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More than one dark sector particle transforming under the same symmetry provides one stable dark
matter (DM) component, which undergoes coannihilation with the heavier particle(s) decaying to DM.
Specific assumptions on the kinematics and on the coupling parameters may render the heavier component
(s) stable and contribute as DM. The choices of the charges of the dark sector fields under transformation
play a crucial role in the resultant phenomenology. In this paper, we systematically address the possibility
of obtaining two scalar DM components under ZN symmetry. We consider both the possibilities of DM
being weakly interacting massive particles (WIMPs) or pseudofeebly interacting massive particles
(pFIMPs). We elaborate upon the Z3 symmetric model, confronting the relic density-allowed parameter
space with the recent most direct and indirect search bounds and prospects. We also highlight the possible
distinction of the allowed parameter space in single component and two-component cases as well as
between WIMP-WIMP and WIMP-pFIMP scenarios.
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I. INTRODUCTION

What constitutes the nonluminous dark matter (DM)
prevailing in the Universe is one of the most critical
questions today [1,2]. Different astrophysical and cosmo-
logical observations have confirmed its existence [3–12]
and suggested that DM constitutes around 26.8% of the
total energy budget expressed in terms of relic density,
ΩDMh2 ¼ 0.1200� 0.0012 [13], although a laboratory
detection is still awaited. Absent a suitable candidate,
the Standard Model (SM) of particle physics needs to be
augmented to realize the presence of DM. The broad
characteristics associated with DM are being massive,
stable, and having no (or feeble) electromagnetic inter-
actions. Other properties remain unconstrained, giving rise
to a plethora of possibilities. In this article, we focus on
multiparticle DM. Such frameworks are motivated by
several phenomenological advantages; the most important
one stems from the fact that they allow depletion of DM via
interaction between two dark sector particles, which helps
alleviate direct, indirect, and collider search limits. There is
almost no constraint on multipartite features of the DM
sector, except for the collisionlessness of DM particles,

coming from Bullet cluster/Abell cluster observations,
σ

mDM
≲ 1 cm2=gm [14–17].

In order to satisfy the relic density observed by the
anisotropies in Cosmic Microwave Background Radiation
(CMBR) experiments, the DMneeds to be stable at the scale
of the Universe’s age. The stability of a fundamental particle
is governed by an unbroken symmetry. The lightest dark
particle transforming under a symmetry (discrete or con-
tinuous) does not possess any tree- or loop-level decay
terms with the visible sector. Then, ideally, for having two
stable DM particles, two different symmetries are required.
However, it is also possible to have one long lived DM
component, where the decay terms are assumed to be very
small, and the lifetime is larger than the age of the Universe,
which does not necessitate a protection via symmetry.
However, the large decay lifetime requires either a kin-
ematic suppression or the couplings involved in the process
to be small or both. We study such possibilities here with a
single ZN ðN ¼ 2; 3; 4;…Þ symmetry, where the heavier
dark sector particle is long lived and serves as the second
DMcomponent. Our intention is to bring out the consequent
phenomenology in such cases, especially their implications
in direct and indirect search aspects.
DM classification is mostly done based on its production

mechanism, whether it remains in thermal bath or out of
equilibrium, leading to possibilities like the thermal weakly
interacting massive particle (WIMP) [18,19], nonthermal
feebly interacting massive particle (FIMP) [20–25],
strongly interacting massive particle (SIMP) [26–34],
etc. In multicomponent DM frameworks, one can have
all kinds of combinations, like WIMP-WIMP [35], WIMP-
FIMP [36,37], WIMP-SIMP, SIMP-SIMP [38,39],
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FIMP-FIMP [40,41], etc. In recent studies [42,43], we
showed that DM having feeble interaction with the visible
sector can thermalize and freeze out via interaction with
another thermal DM component, called a pseudofeebly
interacting massive particle (pFIMP) [42]. pFIMPs have
some distinguishable phenomenological features. In this
work, how pFIMPs can arise in multicomponent scenarios
having single ZN symmetry is addressed. We specifically
highlight the cases of Z2 and Z3 symmetric scenarios and
compare them to Z2 ⊗ Z0

2 and Z3 ⊗ Z0
3 models. We show

the consequent allowed parameter space of the models goes
beyond the so-called Higgs resonance region [42].
Among DM search strategies, the recoil spectrum of

detector nucleon (or electrons) in possible scattering with
DM via direct detection (DD), the gamma-ray (and anti-
particle) spectrum at the galactic center via indirect
detection (ID), and the missing energy (or missing trans-
verse momentum) signal at the collider experiments are the
major ones. Null results from these experiments so far have
imposed bounds on DM parameters, specifically, DM-SM
coupling. For example, DD puts a bound on the DM-
nucleon/electron scattering cross section as a function of
DM mass. As we focus here on the GeV-TeV scale cold
DM (which, in turn, supports the structure formation of the
Universe), the most relevant DD bounds are obtained from
PandaX-4T [44], XENONnT [45], LUX-ZEPLIN [46],
DARWIN/XLZD [47], etc. ID provides a bound on the
DM self-annihilation and semiannihilation cross section as
a function of DM mass; the ones relevant for us come from
Fermi-LAT [48–50], H.E.S.S [51], and Cherenkov
Telescope Array (CTA) [52–55] observations. The rel-
evance of these bounds and search prospects with future
sensitivities are scrutinized here in context of the multi-
component DM framework under ZN symmetry.
This paper is organized as follows: In Sec. II, we discuss

the possibility of getting two stable scalar DM components
transforming under a single ZN symmetry, and in Sec. III,
we discuss briefly the case of Z2 symmetry. The case
pertaining to Z3 symmetry is elaborated for both WIMP-
WIMP and WIMP-pFIMP combinations in Sec. IV. We
finally summarize in Sec. V. Appendixes B and D provide
some necessary details omitted in the main text.

II. GENERIC DISCUSSIONONTWO-COMPONENT
DM UNDER ZN SYMMETRY

Two stable DM components require two discrete sym-
metries, as studied in many different contexts [56–62],
while some possibilities of having two DM components
using a single discrete symmetry [63–66] have also been
discussed. However, a systematic study obtaining all such
possibilities under a single symmetry still requires atten-
tion. We address it via appropriate assumptions on the
coupling parameters of the parent Lagrangian respecting
ZN symmetry. Our study is limited to scalar DM, while a

similar study with vector and/or fermion DM is possible.
Similarly, one can also have more than two DM compo-
nents in a trivial extension of what we present here.
Specifically, we extend the SM with two scalar fields Φ1

and Φ2 transforming under a single ZN symmetry. The
fields Φ1,Φ2 might be real or complex, depending on their
transformation under the ZN symmetry, while Φ1 and Φ2

are assumed to be gauge singlets under the SM gauge
groups. The lighter component is automatically stable,
while the heavier one becomes (kinematically) stable after
making some coupling parameters vanishingly small in the
nondegenerate case.
In general, the heavier dark sector (DS) particle can have

ðnþ n0Þ body decay, as

heavier DS → n lighter DSþ n0 SM; ð2:1Þ

with n; n0 ¼ 0; 1; 2; 3…; and nþ n0 ≥ 2; the exact values
of nðn0Þ depend on the model. Now, the tree- or loop-level
decay of this particle can be stopped by appropriate choices
of the model parameters:
(a) For n0 ¼ 0, the heavier DS particle is stable when

nmlighter > mheavier > mlighter: ð2:2Þ

(b) When n0 ≠ 0, a kinematic condition nmlighter þ
n0mSM > mheavier > nmlighter can stop the on-shell
decay, but off-shell decays are still possible. The only
way to make the heavier DS component stable is to
choose appropriate couplings leading to the decay
being adequately small, leading to a long lived particle
(LLP) DM.

Further, the DM components can be WIMPs, FIMPs, or
SIMPs, depending on the strength of their couplings to the
SM. The WIMP-WIMP combination is more constrained
from direct search than WIMP-FIMP, given that the FIMP
is mildly constrained from DD/ID experiments (unless the
DM-nucleon/electron scattering occurs via a light media-
tor). On the other hand, the pFIMP receives milder
constraints than the WIMP having feeble DM-SM coupling
but still remains accessible for future sensitivities of DD/ID
search via WIMP loop, having sizable interaction with
WIMP. Therefore, we are more interested in obtaining the
WIMP-pFIMP limit of this model, having either the lighter
particle or the heavier one as the pFIMP [42,43]. In order to
study two-component DM, let us first write the renorma-
lizable scalar potential, VðΦ1;Φ2; HÞ (H represents the SM
Higgs isodoublet),

VðΦ1;Φ2; HÞ ⊃ λ1jΦ1j2H†H þ λ2jΦ2j2H†H

þ λ3ðΦ1Φ2 þΦ1Φ�
2 þ H:c:ÞH†H

þ ðλ4Φ2
1 þ λ5Φ2

2 þ H:c:ÞH†H

þ V intðΦ1;Φ2Þ; ð2:3Þ
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where λ1; λ2; λ3; λ4; λ5 are dimensionless Higgs portal couplings, and V intðΦ1;Φ2Þ contains all possible renormalizable
interaction terms (with mass dimensions M½2�, M½3�, and M½4�) between Φ1 and Φ2 as

M½2�∶ fΦ1Φ2;Φ1Φ�
2g þ H:c:;

M½3�∶ fΦ1jΦ2j2;Φ2jΦ1j2;Φ1Φ2
2;Φ1Φ�

2
2;Φ2

1Φ2;Φ2
1Φ�

2g þ H:c:;

M½4�∶ fΦ2
1Φ2

2;Φ2
1Φ�

2
2;Φ2

1jΦ2j2; jΦ1j2Φ2
2; jΦ1j2jΦ2

2;Φ1Φ3
2;Φ�

1Φ3
2;Φ3

1Φ2;

Φ3
1Φ�

2;Φ1Φ2jΦ1j2;Φ1Φ2jΦ2j2;Φ1Φ�
2jΦ1j2;Φ1Φ�

2jΦ2j2g þ H:c: ð2:4Þ

In Eqs. (2.3) and (2.4), we wrote all possible interaction
terms;1 however, the choice of the symmetry restricts them.
It is obvious that if both Φ1 and Φ2 contribute as DM, then
to prevent the tree-level decay of the heavier component,
λ3 in Eq. (2.3) needs to be sufficiently small2; further
restrictions arise depending on the possible interaction
terms that one can write. If Φ1 → ωq1

N Φ1 and Φ2 →
ωq2
N Φ2 under ZN symmetry, where ωq

N ¼ ei2πðq=NÞ and
q1;2 define the charges of the fields, then the choice of
q1;2 also plays a crucial role in deciding the interaction
terms, as shown in Table I. The interaction terms are
broadly classified into four cases:

ðiÞ q1 ¼ q2; and q1 þ q2 ¼ N;

ðiiÞ q1 ¼ q2; but q1 þ q2 ≠ N;

ðiiiÞ q1 ≠ q2; but q1 þ q2 ¼ N;

ðivÞ q1 ≠ q2; and q1 þ q2 ≠ N: ð2:5Þ

For the first three cases in Eq. (2.5), we have to consider
both kinematic constraints and choose some couplings to
be vanishingly small for making the heavy DS particle
stable. The heavy DS particles in all these cases decay to
SM particles plus DM, falling in the case (b) mentioned
before. For the fourth condition in Eq. (2.5), i.e., q1 ≠ q2,
and q1 þ q2 ≠ N, a two-component DM scenario can arise
just by imposing kinematic constraints, as here the decay of
the heavy DS particle occurs within the DS only, falling
into category (a) discussed above; for some example
analyses of such scenarios, see [63–68].
Let us take a closer look into the possible terms that one

can write involving Φ1 and Φ2 depending on their charges
under ZN transformation, as shown in Table I. The first
subrow of Table I shows the case when they have the same
charge: q1 ¼ q2 ¼ q, with q ¼ N=2. As q needs to be an
integer, this requires N to be even. In such a situation, Φ1

and Φ2 can be two real scalar fields, and only a select few
terms are allowed amid all the possibilities listed in

Eq. (2.4). The second subrow in Table I shows the possible
terms when q1 ¼ q2, but q1 þ q2 ≠ N, which restricts us
from writing theΦ1Φ2 term, but retaining a term likeΦ1Φ�

2

is possible, allowing complex scalar fields only. It is
obvious but worth remembering that the complex conjugate
fields possess −qi charges as Φ�

i → ωqi
N
�Φ�

i under ZN.
Furthermore, terms like Φ3

1;2 can be written only if 3q
N is an

integer, i.e., 3q
N ∈N, where N denotes the set of integer

numbers. The third and fourth subrows show the interaction
terms in the q1≠q2;q1þq2¼N, and q1 ≠ q2; q1 þ q2 ≠ N
cases, respectively. The restrictions that apply in writing the
interaction terms are mentioned in the subscript of the
parenthesis. For example, theΦm

1 Φn
2 term can be written for

q1 ≠ q2; q1 þ q2 ≠ N case only when mq1þnq2
N ∈N.

In the second part of Table I, we have shown examples of
Z2, Z3, and Z4 to write interaction terms between the Φ1,
Φ2 fields. For Z2, the charges are trivial and only cater to
the possibility q1 ¼ q2 ¼ 1; q1 þ q2 ¼ 2; but for Z3 and
Z4, other combinations of charges, as in Eq. (2.5), are
possible. In the table, we have omitted listing the q1 ≠
q2; q1 þ q2 ≠ N case for Z3, as it does not exist, and for
Z4, as it can be stabilized by kinematic constraints without
any fine tuning of the couplings. All the possibilities for Z2

and Z3 symmetries to contain two DM components are
discussed in this paper; for Z2, this turns out to be one
combination, while there are six different combinations of
choosing vanishingly small parameters for the case ofZ3 to
accommodate two DM components. Obviously, the num-
ber of possibilities increases with higher N. It is interesting
to note that when we choose one or more couplings
vanishingly small in the Lagrangian, they may indicate
further restrictions or symmetries imposed to the
Lagrangian.
(1) For example, when q1 ¼ q2 and q1 þ q2 ¼ N as in

the first case as in Eq. (2.5), imposing the constraints
on relevant couplings to have two DM components
leads to a ZN ⊗ Z0

N symmetric Lagrangian. This is
always the case for Z2, given the only possible
charge combination.

