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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 Z, 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,
Qpyph? = 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,
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coming from Bullet cluster/Abell cluster observations,
=<1 cm?/gm [14-17].

In order to satisfy the relic density observed by the
anisotropies in Cosmic Microwave Background Radiation
(CMBR) experiments, the DM needs 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 Zy (N = 2,3,4,...) symmetry, where the heavier
dark sector particle is long lived and serves as the second
DM component. 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],

Published by the American Physical Society


https://orcid.org/0000-0002-8841-603X
https://orcid.org/0000-0003-0715-6668
https://orcid.org/0000-0002-2450-6677
https://ror.org/0022nd079
https://crossmark.crossref.org/dialog/?doi=10.1103/yq9j-bh5n&domain=pdf&date_stamp=2026-09-04
https://doi.org/10.1103/yq9j-bh5n
https://doi.org/10.1103/yq9j-bh5n
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BHATTACHARYA, KOLAY, and PRADHAN

PHYS. REV. D 114, 055005 (2026)

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 Z, symmetry is addressed. We specifically
highlight the cases of Z, and Z5 symmetric scenarios and
compare them to Z, ® 2, and Z; ® Z% 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 Z, 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 Z, symmetry, and in Sec. 111,
we discuss briefly the case of Z, symmetry. The case
pertaining to Z5 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 DISCUSSION ON TWO-COMPONENT
DM UNDER Z,5 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
Zy 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 @,
and @, transforming under a single Z, symmetry. The
fields @;,®, might be real or complex, depending on their
transformation under the Z, symmetry, while ®; and ®,
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
(n+ n') body decay, as

heavier DS — n lighter DS + n’ SM, (2.1)
with n,n' =0,1,2,3..., and n + n’ > 2; the exact values
of n(n") 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 n' = 0, the heavier DS particle is stable when
1 Myighter = Mheavier = Mlighter- (22)
(b) When n' #0, a kinematic condition n Miighter +
n' Mgy > Mpeayier > N Mijgher €an 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, V(®,, ®,, H) (H represents the SM
Higgs isodoublet),

V(®, Dy, H) D A)|®,PH H + 1,|®,|*H'H
+ 13(®,®, + @, ®; + Hee.)H'H
+ (4@} + A5@3 + H.c.)H'H

+ Vi, ®,), (2.3)
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where A1, 4,, 43,44, A5 are dimensionless Higgs portal couplings, and V™ (®,,®,) contains all possible renormalizable
interaction terms (with mass dimensions M|2], M[3], and M|[4]) between ®; and @, as

M[Z]' {‘DICDZ’QI(D;} +HC,
M(3]: {®,|D,[*, DD,

2, 0,03, 052, 1D, D3} + Hec,;

M4]: {D20%, D2052, 2D, |2, D, 2D, | D, [?|D3, D, D3, D} D3, DI D,,

DID;, O D, D, 2, D D, | D, |7, D D3| D, |2, D D3 |D,[*} + Heoc.

In Egs. (2.3) and (2.4), we wrote all possible interaction
terms;' however, the choice of the symmetry restricts them.
It is obvious that if both @, and @, contribute as DM, then
to prevent the tree-level decay of the heavier component,
A3 in Eq. (2.3) needs to be sufficiently small®; further
restrictions arise depending on the possible interaction
terms that one can write. If ® - 0l/®, and ®, —
ol ®, under Zy symmetry, where o} = ¢(4/N) and
g1, define the charges of the fields, then the choice of
g1, also plays a crucial role in deciding the interaction
terms, as shown in Table I. The interaction terms are
broadly classified into four cases:

(i) 91 = g2, andq, + ¢, = N,

)
(if)
(iii) q # g,. butq, + g, = N,
(iv) g1 # g2, and g, + g, # N.

q1 = qa, butg; + g # N,

(2.5)

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., ¢; # qa,
and ¢; + g, # 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 ®@; and @, depending on their charges
under Z, transformation, as shown in Table I. The first
subrow of Table I shows the case when they have the same
charge: ¢, = g, = ¢, with ¢ = N/2. As g needs to be an
integer, this requires N to be even. In such a situation, @,
and @, can be two real scalar fields, and only a select few
terms are allowed amid all the possibilities listed in

lHowever, the self-interaction terms will also be present:
D, DL, (@2, |0, 7, D}, 03, D, | 2, D,|D, [, D, D3, D}|D; |7,
@, |3

Additionally, for WIMP/pFIMP nature, 4;, 4, can be chosen
to be moderate (or small).

(2.4)

|
Eq. (2.4). The second subrow in Table I shows the possible
terms when ¢, = ¢,, but g¢; + ¢, # N, which restricts us
from writing the ®; ®, term, but retaining a term like @, @3
is possible, allowing complex scalar fields only. It is
obvious but worth remembering that the complex conjugate
fields possess —g; charges as ®F — w{*®; under Zy.
Furthermore, terms like <I>i2 can be written only if %‘1 is an

integer, i.e., 3q €N, where N denotes the set of integer
numbers. The third and fourth subrows show the interaction
terms in the ¢, #¢5,q1 +g,=N,and ¢, # q3,q1 + g2 # N
cases, respectively. The restrictions that apply in writing the
interaction terms are mentioned in the subscript of the
parenthesis. For example, the ®'®7 term can be written for
41 # q2.q1 + gy # N case only when 4% e N,

In the second part of Table I, we have shown examples of
Z,, Z5, and Z, to write interaction terms between the @,
@, fields. For Z,, the charges are trivial and only cater to
the possibility ¢, = ¢, = 1,¢q; + g, = 2; but for Z3 and
Z,, other combinations of charges, as in Eq. (2.5), are
possible. In the table, we have omitted listing the ¢, #
42, q, + g, # N case for Z3, as it does not exist, and for
Z,, as it can be stabilized by kinematic constraints without
any fine tuning of the couplings. All the possibilities for Z,
and Z; symmetries to contain two DM components are
discussed in this paper; for Z,, this turns out to be one
combination, while there are six different combinations of
choosing vanishingly small parameters for the case of Z5 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 ¢; = ¢, and ¢; + ¢, = 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 Zy ® Z), symmetric Lagrangian. This is
always the case for Z,, 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
[g1 # 2,91 + g» # N] of a higher symmetry group
after assuming relevant couplings to be vanishingly
small to stop heavier DS particle decay. In such
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TABLE I.  Self-interaction and interactions between two scalar fields, ®; and ®,, which transform under a discrete symmetry 2, as
@, - ofl®, and @, » o ®,, with o) = ¢27(%/N) and ¢, , being the integer charges of ®; , with ¢;, = 1,2,3.., N — 1. Depending
upon the choice of ¢, ,, the interaction terms are shown. N denotes the set of integer numbers.

