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“The important thing is not to stop questioning.
Curiosity has its own reason for existing.”

-Albert Einstein
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Abstract
Despite the remarkable success of explaining the fundamental constituents of

the visible universe via weak, electromagnetic and strong interactions, the Standard
Model (SM) of particle physics fails to explain many observations, for example, the
presence of a non luminous dark matter (DM), matter-antimatter asymmetry, tiny
but non-zero neutrino masses amongst several other issues. In this thesis we pri-
marily aim to address different possibilities of DM appearing in extensions of the
SM,which has both theoretical and phenomenological implications. Amongstmany
possibilities of DM genesis, we focus mainly on Weakly Interacting Massive Parti-
cles (WIMPs), Feebly Interacting Massive Particles (FIMPs), and Strongly Interact-
ing Massive Particles (SIMPs). Our interest mainly lies when we have more than
one different kinds of DM present in the universe, and consequent phenomenol-
ogy in direct, indirect and collider searches. We compare the consequence of DM
freeze-out and freeze-in before and after Electroweak Symmetry breaking (EWSB),
to show that it leaves an important imprint in DM mass, in an analysis involving a
vector boson WIMP and a scalar FIMP. When the interaction between WIMP and
FIMP exceeds a certain limit, the FIMP equilibrates to the thermal bath and freezes
out, giving rise to a new kind of particle called pseudo-FIMP (pFIMP). The dynam-
ics and detection possibilities of pFIMP through loop induced direct and indirect
searches are studied. Leveraging its phenomenological advantages, we are also able
to explain the non-observation of lepton flavor-violating (LFV) decays. The possi-
bility of pFIMP appearing in presence of SIMP is also discussed. We also propose
a UV-complete model that could show a distinct signal in the direct detection recoil
rate spectrum, indicating the presence of two DM components, after addressing all
the relevant cosmological and collider constraints. We also investigate the possi-
bility of having two stable DM components under a single discrete symmetry, by
taking kinematic constraints into account, which shows some remarkable possibil-
ities. Apart, we demonstrate that two DM components can also play an important
role in determining the small active neutrinomasses and generating theCP violating
decays in addressing baryon asymmetry of the universe.
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Chapter 1
Introduction

Contents
1.1 Standard Model of particle physics . . . . . . . . . . . . . . . . . 2

1.2 Issues with the Standard Model . . . . . . . . . . . . . . . . . . 5

Theoretical frameworks for studyingphysical phenomena range from small-scale
(∼ 10−15 m, corresponding to the size of elementary particles) governed by the
Standard Model (SM) of particle physics, to large-scale (∼ 1027 m, the observable
cosmic scale) governed by the General Theory of Relativity and Cosmology. They
have shaped our understanding of the universe and its evolution to a great extent.
SM of particle physics has been remarkably successful in predicting the interac-
tions between the visible sector fundamental particles. After the discovery of the
Higgs Boson in 2012, it can be deemed complete. However, observations from var-
ious astrophysical and cosmological studies [1–6] suggest that the universe is com-
posed of about 4.9% baryonic matter, 26.8% non-luminous matter which is called
as Dark Matter (DM), and 68.3% dark energy (DE) (see Fig . 1.1). This striking as-
sertion mainly stems from the observation of anisotropies in the Cosmic Microwave
Background Radiation (CMB) experiments via Wilkinson Microwave Anisotropy
Probe (WMAP) and Planck collaborations [7], based on the Friedmann-Lemâitre-
Robertson-Walker (FLRW) [8, 9]metricwithin the LambdaColdDarkMatter (ΛCDM)
model. Both DM and DE are unaccounted for in the SM. Another puzzle of the uni-
verse is the dominance of matter over antimatter. The matter-antimatter asymmetry
remains an open question and also calls for physics beyond the Standard Model
(BSM). In addition, there are several questions for which we do not have an answer
within the SM of particle physics. In this chapter, we review the key aspects of the
SM of particle physics and the issues to go beyond, some of which are pertinent for
problems dealt with in the thesis.
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Ordinary Matter
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Dark Matter
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Dark Energy
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Figure 1.1: Energy content of the universe.

1.1 Standard Model of particle physics

The observed universe, made up of visible particles, is decipherable to a great extent
via the model proposed by Weinberg and Salam around 1967-68 [10–12], and well
known as the Standard Model (SM) of particle physics. What constitutes the SM,
are the elementary particles having electromagnetic, weak, and strong interactions.
The present form of SM is realised via years of research and dedication.

The quest for fundamental particles started long back, and the most promising
one was the discovery of the electron by J. J Thomson in the Cathode Ray Tube Ex-
periment around 1897 [13, 14]. The discovery of the muon happened much later in
1936, by Carl Anderson and SethNeddermeyer in cosmic rays. Discovery of electron
neutrino in 1956, by Clyde Cowan and Frederick Reines in nuclear reactor experi-
ments, followed bymuon neutrino discovery in 1962, by LeonM. Lederman, Melvin
Schwartz, and Jack Steinberger in accelerator experiments opened the window of
weak interaction physics. Discovery of up, down and strange quarks, proposed by
Murray Gell-Mann and George Zweig to explain hadron structure in 1964, was con-
firmed via deep inelastic scattering experiments at SLAC at 1968. Charm quark dis-
covery was in 1974, by Burton Richter and Samuel Ting in the J/Ψ particle. Tau lep-
ton was discovered in 1975 by Martin Perl and collaborators at SLAC, bottom quark
in 1977 by Leon M. Lederman’s team at Fermilab in bottomonium states, Gluon in
1979 via indirect observation in three-jet events at the PETRA collider. W and Z
boson discovery in 1983 by Carlo Rubbia, Simon van der Meer, and the UA1/UA2
Collaborations at CERNwas an important milestone in achieving SM. Top quark be-
ing heavy, remained hidden for a long time, andwas discovered in 1995, by the CDF
and D/O Collaborations at Fermilab. The recent discovery of the Higgs boson [15]
at LHC in 2012 [16, 17] completes the SM. The full SM particle content is shown in
Table 1.1.

The mathematical framework which governs the interactions in the SM is based
on quantum field theory (QFT). The theoretical development towards achieving the
SM also started long back. The discovery of Maxwell’s equations (1860), which
unified electricity and magnetism can be marked as the beginning of this exciting
journey. Around 1900-1905, quantum physics started developing with pioneering
efforts of Planck, Einstein, Bohr etc., which slowly shaped in quantummechanics by
1920s, majorly developed by Schrödinger, Heisenberg, and Dirac. The construction
of Dirac equation and the proposal of antiparticles in 1928 unified quantum physics
and special relativity. One of the most remarkable discoveries is the formulation of
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Quantum Electrodynamics in 1940s, by Feynman, Schwinger, and Tomonaga. The-
ory of weak interactions proposed by Fermi in 1933 was taking a concrete shape
with developments of non-abelian gauge theory around 1954, proposed by Yang
and Mills. A unified electroweak theory could be achieved in 1960s, with the pio-
neering proposal of Glashow,Weinberg, and Salam, which is at the heart of SM. The
Quarkmodel as proposed byGell-Mann, Zweig in 1964 to classify the hadrons, got a
robust footing around 1970s with the developments of Quantum Chromodynamics
(QCD) as a gauge theory based on the SU(3) symmetry, with Gluons mediating the
interaction. As awhole, the vision of SMas a gauge theory of SU(3)c⊗SU(2)L⊗U(1)Y,
where the gauge bosons mediate electromagnetic, weak and strong interactions be-
tween the constituent leptons and quarks could be built. However, one point kept
bothering us, was the masses of the particles, which couldn’t be written within the
unbroken gauge symmetry. This gives rise to another phenomenal proposal of SM
gauge symmetry to be spontaneously broken SU(2)L ⊗ U(1)Y → U(1)EM at the elec-
troweak scale around 246 GeV via Higgs field acquiring non-zero vacuum expecta-
tion value (VEV), proposed by several authors including Peter Higgs, and Francois
Englert. This is called Electroweak Symmetry breaking (EWSB) and was experi-
mentally verified via Higgs discovery at the LHC.

