bound on v, of v; < 2.1 GeV [58].
On the other hand, the nonstandard triplet Yukawa
Lagrangian gives rise to the neutrino mass where the mass
matrix is given by M, = \/2v,Y,. This mass matrix is
diagonalized by the neutrino mixing matrix, i.e., the
Pontecorvo-Maki-Nakagawa-Sakata  (PMNS)  matrix,
whose elements are determined from neutrino oscillation
data for a given neutrino mass hierarchy [77,78].
Consequently, a neutrino mass of (O(0.1) eV can be
realized by appropriately tuning either the triplet VEV
(v,) or the Yukawa coupling (Y,). For v, ~ O(GeV), the
Yukawa coupling must be small, whereas an order-one
neutrino  Yukawa coupling (Y, ~O(1)) requires
v, < O(107% eV). These two cases represent the extreme
limits of the triplet VEV. The choice of the triplet vev plays
an important role in the benchmark selections and con-
straint analysis discussed in the following section.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

In this section, we provide a brief overview of the
existing theoretical and experimental constraints applicable
to our benchmark choices:

(i) Vacuum stability: To have the scalar potential
bounded from below in all directions in field space,
we have taken into account all the necessary and
sufficient conditions on the scalar quartic couplings
mentioned in [75].

(ii) Perturbative unitarity: The requirement of perturba-
tivity of the quartic couplings as well as the tree-
level unitarity of the scattering amplitude for all
2 — 2 processes requires the S-matrix eigenvalues
to be bounded from above (|a;| < 16x). The set of
unitarity conditions received from the above require-
ments for this scalar setup [75] is satisfied by the
benchmark points considered in our analysis.

(iii) Constraints from electroweak precision test: The
presence of the new exotic scalar bosons contributes
to the electroweak precision observables, parame-
trized by the oblique coefficients S, T, and U [79,80].
Among these, the strongest bound comes from the
T-parameter, which imposes a strict limit on the
mass splitting between the doubly and singly
charged scalars, AM = |myss —my:| = |my: —
my/my| which should be <40 GeV [81]. Our scalar
spectrum corresponding to the multiplet, being al-
most degenerate, is safe from this constraint.

(iv) Lepton flavor violation: Due to the presence of the
Higgs triplet in the model, lepton flavor violation is
induced at tree level mediated by the doubly charged
scalar. The process u — 3e puts the stringent con-
straint with Br(u — eee) < 1.0 x 10712 measured
by the SINDRUM experiment [82] among all the
possible decay channels. The next lepton number
violating process ¢; — ¢y arises at the loop level
with contributions from the doubly and singly
charged scalar. The stringent constraint among all
the channels is given by the MEG collaboration [83]
on the branching ratio of u — ey to be less than
4.2 x 10713, However, the choice of v, and doubly
charged scalar masses we are interested in is safe
from these constraints.

(v) Higgs signal strength: The observed SM-like Higgs
boson with a mass of 125 GeV, and hence its decay
widths, must remain consistent with the Higgs
measurements reported at the LHC. In particular,
the total width can receive important modifications
from the loop-induced decay mode % — yy, where
nonstandard singly and doubly charged scalars may
contribute significantly. Accordingly, the reference
points are chosen such that the diphoton signal
strength remains within the 2¢ limit of the current
experimental bound, 1.13 4+ 0.09 [84].
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(vi) Experimental bounds on the scalar masses: The
direct search for the nonstandard scalars has a
strong impact on our model parameter space.
The direct search on the singly charged scalar in
LEP II places a limit on my+ > 80 GeV [85]. LHC
has also searched for the decay of 1 - H'b [86]
and H* — tb [87] depending on the mass H*.
However, for the type-II seesaw model, this cou-
pling is v,/ v, suppressed, which does not affect our
parameter space.

Collider searches for the nonstandard neutral
Higgs have also been done in detail at the LHC
[88.89]. However, for this model, production of the
nonstandard scalars is suppressed by (v,/v,)* and
hence does not affect our parameter region.

The search for doubly charged Higgs in the
multilepton final state is done in ATLAS [49]
assuming that the doubly charged Higgs decays
promptly and masses € [300:1080] GeV have been
excluded. There is also a bound on doubly charged
Higgs from the production of same-sign W-boson
pairs €[200:220] GeV [47]. CMS has also
searched for the doubly charged scalar at 13 TeV
[50-52]. However, all searches assume that the
scalar decays promptly.