Two dark sector scalar fields @, and @, and interaction terms under Zy symmetry

Symmetry  Transformation Interaction terms between DS particles
2N off o (g1 = q2) D2, D2, D, Y, @, D,, DD, DID,, DD,
and D2, [@,]%, [@F, D3su s [Py |4, [ @], D D3, | D52,
+ =N * N *
e o (@R (P [0, o
(g, :N;h IL q) (1D, Dy, D, P, D, q)z]%quv (@7, q)Zq)l]%eN’ [q)l(D;’d)Z(bﬂ%"eN’ (@73, (Dz(bﬂ%eN
but g, + ¢ #N
off, 0§ (q1 # q2) @7, @, [, [@%]%EN, @ [%, @, [*, @, D,
it a4 BIOL, 0,0, B, 05|01 + [, ), [0, D05, BID{L, . (0105, D0}, BFO2, 0,
ol o (g1 # q») [@1”<1>g]mq,;anEN, (@ @3"|mui-r oy where {m, n=1,2, 3 and g, g5 = N — 1}
and ¢y +¢> # N
Examples of some specific symmetries: Z,, Z;, and Z,
g1 =qy and g; + g, =N
Z, @y, D2, D%, D}, &, | D,, DID3, DID,, D, D3
Z, w3, 3 D}, 03, P}, DF, O, D,, PID3, PID,, D, 3
91 =qbutg +q#N
Zz w3, w3 @, |@,2, @7, @3, |@y*, [@,|*, @, @3, (P, D3)*, | @ D,[*, D D3, DTy, @ D5 (| > + |@,[)
2 2
w35, 05
Z, 0y, Oy @)%, @, 2, @7, @3, @ [*, |, |*, @, @5, (D)2, (P D)2, | @ D, |7, @] D, DD, D D (|Dy >+ | D, [*)
0}, 0}
g1 #Fqbut g +q, =N
23 o3, 03 @2, @, %, @F, @3, [@)[*, |D2]*, @Dy, D]D3, | D,[*, D3P}, DD3, D Dy (|Py]* + [D2])
2
0)3,(1)3
Z4 0y, 0} @, |@, 2, @}, @3, @) [*, | @], @1 @y, (@ D2)*. (@ D). | Dy [*, D} D;, D3DT, @ D, ([P 2+ D, )
3
Wy, Wy

circumstances, Z; and Z, symmetric cases become Z4 and Zg symmetric scenarios, respectively. The possible
charge combinations of the scalar fields pertaining to Z; and Z, symmetries for a single DM case and the final
charge assignments under Z4 and Zg symmetries having two DM components (after stabilization of the heavy DS
particle) are listed below. We will elaborate on Z5 later.

Z3[{q1,423:(1,1),(2.2)] 2 Z6[{41. 42} :(2,5), (4. 1)], (2.6)
Z3[{q1,421:(1,2), (2. 1)] 2 Z6[{q1. 42} : (2, 1), (4.5)], (2.7)
Z4{q1.q2}:(1.1).(3.3)] 2 Z5[{q1. 92} :(1.5).(5.1). (3.7). (7.3)]. (2.8)
Z4{q1-42}:(1.3).(3.1)] 2 Z5[{q1. 92} :(1.3). (3.1).(5.7). (7.5)]. (2.9)

III. TWO SCALAR DM COMPONENTS UNDER SINGLE Z, SYMMETRY

The Z, symmetric model has been studied widely in several contexts with real scalar DM (¢;), odd (¢; = —¢;) under
Z, [69-78]. We will have a brief discussion here on the possibility of getting two DM components where two scalar fields
¢ and ¢, are transforming under the same Z, symmetry. The corresponding Lagrangian density is

1 1
L= Ly +§ay¢15”¢1 +§aﬂ¢26"q’)2 — V(1. ¢, H), (3.1)
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where

1 1
V(¢la ¢27H) = Emé]¢% 4‘ 471

1 1
¢4 +5 m¢2¢2 + 4_|/1¢2¢2 +3 )“¢1H¢ ( H'H - 5”2)

1 1 1
+§}“¢2H¢% <HTH—§U > + - /1¢1¢2¢2¢2 + /11224"1452 + /11124'7 b

1

+ A, pu 192 (H+H ~3 v?

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 ¢, or ¢, 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
@i, term (P3¢h)) can lead ¢, () to decay into three ¢,
(¢1). To stop this decay, one can choose a kinematical
constraint like 3mpy; > mpg. However, in the presence of
Higgs portal couplings, two-body decay (¢, — h¢; or
¢1 — he¢,), shown in Fig. 10 (to on-shell Higgs), and three-
body decays (via off-shell Higgs) are possible. Notably, for
nondegenerate m,, 4, masses, the decay of the heavier
scalar to diphoton or dlgluon 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 (44, 4,1) 0 that the lifetime of the heavy scalar
becomes larger than the age of the Universe. However, one-
loop decay via the ¢3¢, and ¢3¢, terms is still possible; see
Fig. 10. To stop them, 1,1, and 1;,, couplings have to be
sufficiently small as well; see Table VI for the order of
magnitude.

where

(3.2)

Interestingly, when we block these couplings to stabilize
the heavier DS particle, we essentially get rid of all terms
having combinations of ¢;¢,, and then, the Lagrangian
eventually reduces to a Z, ® Z/, 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 Z, ® Z, symmetric
scenario and that of a single Z, with two DM components
is that, for the latter, we are getting one stable DM and one
LLP, while under a two different Z, symmetry, we get two
stable DM components, although the phenomenology is
identical in both cases.

IV. TWO SCALAR DM COMPONENTS UNDER
SINGLE Z; SYMMETRY

In this section, we will discuss two complex scalar fields
transforming under single Z; 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 ® Z% setup [82].

A. Model

The SM extended dark sector Lagrangian containing
two complex scalar fields that transform differently under
Z5 symmetry (see Table II) is written as [67,82-88]

L= Lsm+10011* + 002> —

V(ZhlzaH)’ (4-1)

. v?
VixH) = Z (mf{il;dz + Ay il + i L (H'H _7))

i=12

1 v?
+ Al Pl + 5/11211()(1)(2 +H.c.) (HTH - —>

2 +22’G2(X112+HC)

1
5 i + moiis + st + a3 + el

1
T3 Zaxioln? + Aaxelr)* + Hel.

(4.2)

*However, 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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TABLE II. Model particle contents and their transformation
with @ = ¢27/3,

DS fields Z3

Complex scalar y; o/ w?

Complex scalar y, )

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 1y5,4; > 0
and u?% <0, the Higgs field acquires nonzero vacuum
expectation value (VEV) (v), with H= (0 (h + v)/Vv/2)7,
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]

‘/1H| < 4 s

|/112 - 2/1/12| < 87[, (43)

st + ot [ Qg = don)? + By < 167, (4.4)

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]

Aing| < 4.

3. Vacuum stability

The necessary conditions required to stabilize the poten-
tial are

] < 7. (4.5)

g >0, 4>0,  Ay+2Adg>0. (4.6)

The maximal allowed value of the cubic parameters y3 4 is
approximately equal to uy = 2./A, m, , pus = 2./4,,m,,
[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~! of proton-proton collision
data at a center-of-mass energy of /s = 13 TeV at the
LHC, combined with results obtained at /s = 7 TeV and
/s = 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 /s =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 B(h — inv).

B. Single component DM

In the potential given by Eq. (4.2), we have written all
possible terms respecting the Z; symmetry. Note that the
term y 1y, can be written since both y; and y, rotate under
the same Z3, which is not present in Z3 ® Z/ [82]. But the
presence of this term gives us a nondiagonal mass term
unless we choose u?, = —Aj,50°/2.

By default, the Lagrangian describes a complex scalar
singlet DM, stable under Z; 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 y; as our
DM, but y, 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 one Z5
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
(X125 43, 42). The key free parameters that govern DM
analysis are

{m;(iv/1j9/"j’/1iHJ'12H’M29’1/12}9 (4-7)

where i = 1,2 and j = 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, Y, =3Y, =Y, +Y,+Y, +Y,,
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]
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We can also express the effective semiannihilation cross
section as
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x K i K -
2 T 2 T/

where ¢; denotes internal degrees of freedom and K,
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 Z; 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 QA?. The rainbow color bar shows the
variation in A;y. With the presence of Higgs-mediated
s-channel diagrams, Higgs resonance drop is observed at
m, ~m;/2. The presence of a semiannihilation process,
XiXj = Xih, provides another dip near m, ~ m,. 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 A,y 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 A;.

(4.9)

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 Z; 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 yx;(H'H). For complex
scalar DM, the spin-independent DM-nucleon inelastic
scattering cross section is an observed quantity in direct
detection experiments,

2.0
ST — lunm f (4 10)
£ 471'1)271’1)% mj1 h“’
1 1
mnm)(l

where p, = Ay, 5= Mpuv, and other parameters

My, ’
have the usual meaning. Equation (4.10) shows that the
spin-independent scattering cross section depends on the
DM mass (m,,) and Higgs portal coupling (4,4). So, to
satisfy direct search bound, we wish to decrease 4,5 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 m, — ojll plane, and the color bar
represents the mass splitting between y; and y,, 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 ;5 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
DM mass is adequately large and away from the Higgs mass
region, then semiannihilation is small, and we need smaller
Am, 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

055005-7



BHATTACHARYA, KOLAY, and PRADHAN PHYS. REV. D 114, 055005 (2026)

m

x my = m + Am Ny = Ay = Ay = Ay = A = A = Loy = piy = g = py = my,
T T T T

10} oo ~—, — XENONNT
3 L o L —1Z (2025)
o o Tey .. LZIXENONNT (20 ty)
1072k . PandaX-xT
...DARWIN (200 ty)
10—3 L
=
c:X
107
10-5F
10—6 L
10 100 200
m,, [GeV]
(a) (b)
my, = my FAm N, = A = Ay = A = A = A = Ly =y = g = gy = my, my, = my o+ Am Xy = Ay = Mg = Mg = Ay = Ay = Loy = py = iy = gy =y
102] T . : : ? S 10-24F T — T :
(LAT
26" = Fermi-LA
T’_‘ 10 § =o
g = 1075 .
¢ £
ME 10-28 S °
o |
S, z 1]
P 2
310_30 % 10281
= T .
X R
=< as
5 10321 | T
—Logmo'if ¢ N adr ~107%01 —Logwog
10734 | e— C— ol ¢
42 4 | 4 48 ) [ 42 44 46 48 )
20 50 100 200 500 20 50 100 200 500
m, [GeV] m,, [GeV]
(c) (d)
my = m 4+ Am N = Ay = A = Aan =X = A = L = My = py =y = my,
10724} -GC
-~ CTAprol. i AT 45005

1 0-26 L Py 4

" cm?sec™ ]

Z10-281 J

T 10 -

2
8= ¢ g
= L o .o
b 107301 o B

¢ —Logo ,S(f o
so-2L 42 © 44 ) 46 48 )
20 50 100 200 500
m, [GeV]
(e)

FIG. 1. Relic density-allowed parameter space of the single component DM model with two scalars transforming under the same Z;
symmetry, confronting direct and indirect search limits. Panel (a) shows relic under abundant (Q, 4* < 0.1212) parameter space in the
m, —Q, h? plane; the rainbow color bar shows the variation in the Higgs portal coupling (1,5) with DM (y;) mass. Panel (b) shows
relic-allowed parameter space in the m, — o' plane, and the rainbow color bar here shows DM mass splitting with the coannihilating
partner y,, i.e, Am = m,,, — m,, . The light blue and olive green colored lines represent the XENONnT and LZ-2022 bounds. Panels (c),

2
(d) show the relic density-allowed parameter space in the m,, — (ov) 21 —bB(WH W) plane, and the rainbow color bar shows the variation
in a)?ll in units of cm?. 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 m,, — (ov),, 2—rh plane, and the rainbow color bar represents the

spin-independent inelastic scattering cross section (afll) 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.

DM self-annihilation from the Fermi collaboration, 6 years  green lines in Fig. 1(c) represent the observed and projected
of observation using 15 dwarf spheroidal galaxies  limit from Fermi-LAT [48]. At the same time, the gray-
(dSphs) [48], and a projected sensitivity for 45 dSphs shaded region is excluded by the observed Fermi-LAT limit
and 15 years of observation [49]. The thick gray and dashed =~ on DM self-annihilation into bottom pairs.
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The indirect detection limit on the thermal average DM
(ry) self-annihilation to the bottom pair is evaluated at the
DM freeze-out point, TX? ~ m, /25, which depends on the
DM mass (m,,) and Higgs portal coupling (4,z). The
thermal average cross section, (6v), 2 —~bb> is nearly con-

stant below the m;, /2 region but maximum near the Higgs
resonance. Near the Higgs mass, semiannihilation helps
decrease the 1,5 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 (y;)
semiannihilation. The presence of cubic interaction in Z;
symmetric WIMPs provides a semiannihilation channel via
(00),,4,—yn and is evaluated at the freeze-out point of y,

having an s-wave contribution of y,y; — yh. This cross
section depends on m, ,m, g, Aiog, po, and pz. In
Fig. 1(e), we show the relic density-allowed parameter

_ D
space m,, <m’>xm—>ﬂh 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 y, 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 Z5 symmetry with the charge combi-
nations of the fields ¢; # ¢, and g; + g, = N. Interaction

TABLE III.

terms depend on their transformation charges; see Table III
for details. For the charge combinations ¢; = ¢, and
g1+ g>» # N, the interaction terms can be found in
Table IV. Such interaction terms between y; and y,, like
X35 25X}, etc., open up the decay of the heavier compo-
nent to the lighter one(s). A suitable choice of mass
hierarchy, = 2myigpier > Mipigher, can  stop such  decay.
Further, both fields are connected with the visible sector
via Higgs portal interactions. The one connecting both the
fields, like y1y,|H|?, leads to the decay of the heavier
component to the lighter one plus the SM at tree level. A
mass hierarchy like m,, > m,, + m, 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 (4,) 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
x1 and y,. Hence, even after neglecting 4,,, one needs to
choose very small 15, 44, and p, to restrict one-loop decay,
although the choice of u, 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 B2, we have also given an
estimate of the smallness of these couplings,
A3y s Mo o < 1071 so that the decay lifetime is larger
than the age of the Universe. Note that for the Z5; model,
the possibility of ¢; # ¢»,q; + g, # 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 g; = ¢, scenario (Table IV)
(marked in boldface), although we will 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 (g, # ¢g,) and Table IV
(¢1 = g»). The absence of boldface terms indicates the

Terms having two dark sector scalar fields oppositely transforming under discrete symmetry Z5. 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: y; and y, under Z; symmetry
g1=1lg=20rq =2,9,=1

A b PHTHL [ PHTHL A 3. Dl Dol o B HL oo e . o3 23 a2 (o + [x21)

B b PHIHL Lo PHIHL 2. 063 U 1 e [ e BT HL 3. e P o 2 o (1P + )

C ‘){l |2HTH* I)(2|2HIH5 X%J{%» ‘){1 |47 IX2‘4» XIXZHTH»X%%%’ ‘)(l)(le’ X%XT*}(?){; Xlxl(‘xl|2 + |X2|2)
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TABLE IV.

Interaction terms between two DS scalar fields, y; and y,, carrying identical Z5 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: y; and y, under Z; symmetry
q1=9,=12

D lri |2HT_H’ Lo PHH, 1, L | |)(2|4»X1X§HTH» (XIX;)Z? el X%XI»X%XLXIX;(‘XIF + [x2l?)

E b1 ‘ZHH |)(2|2HTH7)(?, Xi’ b %, bral s XlXZHTI‘L ()(1)(3)2, X1X2 27)(%)(17X%X27X1X§(‘X1|2 + %2/

F b PHTH, [ PHTH, x3..3. a1 Dol o BTHL ()2, e 300 e 2 (ol =+ [el?)

presence of a new discrete symmetry, as mentioned before.
For example, scenarios A and D correspond to the Z; ®
Z% scenario. Similarly, scenarios B and C turn out to be Z¢
symmetry with ¢, =4, ¢ =5 or q; =2, ¢, =1 and
g =5 qg¢g=4 or q =1, ¢, =2, respectively.
Scenarios E and F fall under Z¢ with ¢; =4, ¢, =1 or
q1=2, =5 and g, =1, ¢ =4 or q; =5, ¢, =2,
respectively. These observations are summarized in
Table V. Let us recall that when we can have
q1 # q>,91 + g» # 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 y,y,H'H, y2x3, y3x7,
10 0l |? xuelrs|? interaction terms to give rise to

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

DM particles symmetry

DS particles and charges and charges
Symmetry and Resulting
charges Scenarios ~ symmetry q1 q>
Z5: (q1.92) A Z,Q Z 1 1,2
=(1,2) or (2, 1) 2 1,2
B Ze 4 5
2 1
C Z6 5 4
1 2
231 (q1.92) D 2, ® 2, 1 1,2
=(1,1) or (2,2) 2 1,2
E Z6 4 1
2 5
F Ze 1 4
5 2

one LLP and one stable DM. This is then equivalent to the
Z3;Q® Z’3 scenario [82]. But, in the two WIMP 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 (y,) pFIMP, we further need 4, to be
very tiny; see Appendix B2 to know the range of
couplings. Then, the available parameters that could be
utilized in WIMP-pFIMP phenomenology are

{mxl,mm,/lxl,/lm,/lm,ﬂlz,/g, and,u4}. (411)

2. Relic density

The total relic abundance for this WIMP-pFIMP setup
comes from y; as WIMP and y, as pFIMP to stipulate to

Qpyh® =2.744 x 103 “m,, ¥;[xs].
i=1,2

(4.12)

where Y; =n;/s, n; is the number density and s is
the entropy density. The DM yield (Y;) is calculated by
solving coupled BEQ for y; and y, 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

The WIMP 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 (g7 = ¢ — 0)
turns out to be [see Fig. 2(a)]

2 2.2 2
Geff _ Q)(lh MMy fn M
0 2 2 2 2 4ty
Q, h* +Q, h*4zv=my m),

2. (413)

|

In the above, p, = where m,, is the nucleon mass,

b
my+ny,

fa =343 s 4 with (7" =0.018(0.013), /7" =
0.027(0.040), and f5" = 0.037(0.037) [102].
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FIG. 2. Top: Panels (a) and (b) represent Feynman diagrams corresponding to the direct and indirect detection of WIMPs (y),
respectively. Panels (c)—(e) correspond to WIMP 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 ().

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 (y, — N) inelastic scattering cross section
at zero transfer momentum (g3 = ¢ — 0) limit is given by

2 2.0 2
off — Q,h Hpmy total

- T jpoal 2 414
2 Q h+Q, h Arviml m;, | Wt 1120 (4.14)

_ iy, total __ 12f :
where u, = . and I o= Fh)m;. One can easily
calculate
2 ( 2) — _jgrelic _ .’111)(7)(213’1}1;(1)(7

hyax; \dh hyox; 16722

1 2 — x(1—x)4m?
X / dx ln[m)“ =Dy ) 415
0

m2 —x(1 —x)qy

where g, is the transfer momentum associated with Higgs,
’IZMTME = —il;,, and ’%MT = —ild;gv. Using Egs. (4.13)
and (4.14), we impose the presently available direct
detection constraint from LUX-ZEPLIN, XENONnNT,
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 m,,
plane (corresponding to WIMPs) while the rainbow
color bar represents the DM mass difference and 4,4,

respectively. Here, we have taken p3 =2m,, and u,=2m,,,
which are the most useful parameters for DM semianni-
hilation. The Higgs resonance (m,, ~m;/2) and semi-
annihilation (m, ~ m,) of the WIMP help it to acquire
underabundance, while the total relic is adjusted by the
pFIMP, and we relax the 4,4 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 4,y, respecting the DD bound.

Figures 3(c) and 3(d) represent DM relic density-allowed
parameter space in the m, — oS plane corresponding to
pFIMPs. The spin-independent scattering cross section ¢St

X2
depends on the total loop amplitude (I'°®@..) which is a

hyoxs
function of A5, 4,5, and y; couplings, and they decide which
process in Fig. 2(f) dominantly contributes to the pFIMP
direct search cross section. Notably, aff also depends on the
mass splitting Am and pFIMP relic density Q“hz, 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 4,5 2 0.5 is under conflict with DD limits.

4. Indirect detection limits on WIMPs and pFIMPs

The limit on DM self-annihilation into bb, WtW~, ZZ,
and ¢7 is obtained from the data of the Fermi collaboration
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FIG. 3.
eff

In panels (a)—(d), we have shown the relic density-allowed parameter space of the two-component WIMP-pFIMP setup on the

m, — ;f]f (top panel) and m,,, — o5 planes (bottom panel). We have taken A}, = 13 = 44 = 1072 and y; = py = 10~ GeV to stabilize
x> and choose 4, = 107!2 to make y, a pFIMP. Other parameters kept fixed or varied are shown in the figure heading and inset.

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.EE.S.S. [51], and CTA [55] put a bound
on DM semiannihilation y;y; — y7h. 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 effective WIMP () self- and semiannihilation cross
sections are given by

ff Q}{ h'z :
A (R L (416
o= () e (@16

and

eff _ Q)(l h2 4.17
<0-v>)(1)(1—’)(fh - Q)( W2 + Q}( "2 <61]>;(1)(1—>)(Th‘ ( . )
1 2

In Egs. (4.16) and (4.17), the thermal average of self-
and semiannihilation cross sections are evaluated at the
WIMP freeze-out point, TE? ~ m, /25, and plotted in the

ff . . .
m, — <61}>;IT_}M—7 plane in Figs. 4(a) and 4(c), respectively.

The rainbow color bar shows the spin-independent direct

detection cross section of pFIMPs in cm? units. The
effective self- and semiannihilation cross section of
WIMPs depend on 4;5, 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 y, 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 (y,) is given by

Q h2 2
(00) " 5= (—) (00}t (418)
Xox5,—bb Q)(lh2+9){2h2 XX

and the pFIMP semiannihilation cross section is given by

Q. h?
S (. 2. e (419
<UU>1212—>)(2’1 (Q)m 2 +leh2> <Gv>xm—wzh (4.19)

The dominant self-annihilation of y, to SM pair comes
from Fig. 2(g), while others are suppressed due to tiny
couplings assumed for the stability of y,. We also need to
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remove the divergence contribution from the vertex cor-
rection diagram, Fig. 2(g). We take g¢j = 4m}, as our
renormalization scale [42]. Then, we calculate the thermal
average annihilation cross section at the pFIMP freeze-out
point, SO ~m, /25.

Figures 4(b) and 4(d) show the relic density-allowed

parameter space in the m,, — <av>eff and m

—>bb o
<Gv>;g(2_%h planes, respectively. The pFIMP effective

semiannihilation cross section is written in Eq. (4.19)
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FIG. 4. Panels (a) [(e)] and (b) [(f)] show the relic-allowed parameter space m,,

and is proportional to the Ay, 415, and uy couplings.
Among these three, A,y and A, contribute to the pFIMP
DD cross section. With larger 4,4, 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 m,, — <O-v>f(§f;(*—>bl_7 plane, and
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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 the Z; @ Z/ 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 ;(% helps in the
stabilization of the heavier particle. This parameter does not
have any significance in the WIMP-pFIMP setup. But the
presence of y3y3 and y3y’ terms has an important role in the
semiannihilation of y, for the WIMP-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 Z; @ Z% model. We will do
a similar kind of analysis to understand the benefits, similar
to scenario A. We study both (1) WIMP-WIMP (4,5 # 0)
and (2) WIMP-pFIMP (4,5 — 0) 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, 21 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, mpy 2 1 TeV, or
(2) both DM masses are far above the Higgs resonance.
In scenario B, the presence of the y; 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, y, semiannihilation is inefficient due to the
feeble 3, but it opens the door for conversion and semi-
conversion channels viay2y3 and 3y terms. Along with the
standard DM-DM conversion via the |y |?|y|? term, we then
have y; semiannihilation (yy, — y7h) due to )ﬁ and y,
mediated DM-DM conversion [Figs. 12(h) and 12(k)] and
semiconversion (y,x, — y;h) [Figs. 12(m) and 12(n)] due to
the presence of the )(2)(’[ term, all of which help in acquiring

the correct relic without perturbing the DD or ID searches.
The y; —y, conversion can also be possible via Higgs
mediation and y, 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 y,y, — yjhis
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 m, —m,, plane,
while the rainbow color bar shows the variation in percentage
contribution of y, in the total relic. If m,, > m,,, then the y,
relic is subdominant due to conversion of y; to y,, decreasing
the y; number density, but the y, 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 m,, — o5 and m,,, — 6" plane, respectively. In
Fig. 5(b), we see two kinks, m,, , around the Higgs resonance
and Higgs-mass region, where the semiannihilation process
is more effective because of the presence of the )(? term.
Beyond the Higgs mass, semiannihilation and the self-
annihilation cross section decrease, which can be adjusted
by A,y and 1;,, but 4, is strongly restricted by DD. On the
contrary, as the trilinear coupling of y, is very tiny to keep it
stable, there is no kink due to semiannihilation near the Higgs
mass in Fig. 5(d). So, with larger mass, the decrease in cross
section is adjusted by the enhancement of A,5. Although
semiannihilation of y, is not active in the absence of the )(g
term, semiconversion channels are there due to y3y} terms,
which help to relax the 4,5 coupling. In Fig. 5(d), we show
the effect of conversion in the m, —m,, 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 y, as pFIMP
by choosing 4,5 ~ 107'2, so that it does not have a direct
SM connection; however, sizable 4;, keeps it in thermal
bath via interaction with y;.

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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FIG. 5. Panels (b) and (c) show the relic density-allowed parameter space for two-component WIMPs in category B (Table III) in the
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rainbow color depicts variations in 2, h? and A,,. The couplings (15, 4, A3, A4) are taken adequately small (~1072°) to stabilize the heavier
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where both DM components obey the stringent limit on the spin-independent DM-nucleon scattering cross section from LZ-2025.
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FIG. 6. Panels (a) and (b), (c) and (d) represent the Feynman diagrams related to the direct and indirect detection of pFIMPs (),

respectively.

detection of WIMPs is possible through the Higgs portal
A1, but the pFIMP detection is possible only via the WIMP
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 .

Figure 7 shows the WIMP and pFIMP relic density-
allowed parameter space in the m, — oS off

T O > My, = 0y,

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 |Am/| can go up to 100 GeV;
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couplings (u,, ug, A3, A4) are taken adequately small to stabilize the heavier DM y, so that it falls in category B of two-component DM
(Table III). The rainbow color bar shows the variation in Am (left) and A,y (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.

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 y,y, — y7h [Fig. 12(m)] here, which
is strongly active when m,, ~ m,,. Figure 7(d) shows the
relic density-allowed parameter space in m,,, — fo, and the
color bar shows the variation in WIMP-Higgs portal
coupling (4,5). The pFIMP-nucleon cross section is
directly proportional to (u;, 412, 41y) 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 bb. Figures 8(a) and 8(b) show the relic-
allowed parameter space in the m, — (ov)! and

X 11 —bb
off planes, while the color bar shows the

){M’iebz
variation in —Logjos! and —Log;oosl,

m

., — (o)

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 )(% term. Figure 8(f) shows relic
density-allowed points in the m, —m,, 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
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FIG. 8. Panels (a), (c) and (b), (d) represent the indirect detection limit on the self-annihilation of WIMPs and pFIMPs into the
— bb(W*W™) 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 m,,

— m,, 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).

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 Z, symmetry, ¢; # ¢»,q, + q» # N,
the heavier component decays only to a dark sector particle,
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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
Zy ® Z)y case or the g # g5, 91 + g # N' case of a Z
group, where N’ > N. We have explicitly demonstrated all
the possibilities for having two DM components in Z,, Z5,
and Z, symmetric cases. We should note here that there is
no choice pertaining to g # ¢,.q; + g» # N for the 2,
and Z5 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 Z5. Interestingly, the choices of terms that should be
neglected (or assumed small) are not unique. This gives rise
to different possible scenarios in Z5; symmetry after
stabilizing the heavier component. For example, one can
have Z;3 ® Z; or Z4 with {q;,¢,} = {2.5}.{4,1}, 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 Z5; 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 Z, 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, ¥ and x9, which transform under the Z;3
symmetry as y) — wy! and 9 - %), is given by
L= Lo+ Lo+ L™ () + LU H). (A1)
The kinetic Lagrangian contains a noncanonical kinetic
mixing term,

£, = (0)" (%) + (0,22)' (923) + x(3uN(@2Y)
+ K0 (2, (A2)

where || <1 is required for the kinetic matrix to be
positive definite. For simplicity, we also assume that « is
real. The presence of the holomorphic kinetic mixing term
prevents the kinetic matrix from being diagonal. Therefore,
the first step is to 1dent1fy a field basis in which the kinetic
sector becomes diagonal.*

The quadratic part of the scalar potential is given by

it = (1200 ) G0 D)+ (1o 328,07 ) )0+ (o uane? )45 (o 0ne? GG
)

2 2
my, my

=m7 (D) () +m3, ()T () +mi, (e xd) +mi, ()T ()"

2 2
m my

(A3)

*We 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 ;((1) )(g, 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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[:mt ()(0’)(2’ )

1
+ 5/1(1)211()((1))((2) +Hc)HH-v?/2) + = /1 S[(0A%9)? + Heel] +

WO G2 + KGR GA) +HUAY + KA +Hel.

1. Kinetic diagonalization

0
1 /1 -1 H
()=l V)w) o
P V2 \1 1 H,
We introduce the field redefinitions [105—-108]
H -H H, +H
o _ 2 0 1 2 A6
A )" = Y (A6)
or, equivalently,
0 0V 0VF _
H1:)(1+()(2) , HZZ()h) . (A7)
V2 V2
Substituting Eq. (A6) into Eq. (A2) yields
L, = (1+x)0,H{0"H, + (1 —x)d,Hy0"H,.  (AS8)

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

Hl = \/§K+h1, H2 = \/EK'_hz, (Ag)
where k. = \/ﬁ Substituting Eq. (A9) into Eq. (AS8)
gives

Lillr}lz = (dﬂhl)Taﬂhl + (0ﬂh2)T()"h2, (AIO)
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
Egs. (A6) and (A9), the potential in Eq. (A3) becomes

A A+ 2,0l + Ayl P (HTH — v2/2) + Ay AP (HIH = 02/2) + 2l Pl

1
5 AP + 2l + Hee

(A4)

|
?ass = Emass _ Ki(m%l + Zm%z + m%z)hlh-lr
+ k2 (m}y = 2m3, + m3,) hyh
+ Kk K (m3y — m%1)(h1h; + hZhD(A“)

The mass-mixing matrix can be written as

— K3 (miy +2miy +m3y) Kk (my,—my,)
hihy — 2 2 2 (m2. —2m?2 2 ’
Kyk_(mzp—myy)  kZ(my —2mi, +m3,)
(A12)
The mass terms can be written in matrix form as
mass T ¥ hl
‘Chlilé = (hl h2 )Mhlhz h . (A13)
2

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

h cosd —sin@\ [ x1
= . + ). (Al4)
h, sin cos 8 X

where the mixing angle 8 can be given by

2 2 2
an20=— —2Xek-(mn=my) . (AI5)
(m7) +m3y) (k3 —K2) +2miy (k7 +&2)
and the diagonalized fields have the physical mass
2 U 2 4 (22
Myy = [<Mh w) + (452,)?
F (00,02 = 082,22 + 4042, (Al6)

Therefore, the old basis in terms of the new physical basis

can be written as

< 2 ) <K’+ —K'_> <cos€ —sin9> <)(1) (A17)
GO \kp ke sind  cosf ) \yi)

From Eq. (A17), we get 0 = R,y + Ryoy) and (49)" =

R
Ryt + Rzz;(;, and the Lagrangian can be expressed in
terms of these new physical bases, y; and y,, as
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Lo = Loy + Ly, + L™ (r1.20) + L™ (102 H),
where
L8 = (920" (31) + (022) ' (22).
LTS = m2 xix1 + mta,

L™y 0. H) = A |t + A ol + Al PHTH = 02/2) 4 Aoyl P(HTH = 02/2) + A v Pl |

(A18)

(A19)

(A20)

1 1 1
+ 5/11211()(1)(2 +H.c.)(HH=2?/2) + 5/1'12[()(1)(2)2 +H.c] + 5 Zaxveln P+ dxele? +Hel

1
+5 st + raiis + waxd + waxs + Hel,
with

A, = 2K3k_sin0cos’0 (=229, + 240 — 23 + 29) + 2k ki sin*@ cos O(=240 + 229 + 29 — 29)
+ x4sin*0(20 + 29 =23 =29+ 2%, + %) + khcos* (A0, + 20, + 23 + 2 + 29, + 1Y)

— 2k2 k2 sin?0cos?0(—3 (A0, +29)) + 29, + 43,).
Ay, = 2K, k2 sinOcos?0(229, — 2290 = 29 + 29) + 2 k_sin*@ cos 022 — 229 + 23 — 13)
+ k4sin*0(20, + 40, + A3 + 23 + 29, + %) + xtcos*O(A0 + 29, — 23— 29 + 29, + 1Y)
- 2k3 k2 sin?0cos?0(—3 (A2, +29)) + 49, + 2%,).
1

1 ' . '
- 51&1& sin(40)(=3(29, +29,) 4+ A%, + 4,) — 2«4 sinOcos® (0) (4D, + 49, + 23 + 43 + A}, + 47,)

— 2k sin3@ cos (=20, — 40, + 23 + 29 — 29, — 24%,),
1 1
Sh = §K+Ki(cos(29) + cos(40)) (=220, + 220 + 29 — 29) — k3 k_sin?0(2 cos(20) + 1)(229, = 229 + 13 — 19)
1 . ' . '
+ EKiK% sin(40)(=3(2), + 49,) + 47, + A7,) — 2«2 sinfcos*O(=A), — A9, + A3 + 24 — 20, — 4Y,)
— 2kt sind0cos 020, + 40 + A9 + 43 + 29, + 2%,),
Ay = k3 sin(40) (=229, + 229 + 29 — 29) + Sx_sin(40) (229, — 220 + 29 — 19)
+ &4 (—=sin?(20)) (=20, = 29, + 23 + 29 — 29, — A%,) + x4 sin?(20) (A9, + 29, + 23 + 29 + 29, + 1%)
— k2Kk2(—(3cos(40) + 1)(20, 4+ 22)) + 219, (cos(460) — 1) + (cos(40) + 3)1%,),
1 1 .
51'12 =3 (2k, 13 sin(40) (=220 + 220 + 29 — 29) + 23 «_ sin(40) (220, — 220 + 23— 19)
+ 24 sin?(20) (20, + 22, + 29 + 23 + 29, + 2%,) + &4 (cos(40) — 1)(=29, = 20 + 23+ 2 — 29, — 2%,)
— 2k2 k2 (—(3cos(40) + 1)(20, + 29 ) + 29, (cos(40) + 3) + (cos(40) — 5)2%,)).

Mg = k3.c0820(Ay, + Ay + 24%,,) + k_sinO(k_sin (A, + A9, — 22%,,,) + 2k, cos 02, — A0)),

Jog = k2c0s20(,, + A9y — 22%,,) + k. sin Ok sin (A0, + 29, + 24%,,) + 2x_cos 0(A0, — 29,,)),
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5/13 = —Ercik_(cos(ZH) + cos(46)) (249, — 229, + A3 — 23) + K k2 sin*0(2 cos(20) + 1) (24, + 249, + 23 — 13)

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)
(A28)

(A29)
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1
5 A1 = —k_k,sin*0(A0, — A%y) + k_k, cos?0(A3,;, — A0,)

+ (ko — Ky ) (k_ + k) sin@cos (A0, + 29,,) + (k2 + «2)(—sin(20))2),,, (A30)

2 2\4
=32 (19 = pS + 4§ — ) sin Ocos?0 + 3k (1 + 1S + pud + uY)sin’0 cos 0), (A31)

1 1/1 . . 1
i = (g == 384 34 ) (sin0 = 35in(30) = oo 6+ = 30 + ) cos 0+ 3cos(30)

111 . . 1
SHy == <— kK2 (Y i = 3(3 + ) (sin 6 = 35in(36)) + 2ok () — 43 = 33 + 3pg) (cos 0 + 3 cos(36))

2 2\4
=33 (1 + pS + p + 1Y) sin Ocos?0 — 33 (U8 — ud + ) — puf)sin0 cos 9) , (A32)
1 ! 2 2 0_ 0\ qi 0, 0
FH3 = 2( (k2sin?0 — k%.cos?0) (k_ (1 — ud) sin @ + . (49 + ) cos 0)
+ u9(=(k_sin @ — k. cos 0)3) + Y (x_sin @ + k. cos 0)3), (A33)
L _ 1., . 3 0 - 0)3
FHa =5 (13 (= (k. sin@ +k_cos0)’) + py(k_cos @ — k, sin6)

+ (k_cos @ — k. sin0) (k. sin @ + x_ cos @) (ko (19 + p9) sin @ — k_ () — ) cos 9)). (A34)

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 (Ag), Ag(mg) = A, (m;)A,(m,) [Fig. 9(a)] is given

I A AlA - [1 - et 1-— 1 |M| dQ (Bl)
0 2 6471' my m my '

Let us consider a process like Ag(mg) — A;(m;)A,(m,)As(m;3), 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 (A) is given
by [110]

&’p 4ca - INVIE
Fl“o—*Alz‘lz“z‘l,1 2m0 < / 0 32lE/) ) o (p— ;pi |M| Ag—ALAy. Ay (BZ)

Sy = 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],

Ay Ay Ay Ay
AO AO A2
A A .
S S,
A, As A, A,

(a) (b) (c) (d)

FIG. 9. Panel (a) shows the two-body decay when m > ZIZ:  m;. 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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1 1 —
| YRR :Skmﬂ—mg/dm%z/dm%3|M|2Ao—>AlA2A3,

(B3)

where

2
m%3|max = (EE + E;)z - (\/Ezz - m% - \/E§2 - m%) ’

(B4)

2
Ml = (B3 + E5)? = (\JES? —m3 4 \/E52 — m)".

(BS)

m%2|max = (mO - m3)2 and m%2|min = (ml + m2)2’ <B6)
E; = (m}, —m? +m3)/2m;, and

Es= (m<2) - m%z - m%)/zmlz- (B7)

1. First alternative way

FAO —A1AyA;

1 1 Erlnax Eg]ax 2
= (271)38—1110 dE, . dE;| M| Ag—A ArAy (B8)
2

'min

1

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

min __
EYM =

5[ mo = B = (B} = )i )
23 - -

(B9)

. _
(o= Ey s+ (B} =)oy m3 ).

(B10)
with

m3y = m} + m} —2myE, (B11)

(a) (b)

Ma,b,c)=a*>+ b*+ c* —2ab — 2bc — 2ca, (B12)

. 1

0

and 4 is the Killén function.

2. Second alternative way
Here [111,112],

1 | \/ﬂ(m(z)’m%’qZ)l(qZ’m%, m%)
dUp ~,m,8, = 64m; (27)* v

2 * 2
qu dcos@ |M|AO_’A1A2A3

(B14)

where g =po—p1, @i =(ma+m3)?, Gha = (mg —my)%.

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

The presence of the Higgs portal interaction for ¢,
and ¢, 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-level + loop correction) to derive
stringent limits on the couplings associated with the
¢ — ¢1h 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 44, 4,1 V-
We aim to determine the stringent limit on this coupling such
that the decay time of the heavier particle, 7,,, exceeds the

FIG. 10. Panels (a)—(d) correspond to the tree- and one-loop level decays of ¢, to ¢; plus on-shell Higgs under the assumption
mg, > my, , 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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TABLE VI. A few examples bound on the parameters to stabilize ¢» DM, which is also odd under Z,. Other
parameters appearing in the decay width are taken as 1,57 = 1. More importantly, the lifetime of the decaying DM
has to be greater than the age of our Universe, 6.4 x 10* GeV~'.

Decay channel m,, [GeV] m, [GeV] AMan A2 Lifetime [GeV™']
¢ = P10 200 70 102! e 7.77 x 101
¢, — ¢ SMSM 200 70 102! 1019 1.30 x 10%
¢, = ¢;SM SM 200 110 102! 10719 2.91 x 10¥
hr, — P All 200 70 10721 10-16 7.77 x 104
¢, = ¢ All 200 110 10721 10-16 5.43 x 10*
Lk X1 rooh X2 77 h X1 77 h
X2 -+-<] X2 -»-<_ X1 X2 -+--1 X2 X2 ===/ X2
‘\\ L “x : N :
X1 X1 -—~-X1 X2 Loe - X1 X2 Lo - X1
(a) (b) (c) (d)
h
---h --- X2 .r---
XQ/‘/T X1 /:_ h g /7— h Yo —o- < s
X2 -»-~_ X1 X2 -=-%_ X1 X2 - -~ X2 N
RN e Tl X12 M- s
X1 Lo_yy X1 T X1 ’ X1
(e) (f) (9) (h)
h h h
X2 --=-<_ X2 X2 --~-<_ X2 X2 --=-<_ X2
N . X1 N X2 N . X1
Y \\ 1 \‘ Iv ‘\
SN o X oA
X1 \\ X2 \\ X2 \\
X1 X1 X1
(i) @) (k)
X1,2 oh X2 ,h X1 Jh
( 7 PR /-4\\ L7 /,>~\ L7
X2—+\——’—<——<: X2—->—-\ }__.__<: X2—->—-( I:——q——<:
X1 v ool X oo X v
X1 X2 X1 X1 X1
(1) (m) (n)
'h
X2 . h X2 x; r==h Xz X
, "\\ . "\\ ,' ! XQ —>—/ | \b——<-—(,
X2 - > - X2 - - kootxa . ¢ I
S XL ceel e X2 X1 .
X1 X1 X2 X1 Lo X X1
(0) (p) (Q)

FIG. 11. Panel (a) is the Feynman diagram corresponding to the tree-level decay: y, — yh. After ignoring the diagrams involving the
hy 1y, vertex, the remaining Feynman diagrams, panels (b) to (0), 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)].
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TABLE VIIL

The bound on particular parameters to have the lifetime of the Z; charged DM greater than the age of

the Universe, 6.4 x 10*! GeV~!. The other parameter values that will appear in the decay width of the DM are taken

as py = p3 = py =2my, g = Ap =4 =4 = L.

Decay channel m,, [GeV] m,, [GeV] Uy [GeV] Mon A3 Lifetime [GeV~!]
1> = 71h 200 70 1077 102! 1071 1.70 x 10*?
1> = 71h 200 70 1071 102! 10~ 1.58 x 10*2
1> = 71h 200 50 1077 102! 107" 6.40 x 102
12 = 71 SMSM 200 70 10715 102! 10~1 6.50 x 10*2
1> = 71 SMSM 200 110 10715 1072 1015 1.74 x 10*8
12 =y All 200 110 1071 1072 10713 1.74 x 10*8
12 =y All 200 70 10715 10721 1071 6.50 x 10*2

age of the Universe: 7,,;, = 6.4 x 10" GeV~!. The decay
time for the tree-level ¢, — ¢ h process is

! :/Ifzf’lf/’zHU2 \/|:1 — <.m(/’1 +mh>2:| |:1 - <mu| _mh>2:|
> 16zm y, my, mg,

(B15)

The tree-level decay shown in Fig. 10(a) indicates that a
coupling of 4, 4, n < 1072 is sufficient to ensure that 7,,
exceeds the age of the Universe, 7,,;,. At the next order, a
one-loop decay is also possible. However, we disregard
diagrams involving the h¢;¢, 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 1;;, and 4,5, couplings are necessary
to stabilize the heavier particle. These couplings are
expected to be 24y 4, due to the loop suppression factor
of 1/(16x%). However, a proper loop calculation is required
to determine the upper limit accurately. Ideally, the total
decay width of ¢, 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 my , my, Ay s, A2, and Ay that
stabilizes ¢, ensuring that 7, > 7,4, while keeping the
other parameters within a weak ordering regime.

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

Similar to the case with Z, symmetry, there are decay
channels for the heavier DM particle under Z5 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 m,, > m,, .
However, the decay constraints are equally applicable to
the opposite mass hierarchy.

(1) The tree-level decay process y, = yj+h

[see Fig. 11(a)] is mediated by the coupling 1;,5.

According to Appendix (B15), to ensure 7,, > 7,
in the presence of this tree-level decay, we re-
quire A,y <4 x 10722,

(2) Ifweignore the diagrams involving the 4,y coupling,
we obtain one-loop decay diagrams, as shown in
Figs. 11(b) to 11(0). The associated interaction terms

and their corresponding couplings, whose small

TABLE VIII. Diagramwise operators contributing to the proc-
ess of the decay of the LLP dark matter component for the mass
hierarchy m,, > m, . The corresponding interactions marked by
the symbols (f, £, &, ®, A, <, and o) are sacrificed in different

scenarios corresponding to Table III.

Diagram Contributing operators
Tree-level
Fig. 11(a) yiH H
One-loop
Fig. 11(b) 1 PIHP, s,
Fig. 11(0) W PIHE, %3 *0
Fig. 11(d) xuaH H, i3, o
Fig. 11(e) xHH, %023,
Fig. 11(f) b PH I 2 P
Fig. 11(g) 2P, 2l
Fig. 11(h) 2 lP1H 12, Al P/ s el
Diagram Contributing operators
One-loop (contd.)
Fig. 11() 2 PIHE, s,
Fig. 11(j) P IHP. &6, %0
Fig. 11(k) I)(z|2\{1|2, s s
Fig. 11() P sl P2 Proxe
Fig. 11(m) i PIHE, %3 *0
Fig. 11(n) i PIHE, T, “n
Fig. 11(0) b PIHE, *i0. iz
Two-loop
Fig. 11(p) b PIHE, 26, s %0
Fig. 11(q) LAlH 2t “nis *0a
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values contribute to the stability of y,, 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 y,, 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 (167%)72.

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 Z; symmetry, categorized based on the
choices of ¢; and ¢,. Scenarios A, B, and C correspond to
the case where ¢, # ¢, and ¢q, + ¢, = N(=3), while
scenarios D, E, and F represent the case where ¢; = ¢,
but g; + ¢, # 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
m,, > m, are shown in Fig. 11. For the opposite hierarchy,
m, > m,, , similar/inverted diagrams contribute to the
decay of yq, 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 y,y,H'H is negligible. Suppressing this
operator allows us to further reduce one-loop contributions
by taking couplings like y%x3, ¥1x5, 13, and y3 to be small.
Additionally, making the ;(%)(% coupling small suppresses
the two-loop decay channels, which helps ensure that y,
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]

MP2 = 161> " a;(21+ 1)Py(cos ).
=0

(C1)

where 6 is the scattering angle and P;(cos8) denotes the
Legendre polynomial of order I In the high-energy limit,
the dominant contribution comes from the s wave (I = 0),
with the partial amplitude a; governing the leading
behavior of the process. The unitarity condition then
requires

[Re(ap)| < 5. (€2)

N =

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

|IM] < 8. (C3)
When multiple 2 — 2 processes are possible, one needs to
construct an S-scattering matrix /\/llzj_’2 = M,_,; by taking
into account all possible two-particle states. In the high-
energy limit, the SM Higgs doublet is expressed as
H=(G* h*—\/ZgO)T and the interaction Lagrangian in
Egs. (4.1) and (4.2) gives rise to 22 two-particle neutral
states:

hh 00

{,G & GGG,
V2© V2
h’/}//i?h)(;'kaO iaGOZ;F’
XiXi XiXi

) 3 L ’5(9 5 H *7 *’ i ) C4
3 KA 20 )(1)(2} (C4)

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

> {hG*,G°G* 1,G* 1 G*}, (C5)
i=12
and only one double charge two-particle state is
G*G*
— = (Co)
V2

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

MBor 0 0
M= 0 M 0|, (C7)
0 0o MPG

with the submatrices given by
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Mﬁﬁ4x4 Mﬁzxs M)I;(I;leo MSS4X4 04><8 M)l({)(ljxlo
Mlz\lzcxzzz ME{IM Mgﬁm M%xm = Ogx4 Mgfm Ogx10 ’ (CS)
M)g{HmX4 M)I(-ﬁ(mxg M%{(mxlo M{{(Hloﬂ O10><8 M))gmxm
where
hh/vV2 G°G°/NV2 GTG™  hGP
hh/V/2
. 3y Ay 2y O
Miii,., = o 3 V2 0| . (C9)
GTG~
GO V2iy 20y 4y 0
0 0 0 2y
l’l){ hy* h hy* GO GO * GO GO *
1 X1 X2 X2 X1 X1 X2 X2
h}(l 0 llH ﬂle/2 O 0 0 O 0
hy; My 0 0 Aan /2 0 0 0 0
h){z 112[.1/2 0 O )“2H O 0 0 0
M by 0  Apw/2 oy 0 0 0 0 0 , (C10)
Goj(l 0 0 0 0 0 /11].1 112].1/2 0
GO)(T O O 0 O ﬂ'lH 0 0 112[.]/2
Goj(z 0 O O O ﬂ]zy/z 0 0 12].[
GO)(E 0 0 0 0 0 AIZH/Z /121_1 0
hh/v2  G°G°/V2 GG hG?
)(1)(1/\@
o 0 0 0 0
)(1)(1/ 0 0 0 0
26IV2 0 0 0o 0
Tty = Lz A /V2 A/ V2 im0, (C11)
a2 hu/V2Z  dou/V2Z dg O
x Mo/ (2V2) Aou/(2V2) Am/2 0
XX
- Do/ (2V2) o/ (2V2) diaw/2 O
A1 0 0 0 0
yix 0 0 0 0
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)(1)(1/\/z
Xii/V2
X202/ V2
Xx3/V2

M 0 = X
X043
X1X2
X0
X1
X102

[hG™)
|G°GT)
Mgge = |nG")
iG")
rG*)
:G")

X /N2 G INZ N2 0IN2Z axl xad

[hG™)

S O O O O

24,

/
’112

0

0

o O O o O

S‘@
N5

22, A
0 0
0 0
By 2,
0 0
0 0
0 0
0 0
K £y
V2 V2
0 0
G°G™)  nG™)
0 0
20y 0
0 0
0 A
0 Aon/2
0 0
MII)SI =

X2 X X6
0 0 0 0 0 0
Ay 0 0 0 0 A3/ V2
24, 0 0 0 0 A/ V2
0 0 0 0 0 0
0 42, I A A 0
0 hop 44, A A 0
0 yn A 22, A 0
0 A A Mo 24, 0
0 0 0 0 0 0
% 0 0 0 0 s
G nGT)  nGh)
0 0 0
0 0 0
Mu A2m/2 0
0 0 Ao /2
0 0 Jon
/112H/2 /IZH 0
% |G+G+>

151G G*) ( 2 ) '

Xix2

A3/V2
0
0

Aa/V2

o O o O

(C12)

(C13)

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

follows:

[Ay| < 4,

|12 = 241, | < 8z,

|Aig + Aop £ \/(’1111 —Jo)* + Aoyl < 167

(C14)

(C15)

(C16)

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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APPENDIX D: RELEVANT FEYNMAN DIAGRAMS FOR TWO-COMPONENT DM
IN THE Z; SCENARIO

X1.2 Ch Xi-wTe-- B Xo-e-r---p X12 SM X1 ->-~---h
\\ e : : ‘\ :
AN e 1 1 AN 1
PN X1Y X2 ol X1
,I \\ 1 1 ,I h 1
X1,2 h X1--«+---h X2--«+---h X12 SM X1 -»-+-«-X1
(a) (b) () (d) (e)
X1-=—+-+-X1 X1 X1 X1 X2 X1 X2 X1 X2
: \‘\ /,, \\\ /,, \‘\ /’/ \‘\ /’/
; Xl Palonin :)— —— x \)(,
| ’/ Xl \\ ’/ Xl \\ ’/ \‘ ,' \‘
! . . N . N ‘ N
| . N . N . N .7 AN
X1---+---h X1 h X1 X2 Xi X2 X1 X2
®) (9 (h) (i) )
X1 -»-+=-X2 X1 X2 X1 X2 X1-+-—+---h
1 N 4 N /‘ 1
: \‘\ /’, \‘\ ,", :
X2 e b X1
1 /x/ h \x\ ,’ Xl \\\ 1
X1--++-+-X2 X1 X2 h X2 X2 ===+ +--X2
(k) V) (m) (n)
FIG. 12. The Feynman diagrams in panels (a) to (d) represent the self-annihilation of yx; and y, DM, where

SM = {Higgs, quarks, leptons, W*, and Zboson}. The Feynman diagrams in panels (e) to (g), (h) to (I), and (m) and (n) represent

the semiannihilation, conversion, and semiconversion channels of y,

relevant for scenarios A and B.
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