(2) On the other hand, the second and third possibilities
of Eq. (2.5) eventually lead to the fourth scenario
[q1 ≠ q2; q1 þ q2 ≠ N] of a higher symmetry group
after assuming relevant couplings to be vanishingly
small to stop heavier DS particle decay. In such

1However, the self-interaction terms will also be present:
Φ2

1;Φ2
2; jΦ1j2; jΦ2j2;Φ3

1;Φ3
2;Φ1jΦ1j2;Φ2jΦ2j2;Φ4

1, Φ4
2;Φ2

1jΦ1j2;
Φ2jΦ2

2j.2Additionally, for WIMP/pFIMP nature, λ1; λ2 can be chosen
to be moderate (or small).
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circumstances, Z3 and Z4 symmetric cases become Z6 and Z8 symmetric scenarios, respectively. The possible
charge combinations of the scalar fields pertaining to Z3 and Z4 symmetries for a single DM case and the final
charge assignments under Z6 and Z8 symmetries having two DM components (after stabilization of the heavy DS
particle) are listed below. We will elaborate on Z3 later.

Z3½fq1; q2g∶ð1; 1Þ; ð2; 2Þ� ⊃ Z6½fq1; q2g∶ð2; 5Þ; ð4; 1Þ�; ð2:6Þ

Z3½fq1; q2g∶ð1; 2Þ; ð2; 1Þ� ⊃ Z6½fq1; q2g∶ð2; 1Þ; ð4; 5Þ�; ð2:7Þ

Z4½fq1; q2g∶ð1; 1Þ; ð3; 3Þ� ⊃ Z8½fq1; q2g∶ð1; 5Þ; ð5; 1Þ; ð3; 7Þ; ð7; 3Þ�; ð2:8Þ

Z4½fq1; q2g∶ð1; 3Þ; ð3; 1Þ� ⊃ Z8½fq1; q2g∶ð1; 3Þ; ð3; 1Þ; ð5; 7Þ; ð7; 5Þ�: ð2:9Þ

III. TWO SCALAR DM COMPONENTS UNDER SINGLE Z2 SYMMETRY

The Z2 symmetric model has been studied widely in several contexts with real scalar DM ðϕiÞ, odd (ϕi → −ϕi) under
Z2 [69–78]. We will have a brief discussion here on the possibility of getting two DM components where two scalar fields
ϕ1 and ϕ2 are transforming under the same Z2 symmetry. The corresponding Lagrangian density is

L ¼ LSM þ 1

2
∂μϕ1∂

μϕ1 þ
1

2
∂μϕ2∂

μϕ2 − Vðϕ1;ϕ2;HÞ; ð3:1Þ

TABLE I. Self-interaction and interactions between two scalar fields, Φ1 and Φ2, which transform under a discrete symmetry ZN as
Φ1 → ωq1

N Φ1 and Φ2 → ωq2
N Φ2, with ωqi

N ¼ ei2πðqi=NÞ and q1;2 being the integer charges of Φ1;2 with q1;2 ¼ 1; 2; 3::; N − 1. Depending
upon the choice of q1;2, the interaction terms are shown. N denotes the set of integer numbers.

Two dark sector scalar fields Φ1 and Φ2 and interaction terms under ZN symmetry

Symmetry Transformation Interaction terms between DS particles

ZN ωq1
N ;ωq2

N ðq1 ¼ q2Þ
and

q1 þ q2 ¼ N
ωq1
N ;ωq2

N
ðq1 ¼ q2 ¼ qÞ
but q1 þ q2 ≠ N

Φ2
1;Φ2

2;Φ4
1;Φ4

2;Φ1Φ2;Φ2
1Φ2

2;Φ3
1Φ2;Φ3

2Φ1

jΦ1j2; jΦ2j2; ½Φ3
1;Φ3

2�3q
N ∈N; jΦ1j4; jΦ2j4;Φ1Φ�

2; jΦ1Φ�
2j2;

ðΦ1Φ�
2Þ2;Φ1Φ�

2ðjΦ1j2 þ jΦ2j2Þ,
½Φ2

1Φ2
2;Φ3

1Φ2;Φ3
2Φ1;Φ4

1;Φ4
2�4q

N ∈N; ½Φ2
1Φ2;Φ2

2Φ1�3q
N ∈N; ½Φ3

1Φ�
2;Φ3

2Φ�
1�2q

N ∈N; ½Φ2
1Φ�

2;Φ2
2Φ�

1�qN ∈N

ωq1
N ;ωq2

N ðq1 ≠ q2Þ
but q1 þ q2 ¼ N

jΦ1j2; jΦ2j2; ½Φ3
2�3q2

N ∈N; jΦ1j4; jΦ2j4;Φ1Φ2;

Φ2
1Φ2

2; jΦ1Φ2j2;Φ1Φ2ðjΦ1j2 þ jΦ2j2Þ; ½Φ3
1;Φ2

1Φ�
2;Φ2

2Φ�
1�3q1

N ∈N; ½Φ3
1Φ�

2;Φ3
2Φ�

1;Φ2
1Φ�

2
2;Φ4

1;Φ4
2�4q1

N ∈N

ωq1
N ;ωq2

N ðq1 ≠ q2Þ
and q1 þ q2 ≠ N

½Φm
1 Φn

2�mq1þnq2
N ∈N, ½Φm

1 Φ�
2
n�mq1−nq2

N ∈N where fm, n ¼ 1, 2, 3 and qmax
1 ; qmax

2 ¼ N − 1g

Examples of some specific symmetries: Z2, Z3, and Z4

q1 ¼ q2 and q1 þ q2 ¼ N
Z2 ω2, ω2 Φ2

1;Φ2
2;Φ4

1;Φ4
2, Φ1Φ2;Φ2

1Φ2
2;Φ3

1Φ2;Φ1Φ3
2

Z4 ω2
4;ω

2
4 Φ2

1;Φ2
2;Φ4

1;Φ4
2, Φ1Φ2;Φ2

1Φ2
2;Φ3

1Φ2;Φ1Φ3
2

q1 ¼ q2 but q1 þ q2 ≠ N
Z3 ω3, ω3 jΦ1j2; jΦ2j2;Φ3

1;Φ3
2; jΦ1j4; jΦ2j4;Φ1Φ�

2; ðΦ1Φ�
2Þ2; jΦ1Φ2j2;Φ1Φ2

2;Φ2
1Φ2;Φ1Φ�

2ðjΦ1j2 þ jΦ2j2Þ
ω2
3;ω

2
3

Z4 ω4, ω4 jΦ1j2;jΦ2j2;Φ4
1;Φ4

2;jΦ1j4;jΦ2j4;Φ1Φ�
2;ðΦ1Φ�

2Þ2;ðΦ1Φ2Þ2;jΦ1Φ2j2;Φ3
1Φ2;Φ3

2Φ1;Φ1Φ�
2ðjΦ1j2þjΦ2j2Þ

ω3
4;ω

3
4

q1 ≠ q2 but q1 þ q2 ¼ N
Z3 ω2

3;ω3 jΦ1j2; jΦ2j2;Φ3
1;Φ3

2; jΦ1j4; jΦ2j4;Φ1Φ2;Φ2
1Φ2

2; jΦ1Φ2j2;Φ2
2Φ�

1;Φ2
1Φ�

2;Φ1Φ2ðjΦ1j2 þ jΦ2j2Þ
ω3;ω2

3

Z4 ω4;ω3
4 jΦ1j2;jΦ2j2;Φ4

1;Φ4
2;jΦ1j4;jΦ2j4;Φ1Φ2;ðΦ1Φ2Þ2;ðΦ1Φ�

2Þ2;jΦ1Φ2j2;Φ3
1Φ�

2;Φ3
2Φ�

1;Φ1Φ2ðjΦ1j2þΦ2j2Þ
ω3
4;ω4
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where

Vðϕ1;ϕ2;HÞ ¼
1

2
m2

ϕ1
ϕ2
1 þ

1

4!
λϕ1

ϕ4
1 þ

1

2
m2

ϕ2
ϕ2
2 þ

1

4!
λϕ2

ϕ4
2 þ

1

2
λϕ1Hϕ

2
1

�
H†H −

1

2
v2
�

þ 1

2
λϕ2Hϕ

2
2

�
H†H −

1

2
v2
�
þ 1

4
λϕ1ϕ2

ϕ2
1ϕ

2
2 þ

1

3!
λ122ϕ1ϕ

3
2 þ

1

3!
λ112ϕ

3
1ϕ2

þ λϕ1ϕ2Hϕ1ϕ2

�
H†H −

1

2
v2
�
: ð3:2Þ

Here, we have written the Lagrangian in physical basis
where the kinetic and mass terms are diagonalized. The
model parameters obey constraints from unitarity, pertur-
bativity, and vacuum stability [35,71,79–81]. By default,
the model, as in Eq. (3.2), represents a single component
DM scenario, with the lighter of ϕ1 or ϕ2 serving as DM,
where the heavier DS particle decays to DM and provides
coannihilation channels for the DM to freeze out. In order
to make the heavier DS particle stable, we need to analyze
the interaction vertices corresponding to the possible decay
channels; a detailed calculation is furnished in the
Appendix B 1. Note, for example, the presence of the
ϕ3
1ϕ2 term (ϕ3

2ϕ1) can lead ϕ1ðϕ2Þ to decay into three ϕ2

(ϕ1). To stop this decay, one can choose a kinematical
constraint like 3mDM > mDS. However, in the presence of
Higgs portal couplings, two-body decay (ϕ2 → hϕ1 or
ϕ1 → hϕ2), shown in Fig. 10 (to on-shell Higgs), and three-
body decays (via off-shell Higgs) are possible. Notably, for
nondegenerate mϕ1;ϕ2

masses, the decay of the heavier
scalar to diphoton or digluon3 final states via a one-loop
diagram mediated by an off-shell Higgs is kinematically
allowed. So, one can choose a sufficiently small portal
coupling (λϕ1ϕ2H) so that the lifetime of the heavy scalar
becomes larger than the age of the Universe. However, one-
loop decay via the ϕ3

1ϕ2 and ϕ3
2ϕ1 terms is still possible; see

Fig. 10. To stop them, λ112 and λ122 couplings have to be
sufficiently small as well; see Table VI for the order of
magnitude.

Interestingly, when we block these couplings to stabilize
the heavier DS particle, we essentially get rid of all terms
having combinations of ϕ1ϕ2, and then, the Lagrangian
eventually reduces to a Z2 ⊗ Z0

2 symmetric one well
studied in different contexts, like in the WIMP-WIMP
scenario [35], WIMP-pFIMP scenario [42], etc. The only
subtle difference between a pure Z2 ⊗ Z0

2 symmetric
scenario and that of a single Z2 with two DM components
is that, for the latter, we are getting one stable DM and one
LLP, while under a two different Z2 symmetry, we get two
stable DM components, although the phenomenology is
identical in both cases.

IV. TWO SCALAR DM COMPONENTS UNDER
SINGLE Z3 SYMMETRY

In this section, we will discuss two complex scalar fields
transforming under single Z3 symmetry and its phenom-
enology in single and two-component DM scenarios. We
will also discuss the comparison with the two-component
DM scenario in the Z3 ⊗ Z0

3 setup [82].

A. Model

The SM extended dark sector Lagrangian containing
two complex scalar fields that transform differently under
Z3 symmetry (see Table II) is written as [67,82–88]

L ¼ LSM þ j∂μχ1j2 þ j∂μχ2j2 − Vðχ1; χ2;HÞ; ð4:1Þ

where

Vðχ1; χ2;HÞ ¼
X
i¼1;2

�
m2

χi jχij2 þ λχi jχij4 þ λiHjχij2
�
H†H −

v2

2

��

þ λ12jχ1j2jχ2j2 þ
1

2
λ12Hðχ1χ2 þ H:c:Þ

�
H†H −

v2

2

�
þ 1

2
λ012ðχ21χ22 þ H:c:Þ

þ 1

2
½μ1χ�1χ22 þ μ2χ

2
1χ

�
2 þ μ3χ

3
1 þ μ4χ

3
2 þ H:c:�

þ 1

2
½λ3χ1χ2jχ1j2 þ λ4χ1χ2jχ2j2 þ H:c:�: ð4:2Þ

3However, two gluons eventually form bound states that are not massless. In that case, they will be subjected to the specific phase
space constraints’ availability.
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In Eq. (4.1), we may have the kinetic mixing terms and
mass mixing terms, which can be removed through an
appropriate field rotation and redefinition, as discussed in
detail in the Appendix A. Here, we assume that Eq. (4.2) is
written in the physical basis obtained after two successive
rotations in which the kinetic and mass mixing matrices are
diagonalized. We must also emphasize that the diagonal-
ization does not alter the interaction terms. For λH; λi > 0

and μ2H < 0, the Higgs field acquires nonzero vacuum
expectation value (VEV) (v), with H ¼ ð0 ðhþ vÞ= ffiffiffi

2
p ÞT,

and results in electroweak symmetry breaking. Here, we do
not assume any VEV for the complex fields, and all
couplings in the scalar potential are taken to be real in
order to ensure Charge-Parity (CP) invariance. The theo-
retical and experimental constraints on the model param-
eters are as follows.

1. Unitarity

The unitarity bounds, derived in the infinite scattering
energy limit and considering only the quartic terms, are
given by [85,89,90]

jλHj ≤ 4π; jλ12 − 2λ012j ≤ 8π; ð4:3Þ

jλ1H þ λ2H �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1H − λ2HÞ2 þ λ212H

q
j ≤ 16π; ð4:4Þ

while for the others, please see Appendix C.

2. Perturbativity

To ensure the validity of perturbation theory, loop
corrections to the couplings should be smaller than their
tree-level values. The perturbative bound for the model is
given by [91]

jλiHj ≤ 4π; jλij < π: ð4:5Þ
3. Vacuum stability

The necessary conditions required to stabilize the poten-
tial are

λH > 0; λi > 0; λiH þ 2
ffiffiffiffiffiffiffiffiffi
λiλH

p
> 0: ð4:6Þ

The maximal allowed value of the cubic parameters μ3;4 is
approximately equal to μ3 ¼ 2

ffiffiffiffiffiffi
λχ1

p
mχ1 , μ4 ¼ 2

ffiffiffiffiffiffi
λχ2

p
mχ2

[85,92–94]. However, we take the cubic coupling up to
twice the lightest DM mass for simplicity.

4. Higgs invisible decay width

The search for invisible decays with the ATLAS
detector [95], using 139 fb−1 of proton-proton collision
data at a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV at the
LHC, combined with results obtained at

ffiffiffi
s

p ¼ 7 TeV andffiffiffi
s

p ¼ 8 TeV, sets an observed (expected) upper limit of
0.107(0.077) on the Higgs boson branching ratio to
invisible final states at the 95% confidence level. A
combined analysis of

ffiffiffi
s

p ¼ 7, 8, and 13 TeV proton-
proton collision data at the CMS detector [96] sets an
observed (expected) 95% confidence level upper limit of
0.15(0.08) on Bðh → invÞ.

B. Single component DM

In the potential given by Eq. (4.2), we have written all
possible terms respecting the Z3 symmetry. Note that the
term χ1χ2 can be written since both χ1 and χ2 rotate under
the same Z3, which is not present in Z3 ⊗ Z0

3 [82]. But the
presence of this term gives us a nondiagonal mass term
unless we choose μ212 ¼ −λ12Hv2=2.
By default, the Lagrangian describes a complex scalar

singlet DM, stable under Z3 symmetry, which has been
studied in different contexts [86,97]. Here, we recap this
scenario with the trending bounds on DM available from
direct and indirect searches. Here, we have taken χ1 as our
DM, but χ2 is equally possible, and DM phenomenology
remains unaltered. The relic density of DM is governed by
its annihilation channels. Additionally, we can have coan-
nihilation and semiannihilation contribution in the presence
of heavy DS particles. This new degree of freedom gives
more allowed parameter space compared to the only oneZ3

symmetric DM scenario [83,85]. As we focus on GeV
scale DM, n → 2 (n > 2) depletion processes are always
subdominant to the 2 → 2 annihilation process. The heavy
DS particle decays to DM via off-shell or on-shell Higgs
in tree or loop level due to sizable portal couplings
ðλ12H; λ3; μ2Þ. The key free parameters that govern DM
analysis are

fmχi ; λj; μj; λiH; λ12H; λ12; λ
0
12g; ð4:7Þ

where i ¼ 1, 2 and j ¼ 1;…; 4, and all of these are taken as
real parameters. Mass kinematics and couplings are the key
parameters for the heavier DS decay to DM and to get only
one stable DM.

1. BEQ and relic density

The Boltzmann equation (BEQ) in this case is relevant to
the total yield, Yχ ¼

P
i Yi ¼ Yχ1 þ Yχ�

1
þ Yχ2 þ Yχ�

2
,

including the complex conjugate fields and heavier dark
sector fields as the heavier ones decay to DM, and IT is
given by [43,63,64,66,82,98]

TABLE II. Model particle contents and their transformation
with ω ¼ ei2π=3.

DS fields Z3

Complex scalar χ1 ω=ω2

Complex scalar χ2 ω2=ω
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dYχ

dx
¼ −

s
xHðxÞ

�
hσvieffSMðY2

χ − Yeq2
χ Þ

þ 1

2
hσvieffsemiðY2

χ − YχY
eq
χ Þ

�
; ð4:8Þ

where

hσvieffSM ¼
X
i;j

hσviij→SMSM

neqi n
eq
j

ðneqχ Þ2 ;

hσvieffsemi ¼
X
i;j;k

hσviij→k SM

neqi n
eq
j

ðneqχ Þ2

and

neqχ ¼
X
i

neqi ¼ neqχ1 þ neqχ�
1
þ neqχ2 þ neqχ�

2
:

We can also express the effective semiannihilation cross
section as

hσvieffSM¼
�X

i

gim2
i K2

�
mi

T

��
−2X

i;j

hσviij→SMSMgigjm
2
i m

2
j

×K2

�
mi

T

�
K2

�
mj

T

�
; ð4:9Þ

where gi denotes internal degrees of freedom and K2

denotes a Bessel function of the second kind. We have
numerically solved the BEQ, Eq. (4.8), and verified it using
MICROMEGAS [99] after importing the Z3 symmetric model
using FeynRules [100]. The solutions of the BEQ and relic
density-allowed parameter space in terms of relevant
parameters as well as direct and indirect search constraints
are shown in Fig. 1.
In Fig. 1(a), we show the relic under abundance in terms

of DM mass and Ωh2. The rainbow color bar shows the
variation in λ1H. With the presence of Higgs-mediated
s-channel diagrams, Higgs resonance drop is observed at
mχ1 ∼mh=2. The presence of a semiannihilation process,
χiχj → χkh, provides another dip near mχ1 ∼mh. DM relic
density decreases with larger portal and cubic couplings
through annihilation, coannihilation, and semiannihilation.
When we move away from the Higgs mass regime, the relic
density decreases due to less (semi)annihilation contribu-
tion and requires larger λ1H coupling. The shape of the
parameter space is otherwise very typical of a single
component scalar DM model connected via Higgs portal.
The semiannihilation and coannihilation contribution
moves the whole spectrum downward toward smaller relic
density and allows smaller values of λ1H.

2. Direct detection limit from WIMP-nucleon inelastic
scattering

The relic density-allowed parameter space is further
constrained by nonobservation of DM in direct search,
resulting in a lower bound on the DM-nucleon scattering
cross section from direct detection experiments like
XENONnT [45] and LUX-ZEPLIN [46]. The self-annihi-
lation and semiannihilation of this Z3 WIMP are also
constrained by the Fermi-LAT [48], CTA [55], and
H.E.S.S. [51] data.
The DM-nucleon scattering is governed mainly by the

Higgs portal interaction term χ1χ
�
1ðH†HÞ. For complex

scalar DM, the spin-independent DM-nucleon inelastic
scattering cross section is an observed quantity in direct
detection experiments,

σSIχ1 ¼
μ2nm2

n

4πv2m2
χ1

f2n
m4

h

λ2hχ1χ�1 ; ð4:10Þ

where μn ¼ mnmχ1
mnþmχ1

, λhχ1χ�1 ¼ λ1Hv, and other parameters

have the usual meaning. Equation (4.10) shows that the
spin-independent scattering cross section depends on the
DM mass ðmχ1Þ and Higgs portal coupling ðλ1HÞ. So, to
satisfy direct search bound, we wish to decrease λ1H and
adjust other parameters to satisfy relic density, where
coannihilation and semiannihilation play a major role.
In Fig. 1(b), we have shown the relic density-allowed

parameter space in the mχ1 − σSIχ1 plane, and the color bar
represents the mass splitting between χ1 and χ2, which
characterizes the coannihilation contribution to relic den-
sity. Parameters kept fixed are mentioned in the figure inset.
We see that no relic density-allowed points are seen at the

resonance region or in the semiannihilation region; they
correspond to an underabundant region. This is simply due
to the range of λ1H chosen for the scan, as it requires much
smaller values to satisfy relic, due to enhancement in the
effective annihilation cross section in these regions. If the
DMmass is adequately large and away from the Higgs mass
region, then semiannihilation is small, and we need smaller
Δm, which enhances coannihilation. In Fig. 1(b), some
region of the parameter space above the Higgs mass regime
is excluded by the recent XENONnT and LZ-2022 bounds,
represented by light blue and olive green lines, respectively.
The three dashed lines correspond to the projected limit
spin-independent DM direct detection cross section. The
parameter space illustrated here is particular for this bench-
mark, and one can get more relic density-allowed regions
depending on the values of the parameters kept fixed.

3. Indirect detection limit on the self-annihilation
of WIMPs

The limits on DM self-annihilation impose another
constraint on the relic- and DD-allowed parameter space
of the model. Here, we are using the indirect search limit on
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DM self-annihilation from the Fermi collaboration, 6 years
of observation using 15 dwarf spheroidal galaxies
(dSphs) [48], and a projected sensitivity for 45 dSphs
and 15 years of observation [49]. The thick gray and dashed

green lines in Fig. 1(c) represent the observed and projected
limit from Fermi-LAT [48]. At the same time, the gray-
shaded region is excluded by the observed Fermi-LAT limit
on DM self-annihilation into bottom pairs.

FIG. 1. Relic density-allowed parameter space of the single component DM model with two scalars transforming under the same Z3

symmetry, confronting direct and indirect search limits. Panel (a) shows relic under abundant ðΩχ1h
2 ≤ 0.1212Þ parameter space in the

mχ1 −Ωχ1h
2 plane; the rainbow color bar shows the variation in the Higgs portal coupling (λ1H) with DM (χ1) mass. Panel (b) shows

relic-allowed parameter space in the mχ1 − σSIχ1 plane, and the rainbow color bar here shows DM mass splitting with the coannihilating
partner χ2, i.e, Δm ¼ mχ2 −mχ1 . The light blue and olive green colored lines represent the XENONnTand LZ-2022 bounds. Panels (c),
(d) show the relic density-allowed parameter space in the mχ1 − hσviχ1χ�1→bb̄ðWþW−Þ plane, and the rainbow color bar shows the variation

in σSIχ1 in units of cm2. Thick gray and dashed green lines portray the Fermi-LAT observation and projected limit [48,49,101],
respectively. Panel (e) shows the relic density-allowed region in the mχ1 − hσviχ1χ1→χ�

1
h plane, and the rainbow color bar represents the

spin-independent inelastic scattering cross section (σSIχ1 ) variation. The thick green, thick gray, and dashed blue lines represent the upper
bound of the DM semiannihilation from H.E.S.S, Fermi-LAT, and CTA, respectively.
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The indirect detection limit on the thermal average DM
(χ1) self-annihilation to the bottom pair is evaluated at the
DM freeze-out point, TFO

χ1 ∼mχ1=25, which depends on the
DM mass ðmχ1Þ and Higgs portal coupling ðλ1HÞ. The
thermal average cross section, hσviχ1χ�1→bb̄, is nearly con-
stant below the mh=2 region but maximum near the Higgs
resonance. Near the Higgs mass, semiannihilation helps
decrease the λ1H coupling. The DM mass region, near and
below the Higgs resonance, is mostly excluded for the
specific choice of the benchmark point and allowed above
the resonance region. To see the corresponding DD cross
section, see the rainbow color bar in Fig. 1(c).

4. Indirect detection limit on the semiannihilation
of WIMPs

Recently, the gamma-ray observations from Fermi-
LAT [48], the H.E.S.S [51] telescope, and CTA [55]
provide a conservative projected limit on the DM (χ1)
semiannihilation. The presence of cubic interaction in Z3

symmetric WIMPs provides a semiannihilation channel via
hσviχ1χ1→χ�

1
h and is evaluated at the freeze-out point of χ1

having an s-wave contribution of χ1χ�1 → χ1h. This cross
section depends on mχ1 ; mχ2 ; λ1H; λ12H; μ2, and μ3. In
Fig. 1(e), we show the relic density-allowed parameter
space mχ1 − hσviIDχ1χ1→χ�

1
h plane. The color bar shows

variation with respect to the DD cross section. We see
that for the chosen values of the parameters, relic density-
allowed points lie below the existing limits. Like the other
plots, the absence of points near the Higgs resonance and
the Higgs mass can be seen, mainly due to the range of
parameters chosen for the scan. However, the DM is well
allowed up to TeV due to coannihilation and self-annihi-
lation processes through the presence of additional com-
plex scalar χ2 transforming under the same symmetry [83].

C. Two-component DM

Equation (4.1) describes the extension of the SM
containing two complex scalar fields that transform differ-
ently under a single Z3 symmetry with the charge combi-
nations of the fields q1 ≠ q2 and q1 þ q2 ¼ N. Interaction

terms depend on their transformation charges; see Table III
for details. For the charge combinations q1 ¼ q2 and
q1 þ q2 ≠ N, the interaction terms can be found in
Table IV. Such interaction terms between χ1 and χ2, like
χ21χ

�
2, χ

2
2χ

�
1, etc., open up the decay of the heavier compo-

nent to the lighter one(s). A suitable choice of mass
hierarchy, 2mlighter > mhigher, can stop such decay.
Further, both fields are connected with the visible sector
via Higgs portal interactions. The one connecting both the
fields, like χ1χ2jHj2, leads to the decay of the heavier
component to the lighter one plus the SM at tree level. A
mass hierarchy likemχ2 > mχ1 þmh can stop such on-shell
decay; however, off-shell Higgs decay to diphoton or
digluon is always permitted for nondegenerate masses of
the dark sector particles. A sufficiently small portal
coupling (λ12H) associated with this term can stop on-shell
or off-shell decay of the heavier particle to SM at tree level.
However, one-loop and two-loop decay terms are still
possible in the presence of self-interaction terms between
χ1 and χ2. Hence, even after neglecting λ12H, one needs to
choose very small λ3, λ4, and μ2 to restrict one-loop decay,
although the choice of μ2 is not unique. However, after
sacrificing all of these parameters, the two-loop decay (see
Appendix B 2) is still possible. To restrict the two-loop
decay, different parameters can be chosen to be small,
giving rise to different kinds of scenarios, as shown in
Table III. The boldface terms in Table III can be sacrificed
to obtain the second long lived DM component. In
Table VII in the Appendix B 2, we have also given an
estimate of the smallness of these couplings,
λ3; λ4; λ12H; μ2 ≲ 10−15, so that the decay lifetime is larger
than the age of the Universe. Note that for the Z3 model,
the possibility of q1 ≠ q2; q1 þ q2 ≠ N does not arise.
Therefore, one has to sacrifice some couplings to make
both components stable. We also provide, for reference, the
terms that are absent in the q1 ¼ q2 scenario (Table IV)
(marked in boldface), although wewill not analyse this case
in detail.
Depending on the choice of the couplings required to

stabilize the heavier DM component, six possibilities
emerge, as shown in Table III ðq1 ≠ q2Þ and Table IV
ðq1 ¼ q2Þ. The absence of boldface terms indicates the

TABLE III. Terms having two dark sector scalar fields oppositely transforming under discrete symmetry Z3. The
boldface terms are the minimum number of terms to be sacrificed to stop the tree- and loop-level decays of the
heavier DS particle.

Scenarios Interaction terms of two DM components: χ1 and χ2 under Z3 symmetry

q1 ¼ 1; q2 ¼ 2 or q1 ¼ 2; q2 ¼ 1

A jχ1j2H†H; jχ2j2H†H; χ31; χ
3
2; jχ1j4; jχ2j4;χ1χ2H†H;χ2

1χ2
2; jχ1χ2j2;χ2

2χ�
1;χ2

1χ�
2;χ1χ2ðjχ1j2 þ jχ2j2Þ

B jχ1j2H†H; jχ2j2H†H; χ31;χ3
2; jχ1j4; jχ2j4;χ1χ2H†H; χ21χ

2
2; jχ1χ2j2; χ22χ�1;χ2

1χ�
2;χ1χ2ðjχ1j2 þ jχ2j2Þ

C jχ1j2H†H; jχ2j2H†H;χ3
1; χ

3
2; jχ1j4; jχ2j4;χ1χ2H†H; χ21χ

2
2; jχ1χ2j2;χ2

2χ�
1; χ

2
1χ

�
2;χ1χ2ðjχ1j2 þ jχ2j2Þ
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presence of a new discrete symmetry, as mentioned before.
For example, scenarios A and D correspond to the Z3 ⊗
Z0

3 scenario. Similarly, scenarios B and C turn out to be Z6

symmetry with q1 ¼ 4, q2 ¼ 5 or q1 ¼ 2, q2 ¼ 1 and
q1 ¼ 5, q2 ¼ 4 or q1 ¼ 1, q2 ¼ 2, respectively.
Scenarios E and F fall under Z6 with q1 ¼ 4, q2 ¼ 1 or
q1 ¼ 2, q2 ¼ 5 and q1 ¼ 1, q2 ¼ 4 or q1 ¼ 5, q2 ¼ 2,
respectively. These observations are summarized in
Table V. Let us recall that when we can have
q1 ≠ q2; q1 þ q2 ≠ N, we can stabilize both the compo-
nents kinematically.
Further, if we want one of the components to be pFIMPs,

we have to choose the corresponding portal coupling feeble
but DM-DM interaction sizable. Now the scenarios that
arise here, having two DM components, are not all
independent. In the following, we elaborate upon scenarios
A and B; scenarios C, D, E, and F are somewhat similar
to them.

1. Scenario A

From Table III, we see that this particular scenario arises
via tiny couplings associated with χ1χ2H†H; χ21χ

2
2; χ

2
2χ

�
1;

χ21χ
�
2; χ1χ2jχ1j2; χ1χ2jχ2j2 interaction terms to give rise to

one LLP and one stable DM. This is then equivalent to the
Z3 ⊗ Z0

3 scenario [82]. But, in the twoWIMP case, limited
parameter space is left for future direct detection. However,
the WIMP-pFIMP possibility enhances the allowed param-
eter space, as discussed below.
To make the LLP (χ2) pFIMP, we further need λ2H to be

very tiny; see Appendix B 2 to know the range of
couplings. Then, the available parameters that could be
utilized in WIMP-pFIMP phenomenology are

fmχ1 ; mχ2 ; λχ1 ; λχ2 ; λ1H; λ12; μ3; and μ4g: ð4:11Þ
2. Relic density

The total relic abundance for this WIMP-pFIMP setup
comes from χ1 as WIMP and χ2 as pFIMP to stipulate to

ΩDMh2 ¼ 2.744 × 108
X
i¼1;2

mχiYi½x∞�; ð4:12Þ

where Yi ¼ ni=s, ni is the number density and s is
the entropy density. The DM yield ðYiÞ is calculated by
solving coupled BEQ for χ1 and χ2 numerically using
MICROMEGAS. The self-annihilation, semiannihilation, con-
version, and semiconversion are the main number-changing
processes that contribute to the DM relic. It is worth
recalling that after stabilization of the heavy component,
there is no coannihilation contribution.

3. Direct detection limits on WIMPs and pFIMPs

TheWIMP is weakly coupled to the visible sector via the
Higgs portal interaction and can scatter with the detector
nucleon. The effective WIMP-nucleon inelastic scattering
cross section at zero transfer momentum limit ðq2h ¼ t → 0Þ
turns out to be [see Fig. 2(a)]

σeffχ1 ¼ Ωχ1h
2

Ωχ1h
2 þ Ωχ2h

2

μ2nm2
n

4πv2m2
χ1

f2n
m4

h

jλhχ1χ�1 j2: ð4:13Þ

In the above, μn ¼ mnmχ1
mnþmχ1

, where mn is the nucleon mass,

fn ¼ 2
9
þ 7

9

P
u;d;s f

n
Tq

with fpðnÞTu
¼ 0.018ð0.013Þ, fpðnÞTd

¼
0.027ð0.040Þ, and fpðnÞTs

¼ 0.037ð0.037Þ [102].

TABLE IV. Interaction terms between two DS scalar fields, χ1 and χ2, carrying identical Z3 charges. The
highlighted boldface terms represent the minimal set that must be eliminated to prevent both tree-level and loop-
level decays of the heavier DS particle.

Scenarios Interaction terms of two DM components: χ1 and χ2 under Z3 symmetry

q1 ¼ q2 ¼ 1; 2

D jχ1j2H†H; jχ2j2H†H; χ31; χ
3
2; jχ1j4; jχ2j4;χ1χ�

2H
†H; ðχ1χ�

2Þ2; jχ1χ2j2;χ2
2χ1;χ2

1χ2;χ1χ�
2ðjχ1j2 þ jχ2j2Þ

E jχ1j2H†H; jχ2j2H†H; χ31;χ3
2; jχ1j4; jχ2j4;χ1χ�

2H
†H; ðχ1χ�2Þ2; jχ1χ2j2; χ22χ1;χ2

1χ2;χ1χ�
2ðjχ1j2 þ jχ2j2Þ

F jχ1j2H†H; jχ2j2H†H;χ3
1; χ

3
2; jχ1j4; jχ2j4;χ1χ�

2H
†H; ðχ1χ�2Þ2; jχ1χ2j2;χ2

2χ1; χ21χ2;χ1χ�
2ðjχ1j2 þ jχ2j2Þ

TABLE V. The resultant symmetries after imposing stabilization
conditions on DS particles from the Z3 symmetric Lagrangian.

DS particles and charges
DM particles symmetry

and charges

Symmetry and
charges Scenarios

Resulting
symmetry q1 q2

Z3∶ ðq1; q2Þ
¼ ð1; 2Þ or (2, 1)

A Z3 ⊗ Z0
3 1 1, 2

2 1, 2
B Z6 4 5

2 1
C Z6 5 4

1 2

Z3∶ ðq1; q2Þ
¼ ð1; 1Þ or (2,2)

D Z3 ⊗ Z0
3 1 1, 2

2 1, 2
E Z6 4 1

2 5
F Z6 1 4

5 2
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The direct detection of pFIMPs is possible only by the
WIMP loop-mediated penguin and vertex correction dia-
grams; see Fig. 2(f). The effective spin-independent
pFIMP-nucleon ðχ2 − NÞ inelastic scattering cross section
at zero transfer momentum ðq2h ¼ t → 0Þ limit is given by

σeffχ2 ¼ Ωχ2h
2

Ωχ1h
2 þ Ωχ2h

2

μ2nm2
n

4πv2m2
χ2

f2n
m4

h

jΓtotal
hχ2χ�2

j2t→0; ð4:14Þ

where μn ¼ mnmχ2
mnþmχ2

and Γtotal
hχ2χ�2

¼ Γ2f
hχ2χ�2

. One can easily

calculate

Γ2f
hχ2χ�2

ðq2hÞ ¼ −iλrelichχ2χ�2
− i

λχ1χ�1χ2χ�2λhχ1χ�1
16π2

×
Z

1

0

dx ln

�
m2

χ1 − xð1 − xÞ4m2
χ2

m2
χ1 − xð1 − xÞq2h

�
; ð4:15Þ

where qh is the transfer momentum associated with Higgs,
λχ1χ�1χ2χ�2 ¼ −iλ12, and λhχ1χ�1 ¼ −iλ1Hv. Using Eqs. (4.13)
and (4.14), we impose the presently available direct
detection constraint from LUX-ZEPLIN, XENONnT,
and PandaX-xT experiments on the relic density-allowed
parameter space of the model. Figures 3(a) and 3(b) show
the relic density-allowed parameter space in the mχ1 − σeffχ1
plane (corresponding to WIMPs) while the rainbow
color bar represents the DM mass difference and λ1H,

respectively. Here, we have taken μ3¼2mχ1 and μ4¼2mχ2 ,
which are the most useful parameters for DM semianni-
hilation. The Higgs resonance (mχ1 ∼mh=2) and semi-
annihilation (mχ1 ∼mh) of the WIMP help it to acquire
underabundance, while the total relic is adjusted by the
pFIMP, and we relax the λ1H to come under the present DD
bound. Beyond the Higgs resonance or semiannihilation
regime, the cross section decreases and relic density
increases, which is adjusted by enhancing the portal
coupling λ1H, respecting the DD bound.
Figures 3(c) and 3(d) represent DM relic density-allowed

parameter space in the mχ2 − σeffχ2 plane corresponding to
pFIMPs. The spin-independent scattering cross section σeffχ2

depends on the total loop amplitude (Γtotal
hχ2χ�2

), which is a

function of λ12; λ1H, andμ1 couplings, and they decidewhich
process in Fig. 2(f) dominantly contributes to the pFIMP
direct search cross section. Notably, σeffχ2 also depends on the
mass splitting Δm and pFIMP relic density Ωχ2h

2, which is
small for large conversion rate. The different thick (dashed)
colored lines correspond to existing (projected) bounds from
the different experiments mentioned in the figure inset.
Essentially, the part of relic density-allowed parameter space
with λ1H ≳ 0.5 is under conflict with DD limits.

4. Indirect detection limits on WIMPs and pFIMPs

The limit on DM self-annihilation into bb̄;WþW−; ZZ,
and tt̄ is obtained from the data of the Fermi collaboration

FIG. 2. Top: Panels (a) and (b) represent Feynman diagrams corresponding to the direct and indirect detection of WIMPs (χ1),
respectively. Panels (c)–(e) correspond toWIMP semiannihilation processes, contributing to the indirect search. Bottom: Panel (f) shows
pFIMP direct search, and panels (g)–(j) represent processes that contribute to indirect detection of pFIMPs (χ2).
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from 6 years of observation of 15 dSphs [48]. They also
provide projected sensitivity for 45 dSphs of 16 years of
observation [49]. Various gamma-ray observations from
Fermi-LAT [48], H.E.S.S. [51], and CTA [55] put a bound
on DM semiannihilation χiχi → χ�i h. We will calculate
both the self- and semiannihilation rates in this two-
component WIMP-pFIMP setup and apply the bounds to
find allowed parameter space that can be probed further.
The effectiveWIMP (χ1) self- and semiannihilation cross

sections are given by

hσvieff
χ1χ

�
1
→bb̄

¼
�

Ωχ1h
2

Ωχ1h
2 þ Ωχ2h

2

�
2

hσviχ1χ�1→bb̄ ð4:16Þ

and

hσvieffχ1χ1→χ�
1
h ¼

�
Ωχ1h

2

Ωχ1h
2 þ Ωχ2h

2

�
hσviχ1χ1→χ�

1
h: ð4:17Þ

In Eqs. (4.16) and (4.17), the thermal average of self-
and semiannihilation cross sections are evaluated at the
WIMP freeze-out point, TFO

χ1 ∼mχ1=25, and plotted in the
mχ1 − hσvieff

χ1χ
�
1
→bb̄

plane in Figs. 4(a) and 4(c), respectively.

The rainbow color bar shows the spin-independent direct

detection cross section of pFIMPs in cm2 units. The
effective self- and semiannihilation cross section of
WIMPs depend on λ1H, WIMP mass, and the effective
WIMP contribution to the total DM relic. Fermi-LAT
observation and projection data are shown by thick gray
and dashed green lines, respectively. We see that most of
the parameter space probed here obeys the limit.
The pFIMP χ2 connects with the visible sector via WIMP

loop-mediated interaction, as shown in Figs. 2(g) to 2(j).
These diagrams are subdominant to the tree-level proc-
esses. The effective self-annihilation cross section of
pFIMPs (χ2) is given by

hσvieff
χ2χ

�
2
→bb̄

¼
�

Ωχ2h
2

Ωχ1h
2 þ Ωχ2h

2

�
2

hσviχ2χ�2→bb̄; ð4:18Þ

and the pFIMP semiannihilation cross section is given by

hσvieffχ2χ2→χ�
2
h ¼

�
Ωχ2h

2

Ωχ1h
2 þ Ωχ2h

2

�
hσviχ2χ2→χ�

2
h: ð4:19Þ

The dominant self-annihilation of χ2 to SM pair comes
from Fig. 2(g), while others are suppressed due to tiny
couplings assumed for the stability of χ2. We also need to

FIG. 3. In panels (a)–(d), we have shown the relic density-allowed parameter space of the two-component WIMP-pFIMP setup on the
mχ1 − σeffχ1 (top panel) andmχ2 − σeffχ2 planes (bottom panel). We have taken λ012 ¼ λ3 ¼ λ4 ¼ 10−20 and μ1 ¼ μ2 ¼ 10−15 GeV to stabilize
χ2 and choose λ2H ¼ 10−12 to make χ2 a pFIMP. Other parameters kept fixed or varied are shown in the figure heading and inset.
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remove the divergence contribution from the vertex cor-
rection diagram, Fig. 2(g). We take q2h ¼ 4m2

χ2 as our
renormalization scale [42]. Then, we calculate the thermal
average annihilation cross section at the pFIMP freeze-out
point, TFO

χ2 ∼mχ2=25.
Figures 4(b) and 4(d) show the relic density-allowed

parameter space in the mχ2 − hσvieff
χ2χ

�
2
→bb̄

and mχ2 −
hσvieffχ2χ2→χ�

2
h planes, respectively. The pFIMP effective

semiannihilation cross section is written in Eq. (4.19)

and is proportional to the λ1H, λ12, and μ4 couplings.
Among these three, λ1H and λ12 contribute to the pFIMP
DD cross section. With larger λ1H, both the self-annihila-
tion and direct detection cross section of pFIMPs increase,
which is also reflected in Fig. 4(b). Finally, we constrain the
parameter space by imposing the Fermi-LAT observation
and projection bound in the mχ2 − hσvieff

χ2χ
�
2
→bb̄

plane, and

the color bar represents the variation in the effective pFIMP
direct detection cross section. The pFIMP semiannihilation

(a) (b)

(c) (d)

(e) (f)

FIG. 4. Panels (a) [(e)] and (b) [(f)] show the relic-allowed parameter space mχ1 − hσvieff
χ1χ

�
1
→bb̄ðWþW−Þ and mχ2 − hσvieff

χ2χ
�
2
→bb̄ðWþW−Þ

plane, respectively, for WIMPs and pFIMPs, while panels (c),(d) correspond to WIMP and pFIMP semiannihilation. We have taken
λ012 ¼ λ3 ¼ λ4 ¼ 10−20 and μ1 ¼ μ2 ¼ 10−15 GeV to stabilize the heavier DM and λ2H ¼ 10−12 to become χ2 as pFIMPs.

MULTIPARTICLE SCALAR DARK MATTER WITH … PHYS. REV. D 114, 055005 (2026)

055005-13



is also mediated via the WIMP loop; see Figs. 2(h) to 2(j).
We have used the bound on DM semiannihilation from
H.E.S.S (green), Fermi-LAT (gray), and CTA (dashed red)
in Fig. 4(d). These constraints exclude some regions, which
are also excluded by the presently available DD bounds.
In summary, the two-component DM scenario of type A

after stabilizing the heavier component by adjusting coupling
parameters behaves like theZ3 ⊗ Z0

3 scenario.Additionally,
when the heavier DM component behaves like pFIMPs
having tiny portal interaction, the underabundant parameter
space of WIMPs is adequately utilized by the second
component and enhances the allowed parameter space.
Having the second component as pFIMPs reduces the DD
and ID bounds, as they are primarily governed by loop-
mediated interactions, and allows one to exploit a larger
parameter space compared to the WIMP-WIMP case [82].
Both DM components are allowed within the GeV to TeV
range, where semiannihilation and conversion play crucial
roles for yielding correct DM relic density.

5. Scenario B

In scenario B (Table III), the absence of χ32 helps in the
stabilization of the heavier particle. This parameter does not
have any significance in the WIMP-pFIMP setup. But the
presence of χ21χ

2
2 and χ

2
2χ

�
1 terms has an important role in the

semiannihilation of χ2 for theWIMP-WIMP scenario. They
open up many conversion and semiconversion channels,
shown in Fig. 12, which are absent in scenario A or the
WIMP-WIMP setup under the Z3 ⊗ Z0

3 model. We will do
a similar kind of analysis to understand the benefits, similar
to scenario A. We study both (1) WIMP-WIMP ðλ2H ≠ 0Þ
and (2) WIMP-pFIMP ðλ2H → 0Þ cases below.

6. WIMP-WIMP

In the case of a real scalar singlet WIMP as a single
component DM, some breathing space is left near the Higgs
resonance region or in the high mass regime, ≳1 TeV, but
the direct detection sensitivity is less for the latter. In the
two-component real scalar singlet WIMP scenario, the
choices could be (1) one is near Higgs resonance, and
another in the higher mass regime, mDM ≳ 1 TeV, or
(2) both DM masses are far above the Higgs resonance.
In scenario B, the presence of the χ31 term opens up
semiannihilation channels, which brings more relic- and
DD-allowed parameter space.
However, in the two-component complex scalar WIMP

scenario as here, χ2 semiannihilation is inefficient due to the
feeble χ32, but it opens the door for conversion and semi-
conversion channels via χ21χ

2
2 and χ

2
2χ

�
1 terms. Alongwith the

standardDM-DMconversionvia the jχ1j2jχ2j2 term, we then
have χ1 semiannihilation (χ1χ1 → χ�1h) due to χ31 and χ2
mediated DM-DM conversion [Figs. 12(h) and 12(k)] and
semiconversion (χ2χ2 → χ�1h) [Figs. 12(m) and 12(n)] due to
the presence of the χ2χ�1 term, all of which help in acquiring

the correct relic without perturbing the DD or ID searches.
The χ1 − χ2 conversion can also be possible via Higgs
mediation and χ2 mediation along with the four-point
scattering. So, the Higgs resonance effect is not only limited
to DM annihilation to SM particles but also to DM-DM
conversion. The s-channel semiconversion of χ2χ2 → χ�1h is
more effective near the Higgs mass regime. These processes
help to relax the Higgs portal coupling but keep adequate
depletion via conversion processes and save the DM com-
ponents from DD constraints. In Fig. 5, we have shown the
relic density-allowed parameter space and incorporated
possible direct detection bounds. Figure 5(a) represents
the relic-allowed parameter space in the mχ1 −mχ2 plane,
while the rainbow color bar shows thevariation in percentage
contribution of χ1 in the total relic. Ifmχ1 > mχ2 , then the χ1
relic is subdominant due to conversion of χ1 to χ2, decreasing
the χ1 number density, but the χ2 number density is enhanced
simultaneously. Around the Higgs resonance and semian-
nihilation region, the conversion effect could be ignored,
and equal contribution arises; see the green color points in
Fig. 5(a). Figures 5(b) and 5(c) represent the relic-allowed
point in the mχ1 − σeffχ1 and mχ2 − σeffχ2 plane, respectively. In
Fig. 5(b), we see two kinks,mχ1 , around theHiggs resonance
and Higgs-mass region, where the semiannihilation process
is more effective because of the presence of the χ31 term.
Beyond the Higgs mass, semiannihilation and the self-
annihilation cross section decrease, which can be adjusted
by λ1H and λ12, but λ1H is strongly restricted by DD. On the
contrary, as the trilinear coupling of χ2 is very tiny to keep it
stable, there is no kink due to semiannihilation near theHiggs
mass in Fig. 5(d). So, with larger mass, the decrease in cross
section is adjusted by the enhancement of λ2H. Although
semiannihilation of χ2 is not active in the absence of the χ32
term, semiconversion channels are there due to χ22χ

�
1 terms,

which help to relax the λ2H coupling. In Fig. 5(d), we show
the effect of conversion in the mχ1 −mχ2 plane.
The main outcome of this scenario is that we are getting

relic- and DD-allowed points near the Higgs resonance,
Higgs mass, and also some above the Higgs mass,
represented by the green stars in Fig. 5. Indirect search
limits are less stringent than DD and do not alter the
allowed parameter space.

7. WIMP-pFIMP

In scenario B (Table III), we have identified χ2 as pFIMP
by choosing λ2H ∼ 10−12, so that it does not have a direct
SM connection; however, sizable λ12 keeps it in thermal
bath via interaction with χ1.
The relic density in the WIMP-pFIMP limit is calculated

by solving a coupled BEQ using MICROMEGAS [99]; for
relevant Feynman diagrams related to annihilation, semi-
annihilation, and conversion channels, see Fig. 12. The
WIMP and pFIMP relic density-allowed parameter spaces
are shown in Figs. 7 and 8. As before, the direct and indirect
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detection of WIMPs is possible through the Higgs portal
λ1H, but the pFIMP detection is possible only via theWIMP
loop-mediated diagrams; see Fig. 6. The loop divergences
have been taken care of using the on-shell renormalization
scheme, while the renormalization scale is chosen
at ∼4m2

χ2 .
Figure 7 shows the WIMP and pFIMP relic density-

allowed parameter space in the mχ1 − σeffχ1 , mχ2 − σeffχ2
planes, and the color bar shows the variation in different

relevant parameters, as mentioned in the figure insets. The
different colored lines correspond to the lower bounds from
different direct detection experiments, while thick and
dashed lines represent the observed and projected limits
on the spin-independent DM-nucleon scattering cross
section. We see that along with the Higgs resonance, the
semiannihilation region is also available. One important
point to note is that we can also have ∼500 GeV WIMP
mass, where the mass splitting jΔmj can go up to 100 GeV;

FIG. 6. Panels (a) and (b), (c) and (d) represent the Feynman diagrams related to the direct and indirect detection of pFIMPs (χ2),
respectively.

FIG. 5. Panels (b) and (c) show the relic density-allowed parameter space for two-component WIMPs in category B (Table III) in the
mχ1 − σeffχ1 andmχ2 − σeffχ2 planes, respectively. Panels (a) and (d) show the relic-allowed parameter space in themχ1 −mχ2 plane, where the
rainbow color depicts variations inΩχ1h

2 and λ12. The couplings (μ2, μ4, λ3, λ4) are taken adequately small (∼10−20) to stabilize the heavier
DM component. The gray-shaded region is excluded from the heavier particle stability. In panel (d), the green star points depict the case
where both DM components obey the stringent limit on the spin-independent DM-nucleon scattering cross section from LZ-2025.
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see Fig. 7(c). This is unlike the 5 GeV mass splitting for the
two real scalar WIMP-pFIMP DM scenario [42]. The
reason for this is the presence of an additional semi-
conversion channel χ2χ2 → χ�1h [Fig. 12(m)] here, which
is strongly active when mχ1 ∼mh. Figure 7(d) shows the
relic density-allowed parameter space inmχ2 − σeffχ2 , and the
color bar shows the variation in WIMP-Higgs portal
coupling ðλ1HÞ. The pFIMP-nucleon cross section is
directly proportional to (μ1, λ12, λ1H) and depends on
the WIMP and pFIMP masses via loop factor and on the
effective relic density contribution. For this reason, around
the Higgs-resonance regime, the WIMP relic is very small
compared to pFIMP, and the effective relic contribution
decreases with larger pFIMP mass, as visible in Fig. 7(c).
Figure 8 shows the indirect detection limit on the DM

self-annihilation and semiannihilation in the relic-allowed
parameter space of the WIMP-pFIMP setup. Fermi-LAT,
H.E.S.S, and CTA put limits on the annihilation of WIMPs
and pFIMPs into bb̄. Figures 8(a) and 8(b) show the relic-
allowed parameter space in the mχ1 − hσvieff

χ1χ
�
1
→bb̄

and

mχ2 − hσvieff
χ2χ

�
2
→bb̄

planes, while the color bar shows the

variation in −Log10σeffχ1 and −Log10σeffχ2 , respectively.

For both the plots, near Higgs resonance, some points
are disallowed by the Fermi-LAT data. Semiannihilation
bounds from indirect searches are not applicable to pFIMPs
due to the absence of the χ32 term. Figure 8(f) shows relic
density-allowed points in the mχ1 −mχ2 plane, where the
gray-shaded region is excluded by the DM decay kinemat-
ics. The relic- and DD-allowed points, denoted by green
stars, lie in the vicinity of the mass degenerate line. This is
in contrast to the WIMP-WIMP situation described before
[see Fig. 5(d)].

V. SUMMARY AND CONCLUSION

DM is well motivated from several observations but is
yet undiscovered. Single component DM frameworks are
often constrained heavily from relic density and DD/ID
bounds, as the processes that govern them are essentially
the same, but one requires adequate depletion of weak
interaction strength to satisfy correct relic density but very
tiny interaction for direct search from nonobservation of
DM. Multipartite DM frameworks go beyond the simplistic
assumption of being constituted of a single particle and
offer many dynamical possibilities and a larger parameter

FIG. 7. Panels (a)–(d) show the relic density-allowed parameter space in the mχ1 − σeffχ1 and mχ2 − σeffχ2 planes, respectively. The
couplings (μ2, μ4, λ3, λ4) are taken adequately small to stabilize the heavier DM χ2 so that it falls in category B of two-component DM
(Table III). The rainbow color bar shows the variation in Δm (left) and λ1H (right). The thick and dashed lines correspond to the lower
limits on the observed and projected DM-nucleon spin-independent DD cross section, respectively, while different colors refer to the
experiments as mentioned in the figure inset.
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space to be explored, as the depletion process can be
segregated from the direct/indirect/collider interactions.
Achieving a stable DM candidate requires extra symmetries
to be imposed under which DM transforms nontrivially, but
SM is a singlet. On the other hand, multicomponent DM
requires more than one stabilizing symmetry most often.
The motivation of our study is to find the possible

multicomponent DM frameworks when SM is extended
with more than one scalar field but transforming under a

single symmetry. Such efforts have already been done in
many papers; however, under what circumstances such
scenarios evolve has not been elaborated systematically.
The heavier components usually have decay terms to DM
and to SM. In our paper, we show that the stabilization of
the heavier component depends strictly on the charges of
the dark fields under symmetry transformation. For exam-
ple, whenever, under ZN symmetry, q1 ≠ q2; q1 þ q2 ≠ N,
the heavier component decays only to a dark sector particle,

FIG. 8. Panels (a), (c) and (b), (d) represent the indirect detection limit on the self-annihilation of WIMPs and pFIMPs into the
→ bb̄ðWþW−Þ channel in the relic density-allowed parameter space, respectively. Panel (e) shows the indirect observational constraints
on the WIMP semiannihilation. In panel (f), we show the relic density-allowed parameter space in the mχ1 −mχ2 plane, where WIMP
and pFIMP DD- and ID-allowed points are indicated by green stars. The thick and dashed lines correspond to the observed and projected
limits of the experiments as mentioned in the figure(s).
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thus allowing it to be stabilized by imposing simple
kinematical constraint. However, if the above condition
on dark sector particle charges is not obeyed, then the
heavier component can decay to both DM and SM. Such
decays at the tree-, one-loop, and two-loop levels can be
stopped only when we make some couplings vanish-
ingly small. After that, the scenario either resembles the
ZN ⊗ Z0

N case or the q1 ≠ q2; q1 þ q2 ≠ N0 case of a ZN0

group, where N0 > N. We have explicitly demonstrated all
the possibilities for having two DM components in Z2, Z3,
and Z4 symmetric cases. We should note here that there is
no choice pertaining to q1 ≠ q2; q1 þ q2 ≠ N for the Z2

andZ3 symmetric cases, forcing us to compromise some of
the couplings of these models to make the heavier DM
component stable.
We specifically elaborate the phenomenology associated

with Z3. Interestingly, the choices of terms that should be
neglected (or assumed small) are not unique. This gives rise
to different possible scenarios in Z3 symmetry after
stabilizing the heavier component. For example, one can
have Z3 ⊗ Z0

3 or Z6 with fq1; q2g ¼ f2; 5g; f4; 1g, etc.
They also provide different phenomenological implica-
tions. In this article, we have discussed two such examples.
Conversion, semiconversion, and semiannihilation are
some of the key processes that dictate the allowed param-
eter space of the two-component DM model and their
compatibility with DD/ID searches. Note that after the
heavy particle becomes a stable DM candidate, the coan-
nihilation process stops contributing. This reduces the
allowed parameter space of the model, particularly to
comply with nonobservation of DM in DD/ID experiments.
Further, the two DM components can be WIMPs or

pFIMPs depending on the strength of the corresponding
Higgs portal couplings. Both the WIMP-WIMP case and
the WIMP-pFIMP case are illustrated here, and we show
that the WIMP-pFIMP case enjoys a larger parameter
space, as the pFIMP detection relies on loop-level
WIMP mediated interactions. There is another interesting
feature that comes out of the specific WIMP-pFIMP
analysis in Z3 symmetry, that here, the pFIMP not only
relies on conversion with WIMP to thermalize, but also,

semiconversion plays a crucial role for the same, which
makes a crucial distinction that one can choose a large mass
splitting between WIMPs and pFIMPs, unlike the Z2 case
with two real scalars [42]. This, in turn, can help distin-
guishing WIMPs and pFIMPs in direct search and collider
search experiments via a kink or a double hump missing
energy distribution, which is otherwise difficult with
smaller mass splitting. We will discuss that possibility
elsewhere.
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APPENDIX A: KINETIC MIXING

The SM extended Lagrangian containing two complex
scalar fields, χ01 and χ02, which transform under the Z3

symmetry as χ01 → ωχ01 and χ02 → ω2χ02, is given by

L ¼ LSM þ Lkin
χ0
1
χ0
2

þ Lmassðχ01; χ02Þ þ Lintðχ01; χ02; HÞ: ðA1Þ

The kinetic Lagrangian contains a noncanonical kinetic
mixing term,

Lkin
χ0
1
χ0
2

¼ ð∂μχ01Þ†ð∂μχ01Þ þ ð∂μχ02Þ†ð∂μχ02Þ þ κð∂μχ01Þð∂μχ02Þ
þ κð∂μχ01Þ†ð∂μχ02Þ†; ðA2Þ

where jκj < 1 is required for the kinetic matrix to be
positive definite. For simplicity, we also assume that κ is
real. The presence of the holomorphic kinetic mixing term
prevents the kinetic matrix from being diagonal. Therefore,
the first step is to identify a field basis in which the kinetic
sector becomes diagonal.4

The quadratic part of the scalar potential is given by

Lmass
χ0
1
χ0
2

¼
�
μ211þ

1

2
λ01Hv

2

�
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

m2
11

ðχ01Þ†ðχ01Þþ
�
μ222þ

1

2
λ02Hv

2

�
ðχ02Þ†ðχ02Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

m2
22

þ1

2

�
μ212þ

1

2
λ12Hv2

�
ðχ01χ02Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

m2
12

þ1

2

�
μ212þ

1

2
λ12Hv2

�
ðχ01Þ†ðχ02Þ†|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

m2
12

¼m2
11ðχ01Þ†ðχ01Þþm2

22ðχ02Þ†ðχ02Þþm2
12ðχ01χ02Þþm2

12ðχ01Þ†ðχ02Þ†; ðA3Þ

4We refer to this as a holomorphic kinetic mixing term because it mixes two fields with identical gauge quantum numbers through a
bilinear of the form χ01χ

0
2, rather than through a Hermitian combination involving a field and its conjugate. This terminology is analogous

to the holomorphic bilinears that appear in supersymmetric theories [103–105].
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Lintðχ01; χ02; HÞ ¼ þλ0χ1 jχ01j4 þ λ0χ2 jχ02j4 þ λ01Hjχ01j2ðH†H − v2=2Þ þ λ02Hjχ02j2ðH†H − v2=2Þ þ λ012jχ01j2jχ2j2

þ 1

2
λ012Hðχ01χ02 þ H:c:ÞðH†H − v2=2Þ þ 1

2
λ0

0
12½ðχ01χ02Þ2 þ H:c:� þ 1

2
½λ03χ01χ02jχ01j2 þ λ04χ

0
1χ

0
2jχ02j2 þ H:c:�

þ 1

2
½μ01ðχ01Þ�ðχ02Þ2 þ μ02ðχ01Þ2ðχ02Þ� þ μ03ðχ01Þ3 þ μ04ðχ02Þ3 þ H:c:�: ðA4Þ

1. Kinetic diagonalization

�
χ01

ðχ02Þ†
�

¼ 1ffiffiffi
2

p
�
1 −1
1 1

��
H1

H2

�
ðA5Þ

We introduce the field redefinitions [105–108]

χ01 ¼
H1 −H2ffiffiffi

2
p ; ðχ02Þ† ¼

H1 þH2ffiffiffi
2

p ; ðA6Þ

or, equivalently,

H1 ¼
χ01 þ ðχ02Þ†ffiffiffi

2
p ; H2 ¼

ðχ02Þ† − χ01ffiffiffi
2

p : ðA7Þ

Substituting Eq. (A6) into Eq. (A2) yields

Lkin
H1H2

¼ ð1þ κÞ∂μH†
1∂

μH1 þ ð1 − κÞ∂μH†
2∂

μH2: ðA8Þ

The kinetic mixing has, therefore, been eliminated.
However, the kinetic terms are not yet canonically
normalized.

a. Canonical normalization

To obtain canonical kinetic terms, we perform the
rescaling

H1 ¼
ffiffiffi
2

p
κþh1; H2 ¼

ffiffiffi
2

p
κ−h2; ðA9Þ

where κ� ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2ð1�κÞ

p . Substituting Eq. (A9) into Eq. (A8)

gives

Lkin
h1h2

≡ ð∂μh1Þ†∂μh1 þ ð∂μh2Þ†∂μh2; ðA10Þ

which is the desired canonical form. At this stage, the
kinetic sector has been completely diagonalized and
canonically normalized.

2. Mass terms in the canonical basis

The next step is to rewrite the quadratic scalar potential
in terms of the canonically normalized fields. Using
Eqs. (A6) and (A9), the potential in Eq. (A3) becomes

Lmass
χ0
1
χ0
2

⇒ Lmass
h1h2

¼ κ2þðm2
11 þ 2m2

12 þm2
22Þh1h†1

þ κ2−ðm2
11 − 2m2

12 þm2
22Þh2h†2

þ κþκ−ðm2
22 −m2

11Þðh1h†2 þ h2h
†
1Þ:ðA11Þ

The mass-mixing matrix can be written as

Mh1h2 ¼
�
κ2þðm2

11þ2m2
12þm2

22Þ κþκ−ðm2
22−m2

11Þ
κþκ−ðm2

22−m2
11Þ κ2−ðm2

11−2m2
12þm2

22Þ

�
:

ðA12Þ

The mass terms can be written in matrix form as

Lmass
h1h2

¼ ð h†1 h†2 ÞMh1h2

�
h1
h2

�
: ðA13Þ

To diagonalize the mass matrix, we give the following
rotation to the canonically normalized fields:

�
h1
h2

�
¼

�
cos θ − sin θ

sin θ cos θ

��
χ1

χ†2

�
; ðA14Þ

where the mixing angle θ can be given by

tan2θ¼ 2κþκ−ðm2
22−m2

11Þ
ðm2

11þm2
22Þðκ2þ− κ2−Þþ2m2

12ðκ2þþ κ2−Þ
; ðA15Þ

and the diagonalized fields have the physical mass

m2
χ1;2 ¼

1

2

h
ðM11

h1h2
Þ2 þ ðM22

h1h2
Þ2

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððM11

h1h2
Þ2 − ðM22

h1h2
Þ2Þ2 þ 4ðM12

h1h2
Þ4

q i
: ðA16Þ

Therefore, the old basis in terms of the new physical basis
can be written as

�
χ01

ðχ02Þ†
�
¼
�
κþ −κ−
κþ κ−

��
cosθ −sinθ
sinθ cosθ

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

R

�
χ1

χ†2

�
: ðA17Þ

From Eq. (A17), we get χ01 ¼ R11χ1 þ R12χ
†
2 and ðχ02Þ† ¼

R21χ1 þR22χ
†
2, and the Lagrangian can be expressed in

terms of these new physical bases, χ1 and χ2, as
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Lphy ¼ LSM þ Lkin
χ1χ2 þ Lmassðχ1; χ2Þ þ Lintðχ1; χ2; HÞ; ðA18Þ

where

Lkin
χ1χ2 ¼ ð∂μχ1Þ†ð∂μχ1Þ þ ð∂μχ2Þ†ð∂μχ2Þ; ðA19Þ

Lmass
χ1χ2 ¼ m2

χ1χ
†
1χ1 þm2

χ2χ
†
2χ2; ðA20Þ

Lintðχ1; χ2; HÞ ¼ λχ1 jχ1j4 þ λχ2 jχ2j4 þ λ1Hjχ1j2ðH†H − v2=2Þ þ λ2Hjχ2j2ðH†H − v2=2Þ þ λ12jχ1j2jχ2j2

þ 1

2
λ12Hðχ1χ2 þ H:c:ÞðH†H − v2=2Þ þ 1

2
λ012½ðχ1χ2Þ2 þ H:c:� þ 1

2
½λ3χ1χ2jχ1j2 þ λ4χ1χ2jχ2j2 þ H:c:�

þ 1

2
½μ1χ22χ�1 þ μ2χ

2
1χ

�
2 þ μ3χ

3
1 þ μ4χ

3
2 þ H:c:�; ðA21Þ

with

λχ1 ¼ 2κ3þκ− sin θcos3θð−2λ0χ1 þ 2λ0χ2 − λ03 þ λ04Þ þ 2κþκ3−sin3θ cos θð−2λ0χ1 þ 2λ0χ2 þ λ03 − λ04Þ
þ κ4−sin4θðλ0χ1 þ λ0χ2 − λ03 − λ04 þ λ012 þ λ0

0
12Þ þ κ4þcos4θðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0

0
12Þ

− 2κ2þκ2−sin2θcos2θð−3ðλ0χ1 þ λ0χ2Þ þ λ012 þ λ0
0
12Þ; ðA22Þ

λχ2 ¼ 2κþκ3− sin θcos3θð2λ0χ1 − 2λ0χ2 − λ03 þ λ04Þ þ 2κ3þκ−sin3θ cos θð2λ0χ1 − 2λ0χ2 þ λ03 − λ04Þ
þ κ4þsin4θðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0

0
12Þ þ κ4−cos4θðλ0χ1 þ λ0χ2 − λ03 − λ04 þ λ012 þ λ0

0
12Þ

− 2κ2þκ2−sin2θcos2θð−3ðλ0χ1 þ λ0χ2Þ þ λ012 þ λ0
0
12Þ; ðA23Þ

1

2
λ3 ¼ −

1

2
κ3þκ−ðcosð2θÞ þ cosð4θÞÞð2λ0χ1 − 2λ0χ2 þ λ03 − λ04Þ þ κþκ3−sin2θð2 cosð2θÞ þ 1Þð−2λ0χ1 þ 2λ0χ2 þ λ03 − λ04Þ

−
1

2
κ2þκ2− sinð4θÞð−3ðλ0χ1 þ λ0χ2Þ þ λ012 þ λ0

0
12Þ − 2κ4þ sin θcos3ðθÞðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0

0
12Þ

− 2κ4−sin3θ cos θð−λ0χ1 − λ0χ2 þ λ03 þ λ04 − λ012 − λ0
0

12Þ; ðA24Þ

1

2
λ4 ¼

1

2
κþκ3−ðcosð2θÞ þ cosð4θÞÞð−2λ0χ1 þ 2λ0χ2 þ λ03 − λ04Þ − κ3þκ−sin2θð2 cosð2θÞ þ 1Þð2λ0χ1 − 2λ0χ2 þ λ03 − λ04Þ

þ 1

2
κ2þκ2− sinð4θÞð−3ðλ0χ1 þ λ0χ2Þ þ λ012 þ λ0

0
12Þ − 2κ4− sin θcos3θð−λ0χ1 − λ0χ2 þ λ03 þ λ04 − λ012 − λ0

0
12Þ

− 2κ4þsin3θ cos θðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0
0

12Þ; ðA25Þ

λ12 ¼ κþκ3− sinð4θÞð−2λ0χ1 þ 2λ0χ2 þ λ03 − λ04Þ þ κ3þκ− sinð4θÞð2λ0χ1 − 2λ0χ2 þ λ03 − λ04Þ
þ κ4−ð−sin2ð2θÞÞð−λ0χ1 − λ0χ2 þ λ03 þ λ04 − λ012 − λ0

0
12Þ þ κ4þsin2ð2θÞðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0

0
12Þ

− κ2þκ2−ð−ð3 cosð4θÞ þ 1Þðλ0χ1 þ λ0χ2Þ þ λ012ðcosð4θÞ − 1Þ þ ðcosð4θÞ þ 3Þλ0012Þ; ðA26Þ

1

2
λ012 ¼

1

8
ð2κþκ3− sinð4θÞð−2λ0χ1 þ 2λ0χ2 þ λ03 − λ04Þ þ 2κ3þκ− sinð4θÞð2λ0χ1 − 2λ0χ2 þ λ03 − λ04Þ

þ 2κ4þsin2ð2θÞðλ0χ1 þ λ0χ2 þ λ03 þ λ04 þ λ012 þ λ0
0
12Þ þ κ4−ðcosð4θÞ − 1Þð−λ0χ1 − λ0χ2 þ λ03 þ λ04 − λ012 − λ0

0
12Þ

− 2κ2þκ2−ð−ð3 cosð4θÞ þ 1Þðλ0χ1 þ λ0χ2Þ þ λ012ðcosð4θÞ þ 3Þ þ ðcosð4θÞ − 5Þλ0012ÞÞ; ðA27Þ

λ1H ¼ κ2þcos2θðλ01H þ λ02H þ 2λ012HÞ þ κ− sin θðκ− sin θðλ01H þ λ02H − 2λ012HÞ þ 2κþ cos θðλ02H − λ01HÞÞ; ðA28Þ

λ2H ¼ κ2−cos2θðλ01H þ λ02H − 2λ012HÞ þ κþ sin θðκþ sin θðλ01H þ λ02H þ 2λ012HÞ þ 2κ− cos θðλ01H − λ02HÞÞ; ðA29Þ
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1

2
λ12H ¼ −κ−κþsin2θðλ01H − λ02HÞ þ κ−κþcos2θðλ02H − λ01HÞ

þ ðκ− − κþÞðκ− þ κþÞ sin θ cos θðλ01H þ λ02HÞ þ ðκ2− þ κ2þÞð− sinð2θÞÞλ012H; ðA30Þ

1

2
μ1 ¼

1

2

�
1

4
κ2þκ−ðμ01 − μ02 − 3μ03 þ 3μ04

�
ðsin θ − 3 sinð3θÞÞ − 1

4
κþκ2−ðμ01 þ μ02 − 3ðμ03 þ μ04ÞÞðcos θ þ 3 cosð3θÞÞ

− 3κ3−ðμ01 − μ02 þ μ03 − μ04Þ sin θcos2θ þ 3κ3þðμ01 þ μ02 þ μ03 þ μ04Þsin2θ cos θÞ; ðA31Þ

1

2
μ2 ¼

1

2

�
1

4
κþκ2−ðμ01 þ μ02 − 3ðμ03 þ μ04ÞÞðsin θ − 3 sinð3θÞÞ þ 1

4
κ2þκ−ðμ01 − μ02 − 3μ03 þ 3μ04Þðcos θ þ 3 cosð3θÞÞ

− 3κ3þðμ01 þ μ02 þ μ03 þ μ04Þ sin θcos2θ − 3κ3−ðμ01 − μ02 þ μ03 − μ04Þsin2θ cos θ
�
; ðA32Þ

1

2
μ3 ¼

1

2
ð−ðκ2−sin2θ − κ2þcos2θÞðκ−ðμ01 − μ02Þ sin θ þ κþðμ01 þ μ02Þ cos θÞ

þ μ03ð−ðκ− sin θ − κþ cos θÞ3Þ þ μ04ðκ− sin θ þ κþ cos θÞ3Þ; ðA33Þ

1

2
μ4 ¼

1

2
ðμ03ð−ðκþ sin θ þ κ− cos θÞ3Þ þ μ04ðκ− cos θ − κþ sin θÞ3

þ ðκ− cos θ − κþ sin θÞðκþ sin θ þ κ− cos θÞðκþðμ01 þ μ02Þ sin θ − κ−ðμ01 − μ02Þ cos θÞÞ: ðA34Þ

APPENDIX B: HEAVY DM STABILITY CRITERIA FROM TWO- AND THREE-BODY DECAYS

The two-body decay width in the rest frame of the decaying particle (A0), A0ðm0Þ → A1ðm1ÞA2ðm2Þ [Fig. 9(a)] is given
by [109]

ΓA0→A1A2
¼ 1

64π2m0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 −

�
m1 þm2

m0

�
2
��

1 −
�
m1 −m2

m0

�
2
�s Z

jMj2dΩ: ðB1Þ

Let us consider a process like A0ðm0Þ → A1ðm1ÞA2ðm2ÞA3ðm3Þ, where three particles can be produced by three different
kinds of processes as shown in Fig. 9. The three-body decay width in the rest frame of the decaying particle (A0) is given
by [110]

ΓA0→A1A2::An
¼ Sk

1

2m0

�Yn
i¼1

Z
d3p0

i

ð2πÞ32E0
i

�
ð2πÞ4δ4

�
p −

Xn
i¼1

p0
i

�
jMj2A0→A1A2::An

: ðB2Þ

Sk ¼ 1=k! is the corresponding symmetry factor, with k the number of identical final state particles. In the CM reference
frame, the expression for the three body decay width [111],

FIG. 9. Panel (a) shows the two-body decay when m0 >
P

2
i¼1 mi. The rest of the panels show the possible three-body decay: four-

point (b), off-shell B (c), on-shell B (d).
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ΓA0→A1A2A3
¼ Sk

1

ð2πÞ3
1

32m3
0

Z
dm2

12

Z
dm2

23jMj2A0→A1A2A3
;

ðB3Þ

where

m2
23jmax ¼ ðE�

2 þ E�
3Þ2 −

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
2
2 −m2

2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
3
2 −m2

3

q 	2
;

ðB4Þ

m2
23jmin ¼ ðE�

2 þ E�
3Þ2 − ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
2
2 −m2

2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�
3
2 −m2

3

q
Þ2;
ðB5Þ

m2
12jmax ¼ðm0−m3Þ2 and m2

12jmin¼ðm1þm2Þ2; ðB6Þ

E�
2 ¼ ðm2

12 −m2
1 þm2

2Þ=2m12 and

E�
3 ¼ ðm2

0 −m2
12 −m2

3Þ=2m12: ðB7Þ

1. First alternative way

ΓA0→A1A2A3

¼ 1

ð2πÞ3
1

8m0

Z
Emax
1

Emin
1

dE1

Z
Emax
2

Emin
2

dE2jMj2A0→A1A2A3
; ðB8Þ

where the minimum and maximum energy of the particles
in the CM frame are [39,111]

Emin
2 ¼ 1

2m2
23

h
ðm0−E1Þm2

23−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

1−m2
1Þλðm2

23;m
2
2;m

2
3Þ

q i
;

ðB9Þ

Emax
2 ¼ 1

2m2
23

h
ðm0−E1Þm2

23þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

1−m2
1Þλðm2

23;m
2
2;m

2
3Þ

q i
;

ðB10Þ

with

m2
23 ¼ m2

0 þm2
1 − 2m0E1; ðB11Þ

λða; b; cÞ≡ a2 þ b2 þ c2 − 2ab − 2bc − 2ca; ðB12Þ

Emin
1 ¼ m1; Emax

1 ¼ 1

2m0

ðm2
0 þm2

1 − 4m2
2Þ; ðB13Þ

and λ is the Källén function.

2. Second alternative way

Here [111,112],

dΓA0→A1A2A3
¼ 1

64m3
0

1

ð2πÞ3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

0; m
2
1; q

2Þλðq2; m2
2; m

2
3Þ

p
q2

× dq2d cos θ�jMj2A0→A1A2A3
ðB14Þ

where q¼p0−p1, q2min¼ðm2þm3Þ2, q2max ¼ ðm0 −m1Þ2.

3. Tree- and loop-level decay of the heavy DM
with Z2 symmetry

The presence of the Higgs portal interaction for ϕ1

and ϕ2, as described in Eq. (3.2), allows the heavier particle
to decay to the lighter particle along with a Higgs boson. The
Higgs, whether on-shell or off-shell, can substantially decay
into a pair of photons or gluons. The decay of the heavier
particle in a nondegenerate scenario imposes stringent
constraints on the associated couplings, implying that the
mass hierarchy is not limited to just the Higgs mass.
Figure 10 illustrates the decay of the heavier particle into
the lighter one plus an on-shell Higgs. The decay width
involving an off-shell Higgs, which decays into light
fermions or massless bosons, is significantly suppressed,
so we consider only the on-shell Higgs in the total decay
width calculation (tree-levelþ loop correction) to derive
stringent limits on the couplings associated with the
ϕ2 → ϕ1h decay. We do not delve into the details of the
complicated loop calculation; instead, we provide an
approximate estimate of the coupling required to stabilize
the heavier DM particle. The vertex factor corresponding to
the tree-level decay process, shown in Fig. 10(a), is λϕ1ϕ2Hv.
We aim to determine the stringent limit on this coupling such
that the decay time of the heavier particle, τϕ2

, exceeds the

FIG. 10. Panels (a)–(d) correspond to the tree- and one-loop level decays of ϕ2 to ϕ1 plus on-shell Higgs under the assumption
mϕ2

> mϕ1
, respectively. However, the Higgs off-shell decay to a diphoton or digluon would always be there for two nondegenerate DM

components.
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FIG. 11. Panel (a) is the Feynman diagram corresponding to the tree-level decay: χ2 → χ1h. After ignoring the diagrams involving the
hχ1χ2 vertex, the remaining Feynman diagrams, panels (b) to (o), represent the one-loop mediated decay after the appropriate choice (see
Table III) of sacrificing coupling associated with the one-loop decay, and there are still possible two-loop decay processes [(p) and (q)].

TABLE VI. A few examples bound on the parameters to stabilize ϕ2 DM, which is also odd under Z2. Other
parameters appearing in the decay width are taken as λ1H ¼ 1. More importantly, the lifetime of the decaying DM
has to be greater than the age of our Universe, 6.4 × 1041 GeV−1.

Decay channel mϕ2
[GeV] mϕ1

[GeV] λ12H λ112 Lifetime ½GeV−1�
ϕ2 → ϕ1h 200 70 10−21 � � � 7.77 × 1041

ϕ2 → ϕ1 SMSM 200 70 10−21 10−19 1.30 × 1042

ϕ2 → ϕ1SMSM 200 110 10−21 10−19 2.91 × 1047

ϕ2 → ϕ1All 200 70 10−21 10−16 7.77 × 1041

ϕ2 → ϕ1All 200 110 10−21 10−16 5.43 × 1042
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age of the Universe: τuniv ¼ 6.4 × 1041 GeV−1. The decay
time for the tree-level ϕ2 → ϕ1h process is

τ−1ϕ2
¼ λ2ϕ1ϕ2H

v2

16πmϕ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1−

�
mϕ1

þmh

mϕ2

�
2
��

1−
�
mϕ1

−mh

mϕ2

�
2
�s
:

ðB15Þ

The tree-level decay shown in Fig. 10(a) indicates that a
coupling of λϕ1ϕ2H ≲ 10−22 is sufficient to ensure that τϕ2

exceeds the age of the Universe, τuniv. At the next order, a
one-loop decay is also possible. However, we disregard
diagrams involving the hϕ1ϕ2 vertex in one-loop decay, as
these would be suppressed compared to the tree-level decay.
The relevant decay diagrams are shown in Figs. 10(b)–10(d).
Stringent limits on the λ112 and λ122 couplings are necessary
to stabilize the heavier particle. These couplings are
expected to be ≳λϕ1ϕ2H due to the loop suppression factor
of 1=ð16π2Þ. However, a proper loop calculation is required
to determine the upper limit accurately. Ideally, the total
decay width of ϕ2 should include contributions from both
the tree-level and all relevant one-loop decays. However, the
presence of UV divergences in the loop diagrams adds
complexity to this process, which we have not explored in
detail here. Instead, we focus on finding the appropriate
combination of mϕ1

, mϕ2
, λϕ1ϕ2H, λ112, and λ122 that

stabilizes ϕ2, ensuring that τϕ2
> τuniv, while keeping the

other parameters within a weak ordering regime.

4. Tree- and loop-level decay of the heavy DM
with Z3 symmetry

Similar to the case with Z2 symmetry, there are decay
channels for the heavier DM particle underZ3 symmetry as
well. The interactions between the DM particles and visible
sectors, as shown in Eq. (3.2), give rise to tree-level, one-
loop, and two-loop decay processes. Let us analyze these
decay processes step by step, assuming mχ2 > mχ1 .
However, the decay constraints are equally applicable to
the opposite mass hierarchy.
(1) The tree-level decay process χ2 → χ�1 þ h

[see Fig. 11(a)] is mediated by the coupling λ12H.

According to Appendix (B15), to ensure τχ2 > τuniv
in the presence of this tree-level decay, we re-
quire λ12H ≲ 4 × 10−22.

(2) Ifwe ignore the diagrams involving the λ12H coupling,
we obtain one-loop decay diagrams, as shown in
Figs. 11(b) to 11(o). The associated interaction terms
and their corresponding couplings, whose small

TABLE VII. The bound on particular parameters to have the lifetime of theZ3 charged DM greater than the age of
the Universe, 6.4 × 1041 GeV−1. The other parameter values that will appear in the decay width of the DM are taken
as μ1 ¼ μ3 ¼ μ4 ¼ 2mχ1 , λ1H ¼ λ12 ¼ λ012 ¼ λ4 ¼ 1.

Decay channel mχ2 [GeV] mχ1 [GeV] μ2 [GeV] λ12H λ3 Lifetime ½GeV−1�
χ2 → χ1h 200 70 10−17 10−21 10−19 1.70 × 1042

χ2 → χ1h 200 70 10−19 10−21 10−19 1.58 × 1042

χ2 → χ1h 200 50 10−17 10−21 10−19 6.40 × 1042

χ2 → χ1 SMSM 200 70 10−15 10−21 10−15 6.50 × 1042

χ2 → χ1 SMSM 200 110 10−15 10−21 10−15 1.74 × 1048

χ2 → χ1All 200 110 10−15 10−21 10−15 1.74 × 1048

χ2 → χ1All 200 70 10−15 10−21 10−15 6.50 × 1042

TABLE VIII. Diagramwise operators contributing to the proc-
ess of the decay of the LLP dark matter component for the mass
hierarchy mχ2 > mχ1. The corresponding interactions marked by
the symbols (†, ‡, ♣, ♠, △, ♢, and ∘ ) are sacrificed in different
scenarios corresponding to Table III.

Diagram Contributing operators

Tree-level

Fig. 11(a) χ1χ2H†H

One-loop

Fig. 11(b) jχ1j2jHj2, †χ21χ
�
2,

♢χ31
Fig. 11(c) jχ2j2jHj2, ♠χ�1χ

2
2,

♣χ32
Fig. 11(d) χ1χ2H†H, χ�1χ

2
2, χ1χ

�2
2

Fig. 11(e) χ1χ2H†H, ♠χ�1χ
2
2,

♢χ31
Fig. 11(f) jχ1j2jHj2, ▵jχ1j2χ1χ2
Fig. 11(g) jχ2j2jHj2, ‡χ1χ2jχ2j2
Fig. 11(h) jχ2j2jHj2, ▵jχ1j2χ1χ2=‡χ1χ2jχ2j2

Diagram Contributing operators

One-loop (contd.)

Fig. 11(i) jχ2j2jHj2, †χ21χ
�
2,

♢χ31
Fig. 11(j) jχ2j2jHj2, ♠χ�1χ

2
2,

♣χ32
Fig. 11(k) jχ2j2jHj2, ♠χ�1χ

2
2,

†χ21χ
�
2

Fig. 11(l) jχ1j2jHj2, †χ1χ2jχ2j2=▵jχ1j2χ1χ2
Fig. 11(m) jχ1j2jHj2, ♠χ�1χ

2
2,

♣χ32
Fig. 11(n) jχ1j2jHj2, †χ21χ

�
2,

♢χ31
Fig. 11(o) jχ1j2jHj2, ♠χ�1χ

2
2,

†χ21χ
�
2

Two-loop

Fig. 11(p) jχ1j2jHj2, ∘ χ21χ22, ♢χ31,
♣χ32

Fig. 11(q) jχ21jjHj2, ∘ χ21χ22, ♢χ31,
♣χ32
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values contribute to the stability of χ2, present various
scenarios, as summarized in Table III.

(3) In specific cases, there may also be two-loop decay
processes, such as those depicted in Figs. 11(p)
and 11(q). To stabilize χ2, the couplings associated
with these decays must be minimized, although the
constraints will be less stringent than the one-loop
limits due to the suppression factor ð16π2Þ−2.

Although we have imposed constraints on the couplings
associated with each decay process, the total decay width is
the sum of contributions from tree-level, one-loop, and
two-loop processes. Calculating the total decay width is a
highly complicated task, and while the precise limits on the
couplings may shift slightly with a more accurate compu-
tation, the overall phenomenology remains unchanged.
In Tables III and IV, we present six different scenarios

arising from a Z3 symmetry, categorized based on the
choices of q1 and q2. Scenarios A, B, and C correspond to
the case where q1 ≠ q2 and q1 þ q2 ¼ Nð¼ 3Þ, while
scenarios D, E, and F represent the case where q1 ¼ q2
but q1 þ q2 ≠ N. In each scenario, certain operators or
interaction strengths must be suppressed to obtain a stable
dark matter candidate, one being absolutely stable and the
other an LLP. The corresponding decay diagrams at the
tree-, one-loop, and two-loop levels for the mass hierarchy
mχ2 > mχ1 are shown in Fig. 11. For the opposite hierarchy,
mχ1 > mχ2 , similar/inverted diagrams contribute to the
decay of χ1, and the required operator suppression would
remain the same.
Table VIII lists all relevant couplings associated with the

decay diagrams in Fig. 11, organized by loop order. We
have highlighted, using color, the specific operators sac-
rificed in each scenario. The tree-level diagrams vanish if
the coupling χ1χ2H†H is negligible. Suppressing this
operator allows us to further reduce one-loop contributions
by taking couplings like χ�1χ

2
2, χ

2
1χ

�
2, χ

3
1, and χ32 to be small.

Additionally, making the χ21χ
2
2 coupling small suppresses

the two-loop decay channels, which helps ensure that χ2
behaves as an LLP. Once the two-loop decay is sufficiently
suppressed, higher-loop decays (three-loop and beyond)
are automatically negligible, thereby protecting the LLP’s
longevity.

APPENDIX C: UNITARITY BOUNDS ON
THE MODEL PARAMETERS

In order to study the tree-level unitarity bounds on the
quartic couplings of our model at high energies, we
consider the generic structure of 2 → 2 scattering ampli-
tudes. These amplitudes can be expanded in terms of
Legendre polynomials as [113]

M2→2 ¼ 16π
X∞
l¼0

alð2lþ 1ÞPlðcos θÞ; ðC1Þ

where θ is the scattering angle and Plðcos θÞ denotes the
Legendre polynomial of order l. In the high-energy limit,
the dominant contribution comes from the s wave (l ¼ 0),
with the partial amplitude a0 governing the leading
behavior of the process. The unitarity condition then
requires

jReða0Þj ≤
1

2
: ðC2Þ

The above constraint can be equivalently expressed as a
bound on the full scattering amplitude M [90,114,115]:

jMj ≤ 8π: ðC3Þ

When multiple 2 → 2 processes are possible, one needs to
construct an S-scattering matrix M2→2

i;j ¼ Mi→j by taking
into account all possible two-particle states. In the high-
energy limit, the SM Higgs doublet is expressed as
H ¼ ðGþ hþiG0ffiffi

2
p ÞT , and the interaction Lagrangian in

Eqs. (4.1) and (4.2) gives rise to 22 two-particle neutral
states:



hhffiffiffi
2

p ;
G0G0ffiffiffi

2
p ; GþG−; hG0;

hχi; hχ�i ; G
0χi; G0χ�i ;

χiχiffiffiffi
2

p ;
χ�i χ

�
iffiffiffi
2

p ; χiχ�i ; χ1χ2; χ
�
1χ

�
2; χ1χ

�
2; χ

�
1χ2

�
; ðC4Þ

where i ¼ 1, 2. The single charge six two-particle state is

X
i¼1;2

fhG�; G0G�; χiG�; χ�i G
�g; ðC5Þ

and only one double charge two-particle state is

G�G�ffiffiffi
2

p : ðC6Þ

Therefore, the scattering amplitude matrix ðMÞ can be
expressed in block-diagonal form by decomposing it into
the neutral (NC), singly charged (SC), and double charged
states as [116]

M ¼

0
B@MNC

22×22 0 0

0 MSC
6×6 0

0 0 MDC
1×1

1
CA; ðC7Þ

with the submatrices given by
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MNC
22×22 ¼

0
BB@

MHH
HH4×4

MHH
Hχ4×8

MHH
χχ4×10

MHχ
HH8×4

MHχ
Hχ8×8

MHχ
χχ8×10

Mχχ
HH10×4

Mχχ
Hχ10×8

Mχχ
χχ10×10

1
CCA ¼

0
BB@

MHH
HH4×4

04×8 MHH
χχ4×10

08×4 MHχ
Hχ8×8

08×10

Mχχ
HH10×4

010×8 Mχχ
χχ10×10

1
CCA; ðC8Þ

where

MHH
HH4×4

¼

hh=
ffiffiffi
2

p

G0G0=
ffiffiffi
2

p

GþG−

hG0

hh=
ffiffiffi
2

p
G0G0=

ffiffiffi
2

p
GþG− hG00

BBB@
3λH λH

ffiffiffi
2

p
λH 0

λH 3λH
ffiffiffi
2

p
λH 0ffiffiffi

2
p

λH
ffiffiffi
2

p
λH 4λH 0

0 0 0 2λH

1
CCCA ; ðC9Þ

MHχ
Hχ8×8

hχ1 hχ�1 hχ2 hχ�2 G0χ1 G0χ�1 G0χ2 G0χ�2
hχ1
hχ�1
hχ2
hχ�2
G0χ1

G0χ�1
G0χ2

G0χ�2

0
BBBBBBBBBBBBB@

0 λ1H λ12H=2 0 0 0 0 0

λ1H 0 0 λ12H=2 0 0 0 0

λ12H=2 0 0 λ2H 0 0 0 0

0 λ12H=2 λ2H 0 0 0 0 0

0 0 0 0 0 λ1H λ12H=2 0

0 0 0 0 λ1H 0 0 λ12H=2

0 0 0 0 λ12H=2 0 0 λ2H

0 0 0 0 0 λ12H=2 λ2H 0

1
CCCCCCCCCCCCCA

; ðC10Þ

Mχχ
HH10×4

¼

χ1χ1=
ffiffiffi
2

p

χ�1χ
�
1=

ffiffiffi
2

p

χ2χ2=
ffiffiffi
2

p

χ�2χ
�
2=

ffiffiffi
2

p

χ1χ
�
1

χ2χ
�
2

χ1χ2

χ�1χ
�
2

χ1χ
�
2

χ�1χ2

hh=
ffiffiffi
2

p
G0G0=

ffiffiffi
2

p
GþG− hG00

BBBBBBBBBBBBBBBBBBB@

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

λ1H=
ffiffiffi
2

p
λ1H=

ffiffiffi
2

p
λ1H 0

λ2H=
ffiffiffi
2

p
λ2H=

ffiffiffi
2

p
λ2H 0

λ12H=ð2
ffiffiffi
2

p Þ λ12H=ð2
ffiffiffi
2

p Þ λ12H=2 0

λ12H=ð2
ffiffiffi
2

p Þ λ12H=ð2
ffiffiffi
2

p Þ λ12H=2 0

0 0 0 0

0 0 0 0

1
CCCCCCCCCCCCCCCCCCCA

; ðC11Þ
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Mχχ
χχ10×10 ¼

χ1χ1=
ffiffiffi
2

p

χ�1χ
�
1=

ffiffiffi
2

p

χ2χ2=
ffiffiffi
2

p

χ�2χ
�
2=

ffiffiffi
2

p

χ1χ
�
1

χ2χ
�
2

χ1χ2

χ�1χ
�
2

χ1χ
�
2

χ�1χ2

χ1χ1=
ffiffiffi
2

p
χ�1χ

�
1=

ffiffiffi
2

p
χ2χ2=

ffiffiffi
2

p
χ�2χ

�
2=

ffiffiffi
2

p
χ1χ

�
1 χ2χ

�
2 χ1χ2 χ�1χ

�
2 χ1χ

�
2 χ�1χ20

BBBBBBBBBBBBBBBBBBBBB@

0 2λχ1 λ012 0 0 0 0 0 0 λ3=
ffiffiffi
2

p

2λχ1 0 0 λ012 0 0 0 0 λ3=
ffiffiffi
2

p
0

λ012 0 0 2λχ2 0 0 0 0 λ4=
ffiffiffi
2

p
0

0 λ012 2λχ2 0 0 0 0 0 0 λ4=
ffiffiffi
2

p

0 0 0 0 4λχ1 λ12 λ3 λ3 0 0

0 0 0 0 λ12 4λχ2 λ4 λ4 0 0

0 0 0 0 λ3 λ4 2λ012 λ12 0 0

0 0 0 0 λ3 λ4 λ12 2λ012 0 0

0 λ3ffiffi
2

p λ4ffiffi
2

p 0 0 0 0 0 0 λ12
λ3ffiffi
2

p 0 0 λ4ffiffi
2

p 0 0 0 0 λ12 0

1
CCCCCCCCCCCCCCCCCCCCCA

;

MSC
6×6 ¼

jhGþi
jG0Gþi
jχ1Gþi
jχ�1Gþi
jχ2Gþi
jχ�2Gþi

jhGþi jG0Gþi jχ1Gþi jχ�1Gþi jχ2Gþi jχ�2Gþi0
BBBBBBBBB@

2λH 0 0 0 0 0

0 2λH 0 0 0 0

0 0 0 λ1H λ12H=2 0

0 0 λ1H 0 0 λ12H=2

0 0 λ12H=2 0 0 λ2H

0 0 0 λ12H=2 λ2H 0

1
CCCCCCCCCA

; ðC12Þ

MDC
1×1 ¼

1ffiffi
2

p jGþGþi
1ffiffi
2

p jGþGþi
�

2λH
	 : ðC13Þ

After determining the eigenvalues of Eq. (C7), we conclude that the tree-level unitarity constraints in this setup are as
follows:

jλHj ≤ 4π; ðC14Þ

jλ12 − 2λ012j ≤ 8π; ðC15Þ

jλ1H þ λ2H �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1H − λ2HÞ2 þ λ212H

q
j ≤ 16π: ðC16Þ

The other ten distinct eigenvalues, along with their corresponding unitarity constraints, can be obtained by solving the
remaining eigenvalue equations of the matrix in Eq. (C7). These lengthy results are omitted here, but all unitarity constraints
have been carefully evaluated and numerically verified in our analysis.
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IN THE Z3 SCENARIO
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