(vii) Long-lived H**: The scenario changes significantly
if the doubly charged scalar is long-lived. Depend-
ing on the triplet vev and the mass of the doubly
charged Higgs, it can decay into a pair of same-sign
dileptons, a pair of same-sign gauge bosons, or
undergo a three-body decay via H** — W+ (W*)* -
WEff', as discussed in Ref. [90]. By appropriately
tuning the triplet vacuum expectation value v, and
my=, the total decay width I'yz= of the doubly
charged Higgs can be made very small I'pi:<
10~'% GeV. Such an extremely narrow width cor-
responds to a macroscopic proper decay length
ct 2 O(0.1 mm), rendering a long-lived particle
(LLP) in collider detectors. A comprehensive analy-
sis of this scenario has been performed in [58]. After
imposing all the present constraints, a region of
model parameter space remains viable with

My €[89,200] GeV,  v,€[1074,1073] GeV,

(3.1)

where the doubly charged Higgs can evade existing
bounds while showing a displaced or long-lived
decay signature.

Taking into account all the constraints discussed so far,
we choose our benchmark points as mentioned in Table I.
To satisfy all the constraints, we need the nonstandard
scalar masses to be degenerate. For our choice of v,, the
doublet-triplet CP even scalar mixing angle a is < 107.

TABLE I. Benchmark points satisfied by all the theoretical and
experimental constraints.

H** v; cT Branching ratio

(GeV) (GeV) (mm) to muons
BP1 100 9.0x 104 26.2 19.5%
BP2 120 5.0x 10~ 8.6 17.2%
BP3 180 1.6 x 107 0.14 6.1%

The values of the parameters for each benchmark with the
corresponding proper decay lengths cz of the doubly
charged scalar and its branching ratios into muons are
shown in Table I. The detailed expressions of the partial
decay widths of the doubly charged scalar and the variation
of its decay length with triplet vev is shown in Appendix A.
As the mass of the doubly charged scalar increases, the
decay width increases, leading to a drop in cz. Once the
W*W= decay channel becomes kinematically accessible
(third benchmark), the decay width increases drastically,
resulting in a highly suppressed cz and a relatively low
branching ratio of H** in the dimuon channel. These
branching ratios play a crucial role in collider analysis as
described in the following section.

IV. COLLIDER ANALYSIS

Our main goal is to explore the long-lived nature of the
doubly charged scalars through their leptonic decay at future
leptonic colliders. For this purpose, we focus on the model
parameter space that provides M+ ~ 100-200 GeV with
some fine-tuned choices of wv,. The choice of model
parameters is such that H** predominantly decays to
utp* final state. At the lepton colliders, such a doubly
charged scalar can be produced either minimally, in a pair
(process 1) via the canonical Drell-Yan process or in a pair
with missing energy (process 2), which includes the vector
boson fusion (VBF) contribution. The mass of the final
particles being in the range of [100 — 200] GeV, the Drell-
Yan cross section is considerable to probe at a lepton collider
with /s ~ [200 — 400] GeV, while the cross section for
process 2 is an order of magnitude smaller compared to it.
Therefore, ILC, planned to operate in the ballpark of
this energy, can offer a good environment for probing the
Drell-Yan production. But with increasing CM energy,
/s ~O(1) TeV, the Drell-Yan becomes smaller due to
s-channel suppression, while the process 2 can dominate
over the Drell-Yan production cross section. The proposed
muon collider with a 10 TeV CM energy appears to be an
ideal choice for searching for the latter channel. In the latter
case, doubly charged scalars are associated with either two
forward-moving y* i~ or v,7,, depending on the character-
istic of the vector boson involved in the fusion process.
However, due to the complex structure of the underlying
framework and the large particle spectrum, one has to
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TABLE II. Production cross section of the signal processes 1
and 2 for our chosen benchmark points and the corresponding
SM background at the ILC at /s = 500 GeV and muon collider
at /s = 10 TeV.

Cross section BPI BP2 BP3 SM background

S 12.18  7.18  0.62 0.64
oProes2 () 0.09 006  0.006

consider other subprocesses involving additional scalars of
the model in association with the vanilla VBF contributions
for the second production mode. In both cases, our final
targets will be four charged muons emanating from the
decays of two doubly charged scalars. In our analysis, we
focus on the Drell-Yan process in the ILC environment and
the associated production of H**HFF with forward leptons
(u*, or v,7,) at a muon collider.