The SM Lagrangian involving particles mentioned in Table 1.1, is [26–30],

LSM =− 1

4
Wµν .W

µν − 1

4
BµνB

µν + ℓαL i /DℓαL +Qα
L i /DQα

L + ℓαR i/∂
′
ℓαR + uαR i/∂

′
uαR

+ dαR i/∂
′
dαR − (yℓαβℓ

α
LHℓ

β
R + ydαβQ

α
LHd

β
R + yuαβQ

α
LH

cuβR + h.c.)

+ |DµH|2 − µ2
HH

†H − λH(H
†H)2 + LQCD ,

(1.1)

where ∂′µ = ∂µ − igY
1
2
YBµ, Dµ = ∂µ − igw

1
2
σ.Wµ − igY

1
2
YBµ and Hc = iσ2H

⋆. The
gauge field strength tensors are defined as Bµν = ∂µBν − ∂νBµ, W

a
µν = ∂µW

a
ν −

∂νW
a
µ + gwϵabcW

b
µW

c
ν where Bµ is the hypercharge gauge boson, W a

µ are the SU(2)L
gauge bosons and anti-symmetric Levi-Civita tensor ϵabc are the structure constants
for SU(2)L gauge group, with a, b, c = {1, 2, 3}. Left-handed leptons (ℓαL ), left-
handed quarks (Qα

L ), right-handed leptons (ℓαR ), and right-handed quarks are rep-
resented as,

ℓαL =


νeL
eL

 ,

νµL
µL

 ,

ντL
τL

 , Qα
L =


uL
dL

 ,

cL
sL

 ,

tL
bL

 ; (1.2)

ℓαR = {eR, µR, τR} , uαR = {uR, cR, tR} , dαR = {dR, sR, bR} ; (1.3)

where α = 1, 2, 3 represents the generation index. Left(right) handed fermions are
defined by the chirality operator, ψL,R = 1

2
(1 ∓ γ5)ψ, where ψ is a Dirac spinor.

In SM right-handed neutrinos are absent. The U(1)Y hypercharges correspond to
ℓαL , Q

α
L , ℓ

α
R , u

α
R , d

α
R , H are −1, 1/3, − 2, 4/3, − 2/3, 1, respectively, while the

weak isospins of the weak isodoublets are formulated using I3 = Qe − Y/2. Here,
σs are the pauli spin matrices and σ/2 are the generators of SU(2)L gauge group.

1Using the isotropy of the CMB to place stringent constraints on a possible electrical charge
asymmetry of the universe: Qγe < 10−35 [19], Qνe < 4 × 10−35 [20] and for heavy (light) DM,
QDM
e < 4× 10−24 (10−30) [20].
2The various observational studies are suggested that the photon is not entirely massless and

derive a stringent upper limit [21–25]: < 1.5× 10−24me.
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Fundamental Particles Electric Charge (Qe) Spin Mass (GeV)

Up (u) +2
3

1
2

(2.16± 0.07)× 10−3

Down (d) −1
3

1
2

(4.70± 0.07)× 10−3

Cherm (c) +2
3

1
2

1.2730± 0.0046
Quarks

Strange (s) −1
3

1
2

(93.5± 0.8)× 10−3

Top (t) +2
3

1
2

172.57± 0.29

Bottom (b) −1
3

1
2

4.183± 0.007

Electron (e) −1 1
2

0.511× 10−3

Electron neutrino (νe) 01 1
2

≈ 0

Muon (µ) −1 1
2

105.658× 10−3

Muon neutrino (νµ) 01 1
2

≈ 0

Tau (τ) −1 1
2

(1776.93± 0.09)× 10−3

Leptons

Tau neutrino (ντ ) 01 1
2

≈ 0

Photon (γ) 01 1 02

W boson (W±) ±1 1 80.3692± 0.0133

Z boson (Z0) 0 1 91.188± 0.002

Gauge bosons

Gluon (g) 0 1 0

Scalar Higgs (h) 0 0 125.20± 0.11

Table 1.1: The SM Particles, their electric charges (Qe) and Masses [18].

The Yukawa couplings are, in general, complex and non-diagonal. However, af-
ter the rotation to the physical state with a defined mass, it is achieved by defin-
ing mass eigenstate as a linear combination of flavor eigenstate. After the sponta-
neous EWSB, for µ2

H < 0, Higgs acquire non-zero vacuum expectation value/vev (v)
H = (H+, H0)

T → 1√
2
(0, h+ v)T , and the gauge bosons (W±, Z) becomemassive,

mW =
v

2
gw and mZ =

v

2

√
g2w + g2Y , following the Goldstone theorem [31, 32]. The

leptons and quarks also get mass through Yukawa interactions proportional to v.
The unbroken gauge group is U(1)EM, and the photon remains massless. Absent a
right handed neutrino, neutrinos remain massless in SM [33–36]. Neutrino flavor
oscillation however, indicates the presence of a tiny neutrino mass; we will come
back to this issue later. After EWSB, the QCD gauge symmetry SU(3)c remains un-
broken, under which quarks are triplet. The QCD Lagrangian reads,

LQCD =
∑
q

Ψq,a

(
i/∂δab + gs

1

2
γµGc

µλ
c
ab −mqδa,b

)
Ψq,b −

1

4
Gµν .G

µν , (1.4)

where Ψq,a represents the quark fields with flavor q and color index a, which runs
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from 1 to 3; as quarks come with three colors. Gc
µ corresponds to the gluon fields

with color index c running from 1 to 8 as Gluons transforms under adjoint repre-

sentation of SU(3)c.
λcab
2
s are the SU(3)c gauge group generators and this eight 3× 3

matrices (λc) are known as Gell-Mann matrices. gs =
√
4παs is the QCD coupling

constant while αs is the strong coupling constant, which measures the interaction
strength between quarks and gluons. The field strength tensor of the gluon fields:
Gc
µν = ∂µG

c
ν − ∂νG

c
µ − gsf

abcGa
µG

b
ν and [λa, λb] = 2 i fabcλc where fabc is the struc-

ture constants of the SU(3)c group. The gluon-gluon interaction arises from the last
non-linear term. Neither quarks, anti-quarks, nor gluon are observed as free par-
ticles in nature. More importantly, the color confinement mechanism ensures that
any observable particle is color-neutral or colorless.

Following the Eq . (1.1), we can identify all possible interaction terms among the
fundamental particles. The discovery of a 125 GeV scalar in 2012 at the LHC [16, 17]
confirmed that the SM is an extremelywell-verified theory at the EWscale, with only
a few exceptions. For example, we are yet to confirm whether the 125 GeV scalar
originate from SM Higgs doublet unless all its associated couplings are measured.
This also gives rise to the question what kind of phase transition the universe went
through at the EWSB scale, or whether the Higgs vacuum is stable/metastable up
to the scale of gravity, all relevant for NP search prospects.

1.2 Issues with the Standard Model
Despite the significant achievements of the SM in explaining elementary particles
and their interactions, many unsolved issues remain. The challenges include ex-
plaining the existence of a non-luminous DM, tiny yet non-zero masses of neutri-
nos, the hierarchy problem [37–39], gauge coupling unification [40–43], the stabil-
ity of the Higgs vacuum [44–47], the strong CP problem in QCD [48–51], matter-
antimatter asymmetry prevailing in the universe, flavor anomalies etc. We discuss
some of these issues below.

1.2.1 Evidences of a non-luminous dark matter
The existence of a non-luminousDM,which accounts for about 85%ofmatter present
in the universe [7], can’t be accommodated within the SM and has been a key mo-
tivation for studying physics beyond the SM. The hint for DM mainly comes from
astrophysical and cosmological observations [1]. In 1930, J. H. Oort first realized
that the motion of stars in the Milky Way required more mass than was previously
imagined [2]. Later, in 1933, F. Zwicky also found a similar indication of missing
mass but at a large scale when he calculated the velocity dispersion of galaxies in
coma clusters using the Doppler shift effect [4]. Around the 1970’s V. Rubin’s group
performed a long study of the rotation curves of 60 isolated galaxies, observed rota-
tion curves are constant up to very large radius instead of falling as v ∼ 1/

√
r in the

absence of non-luminous matter due to Keplerian behavior [5]. Another support-
ing observation related to this comes from the 21− cm rotation curve of the nearby
galaxyM33 out to a galactocentric distance of 16 kpc [52, 53].

Gravitational lensingprovides anotherway of probing the presence of non-luminous
matter, as it can map the total gravitating mass of a galaxy cluster by exploiting
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the fact that gravitational fields affect the propagation of light. In the strong lens-
ing regime, where we have a very dense region between the source and observer,
light emitted from the source follows several geodesics to reach the observer and
results in multiple images of the same physical source in the observer’s view. In the
weak lensing regime, the presence of some non-luminous massive object between
the source and observer results in distortions of the apparent shape of the luminous
object by changing its gravitational potential. This methodology was adopted in
the observation of “Bullet Cluster” (1E0657-56) [6]. In a collision of galaxy clusters,
the hot gas of both systems has dissipated energy due to electromagnetic interac-
tions, which is held up at the point of collision, but DM halos pass straight through
without sufficient collision, and their presence could be inferred from this weak
gravitational lensing. On the cosmological scale, Cosmic Microwave Background
(CMB) Radiation gives us strong evidence of the existence of DM. The analysis of
CMBanisotropies provides uswith an accurate estimate of cosmologicalmodels and
strong constraints on cosmological parameters. Wilkinson Microwave Anisotropy
Probe (WMAP) [54] and Planck [7] data suggest that the universe is made up of
around 4.9% baryonic matter (like baryons, leptons), 26.8% non-baryonic matter
known as DM and rest 68.3% dark energy assuming FRWmodel or StandardModel
of Cosmology. In literature, the content is commonly expressed in terms of relic
density,

ΩDMh
2 = 0.1200± 0.0012 , (1.5)

where h refers to reduced Hubble constant. Observations from Big Bang Nucle-
osynthesis (BBN) and the Cosmic Microwave Background (CMB) provide robust
evidence for the existence of a non-baryonic component of the universe, DM. The
observational evidences in support of DM are summarised in Fig . 1.2. We elaborate
upon the evidence below.

Observations from Galaxy Clusters

A galaxy cluster is a massive structure that consists of hundreds to thousands of
galaxies bound together by gravity.

• ComaCluster: In 1933, F. Zwicky analyzed themotion of galaxies in the Coma
cluster ( 1000 galaxies within 1 Mpc) using the Virial theorem:

⟨V ⟩+ 2⟨K⟩ = 0, where ⟨V ⟩ = −N
2

2
GN

⟨m2⟩
R

, ⟨K⟩ = N
⟨mv2⟩

2
.

The cluster massM is related to the velocity dispersion by:

M ∼ 2R⟨v2⟩
GN

.

The derived mass-to-luminosity ratio, M
L

∼ 300hM⊙
L⊙

, exceeds the solar value
by 300 times, indicating that most of the mass is non-luminous, or dark.

• X-rayObservations: The gravitational potential of galaxy clusters is also deter-
mined via X-ray emission from hot gas. The electron number density ne(r) and
temperature Te(r) are measured, yielding the baryon number density nb(r) =
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Figure 1.2: Top-Left: Galactic rotation curve forNGC6503, illustrating the contributions from the stellar disk (dashed), gaseous
components (dotted), and the DM halo (dashed-dot) required to achieve consistency with observational data [55]. Top-Right:
Powered spectrum [56], the first peak says that the universe is flat, the second peak provides the baryonic matter content of
the universe, and the third peak indicates the presence of DM in the universe. Bottom-Left: The collision of galaxy clusters
1E0657− 56, known as the Bullet Cluster, demonstrates a distinct separation between baryonic matter (represented in pink)
and DM (depicted in blue). The spatial distribution of DM is inferred through the effects of gravitational lensing, image
courtesy: Chandra X-rayObservatory. Bottom-Right: The green contours denote the reconstructed lensing signal, proportional
to the projected mass in the system [57].

µne(r) (where µ is a composition factor) and pressure P (r) = ne(r)Te(r). Us-
ing hydrostatic equilibrium:

dP

dR
= −nb(r)mb

GNM(R)

R2
, M(R) = 4π

∫ R

0

ρ(r)r2dr.

X-ray spectra constrainM(R), consistently revealing mass exceeding the visi-
ble baryonic contribution.

• Gravitational Lensing: The distortion of distant galaxy images due to gravita-
tional lensing enables the reconstruction of cluster mass distribution. Results
indicate the presence of non-visible, differently distributed matter.

• Bullet Cluster: The “bullet cluster” provides direct evidence for DM. In this
merging cluster, the collisional baryonic gas lags due to energy dissipation,
whereas collisionless DM components pass through, aligning with gravita-
tional potential contours but not with visible gas.
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Observations from Galaxies

The rotation curve of a galaxy, v(R) =
√

GNM(R)
R

, reflects mass distribution. Lu-
minous matter predicts v(R) ∝ R−1/2 at large radii. Observations, however, show
v(R) ≃ constant (see Fig . 1.2), implying MDM ∝ R, consistent with a DM density
distribution ρDM(r) ∝ 1/r2.

Large-Scale Structures

Without DM, density perturbations would begin growing only post-recombination,
precluding structure formation today. Structure growth depends on DM types;Hot
DM helps forming large structures and then fragment (top-down). Cold DM helps
small structures merge into larger ones hierarchically (bottom-up). Cosmological
observations and simulations strongly favor the cold DM scenario.

What can be dark matter

According to recent Planckdata [7], the totalmatter density of the universe isΩmh
2 ∼

0.31, where Ω = ρ
ρc

is the cosmological density, the critical energy density is given

by ρc =
3H2

8πGN

∼ 1.054 × 10−5h2 GeV/cm3, with GN denoting gravitational con-

stants, and h = H0/(100 km/s/Mpc) is the reduced Hubble parameter with H0 =
(73.0± 1.0) km−1 s−1 Mpc−1 [58] denoting the present day Hubble parameter value.
Luminous matter, including stars and dust clouds, accounts for Ωlumh

2 ∼ 0.005,
while baryonic matter contributes Ωbh

2 ∼ 0.04. This inequality suggests that DM
can be baryonic or non-baryonic. However, the baryonic nature of DM is strongly
constrained by big-bang nucleosynthesis (BBN). Apart from astrophysical objects
like Massive Compact Halo Objects (MACHOs) [59] that can address the macro-
scopic behavior of DM and constitute part of baryonic DM [60], an overwhelming
belief that DM consists of fundamental particles and non-baryonic [61] is widely
studied. All of the evidence gathered so far suggests that the DM candidates should
[62]:

• Dark matter should be Electromagnetic charge neutral, with minimal inter-
action with photons, consistent with CMB observation. There are possibilities
that it may have a tiny effective charge and interact via “dark photons” [63]
although it is strongly constrained [64, 65].

• DM is stable with a lifetime larger than the age of the universe. Otherwise,
it would decay into observable particles and won’t provide the observed relic
density.

• DM should bemassive particles, as the evidence of DM comes from the grav-
itational effects only, and contributes significantly to the energy density of the
universe. The mass can vary widely as shown in Fig . 1.3. An upper bound
on Primordial Black Hole (PBH) DM is ≲ 1.12 × 1050 GeV obtained from the
gravitational micro lensing by Kepler satellite [66]. Another limit on PBH has
come from a comprehensive analysis of high resolution high-redshift Lyman−
α forest data, ≲ 1.12 × 1059 GeV [67]. The lower limit on DM mass is around
(1− 10)× 10−22 eV using the Lyman− α forest data [68, 69], while that for the
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Fuzzy DM is around 10−22 eV [70]. This bound turns larger, around 10−19 eV
[71], if the DM is produced after inflation via a process with finite correction
length.
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Figure 1.3: Possible mass range for DM with some notable candidates. Adapted from [72].

• Dark matter should be non-baryonic except for MACHOs [59], as the ob-
served gravitational effects in the galaxies and galaxy clusters cannot be ex-
plained only by the baryonic DM [73].

• The interaction strength of DM with visible sector depends on the proposed
particle type, as we elaborate later.

As briefly mentioned above, non-baryonic DM can be classified into:
• Cold Dark Matter (CDM): CDMs are non-relativistic in nature and are key-

stones of the ΛCDM model, explains accelerated expansion of the universe,
large-scale structure formation and DM halos. The most popular CDM can-
didates are Weekly Interacting Massive Particles (WIMPs), Feebly Interacting
Massive Particles (FIMP) and Strongly Interacting Massive Particles (SIMP),
amongst several other possibilities. ThermalDMhas a largemass range around
10MeV −100 TeV [74, 75], while it can extend to 1014GeV for Superheavy ther-
mal DM [76] and can also go down to few keV [77]. For non thermal DM, the
lower mass bound is around 15 keV [78, 79].

• Hot Dark Matter (HDM): HDM is relativistic and has large free streaming
lengths due to tiny mass. For example, SM active neutrinos and sterile neutri-
nos [80] can be HDM. However, the structure formation of the universe goes
against the existence of only HDM candidates. The constraints from cosmo-
logical data, including CMB, baryon acoustic oscillations (BAO), large-scale
structure formation, on the HDM masses imply

∑
mν < 0.12 eV [81], while

for sterile neutrinos the mass ≲ 1 keV [82].

• WarmDarkMatter (WDM):This type ofDMcandidates have properties falling
between cold and hot regimes, andmasses are usually in the KeV range. Sterile
neutrinos and gravitons are the most popular WDM candidates encountered
in literature. Again, WDM candidates satisfying all the above credentials are
a challenging task for DM model building.

• Fuzzy Dark Matter (FDM): This is ultralight DM [70] that leads to wavelike
properties rather than discrete point-like particles and follows the quantum
mechanical behavior. Its mass is around 10−22 eV and potentially affects the
structure formation and density profile of galaxies. Axion is a possible FDM
candidate.

We will come back to the DM model and detection possibilities in detail in the
next chapter.
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1.2.2 Neutrino mass
Around 1930, Wolfgang Pauli first postulated the existence of neutrinos, although
Pauli called it “neutron”, to explain the non-conservation of spin and energy in the
beta−decay [83]. The characteristics of this particle were defined by (i) electromag-
netically charge neutrality, (ii) nearly masslessness, and (iii) having ‘weak interac-
tion’ with the visible sector. Later, around 1934, Enrico Fermi renamed the particle
as neutrino and postulated the theory of beta decay via effective weak interactions.
In 1956, Clyde Cowan and Frederick Reines experimentally detected the neutrino
by observing antineutrino interactions from a nuclear reactor [84, 85]. In SM, neu-
trinos are assumed to be massless. However, in 1960, the Homestake experiment
[86] observed a discrepancy in the solar neutrino flux, and this led to a hypothe-
sis that neutrinos could be massive and undergo oscillations in flavor [87] during
propagation. This phenomenonwas confirmed in 1998 with the Super-Kamiokande
experiment [88, 89] and later supported by SNO [90] and KamLAND [91], which
provided evidence for solar and atmospheric neutrino oscillations. Around 1957,
the neutrino oscillation was first proposed by Bruno Pontecorvo [92, 93] and later,
around 1962, Maki, Nakagawa, and Sakata [94] pointed out the mismatch between
the propagation and interaction eigenstates, which was further developed by Pon-
tecorvo [95].

The basic idea behind neutrino oscillation is that neutrinos aremassive, so the fla-
vor and mass eigenstates don’t coincide. Both are related to each other via a unitary
mixing matrix, similar to the quark mixing matrix Cabibbo-Kobayashi-Masakawa
(CKM). We thus introduce a 3×3 unitarity matrixUPMNS, known as the Pontecorvo
Maki Nakagawa Sakata (PMNS) matrix [18, 94, 95] for three generations of neutri-
nos, propagatingwithmass eigenstates νi (i = 1, 2, 3)withmassmi, which are in lin-
ear combination of the three flavor eigenstates να (α = e, µ, τ) via |να⟩ = UPMNS|νi⟩.
The PMNS matrix inherits the scope of having neutrinos as Majorana particles (self
conjugate) via two Majorana [96] phases (ρ, σ) [97, 98] without affecting the neu-
trino oscillation data, but having consequences in lepton number violating processes
[99] as [100],

UPMNS =


c12c13 s12c13 s13e

−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13

s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP c23c13

×Diag[eiρ, eiσ, 1](1.6)

where cij ≡ cos θij and sij ≡ sin θij (for ij = 12, 13, 23), δ is the Dirac CP-violating
phase together with two Majorana CP-violating phases (ρ, σ).

In vacuum3, the mass eigenstates νi are eigenstates of free Hamiltonian,H0|νi⟩ =
Ei|νi⟩ and evolve with time as e−i Eit. So, the flavor eigenstates at time t are super-
position of flavor eigenstates at time t = 0, and therefore the probability of an initial
neutrino flavor α oscillating into a flavor β at time t is given by,

Pαβ(t) = |⟨νβ|να(t)⟩|2 = UαiU
∗
βiUβjU

∗
αje
−i(Ei−Ej)t . (1.7)

For relativistic neutrinos, Ei ≈ E +
m2
i

2E
, and assuming every neutrino have same

3While we discuss neutrino propagation in vacuum, neutrinos travel through dense media, such
as solar neutrinos, for which matter effects need to be incorporated [100].
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momentum E = |pi|while travelling a distance L in time t yields Eq . (1.7),

Pαβ(t) = UαiU
∗
βiUβjU

∗
αje
−i
∆m2

ij

2E
L
, (1.8)

where∆m2
ij = m2

i −m2
j ; with∆m2

21 = ∆m2
sol and∆m2

31 = ∆m2
atm. So, the oscillation

probability depends on the three mixing angles, the Dirac CP phase, and the mass
square splittings, which are experimentally observed quantities. As we can only
probe |∆m2

31|, two mass hierarchies can occur, Normal Ordering (NO) and Inverted
Ordering (IO), depending on which is the lightest neutrino mass eigenstate ν1 or
ν3, see Fig . 1.4. A recent global fit result [101] corresponding to these oscillation

ν3

ν2
ν1 ν3

ν2
ν1m2

ν

Inverted OrderingNormal Ordering

−m2atm −m2atm

−m2sol

−m2sol

Figure 1.4: A schematic depiction of the ordering of the two neutrino mass eigenstates, Normal Ordering (NO) and Inverted
Ordering (IO), supported by neutrino oscillation data.

parameters is shown in Table 1.2.
The cosmological observation also puts limits on the sum of the neutrino masses

as neutrinos contribute to the energy density of the universe and the growth of large-
scale structures. The limits from CMB:

∑
mν < 0.12 (0.15) eV for NO (IO) [7], KA-

TRIN puts bounds on the effective electron neutrino mass: mνe < 0.45 eV at 90%
CL [102]. Apart, neutrinoless double beta decay experiment like KamLAND-Zen
puts an upper limit to the square of the effective Majorana neutrino mass ⟨mββ⟩ ≡
|
∑

i U
2
PMNSei

mνi |2 < 28−122 meV at 90%CL [103]. Wemay note here, whether neu-
trinos are Dirac or Majorana type, still remains an open question. Neutrino oscilla-
tion yield identical probabilities for both the cases, making them indistinguishable.
Detecting a lepton number violating process, like neutrinoless double beta decay,
could provide a hint towards that.

Accommodating neutrinomasses require an extension beyond the SM. Introduc-
ing a right-handed neutrino, we can write the following mass terms:

mDνRνL +
1

2
mLν

c
LνL +

1

2
mRν

c
RνR + h.c. . (1.9)

In the above,mD represents aDiracmass term, whilemL andmR representMajorana
mass term.

The dimension five SM effective operator, called Weinberg operator [104, 105],
which is SM gauge invariant but violates Lepton number, can generate Majorana
mass for the left handed neutrinos, after Spontaneous symmetry breaking,

OW =
λαβ
Λ

(LαH̃)(H̃TLcβ) + h.c. , (1.10)
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parameters best fit ± 1σ 2σ range 3σ range

∆m2
21[10

−5eV2] 7.50+0.22
−0.20 7.12–7.93 6.94–8.14

|∆m2
31|[10−3eV2] (NO) 2.55+0.02

−0.03 2.49–2.60 2.47–2.63

|∆m2
31|[10−3eV2] (IO) 2.45+0.02

−0.03 2.39–2.50 2.37–2.53

sin2 θ12/10
−1 3.18± 0.16 2.86–3.52 2.71–3.69

θ12/
◦ 34.3± 1.0 32.3–36.4 31.4–37.4

sin2 θ23/10
−1 (NO) 5.74± 0.14 5.41–5.99 4.34–6.10

θ23/
◦ (NO) 49.26± 0.79 47.37–50.71 41.20–51.33

sin2 θ23/10
−1 (IO) 5.78+0.10

−0.17 5.41–5.98 4.33–6.08

θ23/
◦ (IO) 49.46+0.60

−0.97 47.35–50.67 41.16–51.25

sin2 θ13/10
−2 (NO) 2.200+0.069

−0.062 2.069–2.337 2.000–2.405

θ13/
◦ (NO) 8.53+0.13

−0.12 8.27–8.79 8.13–8.92

sin2 θ13/10
−2 (IO) 2.225+0.064

−0.070 2.086–2.356 2.018–2.424

θ13/
◦ (IO) 8.58+0.12

−0.14 8.30–8.83 8.17–8.96

δ/π (NO) 1.08+0.13
−0.12 0.84–1.42 0.71–1.99

δ/◦ (NO) 194+24
−22 152–255 128–359

δ/π (IO) 1.58+0.15
−0.16 1.26–1.85 1.11–1.96

δ/◦ (IO) 284+26
−28 226–332 200–353

Table 1.2: A summary of the neutrino oscillation parameters; taken from [101].

with H̃ = iσ2H
∗, and Λ denoting the New Physics (NP) that has been integrated

out. Thus, the mass term approximately can be written as mL ∼ λαβ(v
2/Λ) where

v is the vev of the SM Higgs. For sub-eV neutrino masses and λαβ ∼ O(1), the NP
scale Λ ∼ O(1014) GeV turns huge. The smallness of coupling (λαβ/Λ) could gener-
ally be explained using even higher dimensional operators along with theWeinberg
operator following, Od = OW (H†H)(d−5)/2, where one can append powers of H†H ,
given that it is a SM singlet. So, this operator can be generated by introducing a NP
particle, at the tree or n-loop level (n ≥ 1), when the generated neutrino mass for
this d-dimensional operator induced at the n-loop level is approximately given by
mν ∼ λαβ(16π

2)−n(v/Λ)d−5. In Fig . 1.5, the typical scale of λ is shown by using Od,
explaining the observed neutrino masses for a given dimension d and the order of
loop n, following [106]. This suggests the enhanced possibility of collider detection
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Figure 1.5: A rough estimate of the mass scale Λ at which a neutrino mass model with dimension d and n−loops accurately
explains the observed neutrino masses. Adapted from [106].
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L

H

L

NR

(a) Type-I seesaw

H

L

H

L

∆

(b) Type-II seesaw

H

L

H

L

Σ

(c) Type-III seesaw

Figure 1.6: Seesaw mechanisms for neutrino mass generation via Weinberg operator at the tree level.

of NP, for generating neutrino masses via higher-dimensional operators and with
larger loops.

The Weinberg operator can be generated at the tree level through three well-
known seesawmechanisms, Type-I, Type-II, andType-III [107–113]. Apart, there are
numerous non-minimal models that can lead to the realization of this dimension-
five Wienberg operator. The main goal of these mechanisms is to introduce addi-
tional heavy degrees of freedom into the SM, thereby enabling B− L violation. We
will briefly discuss these mechanisms, see Fig . 1.6.

Type-I seesaw
In this mechanism, three right handed neutrinos (RHN) are appended to the SM.
The relevant Lagrangians corresponding to these RHNs are given by [114–117],

−LNR = ℓYνH̃NR +
1

2
N c
RMRNR + h.c. , (1.11)

whereMR is the symmetricMajoranamassmatrix. See the left plot of Fig . 1.6, where
the RHN mediates LHLH interaction. It is easy to understand that the NP scale in
the Weinberg operator corresponds to the RHN mass, Λ = MR, after we integrate
it out. The phenomenological possibilities are limited here, given the heavy RHN
mass here.
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Type-II seesaw
In this mechanism, a scalar triplet with hypercharge 2, ∆ = (∆++,∆+,∆0), couples
to the lepton doublet and the Higgs doublet following [117–122],

−L∆ ⊃ 1

2
ℓLY∆∆iσ2ℓ

c
L − λ∆M∆H

T iσ2∆H + h.c. , (1.12)

where the SU(2)L doublet representation of this triplet is,

∆ =
1√
2

 ∆+
√
2∆++

√
2∆0 −∆+

 . (1.13)

The Weinberg operator is generated via a t-channel mediation of ∆ as shown in the
middle panel of Fig . 1.6, after it is integrated out.

Type-III seesaw
In thismechanism, triplet fermions (Σ) are added to the SM. The relevant interaction
terms of the Lagrangian, are given by [123–125],

−L∆ ⊃ ℓLYΣΣ
cH̃ +

1

2
Tr(ΣMΣΣ

c) + h.c. , (1.14)

where the fermion triplet is defined as,

Σ =
1√
2

 Σ0
√
2Σ+

√
2Σ− −Σ0

 . (1.15)

The Weinberg operator is generated via a s-channel mediation of Σ as shown in the
right panel of Fig . 1.6, after it is integrated out. In summary, the Weinberg operator
results via, [100],

OW ≡


1

2

(
YνM

−1
R Y T

ν

)
αβ
ℓLαH̃H̃

T ℓcLβ + h.c. (Type− I) ,

− λ∆
M∆

(Y∆)αβ ℓLαH̃H̃
TLcLβ + h.c. (Type− II) ,

1

2

(
YΣM

−1
Σ Y T

Σ

)
αβ
LαH̃H̃

TLcβ + h.c. (Type− III) .

(1.16)

After spontaneous EWSB, H̃ achieves VEV (v ∼ 246 GeV ), ⟨H̃⟩ = v/
√
2, and the

effective Majorana neutrino mass for the three light neutrinos (νL) are generated,
following Eq . (1.16), as 1

2
νLMνν

c
L + h.c. , where the symmetric mass matrix (Mν) is

written as,

Mν =


−1

2
Yν

v2

MR

Y T
ν (Type− I) ,

λ∆Y∆
v2

M∆

(Type− II) ,

−1

2
YΣ

v2

MΣ

Y T
Σ (Type− III) .

(1.17)

From the above equation Eq . (1.17), it is clear that the smallness of Mν can be as-
cribed to the large values of MR, M∆, MΣ in the seesaw mechanism, limiting its
phenomenological possibilities. Efforts to bring down the RHN mass scale results
in variants of the model like linear and inverse seesaw mechanisms [126–129].
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Radiative models
Neutrino masses can also be generated radiatively at one-loop level. Some of the
most studiedmodels in this direction are the Zeemodel [130], and scotogenicmodel
[124]. There are examples of generating neutrino mass at higher loops, for exam-
ple, Zee-Babu model at two loop [131], KNT (Krauss-Narsi-Trodden) model [132],
Cocktail model [133] at three loop etc. Here, we discuss the scotogenic model [134]
briefly, as it involves DM in the loop. The scotogenic model contains three RHNs

να νcβ

H H

NR

η η

Figure 1.7: Radiative neutrino mass generation at one loop in the scotogenic model [134].

NRi
, singlets under the SM gauge group, and a scalar doublet (η+, η0), both odd un-

der Z2 so that the lightest one becomes a stable DM. The symmetry also forbids the
tree-level neutrino mass generation via Type-I seesaw. The Yukawa interaction for
this model is given by [134],

LYuk
scoto = fij(ϕ

−νi + ϕ0ℓi)ℓ
c
j + hij(νiη

0 − ℓjη
+)NRj + h.c. , (1.18)

and the Majorana mass and the quadratic scalar terms are,

1

2
MRiNRiNRi + h.c. , (1.19)
1

2
λ5(H

†η)2 + h.c. , (1.20)

with i and j are the generation indices. Using the interaction terms in Eq . (1.18)
and Eq . (1.20), the one-loop radiatively generated neutrino mass matrix Mν (see
Fig . 1.7) is given by [134],

(Mν)ij =
∑
k

hikhjkMk

16π2

[
m2
R

m2
R −M2

Rk

ln
m2
R

M2
Rk

− m2
I

m2
I −M2

Rk

ln
m2
I

M2
Rk

]
, (1.21)

wheremR andmI are the masses of the real and imaginary part of η0. Upon further
simplification, the neutrino mass turns out to be,

(Mν)ij =
λ5v

2

16π2

∑
k

hikhjk
Mk

, (1.22)

which is basically the seesaw scale reduced by roughly the factor λ5/16π2. Thus,
the RHN mass is down to 1 TeV from 109 TeV for the choice of benchmark: mν ∼
1 eV, λ5 ∼ h2 ∼ 10−4, allowing a possibility of detection in future collider experi-
ments in the scotogenic model.
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Among the open questions in neutrino physics, the nature of neutrinos, whether
Dirac or Majorana, is the most significant. See some references on the Dirac neu-
trino mass models [135–140] . In this thesis, our discussion focuses majorly on the
radiative Majorana neutrino mass generation, which will be presented in Chapter 8
in the context of a two-component DM framework.

1.2.3 Matter-Antimatter asymmetry
Our observations suggests that matter dominates over antimatter in the observable
universe. On Earth, matter surrounds us, while antimatter is mainly produced in
accelerators. Both our Solar System and galaxy exhibit a distinct matter-antimatter
asymmetry. One might propose that matter and antimatter exists in separate cos-
mic regions. However, such regions would produce detectable high-energy photons
from annihilations (B+ B̄ → γ γ) at their borders. But, the absence of this signature
indicates a global matter-antimatter asymmetry in the universe. Furthermore, two
distinct cosmological observations, rooted in very different physics, give us similar
probes. The matter-antimatter asymmetry is usually expressed as,

ηB =
nB − nB̄

nγ

∣∣∣∣
0

, (1.23)

where nB, nB̄ and nγ are the number density of baryons, antibaryons, and photons,
respectively, and the subscript 0 indicate that the value is measured at the present
cosmic time. It is sometimes expressed in terms of the baryon density (Ωbh

2) as
ηB = 274× 10−10Ωbh

2 [18]. However, there might be lepton excess over antileptons
as well [141–144], but its contribution to the energy density of the universe is very
small compared to the contribution of baryons.

The baryon density can be inferred in two ways: First, from the abundances of
light elements (4He, D, 3 He, and 7 Li), which directly probe the primordial abun-
dances formedduringBig Bangnucleosynthesis (BBN) at redshifts z ∼ 1010. Among
these, deuteriumabundance ismost sensitive to the baryon-to-photon ratio ηB, while
the other elements have a weaker dependence. A combined measurement of their
abundances provides [145], see left plot of Fig . 1.8:

ΩBBN
b h2 = 0.0224± 0.0007 . (1.24)

On the other hand, the photon density is proportional to T 3, and the universe’s tem-
perature is inferred from the CMB radiation, which exhibits an almost perfect black-
body spectrum. The anisotropies reflect acoustic oscillations of the photon-baryon
fluid at decoupling, dependent on the baryon-to-photon ratio at redshift z ∼ 103.
Higher baryon density boosts odd peaks in the angular power spectrum relative to
even ones, as shown in the right figure of Fig . 1.8. CMB anisotropy measurements
from the 7−year WMAP data provides [7]:

ΩCMB
b h2 = 0.02242± 0.00014 . (1.25)

The agreement of these two measurements at vastly different redshifts is a key suc-
cess of standard big-bang cosmology. While one might consider this asymmetry an
initial condition of the universe, there are two significant arguments against it. First,
such a condition would be highly fine-tuned, implying that for every 100 million
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quark-antiquark pairs, there would be one extra quark. Second, the widely accepted
theory of inflationary expansion in the early universe would erase any asymmetry
present after the Big Bang. Thus, it must be assumed that the universe was initially
matter-antimatter symmetric, and amechanism that generates ηB ̸= 0 after inflation,
but before the freeze-out of baryon-antibaryon annihilations dynamically, known as
baryogenesis, is needed.
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Figure 1.8: Left figure: The standard model of big-bang nucleosynthesis predicts the abundances of 4He, D, 3 He, and 7 Li.
Boxes represent observed light element abundances, with smaller boxes showing 2σ statistical errors and larger boxes indi-
cating combined±2σ statistical and systematic errors. The narrow vertical band represents the CMBmeasurement of cosmic
baryon density. Right figure: illustrates how the anisotropy magnitude at an angular scale of 1/l varies with nB/nγ . The left
(right) figures are taken from [146] ([147]).

Sakharov’s conditions
The necessary conditions for the generation of asymmetry dynamically in the uni-
verse starting from the symmetric initial state are knownas the Sakharov conditions[148],

• Baryon number (B) non-conservation: The baryon number violating process is
responsible for baryon asymmetry.

• C (Charge conjugation) and CP (charge×parity) symmetry violation: The B vio-
lating processes that create baryons occur at the same rate as their C and CP
conjugated processes, which produce an equal amount of antibaryons. There-
fore, C and CP symmetry violation is necessary.

• Departure from the thermal equilibrium: In chemical equilibrium, entropy is max-
imized when the chemical potentials of non-conserved quantum numbers,
like B, vanish. Due to CPT invariance, the equal masses of quarks and an-
tiquarks lead to identical phase space densities in thermal equilibrium and,
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consequently, equal number densities. Therefore, the deviation from thermal
equilibrium is necessary to generate the required baryon asymmetry.

Although all three of these conditions aremet in the SM, they are still insufficient
to produce the correct baryon asymmetry of the universe [149] for the following
reasons:

• Baryon Number Violation is too weak at low temperatures: In SM, the B violation
can occur through sphaleron processes at high temperatures. However, as the
universe cools after the electroweak phase transition (EWPT), these processes
become inefficient. Consequently, any baryon asymmetry generated earlier
could be washed out unless constrained by very specific conditions.

• Insufficient CP Violation: In SM, weak interactions violate C maximally, and
the CP violation in the SM arises mainly from the CKM matrix (in the quark
sector) and, to a lesser extent, from the PMNS matrix (in the lepton sector).
However, theCPviolation provided by thesematrices is far too small to explain
the observed baryon asymmetry of the universe. Therefore, any reasonable
baryogenesis theory needs additional sources for CP violation.

• Electroweak Phase Transition is not strongly first-order: The deviation from equi-
librium occurs in particle interactions through the bubble walls between the
broken and the unbroken phases. In order to obtain an irreversible asymme-
try, the potential barrier between the two phases has to be large enough; that
is, the phase transition has to be strongly first order. In the SM, for the ob-
served Higgs mass (∼ 125 GeV ), the EWPT is a smooth crossover rather than
a strongly first-order transition. Without a strongly first-order transition, the
necessary departure from thermal equilibrium is inefficient unless we add ad-
ditional mechanisms.

Successful baryogenesis requires two main key ingredients: first, new sources of
CP violation, and second, a mechanism that causes a departure from thermal equi-
librium. Furthermore, any mechanism that generates a B or L asymmetry at higher
temperatures must also violate B− L, as failure to do so would result in the asym-
metry being washed out by sphaleron interactions. Several approaches to satisfy
these conditions have been explored, including grand unified theory (GUT) baryo-
genesis [150–152], electroweak baryogenesis [153, 154], the Affleck-Dine mecha-
nism [155, 156], leptogenesis [157–162] and other [163].

The leptogenesis mechanism has garnered attention over the years within the
class of models related to baryogenesis. Sphalerons violate B+ L through the ef-
fective interaction [113, 164, 165] Παq

α
L q

α
L q

α
L ℓ

α
L , but preserve B− L. In the proposal

of leptogenesis, the lepton asymmetry is generated from the out-of-equilibrium de-
cays of heavy particles, which coupled with the SM leptons, and is at least partly
converted into the baryon asymmetry. The baryon (B) and lepton (L) asymmetries
are determined by theB− L asymmetry through sphaleron-induced chemical equi-
librium. In the SM, this relationship is given by [166, 167]:

B =
8NG + 4NH

22NG + 13NH

B− L, (1.26)

18TH-3680_196121009



Chapter 1: Introduction

where NG denotes the number of generations (3 in the SM), and NH represents the
number of Higgs doublets (1 in the SM). However, in the presence of supersym-
metric particles, this formula is slightly modified [168]. The key features of this
mechanism is to connect the observed baryon asymmetry of the universe to the still
unexplained fact that neutrinos havemass. Several such frameworks [169–179] have
been studied to simultaneously explain neutrinomasses, DM, and leptogenesis; one
possibility is to invoke Scotogenic model, by introducing heavy RHNs and addi-
tional scalar doublet [180–187]. We study some such example in Chapter 8.

1.2.4 Lepton flavor enigma

The Landé g-factor of a charged elementary particle with half-integer intrinsic spin
is equal to 2 at the tree level, as predicted by Dirac in 1928 for electron [188]. Any
departure from this occurs due to higher order quantum correction and is generally
known as the “anomalous magnetic moment”, mathematically parametrised by,

aℓ =
gℓ − 2

2
, (1.27)

where gℓ = 2 for charged leptons (ℓ = e, µ, τ).
An overall 3.2σ deviation between the theory (incorporating correction due to QED

(upto 5-loop) [189–191], SM EW contribution upto 2-loops [192–199] and leading three-
loops [200, 201], incorporatingQCDcorrections via hadronic light-by-light scattering [202–
206], hadronic vacuum polarisations [207–214], higher order hadronic correction at NNLO
[215, 216]) and experimental [217, 218] prediction of aµ is [18],

∆aµ ≡ aexpµ − aSMµ = (1.13± 0.35)× 10−9 . (1.28)

On the other hand, the recent measurement of (ae), show a disagreement [219–
221] with the SM prediction [191, 222]. The SM prediction depends on the mea-
surement of the fine-structure constant, which is derived from the recoil velocity
or frequency of atoms absorbing a photon. In the recent measurements of ae, there
exists a 5.5σ discrepancy between the measurements obtained using Rubidium-87
[219] and Cesium-133 [220]:

∆ae ≡ aexpe − aSMe =

{
(−8.8± 3.6)× 10−13 (−2.4σ) (Cs) ,

(+4.8± 3.0)× 10−13 (+1.6σ) (Rb) .
(1.29)

On the other hand, the anomalousmagnetic moment of the tau lepton, aτ = gτ/2−1,
serves as a sensitive probe for potential NP [223, 224]. However, obtaining a precise
measurement of aτ is significantly more challenging compared to the magnetic mo-
ments of electrons and muons.

On the other hand, no experimental evidence of charged lepton flavor-violating
(cLFV) decay has been observed so far, thereby establishing an upper limit on the
observables. We highlight the current (and projected) experimental upper limits
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(90% confidence level) on the branching ratios of some cLFV decays:

Br(µ→ eγ) < 3.1× 10−13 (6× 10−14) [225] ([226]) , (1.30)
Br(µ→ 3e) < 1.0× 10−12 (1× 10−16) [227] ([228]) , (1.31)

Br(τ → eγ) < 3.3× 10−8 [18] , (1.32)
Br(τ → µγ) < 4.2× 10−8 [18] , (1.33)
Br(τ → 3e) < 2.7× 10−8 [18] , (1.34)
Br(τ → 3µ) < 2.1× 10−8 [18] . (1.35)

We will discuss one model example in this thesis, where lepton flavor turns cru-
cial.

With this brief introduction to SM of particle physics and some of its shortcom-
ings, wewould like tomove on to describe the DMphysics in detail, which the thesis
is primarily based upon.
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The existence ofDM iswellmotivated fromdifferent astrophysical and cosmologi-
cal observations, as elaborated in the last chapter, but laboratory discoveries are still
awaited. The observations accumulated in support of DM has mainly come from
gravitational interaction. One of the known numbers associated with DM is the
relic density of DM in the universe, Ωplanck

DM h2 ∼ 0.12. But, how the DM is produced
is a question and gives rise to several possibilities of particle DM. We will illustrate
them via some simple examples in extension to the StandardModel. Equally impor-
tant question is how to detect DMs in upcoming experiments. This chapter will be
devoted in exploring such possibilities as that will be pivotal to the thesis.

2.1 Dark Matter in extension of the Standard Model
Cold DM (CDM) is one of the most optimistic DM candidates that satisfy all the ob-
served characteristics, and in this report, we focus mostly on them. Unfortunately
we do not have a particle that can account for a CDM within SM, necessitating an
extension of the SM.Apart from the characteristics pointed out in the previous chap-
ter, CDM can produce the correct relic density broadly through two different mech-
anisms: (i) thermal freeze-out and (ii) non-thermal freeze-in1 . Interestingly, not

1Beyond the two broad set ups that we discuss here, several kinds of DMs have been proposed,
such as, Asymmetric DM [229–233], DM production from phase transition [234–236], Formation of
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only the DM genesis, but their detectability is also very much dependent on such
classifications. The observations made so far also do not clarify the detailed quan-
tum properties like DM spin, and the possibility whether there are more than one
DM component that constitute the dark sector, providing plethora of possibilities
for DM model building. In this thesis, we will discuss possibilities of multiparticle
DM sector. This feature is interesting as it gives rise to different phenomenological
possibilities as we elaborate upon. The cartoon in Fig . 2.1 shows possible CDM can-
didates in a single and multi-component frameworks, some of which we address in
the thesis.

DM

Freeze-InFreeze-Out

SIMP WIMP FIMP
Single 

Component  
DM

2WIMP2SIMP 2FIMPWIMPSIMP WIMP FIMP
Two 

Component  
DM

Figure 2.1: Possible CDM candidates and combinations that can produce multipartite dark sector.

2.1.1 Thermal freeze-out
In this case, DM particles are assumed to be in thermal and chemical equilibrium
with the SM particles in the early universe. As the temperature falls and the uni-
verse expands, at a particular epoch when the interaction rates (Γ) become smaller
than the expansion rate (H) (Hubble constant), the DMparticles freeze out from the
thermal bath and become relic. WIMP and SIMP type DMs fall within this regime,
as discussed below.

WIMP: An example

Freeze-out of DM dominantly occurs through DM DM → SM SM annihilation pro-
cess. To attain correct relic density, the annihilation cross-section needs to be in the
order of weak interaction cross-section, and this is the reason for calling such DM
candidate Weakly Interacting Massive Particle (WIMP). The DM masses in such
cases are usually∼ 100 GeV , accessible to the present and future detectors and have
been studied widely.

DM as primordial black hole [237–241], Gravitational DM [242–247] etc.
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Let us discuss theWIMPpossibility in a simplemodel, where theDM is assumed
to be a real scalar (ϕi), which remains a singlet under SM gauge symmetries, and
transforms under Z2 symmetry (ϕi → −ϕi) to render its stability. The SM extended
Lagrangian is given by,

Lϕi =
1

2
∂µϕi∂

µϕi −
1

2
µ2
ϕi
ϕ2
i −

1

2
λiHϕ

2
iH
†H − 1

4!
λiϕ

4
i . (2.1)

The mass of the DM, after EWSB, turns out to be m2
ϕi

= (µ2
ϕi

+ 1
2
λiHv

2). One of
the main parameters of this model which governs DM-SM interaction is the Higgs
portal term λiH , the strength of which dictates whether the DM is in thermal bath,
and when it can freeze out. The number density is governed by the BEQ,

ṅϕi + 3Hnϕi = −⟨σv⟩ϕi ϕi→X X

[
n2
ϕi
− n2

ϕi,0

]
, (2.2)

where dot overnϕidenotes the timederivative, andX ∈ {leptons, quarks, W±, Z, andHiggs}.
Instead of using number density, we often define yield, Yϕi = nