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We propose and study a purely inelastic scalar dark matter model, where two real scalars-dark matter ¢,
and its excited partner ¢, interact with the Standard Model via a Higgs portal. After mass diagonalization,
only inelastic couplings remain, allowing the model to evade stringent bounds from direct detection. We
show that thermal (co)annihilation between ¢; and ¢, naturally yields the observed dark matter relic
abundance. The same interaction structure can induce a strongly first-order phase transition in the early
Universe, generating detectable gravitational waves in upcoming experiments. Meanwhile, the slight mass
splitting between ¢; and ¢,, along with the heavy off shell mediator SM Higgs, leads to long-lived particle
signatures of ¢, at the HL-LHC via the displaced muon-jets technique. We pinpoint a feasible parameter
space where the correct relic abundance, observable gravitational waves, and collider signals can all be
achieved concurrently, presenting a valuable chance to validate this scenario through a comprehensive
examination encompassing cosmological, astrophysical, and collider investigations.
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I. INTRODUCTION

Following the discovery of the Higgs boson at the LHC,
understanding the properties of the electroweak phase
transition (EWPT) has emerged as a significant challenge
in modern particle physics [1-3]. Lattice studies within the
framework of the Standard Model (SM) indicate that the
EWPT proceeds as a continuous crossover rather than a
first-order phase transition [4-6]. However, in various
theoretical frameworks beyond the SM, such as the real
singlet scalar extension to the SM (xSM) [7-23], the two-
Higgs-doublet model [24-37], and others, the inclusion of
additional “scalars” alongside the SM Higgs field can lead
to a first-order electroweak phase transition (FOEWPT).
This FOEWPT has the potential to push the early Universe
out of thermal equilibrium, creating conditions conducive
to electroweak baryogenesis [38—40], a process explaining
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the observed matter-antimatter asymmetry in the Universe.
Furthermore, a first-order electroweak phase transition may
generate detectable gravitational waves (GWs), offering
prospects for future GW observatories.

The newly introduced scalar can potentially act as a dark
matter (DM) candidate. Despite the remarkable success of
the SM in explaining various phenomena observed in
particle experiments and astrophysical studies, the mystery
surrounding the nature of dark matter remains a significant
unresolved issue [41-43]. Among the different candidates,
the weakly interacting massive particle (WIMP) framework
is notable for its ability to naturally account for the observed
dark matter relic abundance, with QA% = 0.1198 + 0.0026
[42], achieved through thermal freeze-out with an annihi-
lation cross-section typical of the electroweak scale. This
intriguing correlation hints at the possibility of new physics
emerging at or above the weak scale. The validity of the
WIMP paradigm has been extensively assessed using
various methods, including direct detection [44—49], indirect
detection [50-52,52-57], and collider searches [58-65].
Nevertheless, the absence of definitive signals has led to
a growing interest in exploring alternative dark matter
scenarios beyond the conventional WIMP framework.

An appealing alternative to the traditional WIMP scenario
is the coannihilation mechanism [66,67], which introduces
an additional, heavier state named the coannihilation partner
or dark matter partner that is closely related to the dark
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matter particle. In the specific case of an inelastic dark matter
(iDM) model, the coannihilation partner corresponds to an
excited state, while the stable dark matter resides in the
ground state [68-70,70-85]. These partners have the
capability to interact with SM particles and, when combined
with dark matter, can collectively undergo annihilation to
produce SM particles. In this configuration, the strength of
interaction between dark matter and SM particles can be
significantly reduced or even nonexistent, leading to a
diminished annihilation cross section for pairs of dark matter.
This characteristic inherently aids in steering the model clear
of stringent constraints imposed by observations from the
cosmic microwave background (CMB) [42,86] and various
indirect detection experiments [50,52—55], which are sensi-
tive to energy injection from late-time annihilations.
Moreover, the feeble coupling to SM particles also enables
the model to effectively bypass the limitations set by direct
detection conducted in deep underground facilities [44—47].

In this research, we investigate a model of “purely”
inelastic dark matter interaction involving the coannihilation
mechanism. The dark sector comprises a complex scalar
denoted as ¢ = %(4151 + i¢h,), which interacts with SM
particles through the Higgs boson. Here “purely inelastic”
means that only inelastic scattering survives, i.e., all tree-
level ¢; —¢; — H couplings vanish. Previous studies on
inelastic dark matter have mainly focused on light scalar or
fermionic models with masses below 100 GeV. These works
explored signals at present and future colliders, neutrino
detectors, or astrophysical observations, and emphasized
how the models account for the observed dark matter relic
abundance [72,74,75,77,81,83,85,87-90]. Other works stud-
ied heavier iDM models above 100 GeV, where annihilation
between coannihilation partners dominates [91,92]. These
models can be probed at the upcoming High-Luminosity
LHC (HL-LHC), and typically require moderate couplings
between the dark sector and the Standard Model Higgs.
Some studies also considered fermionic iDM models with
additional scalar mediators, which can induce strongly first-
order phase transitions and detectable collider signatures
[93]. In contrast, our work, with a straightforward purely
iDM model, not only addresses the dark matter relic
abundance and (in)direct detection signals, but also naturally
includes possible first-order phase transitions and the con-
sequent gravitational wave signals arising from the newly
introduced scalar. Furthermore, if the mass splitting between
the dark matter particle ¢, and its excited partner ¢, is small,
the latter can behave as a long-lived particle (LLP) at collider
scales [94]. In this case, hadron colliders can search for LLP
signatures using displaced muon-jets or time-delayed tech-
niques, which provide powerful tools for suppressing QCD
backgrounds.

The structure of this paper is outlined as follows. In
Sec. II, the scalar iDM model is discussed, and decay
channels and lifetime of the DM partner are also calcu-
lated. In Sec. III, we investigate the DM relic abundance

and various existing constraints from (in)direct detection,
thermalization requirement, collider searches, and Higgs
precision measurements. In Sec. IV, we explore the electro-
weak phase transition with the new scalars and their possible
gravitational waves. In Sec. V, the long-lived signatures of
the DM partner ¢, are studied. In Sec. VI, we conclude.

II. THE MODEL

In this work, we investigate a model of inelastic DM,
which involves a complex scalar field, g?) This field is
composed of two real scalar fields; ¢, (the ground state)
and g;ﬁz (the excited state). We place a hat on the field to
distinguish it from its mass eigenstates. The excited state,
(252, serves as a DM partner of éﬁl. The complex scalar field
¢ interacts with the SM Higgs field, H, via a quadratic
coupling, and this coupling is in general complex. The
interaction is described by the following Lagrangian:

; S BUOUEE BN
L= (0,0)" (") — Eﬂ%sfﬁ - 5#%4%
—24(¢'$)? — 24,¢*|H|* + H.c.
+u’H'H — A(H H)?, (1)

where A; = 4;, + i4;; is the complex coupling between the
scalar field ¢ and the Higgs field, with 4;, and /;;
representing the real and imaginary components, respec-
tively. Through this Higgs portal interaction, DM and its
coannihilation partner interact with SM particles, mediated
by the Higgs field. The Higgs field and the complex scalar

¢ are expressed after electroweak symmetry breaking as

neae (0 ) i @

—_ s = — 1 .
V2 \ v, +h+iy V2 : :

In this setup, only the Higgs field develops a vacuum

expectation value (VEV), v;,, whereas the complex scalar g?)
does not, protected by a discrete Z, symmetry under which

only (2) is odd. The Goldstone bosons, H* and y, are
absorbed by the SM gauge bosons. After electroweak

symmetry breaking, the mass matrix for g;ﬁl and (252 can

be written as
M= P+ 20,00 =205 (3)
200, p; =247} )

This mass matrix M can be diagonalized through a unitary
rotation, U, such that

UMU" = diag(m?, m3), (4)
where the rotation matrix U is given by

cosf —sinf
- ( . ) (5)
sind cosd
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with the rotation angle satisfying

421’1'1)]%
Ay, 05 i =15

tan (20) = (6)

With this rotation, we obtain the mass eigenstates ¢; and ¢,
from the flavor eigenstates ¢; and ¢, as follows:

()=oG) o
$2 $>

After rotating from the flavor eigenstates to the mass
eigenstates, the couplings among mass eigenstates also

need to be modified, which is relevant to the interaction
term,

Aﬁz—@@g<““ ﬁ“)(@)uwh+w>

=i~y ¢
NT
— @A (" ) oo+ 0) (8)
0z
— @) UAU (5 )i+ ), )
3
where
A=UAU" = ('1” '1'2)
A1 An
/’{[.i tan(29) + j’[.r tan(29)/1, r— j‘li
= cos(26) - ’ P
tan(20)4;, —Ar;  —Ag,tan(20) — 4y,

(10)

It is clear that the coupling matrices, A and f\, are both
traceless, which implies that the interactions between
(2514Ablh and éﬁz(%h have opposite signs, both before and
after diagonalization.

Direct-detection (DD) experiments impose stringent
upper limits on DM interactions with nucleons. In our
framework, the quartic coupling A;; induces a Higgs-
mediated spin-independent (SI) scattering cross section,

oSy = Ay mafy (11)
! myy (my + my)?

where my denotes the nucleon mass and fy ~0.3. The
most recent XENONNT and LZ results [95,96] place the
strongest constraints in the mass range relevant to our
study, requiring o'\ < 107 cm? around m; ~40 GeV.
Translating these bounds into limits on the quartic coupling
yields A;; <3.7 x 107 for m; ~10 GeV, 1;; <107 for
my ~40 GeV, and A, < 1.2 x 10~ for m| ~ 60 GeV [62].

~

To explicitly satisfy these constraints and simplify the
analysis, we take 4;; = 0, which is a natural and convenient
choice within our framework. Thus, we require that the
transformation angle @ satisfy the condition,

j'I,r

Li

tan (20) = —

(12)

Substituting this into Eq. (6), we obtain the following
relation:

_ﬂl,r _ 4/1].l'U%l (13)
Ai A vh 4l — g
which leads to
1
Ari = iz— (ﬂ% - ﬂ% - 4/11,r7/%,)/11,r- (14)
Up

With this relationship, the coupling matrix will be sim-

plified to
N 0 F o/ (W5 = ) ss
F o\ 3 = 1), 0

(15)

and the physical masses of ¢; and ¢, are

1
m%—§<ﬂ%+ﬂ§—\/(/4%—ﬂ%+4ﬁl,r”%)<ﬂ%_ﬂ%)>v (16)

1

=y (02 /U= )i =d) ). (17

By nullifying the direct interaction coupling 4,;, we geta
purely iDM model. In the mass eigenstate basis, the
effective Lagrangian can be written as

1 1 1 1
L= 55/44515”4’1 +§aﬂ¢zaﬂ¢2 —zm%dﬁ —Em%‘ﬁ%

— Aath1po(2vph + h?) — /1(/)(¢T¢)2 - V(h), (18)
where

(3 — w3,

Up

Ay =F (19)

We can introduce a dimensionless parameter to represent

the mass splitting between the two real scalar fields,
_Mmy—m

A=—— 2
. (20)

Thus, there are 4 free

Lagrangian (18),

physical parameters of
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{ml,A,Alz,ﬂqg}. (21)

In the rest of the paper, we occasionally retain the
notation m, to simplify the mathematical expressions.
Finally, we can express the initial parameters in terms of
the physical ones using the following relations:

Ir — s
V(m3 —m7)* + 4vjig,
1
/11,1‘ = :tz_vh (ﬂ% _ﬂ% - 4111”%1)/11,1” (23)

1
=5 () Jid =i anta). o)

1
=5 (0t 2) = Jld =iy i) 09

A. Decay processes and branching ratios of inelastic
dark matter partners

Due to the interaction between ¢, ¢, and Higgs, ¢, can
decay into ¢ A if kinematically allowed. In our study, we
are interested in A x m; < my, so that ¢», can only decay
into an off shell Higgs, which then undergoes a two-body
decay into SM particles.

|

C(y > p107¢") =

The decay width of ¢, is influenced by several factors,
including the small mass difference A, the weak Yukawa
coupling between SM fermions and the Higgs boson, and
the presence of an off shell Higgs mass. These factors may
result in ¢, being long-lived under certain conditions. In
the following analysis, we will systematically calculate the
decay width of ¢, for each decay channel. The decay
process can generally be categorized into two main
channels; the leptonic and the hadronic channels.

Before delving into the calculations, it is crucial to
consider the scenario where the mass difference is signifi-
cantly larger than the relevant energy scale (2 GeV) of the
perturbative spectator model [97,98] and the fermion mass,
A-m;>2GeV and A-m; > 2m;, where the partial
decay width of ¢, — ¢, ff can be reasonably approxi-
mated as follows:
Amima A7

D = ufF) =2 e x Oy - A= 2mp). (20

where the fermion mass m; is neglected for phase space
integration. This approximation remains valid for the
leptonic decay channels as long as m; - A > 2my, even
when m; - A <2 GeV.

However, when the fermion mass m is comparable to
the mass splitting m; - A, numerical integration over the
phase space is necessary. For the kinematically allowed
leptonic decay channel, the complete decay width can be
determined as

— 4m?2)3/2 \/m‘]‘+(mg—s12)2—2m$(m§+s12)
- dsyy, (27)

(27)332m3

2
4ms;

where s, represents the invariant mass of the final lepton
pair. Specifically, we focus on the muon final state due to its
considerable branching ratio and distinct signals observable
at the HL-LHC. And the SM backgrounds can be effec-
tively reduced through targeted selection criteria.

For mass differences smaller than 2 GeV, the calculation
becomes somewhat intricate and requires careful consid-
eration, especially concerning the types of fermions
present. In the case of hadronic decay channels, only the
total hadronic decay width is of significance, as it allows for
the determination of the overall decay width. These
calculations often require accounting for nonperturbative
effects.

Considering Ref. [98], the integral range of s;, can be
split into two segments; one from (2mg,)? to (2 GeV)?,
where my;,, is the mass of the SM particle from ¢, decays
and 2mg,,; < 2 GeV, and the other extending beyond
(2 GeV)?. In the former range, the methodology of chiral

8m212, /m%AZ (512

(s12 = m%l)z

perturbation theory elucidated in Ref. [98] is utilized to
compute the amplitudes for diverse decay processes, such
as ¢, > ¢ian, ¢y > $1KK, ¢y — imm(pp), among
others. In the latter range, the parton-level amplitude is
good enough, which can be directly derived following the
Feynman rules of QCD. In accordance with Ref. [98], all
feasible channels, like ¢, = ¢,99, P, — ¢, cC, pr = ¢ s5,
¢» = ¢, bb, are computed. By summing the contributions
from all relevant decay channels in each interval and
integrating over s;, for each segment separately, the total
width of the hadronic channel can be determined.

One might wonder whether the photon channel should
be included in the calculation of the total decay width,
similar to the significance of the SM Higgs discovery at the
LHC [1], where the branching ratio Br(h — yy) is around
0.2%. In our model, it is observed that the branching ratio
of ¢, = ¢,yy falls within the range of [2.5 x 1073,2.6 x
10™4] for m,€[50,120] with A =0.05, significantly
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Total decay width and branching ratio of muon pair final state of DM partner as a function of its mass for three different mass

splittings. The purple line represents the results of mass splitting A = 0.05, the orange one represents the results of A = 0.10, and the

cyan one corresponds to A = 0.15.

smaller than the decay width of channel ¢, — ¢;gg by
about three orders of magnitude. While the photon channel
benefits from a clean SM background, it suffers from a
much lower branching ratio and greater challenges in track
reconstruction compared to the muon channel. For this
reason, our collider study will focus on the muon channel,
and the determination of the total decay width and
branching ratio for the muon pair will take priority.

In Fig. 1, we show the proper decay length (left panel),
cty, = 1/Ty, and the branching ratio Br(¢y — ¢pyu'p~)
(right panel) for three different mass splittings. For the mass
range of interest, m, € [50, 110] GeV, the rescaled proper
decay length for A = 0.05 spans from 107> cm to 7 cm.
This suggests that the dark matter partner ¢, could be long-
lived at collider scales, provided that 4;, is on the order of
0.1. However, for larger values of A, the decay length
decreases by several orders of magnitude, making it chal-
lenging to observe a displaced or delayed signal unless
App 1s extremely small. Regarding the branching ratio
Br(¢p, = ¢utu™), it stretches from 1% to 30% for the
cases shown. In contrast, for the other two scenarios, the
branching ratios are significantly smaller, making detection
more difficult at colliders. Another concern is whether
prompt decays of the DM partners could be observed,
especially in scenarios with large mass differences. In
particular, prompt decays leading to muon pairs could
produce signals like monojet plus a muon pair, accompanied
by substantial missing transverse energy, j + Er + u ", is
feasible. However, these prompt decay signatures are often
overwhelmed by large Standard Model backgrounds,

|

2 2
g g 2
Ooff = % <O'H + 2612%(1 + A)3/2€_X-A + (b)) ?' (1 + A)3€_2X‘A> .

eff 1

complicating  detection at proton-proton  colliders.
Therefore, we focus initially on the long-lived signatures
of the DM partner, with the exploration of prompt decay
signatures left for future research.

It is important to note that the branching ratios of
alternative decay channels, such as ¢, — ¢z, ¢ —
¢z, and other jet channels, can also be computed.
Particularly significant are the ¢, = ¢, c¢ and ¢ = P77~
channels, which become dominant for m, 2~ 60 GeV and
80 GeV, respectively. However, due to the small mass
differences involved, the jets produced in these decays are
too soft to be detected, and therefore, these channels are not
considered further here. In contrast, the muon final state
benefits from a lower py trigger, which facilitates easier
reconstruction and better separation from QCD back-
grounds. This makes the muon channel a highly effective
search channel at p p colliders. A more detailed exploration
of collider searches will be provided in the following
section.

III. DARK MATTER AND EXISTING
CONSTRAINTS

A. Dark matter relic abundance

In our model, both ¢; and ¢, can contribute to the DM
relic abundance via the coannihilation process [99].
Assuming that the number density ratio between ¢; and
¢, follows its equilibrium value, the system reduces to an
effective single-species Boltzmann equation, which can be
solved using the effective annihilation cross section,

(28)
99,

where ¢ = o(¢;¢; = SM SM) denotes the annihilation cross section into SM particles, g, = g,, represent the intrinsic
degrees of freedom of ¢, and ¢,, x = m; /T with T being the temperature of the thermal bath. The effective degree of

freedom g is defined as
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FIG. 2. Feynman diagrams for the annihilation processes ¢;¢; — SM SM.

Gett = Gp, + g, (1 + A)32e4, (29)  (ov), can be computed as follows:

The annihilation processes ¢;¢; — SM SM include final

z i = . , 30

states such as ff, WFW~, ZZ, and hh. Their corresponding (ov)s = {ov) 57 + (oV)ww + (060) 2z + (oV)p,  (30)
Feynman diagrams are shown in Fig. 2. The total s-wave

contributions to the annihilation cross sections, denoted by ~ which includes four processes are proportional to 13,,
|

/ﬁzm]%((ml +my)* — 4’"?)3/2

2y /mymy (my + my)(my + my — my)* (my + my 4 my,)*
(D) B/ (my + my)? — dm3, (—dm3, (my + my)? + (my + my)* + 12m7,)

ww Ay fmymy (my + my)?(my + my — my)* (my + my + my,)? 7
(00, = o/ (my + my)? — dmZ(—4m%(my + my)? + (my + my)* + 12m?)

“ 4z /mymy(my + my)?(my + my — my)* (my 4+ my + my,)* ’

Ko/ (my 4 my)? —4m3 ((my 4 my)? + 2m3 )? (31)

Vi (my + may)*(my + my —my)*(my 4+ my + my)?’

<Gl)>f? [l

<GU>¢1¢2—>hh = dx

and two processes are proportional to A7,, While the relic abundance is given by
1.07 x 10°
2 _
Y 2V/2 B gy
O o o = (i + mi3) P g
Aot S =2 where g, is the total degree of freedom of the thermal
(6V) g amn 12 hV'2 h . (32)  Universe, mp is the Planck mass, and the function J(x;) is
7212 a(A + 1) mi(mj, — (m} + m3))? defined as
The freeze-out temperature is determined by J(x) = / ) <0'ef§v> dx. (35)
X/ X

0.038gesr mp M1 (Cegv
xp=In J ffl /2P11 /21< i) . (33) We fix the relic density to the observed value Qh?> =

G« Ay 0.1198 [100] by iteratively determining the freeze-out
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temperature x; and the coupling constant 4, for various
total mass choices m,, = m; + m,. The resulting param-
eter-space curves in the (45, m,) plane for A = 0.05
(purple line) and 0.15 (cyan line) are illustrated in the right
panel of Fig. 3 for m, € [60,220] GeV. A pronounced dip
occurs at my, ~my; due to the Higgs resonance, while
additional sharp features at m, ~ 160 GeV and m,, =~
180 GeV correspond to the opening of the W W~ and ZZ
production channels, respectively.

B. Existing constraints

Apart from the requirement of the DM relic abundance,
the interaction between the Higgs boson and the new iDM
scalars induces many direct, indirect, and collider search
constraints. In this section, we will mainly discuss the limits
on the iDM model from DM (in)direct detection, thermal-
ization of its excited state, monojet + £, searches, and
Higgs precision measurements.

1. DM (in)direct detection

In our scenario, the DM ¢, couples to SM only via the
¢1¢,H interaction, does not directly couple with the SM
fermions or gluons, so the tree-level DM-nucleus/electron
elastic scattering processes are forbidden. As to the excited
state ¢,, after decoupling with the thermal bath in the early
Universe, it completely decayed into DM and SM particles,
leaving no remnants in today’s Universe. Consequently, no
significant signals from ¢, are expected in direct detection
experiments. However, the one-loop diagram of two 4,
vertices can induce an effective ¢,¢,h* interaction [101],
whose interaction strength is smaller than ~(4,,/4x)?. For
our interested parameter region, 4, < 0.6, the effective
interaction strength should be smaller than 2.3 x 1073,
which is too small to provide any meaningful constraints
for direct detection. Another possibility to consider is
whether the upscattering process ¢;N — ¢, N could con-
tribute to direct detection signals. However, the typical
mass splitting Am = m; - A 2 1 GeV is much larger than
the kinetic energy of the nonrelativistic ¢;, making up-
scattering kinematically forbidden. Overall, this iDM
model is free from direct detection constraints.

While for the indirect detection, as demonstrated previ-
ously, the ¢, totally decayed before BBN, thus they do not
inject energy into the thermal bath during the BBN era.
Therefore, they do not change the evolution of the Universe.
While for m; > m,,, DM ¢, can annihilate to a pair of Higgs
bosons via t-channel ¢,, which in principle can place a limit
on 4;,. However, this process is suppressed by a factor 1}, ~
10~* [102], thus the cross-section is very small. For
my < my, this process is directly kinematically forbidden.
Therefore, due to the nonexistent ¢, in the late Universe, the
tiny annihilation cross section of ¢¢; — hh and the
kinematical requirement, the indirect detection cannot
impose any restrictions on our interested parameter spaces.

2. Monojet+Ey searches

In our model, both ¢, and ¢, couple to the SM via
interactions with the Higgs boson, implying potential
constraints from collider searches. In particular, the process
pp — h*j — ¢1¢,j, followed by ¢, — ¢;jj, can be pro-
duced at the LHC. However, because the mass difference
A - my is small, the jets from ¢, decay are soft and cannot
be efficiently reconstructed. Consequently, the final state
consists of DM and low-energy jets that escape detection,
contributing to a missing transverse energy (£7). Only the
initial jet along with the Higgs production is sufficiently
energetic to be observed, leading to a monojet signature
characterized by a high-p; jet and large E; (j+ Erp),
distinguishing it from the SM background.

The ATLAS and CMS collaborations have performed
extensive searches for DM in the monojet plus missing
energy channel [103-107]. The ATLAS analysis in
Ref. [105], based on 139 fb~! of data at /s = 13 TeV,
requires at least one jet with pr(j;) > 200 GeV and
Er > 200 GeV. At 95% confidence level (CL), the
model-independent upper limit on the cross section for
non-SM production is ~0.7 pb. While for the CMS
[106,107], it gives a much weaker constraint than
ATLAS due to its smaller data luminosity. Therefore, we
will mainly focus on ATLAS.

By comparing this bound with theoretical predictions
obtained using MadGraphS_aMC@NLO [108,109], we can
constrain the coupling Ay, for given m; and m,. In our
scenario, for m; + m, > m, the corresponding upper limit
on 4, is larger than the value required to reproduce the
observed relic abundance. For example, with A = 0.1 and
m; = 80 GeV, the predicted cross section times efficiency
computed with MadGraph for the relic abundance motivated
coupling is 7.6 x 10~ pb, which is far below the current
experimental sensitivity of 0.7 pb. Therefore, our model
naturally evades existing mono-jet plus missing energy
constraints.

3. Higgs precision measurements

Because the scalar fields ¢; and ¢, interact with the SM
Higgs boson, constraints from Higgs precision measure-
ments must be taken into account. A particularly relevant
bound arises from the Higgs total decay width; the
combined branching ratio into nonstandard final states is
constrained to be below 8.4% at the 95% CL [110,111]. If
the mass condition m; + m, < m,, is satisfied, the SM
Higgs can decay directly into ¢; and ¢,, with the
corresponding partial width given by

C(h = ¢16)

_ 203/ (g, = ma? = i) (g + ma? = i)

167m;

(36)

And its branching ratio can be written as
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I'(h— ¢1¢,)
(h—>SM SM) +T'(h— ¢¢,)°

where I'(h — SM SM) is the Higgs total decay width in
SM. By requiring that Br(h — ¢,¢,) < 8.4%, the con-
straint can be obtained, which excludes most of the
parameter space where A, > 5.5 x 107> and m, + m, <
my,. If 2m; < m;, < m; 4+ m,, the Higgs can decay via an
off shell ¢p; h — ¢1¢5 = ¢1¢ + SM SM, which is sup-
pressed by the tiny mass splitting and the multibody phase
space. Numerical calculation shows the decay width for
A = 0.1 is smaller than 10~7 MeV when 1, = 1, indicat-
ing that it cannot impose any meaningful constraint on the
parameter space consistent with the DM relic abundance. If
my, < 2my, then even the off shell decay to ¢;¢p; + SM SM
is kinematically forbidden. Therefore, in summary, for total
mass (m; = m; + m,) above the Higgs mass, Higgs
precision measurements can not provide any effective
constraints on the parameter regions corresponding to
the correct dark matter relic density.

In addition, the Higgs invisible decay provides a strin-
gent constraint on the coupling 4, when m; + m, < my,.
This is because, in this case, the decay products ¢; and ¢,
typically lead to soft jets or undetectable final states,
making them appear as missing energy. The branching
ratio for this invisiblelike channel has the same form as
Eq. (37). Combined with Eq. (36), this invisible decay
constraint can be derived. The projected upper limit on
Higgs invisible decay at future CEPC is 0.24% at the
95% confidence level [112]. Conservatively, we require
Br(h — ¢1¢,) < Br(h — Inv) < 0.24% for the region
my + my < my,, which typically requires 4;, <9 x 107%.
These constraints are illustrated in the shaded regions of the
right panel in Fig. 4. In the region where m,;, < 2m,, the
decay is kinematically forbidden, and therefore, no con-
straints are applicable in this area. For the mass region,
2my < my, < my + m,, although the four-body decay proc-
ess, h — ¢1¢5 = ¢1¢p;SM SM, is possible, its decay width
is too small to impose any constraints due to the heavy
suppression from multiparticle final state phase space and
heavy mediator mass.

Br(h = 1) = - (37)

IV. ELECTROWEAK PHASE TRANSITION AND
GRAVITATIONAL WAVES

In this section, we will examine the vacuum structure and
the thermal evolution of the model. We begin by analyzing
the total scalar potential at zero temperature. The potential
incorporates contributions from the SM Higgs doublet and
the two real scalar fields ¢, and ¢,. The general form of the
potential, as given in Eq. (1), is
V= 30 H_l 252 12’\2 )“_47"2 72\2

= (1.0, H) = 2ﬂ1¢1 + 2ﬂ2¢2 + 4 (91 + #2)

+ 1(P3—P3 + 2i o) |H|* + Hoc.
— W\ HI> + AH|*. (38)

As outlined in Eq. (21), the model contains four free
parameters {m,, A, 4,.4;,}. However, since 1, is deter-
mined by the DM relic abundance, only three parameters
remain independent; {m;,A,4,}. The relations between
these parameters, prior to field rotation, are given
in Eq. (29).
We impose the vacuum conditions at zero temperature,
(@1) = (¢2) =0, (h) = vy, (39)
ensuring the model reproduces the observed electroweak
vacuum. This constraint further restricts the allowed
parameter space.

From the physical Lagrangian in Eq. (18), we can see a
negative coupling coefficient 4, < 0 can destabilize the
SM vacuum at (h,(}}],éﬁz) = (vy,0,0), making it poten-
tially metastable or even unstable. To ensure that electro-
weak symmetry breaking corresponds to the true vacuum of
the theory, we begin our analysis from the physical scalar
potential,

1 1
V(h.$y.¢r) = 5’"%4”% + 5’”%45% + A1 2 (2v,h + h?)
+ 2y(@P)* + V(h). (40)

To explore the symmetry properties of the quartic inter-
actions and their implications for vacuum stability, we
consider the case where the scalar fields are aligned,
¢, = £¢;. In this limit, the quartic part of the potential
simplifies to

2
+ Apdih* + 2,97 + 1 Kt

p) +12 h2
— (2 42 4 2712
g "51)(1;&12 Ay ><¢%)' 1)

To make sure the SM vacuum is the true vacuum, we need
the determinant of the above coefficient matrix to be
positive, which leads to the constraint

|/112| < 1//1¢/1, (42)

which ensures that the scalar potential remains stable and
that the SM vacuum remains the true vacuum of the theory.
In the early high-temperature Universe, the scalar poten-
tial receives thermal corrections due to interactions with the
hot plasma. Using the high-temperature expansion and
retaining terms up to order 7¢, the gauge-invariant finite-
temperature effective potential can be written as [114]

V(. s, b, T) = VIIEES | yBM (43)

iggs

where Higgs potential V;I is determined by
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.
V¥ = D(T? - T§)h? 1
N T2+ m2 N maT?
327%  25677v]

T
— ETHh + Mh4

3mih? (T*  mi  miT?
2 (o Ty

1607 \ 3  4z* 3272%0}
2 ) G = 85) = 2

T ) 3/2
- 15 (— 340 + Ay (T — B3) — 2001102 + 2 Tz)

127 2
1 m2 A \2, mi44AT?
" 64n2 <—7 + 34 + 2, (D7 = 3) = 2A1b1 2 + ZT2> ln—ABTQ , (44)
and BSM potential VESM is defined as
psm _ 1 2 2 r 2 2 2
VM = 2 (4341 + 4243) — - 13+ 3yt + Ap3 + 24, 0% + §’1¢
1 2 2 , T?
32 ﬂl + 3/1¢¢ + l¢¢2 + 2),[ rh + ?/1[]5 M1 + 2),1]1]]1 + ?/14)
T T2 3/2
12 <Il2 + 3l¢¢2 + ﬂ¢¢2 2il,rh2 + ?)445)
1 2 ,, I 2 , T
32 /'{2 + 3ﬂ¢¢2 + l¢¢ 22]’,,]’1 + ?ﬂ(ﬁ Hy — 2&[.,,1)]1 + ?ﬂ¢
2 2, 12
Hi + 241,05 + 5 Ay
33 + A 22 0 + | :
64 <ﬂ1 + ¢¢ + (/)¢2 + I,r 3 ¢> n ABT2
Y R S
Ha 1V T3 A
34 Apd? — 22 W + —ﬂ | :
64 (/’l2 + ¢¢2 + ¢¢ 1,r 3 ¢> n ABTQ
1 A
SPGB+, (B - B = 2l (45)
where the key parameters are given by
D_Zm%‘,—l-m%—l-Zm% E_Zm%,—l—m%
B 8v? ' )
m2 — 8Bv? 3
h
3 m? m? m?
MT) =2——5—(2m} In—2% + mb1 —4m}1n :
1) 162%0} ( A WeRR nABT2 AT
2
InAp = Ina, —3/2. lnAF:lnaf—3/2,/1:%. (46)
v
|
The constants a, = 167%¢*/?7%= and a; = n%¢3/?=% cor-  vacua; one at
respond to the gauge and fermion contributions, respec-
tively. The SM parameters; my = 80.377 GeV, m, = () = (¢a) =0, (h) =0, (47)
91.1876 GeV, m, =172.69 GeV, m; = 12525 GeV,
and v, = 246.22 GeV [100]. and the other at
Thermal corrections to the total scalar potential can alter
the vacuum structure. For suitable parameter choices, at a (1) = 1y, (hr) = (h) = hy,. (48)

critical temperature 7., the quadratic coefficient of the
field ¢, denoted by u3, may be chosen to be negative.
Consequently, below this temperature, the thermal potential
V(i ¢r, b, T) in Eq. (43) will exhibit two degenerate

For convenience, we briefly denote (a, b, ¢) as the VEVs of
scalar ({(¢p1) = a, (¢2) = b, (h) = ¢). As the Universe fur-
ther expands and the temperature drops below 7., the
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vacuum state (¢, ¢, 0, iy, ) becomes energetically favorable,
and the Universe acquires a nonzero probability to transit
from the (0,0,0) to (¢ ¢, 0, hs). As the temperature
continues to fall, a second critical temperature 7., is
reached, triggering a subsequent phase transition. The
potential V(h, ¢y, ¢, T) now drives the system from the
vacuum (¢ ¢,, 0, hy,) to a new vacuum (¢ r,, 0, hz,). After
undergoing multiple phase transitions, the Universe even-
tually settles into the final vacuum corresponding to the
electroweak symmetry breaking phase; (0, 0, vy,).

The decay rate per unit volume when phase transition
occurs is given by Ref. [114],

S5(T)

32
rm-T(37) e
T

where S3(7T') denotes the Euclidean action corresponding to
the O(3)-symmetric bounce solution. A first-order electro-
weak phase transition takes place when the vacuum decay
rate per Hubble volume becomes of order one, signaling the
onset of bubble nucleation from the electroweak-broken
vacuum. The temperature at which this nucleation begins is
defined as the nucleation temperature 7,, which satisfies
the condition I'(T",) = H*(T,), where H(T) is the Hubble
parameter at temperature 7.

In a radiation-dominated Universe, such as during the
electroweak phase transition, the nucleation temperature 7',
can be estimated by the following relation [114]:

SS(Tn)
T

~ 140, (50)

n

which we adopt as the criterion for a FOEWPT. For each
chosen free parameter set, the nucleation temperature 7', is
computed by numerically solving Eq. (50) using the Python
package CosmoTransitions [115].

The parameter «, which is crucial for determining the
strength of the gravitational wave signal, is defined as the
ratio of the vacuum energy difference between the false and
true vacua to the radiation energy density,

1 NINI
a= -
q.7m2T%/30 oT T

(51)

Tn

Another important parameter, 3, characterizing the inverse
time scale of the strongly FOEWPT (sFOEWPT), is
defined as

_ d(S(T)/T)
H(T,) dT

(52)

T=T,

n

GWs are primarily generated through two processes:
sound waves propagating in the plasma and magneto-
hydrodynamic (MHD) turbulence [116,117]. The total
energy density spectrum of the GWs can be expressed

as a sum of these two contributions,
QGth = sthz + Qturbhz' (53)

The component originating from sound waves is given by
[12,116]

2 1/3
Q. h* =2.65x10° B (e 100
p)\1+a G«

() (rmgrr) G4)

where g, is the relativistic degrees of freedom at the
temperature T,, H,(T) the Hubble constant at the temper-
ature T, is given by

872G n?
H(T.) = \/Txﬁg*ﬁ- (55)

And v, =1 is the bubble expansion velocity, k, =
a/(0.73 + 0.083/a + a) is the fraction of released energy
going to the kinetic energy of the plasma [118]. Here, the
temperature 7, = T,. The peak frequency f,, of the
energy density spectrum is

1 ﬁ T g 1/6
105 (2 () (%) He
v (H) <1oo GeV) (100) -

(56)

fow=19x

In addition to sound waves, a fraction of the energy is
released via MHD turbulence. The energy density spectrum
for this contribution is [12,119,120]

H 3/2 /1 1/3
Quinh? = 3.35 x 1074 == k@ 00
ﬂ 1 +a [/

(f/fturb)3
(1 + (f/fturb))11/3(l + Sﬂf/h*) ’

where the energy proportion of MHD k;, = 0.1k, and the
peak frequency of MHD induced GW is given by

L(p T, 9. \ /¢
—27x105— () (2 ) (L))" He
Suaro e <H> <100 GeV) (100) 8

(58)

(57)

X Uy,

and h, is

T g
=165x 1073 —2— =),
he = 16510 <100 GeV) <100> (59)

After getting the energy density spectrum of GWs, the
strength of the GW signal detectable by instruments can be
quantified using the signal-to-noise ratio (SNR) [121]
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SNR:\/chj/dthGWf] ,

where J represents the mission duration, and hzﬁexp
characterizes the sensitivity of the detector, here we choose
J =9.46 x 107 s (more than 3 years) [122]. The factor
o arises from the number of independent channels available
for cross-correlation between detectors, which is equal to
2 in the case of U-DECIGO [12].

It should be noted that the parameters adopted in the
above GW signal calculations are standard benchmark
choices and do not include detailed uncertainty estimations.
As discussed in Refs. [119,120,123-125], GW spectra
from first-order phase transitions are subject to sizable
uncertainties, mainly arising from the bubble wall velocity
(v,,) and the efficiency of vacuum-energy conversion into
bulk motion or MHD turbulence (k). The wall velocity
typically lies in the range v,, ~0.5-1, depending on the
transition strength o [126], and can modify the GW
amplitude and peak frequency by up to a factor of two.
The turbulence efficiency is often parametrized as ki, ~
€'k, with ¢ ~0.05-0.1 [119,127], leading to variations of
order unity in Q4. Additional theoretical uncertainties
arise from numerical fittings of the sound-wave and
turbulence efficiencies, as well as from the modeling of
macroscopic thermal parameters and phase-transition
dynamics, such as source lifetime and mean bubble
separation [127-130]. These effects can alter the predicted
GW amplitude by up to several orders of magnitude. A
comprehensive assessment of these uncertainties has been
extensively discussed in the literature; in our study, we

— m1=39 GGV, Alz=0.21, A=0.15
— m=68 GeV, 1,=0.35, A = 0.05 ]
—ml 77GeV /\12 0.21, A 005

10- 10- 10- 1 101
Jf [Hz]

B
1 0—32 E
107°

107

therefore adopt benchmark parameter choices to illustrate
the characteristic GW features predicted by our model.

We then perform simulations by setting A = 0.05, 0.10,
0.15, and scanning 4, within the relic abundance allowed
region for A €[0.05,0.15]. The DM mass m; is varied from
30 GeV to 90 GeV, and 4, is scanned from 0.1 to 2.0. The
results show that approximately 20% of the parameter
points lead to a FOEWPT, and about 2% parameter points
yield a strong phase transition with SNR > 1.

The left panel of Fig. 3 shows the GW spectra with the
sensitivity curves of present and future gravitational wave
experiments, including LISA [131], BBO [132], Taiji
[133-135], TianQin [136], and U-DECIGO. It can be seen
that, in some cases, the peak frequency of the gravitational
wave energy density generated by the phase transition is
close to the frequency where the U-DECIGO detector can
reach. As to the other GW detectors, comparing their
reaches with our predicted GW spectra, we find that their
sensitivity ranges do not overlap with the GW frequencies
relevant to our study, and thus are not sufficient to detect the
predicted signal strengths. Then, combined with Eq. (60),
the corresponding SNR can be calculated. We highlight
several benchmark points that yield the largest SNR values.
Notably, the signal represented by the blue curve can
potentially be detected by both gravitational wave detectors
and collider experiments, as will be discussed in the next
section.

The right panel of Fig. 3 presents the parameter space
leading to strongly first-order phase transitions with
SNR > 1, indicated by red dots. It can be observed that
these points predominantly originate from the mass range
m € [40,80] GeV. The cyan and purple curves represent

“‘ ..= °
i i!i'-
107"
3
<
1072
1073
80 100 120 150 180200

Mior = M1+my = m(2+A4) [GeV]

FIG. 3. Left: A representative gravitational wave spectrum is shown in comparison with the sensitivity curve of several GW detectors
(obtained by scanning over the parameter 4, to maximize the signal). Right: Red dots represent regions of parameter space that yield
strongly first-order phase transitions with a GW signal-to-noise ratio SNR > 1. The cyan and purple lines indicate regions consistent
with relic abundance constraints for A = 0.15 and 0.05. The shaded region represents constraints from the Higgs invisible decay.
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FIG. 4. Final phase points in multistep phase transitions (left) and the corresponding SNR, a, and /H(T,,) values across different
model parameters (right). Red points indicate parameter regions where SNR > 10.

the relic abundance for different mass differences. As
discussed earlier, y7 < 0 may lead to a first-order phase
transition. From Eq. (25), it can be seen that when 4,
becomes too small, x? > 0, indicating that no phase
transition occurs. The shaded region denotes parameter
space excluded by constraints from Higgs invisible decays.
They exclude the mass region for m, < my,

The left panel of Fig. 4 illustrates the whole multistep
phase transition process. It can be observed that the first-
step phase transition predominantly proceeds along the
direction of the DM field, ¢;. This is because, for y} < 0
and (h) = 0, the vacuum expectation value of ¢, tends to
acquire a nonzero value. In contrast, the subsequent tran-
sition drives the vacuum expectation value toward the
Higgs field axis. Finally, the VEVs of the fields return
to the SM case, (h) = v, and (¢;) = 0. As for the DM
partner, ¢,, its corresponding phase values always tend to
zero and are therefore omitted in this plot. The right panel
of Fig. 4 shows the GW SNRs for phase transition
parameters « and f/H(T,) calculated from first-order
phase transitions for given parameters. The regions (red
and green dots) with SNR > 1, which may be detectable by
the U-DECIGO GW detector. Simulation results suggest
that SFOEWPT primarily arises from the last step of the
phase transition.

V. INELASTIC DARK MATTER AT COLLIDERS

In our model, two new particles, ¢; and ¢,, are
introduced. We require that ¢; and ¢, contribute to the
correct relic abundance of DM, support a potential
sFOEWPT, and are consistent with existing experimental
constraints. These conditions restrict the mass of ¢, to lie
within the range m, € (m;, — my, 2my, — m,). As discussed

in Sec. I, ¢, decays into ¢; and SM particles, with its
lifetime being sufficiently long due to the small mass
difference A between ¢, and ¢,, combined with phase
space suppression. This results in ¢, behaving as a long-
lived particle, capable of producing substantial observable
signals at pp colliders. Therefore, our focus is on detecting
these extended signals from ¢, within the mass range
specified earlier at both ongoing and proposed LHC
experiments.

Specifically, LLP ¢, may undergo decay subsequent to
spatial displacement within the detector, accompanied by a
detectable time lag, leading to discernible characteristics
distinct from the majority of SM backgrounds. However, to
effectively capture and identify these signals, enhance-
ments and specialized apparatus in detectors are imperative.
Fortunately, the upcoming HL-LHC upgrade will incorpo-
rate precision timing layers that reduce pileup interference
and improve measurements of particle properties, such as
position, momentum, and energy. These advancements will
be crucial for the exploration of LLPs using tailored
detection strategies. Regarding these upgrades, the CMS
experiment is developing the minimum ionizing particle
(MIP) timing detector to achieve these goals [137,138],
ATLAS is working on the high granularity timing detector
[139], and LHCb plans to implement similar precision
timing upgrades in the near future [140].

As in many DM scenarios, both ¢, and ¢; at colliders
typically lead to missing energy, which can be effectively
triggered by high-energy monojet events. To efficiently
detect LLPs, various strategies are employed. One common
approach involves requiring an initial-state radiation (ISR)
jet alongside the signal process, which helps identify the
primary interaction point [141]. A high transverse momen-

tum ISR jet with p. > 120 GeV is typically used to trigger
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FIG. 5. Feynman diagrams for productions and decays of DM

partner ¢, at the HL-LHC.

the Jet+ MET strategy efficiently [142]. Additionally,
there have been proposals to include displaced track
information in the Level-1 (L1) hardware trigger, with
minimum thresholds for track transverse momentum as low
as pr ~2 GeV [143]. While using high-energy ISR jets as
a trigger mechanism is a cautious approach, there is still
room for further refinement. By combining specific signal
selection criteria, the behavior of LLPs can be thoroughly
explored at the colliders. Moreover, the presence of leptons
in the final state can significantly relax the triggering
conditions compared to purely hadronic scenarios. To
explore LLP ¢, two promising search methods are
adopted; the displaced muon-jet (DMJ) method [75] and
the time-delayed method (TDM) [77,141].

In our study, we will consider the associated production
of ¢, with an ISR high-p7 jet, followed by the decay of ¢,
to ¢, and a pair of muons, as shown in Fig. 5. The full
process is described by

pp = jh" = jbagr. ¢ = i, (61)
where h* represents the off shell Higgs since we focus on
the region (m; + m, > m;,) relevant for the DM and its
partner mass regions of interest. The corresponding
Feynman diagrams are shown in Fig. 5. For simplicity,
we focus on the muon decay channel, which, though
subdominant, is easily detectable at pp colliders.

A. Displaced muon-jet method

For the DMJ method, in addition to the stringent ISR jet
requirement of pJ > 120 GeV, the decay products of ¢,
typically exhibit low momenta due to the small mass
difference between ¢, and ¢,. To identify muons originating
from ¢, decays, we impose that each muon has a transverse
momentum p’} > 5 GeV [144]. Furthermore, for accurate
reconstruction of their trajectories, these muons must pass
through multiple layers of the tracking system, which is
ensured by requiring that the radial displacement of the ¢,
decay vertex does not exceed 30 cm. To mitigate the impact
of SM backgrounds, a common practice is to require a
substantial displacement of muon tracks. Specifically, we
impose a transverse impact parameter of dy > 1 mm [75].

Thus, the comprehensive selection criteria for the DMJ
method are

DMI: p) > 120 GeV,

Iy, < 30 cm,

P> 5 GeV,
d’ > 1 mm, 62
0

where r,, denotes the radial displacement of the ¢, decay
vertex. As described in Ref. [75], these selection criteria are
successful in significantly reducing background processes
to a negligible extent for an integrated luminosity of
HL-LHC, £ =3 ab™!.

B. Time-delayed method

For the TDM, the key feature is the slow movement of
the long-lived, heavy particle, which leads to a noticeable
time delay compared to SM processes. In the SM, particles
like mesons and leptons move close to the speed of light,
while heavy particles such as gauge bosons and the Higgs
boson decay rapidly into lighter particles, causing minimal
time delays. However, with heavy new particles beyond the
SM, significant time delays occur due to their slower
speeds. The time delay, A7, for the decay process ¢, —
¢ utu is given by [141]

Ly, Ly Lgu
At b, +,5,, o (63)

where L and f represent the propagation distance and
velocity of each particle, respectively. For simplicity, we
assume the trajectories of ¢, and its decay products are
straight lines, and f, = ffgy = 1. Since particles like b
quarks and 7 leptons decay quickly into lighter, highly
relativistic particles, these assumptions hold true. The
selection criteria for the TDM are

TDM: p} > 120 GeV(30 GeV),

p’} > 3 GeV, In| < 2.4,
Atﬂ > 0.3 ns, 5cm < rg, < 1.17 m,
2, < 3.04 m, (64)

where 7 is the pseudorapidity of the jets and muons, and
At, is the measured time delay of the muon. The decay
position requirements, r,, and z,,, ensure that the decay
products leave hits within the CMS MIP timing detector.
We also evaluate two thresholds for ISR jet transverse
momentum: a conservative requirement of p§ > 120 GeV

and a more optimistic scenario with pJ. > 30 GeV, which
becomes feasible due to the additional timing and lepton
information. Under these conditions, SM background
contamination can be neglected.

Using the above two methods, we can explore a
dedicated search for the LLP ¢,. The number of signal
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events arising from ¢, decays that satisfy the selection
criteria is given by

lelf:g =L- Osig - P(¢2) " €euts (65)
where P(¢,) is the probability that ¢, decays while satisfy-
ing the specific geometric cuts, £ = 3 ab~! is the integrated
luminosity of the HL-LHC, and e, is the efficiency of the
remaining kinematic selection criteria. To accurately deter-
mine the signal yield, a parton-level Monte Carlo simulation
is performed using MadGraph5_aMC@NLO with the UFO model
created by FeynRules [ 145]. This simulation samples the decay
times of ¢, for each specific proper lifetime, and the
displacement parameters r,, and dy (or At,, ry, for DMJ
and TDM, respectively) are derived from the kinematics of
¢, and its decay products. Finally, the efficiency e is
calculated via event-by-event analysis.

Based on the analysis of cut efficiency for the DMJ and
TDM, we can estimate the sensitivities for the DM partner,
¢», at HL-LHC, with a center-of-mass energy of /s =
14 TeV and an integrated luminosity of £ =3 ab~!.
Unfortunately, the sensitivity of the TDM is too low to
probe the relevant parameter space for A = 0.05 (0.07) in
the mass range my, € [my,200] ([m;,158]) GeV and
A2 €6 x 1073, 17] ([0.014, 3]). This limitation arises from
the highly boosted nature of ¢,, which results from its
small mass and high kinematic energy. Consequently, the
time delay required for the TDM method to be effective is
not prominent, making this approach less viable for the
given parameter space. Additionally, the small mass differ-
ence between ¢; and ¢, leads to soft muons from ¢,
decays, which complicates the application of the TDM
selection criteria.

In contrast, the DMJ method demonstrates significant
sensitivity for A =0.05 (0.07) in the mass range
My € [my,, 200] ([my,, 158]) GeV and 4, € [6 x 1073, 17]
([0.014, 3]). As shown in Fig. 6, the LLP sensitivity of the
DMIJ method decreases with increasing mass of ¢,. This
indicates that the DMJ method is especially effective for
relatively lighter DM partners, where the decay products of
¢, can be more easily detected through distinct kinematic
signatures. This decline is due to two key factors; a reduced
production cross section, o(pp — jp,¢;), and a dimin-
ished branching ratio, Br(¢, — ¢u"u~), both of which
decrease as the mass of ¢, increases.

Moreover, it is clear that the sensitivity for A = 0.07 is
considerably weaker than for A = 0.05, despite the rela-
tively small difference of 0.02. This disparity is a conse-
quence of the fifth-power dependence of the total decay
width of ¢, on A, meaning that even a minor increase in
A can lead to a significant increase in the total decay width.
As aresult, in order to satisfy the long-lived requirement of
the DMJ approach, the coupling parameter 1;, must be
substantially reduced. However, this reduction also dimin-
ishes the production -cross-section of pp — jp,¢p,.

10" Tl 1

DMJ: N/i=2.3

A2

107"E
o DM Relic Abundance ]

.............

* sSFOEWPT/GW
— A=0.07

130 140 150 160 170 180 190 200
mtot:ml'(z'f‘A)[GeV]

FIG. 6. Expected sensitivities at the future HL-LHC to the scalar
iDM model in the parameter space determined by A;, and
M = my +my =my - (24 A), with an integrated luminosity
of with a center-of-mass e and a center-of-mass energy of
\/s = 14 TeV, where the mass splitting A = 0.05 (dashed) and
0.07 (solid). The projected sensitivity for the displaced muon-jets
method with 2.3 signals is depicted by the blue dashed (solid)
contour lines. The dashed (solid) orange line and the orange-shaded
region depict the parameter space consistent with the observed Dark
Matter relic abundance for A = 0.05 (A = 0.07) and A ranging
from 0.05 to 0.07. The red points labeled “sFOEWPT/GW” within
this orange-shaded area highlight the regions of strongly FOEWPT
with GWs to be explored in forthcoming GW observatories for
A €[0.05,0.07]. Additionally, the gray-shaded region identifies
areas where 1;, surpasses 4.

Therefore, weaker sensitivity is observed for larger mass
splitting ratios. Additionally, the branching ratio of ¢, —
¢ utu~ decreases for larger A, further impeding the
sensitivity of the DMJ method.

Figure 6 also highlights regions of parameter space that
are consistent with the correct DM relic abundance and
sFOEWPT. The solid and dashed orange lines represent the
boundaries for the correct DM relic abundance for A =
0.07 and 0.05, respectively. The red points, labeled
“sFOEWPT/GW,” indicate sFOEWPT regions that are
detectable through GWs, which lie within the correct
DM relic abundance parameter space for A €[0.05, 0.07].
Furthermore, the gray-shaded area identifies regions where
the coupling parameter 4;, exceeds the theoretical limit of
4z, making the model nonperturbative. Notably, the
parameter space in the mass range m, € [142, 155] GeV
and 1}, € ]0.1,0.2] offers a promising opportunity for joint
exploration of the iDM model, combining both gravita-
tional wave observations and collider searches.
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VI. CONCLUSIONS

The iDM mechanism provides an elegant way to evade
stringent direct-detection limits and has attracted growing
interest in recent years. While fermionic iDM models have
been extensively explored, scalar iDM offers equally rich
phenomenology. In this work, we proposed and studied a
purely inelastic scalar DM model in which two scalar
states-the DM particle ¢ and its excited partner ¢,-interact
inelastically with the SM through a Higgs portal. After
diagonalizing the mass matrix, only inelastic couplings
among ¢, ¢,, and the Higgs remain. This setup naturally
explains the observed DM relic abundance via thermal
coannihilation, predicts a strongly FOEWPT in the early
Universe capable of generating detectable GWs, and
produces long-lived ¢, signatures at colliders due to the
small ¢;—¢, mass splitting and the off shell Higgs
mediator.

Crucially, we find out a particularly compelling param-
eter region, my €[142,155] GeV and 4, €[0.1,0.2],
where three experimental frontiers converge. In this region,
the correct DM relic density is achieved, a sSFOEWPT
generates GWs detectable by future observatories, and LLP
signatures are within the reach of the HL-LHC. This
overlap provides a unique opportunity to cross-validate
the model through complementary probes from cosmology,
astrophysics, and collider physics, highlighting the power
of a multifrontier approach in the search for iDM.
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