The Drell-Yan signal cross section at ILC and the cross
section for process 2 at the muon collider, considering the
muonic decay of the doubly charged Higgs, for three
benchmark points are mentioned in Table II for different
CM energies, /s = 500 GeV for the first process (DY) and
/s = 10 TeV for the second process. As discussed earlier,
for low energies, Drell-Yan performs better, whereas for
higher energies, process 2 is a better bet. The type II seesaw
model specific details enter the analysis via the branching
ratio of the doubly charged Higgs to the leptons, which is
controlled by the triplet vev v,. The branching ratios of the
doubly charged Higgs to muons for the benchmark v,s are
mentioned in Table L.

To provide an estimate of the cross sections at other
proposed colliders, in Table III, we have reported the signal
and background cross sections for process 1 at /s =
365 GeV (tf threshold) which is one of the propsed CM
energy of FCC-ee [91] and /s =3 TeV which is the
proposed CM energy for CLIC proposal [92], and process 2
at /s = 3 TeV corresponding to a proposed CM energy
quoted in the earlier muon collider TDR [93].

TABLE III. Production cross section of the signal processes 1
and 2 for our chosen benchmark points and the corresponding
SM background at the electron collider for /s =365 GeV
(FCC-ee proposal), /s =3 TeV (CLIC proposal) and utu~
collider for /s = 3 TeV.

SM
NG Cross section  BP1 BP2 BP3 background
365 GeV (,Ijrf’f_es“ (fb) 17.40 9.99 0.01 1.06
3 TeV oProcess 1 (fb) 0.005 0.009 0.006 0.01
3 TeV GProsess2 (fb) 0.09 0.06 0.005

whum

A. Pair production of the doubly charged Higgs via
Drell-Yan process at the ILC

In this section, we discuss the prospects for detecting
doubly charged LLPs produced in the Drell-Yan process at
the 500 GeV ILC, followed by their decay to same-sign
muon pairs:

ete” > H™"H™, H* =yt (4.1)
The SM process that can mimic the signal comes from
the diboson background. To take this contribution into
account, we have considered inclusive generation of the
background process eTe™ — uTutu~p~. While generating
both the signal and the SM background events in
MadGraph5@NLO [94], we employ the following preselection
cuts used for ILC:
n(£)] <2.5; pa(£)>10GeV; AR,>0.4. (4.2)
To justify the AR cut used in the preselection, the
corresponding distribution has been shown in the
Appendix B. The events are then passed to Pythia8 [95]
for hadronization, and finally, detector simulation is per-
formed using DELPHESv3 [96] with the help of the ILD
card [97].

In addition to the basic cuts described in Eq. (4.2), we
employ the following set of cuts to enhance the signal over
the background:

(i) Cl1-1: We demand that the signal has exactly four

muons and reject any other leptons, photons, and jets.

(i) C1-2: In Fig. 1, we plot the normalized distribution
of the transverse momentum of the leading and
subleading muons. For the signal, muons come from
H** and thus tend to peak in a slightly higher p;
bin, since the doubly charged scalar mass is not
that heavy. In the background, the leptons come
from the gauge bosons. We put a moderate cut on the
muon py(Z) > 30 GeV.

(iii) C1-3: We present the pseudorapidity distribution for
both the signal and the background in Fig. 2. Since
for the signal, the leptons are produced centrally, we
put a cut of |, < 2.0 to reduce the background.

(iv) Cl1-4: In the context of LHC to search for a displaced
vertex, an important variable, the impact parameter
dy, is used in the literature to remove SM back-
grounds [98—100]. Now, a track of a doubly charged
scalar can be a very interesting signature for this
kind of signal [23]. However, the reconstruction of
that track in such an environment and the corre-
sponding analysis are beyond the scope of our
analysis and can be explored in the near future.
The resolution of the vertices in the pixel tracker for
both ATLAS and CMS detectors is of the order of
hundreds pm [101,102] and usually a cut of a few
mm is imposed to suppress the SM background [58].
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Normalized transverse momentum distributions of the leading and subleading muons in signal events are shown for

benchmark points BP1, BP2, and BP3. For comparison, the corresponding Standard Model background distributions are also included.
Results are presented for the ILC at /s = 500 GeV with integrated luminosity, L, = 4 ab™'.
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FIG. 2. Normalized pseudorapidity distributions of the leading and subleading muons in signal events are shown for benchmark points
BP1, BP2, and BP3. For comparison, the corresponding Standard Model background distributions are also included. Results are
presented for the ILC with the same CM energy and luminosity as Fig. 1.
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FIG. 3.
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Normalized impact parameter |dy| distributions of the leading and subleading muons in signal events as well as the SM
background. The CM energy and luminosity considered are taken to be the same as in Fig. 1.

Compared to LHC, the sensitivity of the ILC pixel is
of the order of a few pm [72], and one can expect that
a little bit of displacement from the primary inter-
action point will be detected more efficiently at the
ILC. InFig. 3, we show the normalized distribution of
the impact parameter d;, of the leading and subleading
muons. Since the muons are appearing from the long-
lived H**, they are displaced from the primary
vertex, and as a result, the daughter muons are also
displaced. The transverse impact parameter d, ex-
hibits an approximate dependence ﬁ arising from the
curvature of the track in the magnetic field [103];
consequently, benchmarks with higher muons pr
lead to smaller transverse impact parameters, as
illustrated in Fig. 3. In the background, muons come
from the W=, Z prompt boson and are produced at the
primary vertex. Finally, we demand 4 displaced muon

tracks with |dy| > 0.01,0.1(1) mm to remove the
SM background completely. Here we would like to
emphasize that even the signal muon with the
smallest d;, is demanded to be greater than >0.1 mm.
To independently validate the displaced signal top-
ology, the H** — y*u* decay vertices are recon-
structed from the four final-state muon tracks using
their points of closest approach. A common origin is
ensured by requiring a distance of closest approach
(DCA) < 1 mm between the same-sign paired tracks.
Finally, the reconstructed vertices must lie within the
detector’s fiducial volume and satisfy a minimum
transverse decay length p > X, where X = 0.01, 0.1
and 1 mm.

Based on the cut-flow mentioned above, we quote the

number of events at 4 ab~! luminosity at the ILC in
Table IV. For the purpose of comparison between the

TABLE IV. Cut flow table showing the number of signal events at the ILC. The considered CM energy and the integrated luminosity
are taken to be the same as in Fig. 1. The last three subcolumns show the final signal events after three choices of dj, cut.

Cl4
Benchmark points Cl-1 C1-2 C1-3 dy > 0.01 mm dy > 0.1 mm dy > 1 mm
BP1 11573 5980 5980 5891 5504 3302
BP2 12504 7711 7639 5239 5034 2360
BP3 1338 1094 1077 553 17 0
SM Background 1290 536 460 0 0 0
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TABLE V. Comparison of the number of signal events at the
ILC after d, and p cut.

>0.01 mm >0.1 mm >1 mm
Benchmark
points p dy p dy P dy
BP1 59080 5891 5861 5504 5088 3302
BP2 5262 5239 5251 5034 4588 2360
BP3 826 553 113 17 0 0

efficiency of the d;, and p cut, we have shown the number of
events after applying the d, cut and p as final cuts in
Table V. The reach of the five signal events using the d,, cut
corresponds to an integrated luminosity of ~3 fb~! for BP1
and BP2, increasing to O(10%) fb~! for BP3, as shown in
Table VI

Now, ILC can also be used as a discovery machine for
the doubly charged Higgs. In Fig. 4, we show the invariant
mass distribution of the dimuons of the same-sign M - =
after killing the SM background and see that for our chosen
benchmark points, the invariant mass peaks at the exact bin
with very little spread.

B. Pair production of doubly charged Higgs at muon
collider with missing energy

For the pair production of doubly charged Higgs, when
the minimal signal is just the Higgs pair, the next-to-minimal
signal appears to be a pair of charged Higgs with a pair of
fermions. We find that the inclusive production cross section
of a doubly charged Higgs with a pair of neutrinos is ~3
times larger than the production cross section of only a pair
of doubly charged Higgs at a 10 TeV muon collider.
Therefore, we stick to the signal of four muons with missing
energy in the muon collider. As a lepton collider has been
considered here, the fermions must be a pair of charged or
neutral leptons. The generation of the signal process is
mentioned below:

Wty — H H™"xy, H =yt
where {x,y = u*,v,}.

Although the dominant contribution to the signal should

have come from the vector boson fusion (WtW~) and

TABLE VI
ILC.

Luminosity required to see 5 signal events at the

Luminosity required for
5 events after |dy| > 0.1 mm

Benchmark points cut (Ls) (fb~1)

BP1 3.6
BP2 4.0
BP3 1196.5

0.8
E —— BP1
0.7
2 0.6E- — BP2
[0 -
o 0.5 — BP3
® E
N 04
®© C
E o3
o -
b4 C
0.2;
0.1 1 J-JJ
ot ‘I\“HH\-H“‘\“‘\‘L\-._“‘
80 100 120 140 160 180 200
M,.. (GeV)

FIG. 4. Normalized invariant mass distribution for same-sign
dimuon pair for 3 chosen benchmark points at the ILC with the
same CM energy and luminosity as in Fig. 1.

photon fusion, we found that the total cross section is
significantly less than the individual contribution of the
vector boson fusion processes. Due to the presence of a
very large number of possible diagrams (involving new
physics particles), we have considered an inclusive gen-
eration of the signal. Due to the very high CM energy, the
two neutrinos or the two muons emitted from the primary
vertex would be very close to the beam axis, consequently
out of reach for the designed detectors. Therefore, not only
the neutrinos, but also the muons along the beamline,
would contribute to the missing energy in this process. The
following SM processes can mimic our signal: triple vector
boson processes [ZZZ,ZWTW~,y (offshell) WTW~,y
(offshell) ZZ, y (offshell) y (offshell) Z]. For a four-lepton
final state with missing energy, the number of events
coming from these processes is negligible due to the small
leptonic branching ratios of the W* and Z bosons and the
additional suppression arising from a,,, & O(1072). These
background events are so tiny that they have hardly any
impact on the d,, distributions. Hence, we only present the
signal distribution of the variable d, for our benchmark
points based on cut-based analysis.

To generate the signal events for the muon collider, the
following set of preselection cuts has been used:

n(?)] <3.0; pg(¢€)>10GeV; ARy, >0.2.  (4.3)

Then the events are passed to Pythia8 [95] for hadronization,
and the detector simulation is performed using DELPHESv3
[96] with the help of the muon collider card [104] for
IMCC. Along with the generational cuts, the following set
of cuts are employed to enhance the signal.

(1) C2-1: In the first step, we select events with exactly
four p; ordered muons.

(2) C2-2:1In the next stage, sequential p7 cuts have been
used on muons and events with py(Z;) > 30 GeV,
pr(€2)>25GeV, pr(¢£3)>25GeV, pr(£4)>20GeV
have been selected. The corresponding pr
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FIG. 5. Normalized transverse momentum distributions of the leading and subleading muons in signal events are shown for
benchmark points BP1, BP2, and BP3. Results are presented for the muon collider at /s = 10 TeV with £, = 10 ab!.

distribution of the muons before applying any cut is energy (E7) is depicted in Fig. 6. The charged Higgs
presented in Fig. 5. pair being very light in comparison to the CM

(3) C2-3: The angular coverage of the upcoming muon energy, most of the beam energy is deposited in
collider goes from 10° to 170° [71], which corre- the missing energy, as shown. To avoid fake missing
sponds to pseudorapidity in the range —2.46 <7< transverse energy events due to the detector reso-
2.46. We conservatively select the four muon events lution effect, we impose a moderate cut on missing
with |n(¢;)| < 2.2. transverse energy E7 > 30.0 GeV.

(4) C2-4: Here, we demand a minimum of AR > 0.2 cut (5) C2-5: Finally, to investigate the long-livedness of the
on the same sign muons. The normalized distribu- doubly charged scalar, we put a cut over the d,
tion for the missing energy and missing transverse variable of the muons while selecting the events.

i 0.22F
- - BP1 02F [ go; .
3 : - BP2 @ 0.18 ;,
S i ~BP3 S otef | BP2
R 102 M 014F |—BP3
2 i T o12f |
N [ N E
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V4 F Zz F
- 0.02F
0 B é(;d ‘ ‘4(‘)0‘ ‘ ée)d ‘ ééd ‘ ‘I‘()‘O(‘) ‘ 1‘2‘0(‘) ‘ 1‘4‘0‘0 ‘ 1‘600 00 1050 2(;00 30100 40100 5000 6000 7000‘ ‘8‘0‘0‘0‘ ‘9‘0‘0‘0‘ 10000
E; (GeV) missing Energy (GeV)

FIG. 6. Normalized transverse missing energy distributions in signal events are shown for benchmark points BP1, BP2, and BP3 for
the muon collider with the same CM energy and luminosity as in Fig. 5.
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FIG. 7. Normalized distribution of the |d| variable of the leading and subleading muons for signal benchmark points BP1, BP2, and
BP3 at muon collider with the same CM energy and luminosity as Fig. 5.

As shown in Fig. 7, the |dy| distribution of the
benchmark 3 peaks is mainly around the zero value,
which is also consistent with the decay length for
that particular value of the doubly charged mass.
According to the recent proposal of the muon
collider detector design [71], as dy < 0.1 mm is
taken for prompt decays, d, > 0.1 mm can be
considered as a signature of long-lived decays.
Therefore, the cuts used on the variable d,, of the
four muons are, respectively, |dy| > 0.1, 1 mm. The

|dy| distributions of the muons are shown in Fig. 7.
The corresponding SM backgrounds for this process are
already very small; as a result, no background events

TABLE VII. Cut flow table showing the number of signal
events at the muon collider at £;,, = 10 ab~! and /s = 10 TeV.
The last two columns show the final signal events after two
choices of d, cut.

C2-5
Benchmark dy > dy >
points C2-1 C22 (C2-3 C24 0.1mm 1 mm
BP1 512 406 353 343 323 234
BP2 338 289 247 239 195 66
BP3 36 33 28 27 <1 <1

survive after applying the above set of cuts in our
simulation. In Table VII, we show the number of events
that survive after giving all the aforementioned cuts at an
integrated luminosity of 10 ab~!. To show the credibility of
the d,, cut, a comparison between d,, and p cut is shown in
Table VIII. The integrated luminosity required to see 5
signal events is ~155(256) fb~! for BP1(BP2), as men-
tioned in Table IX using the d,, cut. These results show that
a high-energy muon collider can also act as a discovery
machine for doubly charged scalars, comparable to the ILC
in the mass range (100-150) GeV. In Fig. 8, we show the
invariant mass distribution of same-sign dimuons for two
benchmark points after applying all the mentioned cuts,
providing a distinct way for the discovery of a doubly
charged scalar.

TABLE VIII. Comparison of the number of signal events at the
muon collider after applying the d, and p cuts.

>0.1 mm >1 mm
Benchmark point P dy p dy
BP1 316 323 296 234
BP2 231 195 181 66
BP3 10 0 0 0
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TABLEIX. Integrated luminosity required to see 5 events at the
10 TeV muon collider. The symbol “—" for the BP3 benchmark
point represents almost zero signal events after all cuts.

L required to see 5 events

Benchmark points after |dy| > 0.1 mm cut (fb™!)

BP1 155
BP2 256
BP3 —
0.51
: ~BP1
PR
g C
§ 0.3 _BP2
v N -
S °f
= r
g 02p
E C
> C
0.1
0_._‘3]1L_JT|,11L‘ P

[ B
80 100 120 140 160 180 200

mutut
FIG. 8. Normalized distribution of invariant mass of the same-
sign dimuons for BP1 and BP2 at muon collider with the same
CM energy and luminosity as Fig. 5.

Here, we comment on the beam-induced background
(BIB) [105,106], which is a major issue in the muon collider
environment. The initial muons decay on their way to flight,
producing fluxes of electrons, photons, and neutrinos that
create a large background near the beamline. However, here,
restricting ourselves to the central region of the detector
(In] <2.2) and demanding events with only muons, we
expect to avoid these background contaminations.

Before concluding this section, we emphasize that a
long-lived doubly charged Higgs boson with mass in the
range my++ € [100, 160] GeV can be efficiently probed at
both the ILC and IMCC. For heavier H** masses,
however, the ILC offers superior sensitivity owing to its
larger production cross section and finer pixel resolution.

V. CONCLUSION

In this paper, we investigate the discovery prospects of
long-lived doubly charged scalars at future lepton colliders
within the framework of the type II seesaw model. Focusing
on the parameter region where the doubly charged scalar
behaves as a long-lived particle, we identified viable
benchmark choices that satisfy all current theoretical and
experimental constraints and are accessible at the ILC and a
high-energy muon collider. We demonstrate that the search

strategies at these facilities are chosen on the basis of the
proposed CM of energy of the upcoming colliders. At ILC,
with center-of-mass energies of 500 GeV, pair production of
doubly charged scalars via the Drell-Yan process provides a
clean and efficient probe in the same-sign dimuon channel. At
the muon collider operating at 10 TeV energies, the produc-
tion of H** through vector boson fusion becomes dominant,
allowing searches in the y*u* + E final state. In both cases,
Standard Model backgrounds can be effectively suppressed
by exploiting displaced vertex information through a cut
on the impact parameter d,. Our analysis shows that long-
lived doubly charged scalars with masses in the range
[100-180] GeV can be probed at these future lepton colliders.
We observe that an integrated luminosity of ~3 fb™! is
sufficient to obtain five signal events at the ILC, while
~250 fb~! is required at the muon collider for BP1 and
BP2. Since for the choice of benchmark point BP3, the doubly
charged scalar has a very low proper decay length, it cannot
be probed at the muon collider and requires integrated
luminosity O (1) ab™! at the ILC to see at least 5 events.
Furthermore, the clean experimental environment of
lepton colliders enables effticient mass reconstruction from
same-sign dimuon pairs, significantly enhancing the dis-
covery potential. These results highlight the unique capabil-
ity of future lepton colliders to explore long-lived particle
signatures and provide a compelling physics case for their
role in probing extended scalar sectors beyond the SM.
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APPENDIX A: PARTIAL DECAY WIDTH OF THE
DOUBLY CHARGED SCALAR

The doubly charged scalar depending on its mass and
triplet vev, can decay to a pair of leptons or a pair of W
bosons. For a mass region where my:: < 2my- and the
partial decay width to leptons is small, H** can have
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FIG. 9. Proper decay length of H™" as a function of v, for our
benchmark masses my++ = 100, 120, and 180 GeV.

cascade decays. The corresponding partial decay widths are
given by [57,58]

mHii |mij|2
8r 207

[(H* - liilji) =S
where S = 1(2) when i = j (i # j) and m;; are neutrino
mass matrix elements.

F(Hii —)Wi(Wi)* _)Wiff/)

(et ) (55)

D(H — WEW*)

g l), mpy++
6l44n

For our chosen benchmark masses, we have calculated the
total decay width of the doubly charged scalar using
Madgraph and presented the variation of corresponding
cts with triplet vev in Fig. 9. Here while the rise in the
decay length upto v, ~ 10™* GeV is due to the decreasing
dilepton partial decay width, around v, ~ 1073 GeV, the
three body cascade decay starts dominating for the first two
benchmark masses and the decay length falls accordingly.
However, for the third bench mark mass (180 GeV), as
production of a pair of Ws is kinematically allowed, for
larger v,, instead of cascade decays, it takes over the
dileptonic decays. A plot showing the branching ratios of
the dileptonic and cascade decays of H'" is shown in
Fig. 10. Here the choice of lowest mass of the doubly
charged scalar is motivated by the LEP constraint on the
singly charged scalar mass. With the mass crossing the
threshold of W pair production, the decay-length decreases
considerably. Therefore the available decay length for the
allowed parameter space is roughly [0.1 ~ 30] mm.

APPENDIX B: AR DISTRIBUTION
OF LEPTONS

The AR, distribution is shown in Fig. 11. For the signal,
the separation between same-sign leptons peak around 1.0
and for the background it peaks at around z. For the
opposite-sign leptons, the AR distribution peaks near z
both for the signal and the background. We have also
explicitly checked that imposing AR,, > 0.1 leaves the
resulting distributions and final results essentially
unchanged. This confirms that the AR requirement adopted

9411? ?1 N 4m?, (1 4m?,  12mi, ) in t}116 preselectlon does not have a significant impact on the
= - - analysis.
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FIG. 10. Branching ratio of the doubly charged Higgs in different decay modes.
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FIG. 11. Normalized distribution of the AR of the same-sign muons (left panel) and opposite sign muons (right panel) for three

benchmark points at ILC.
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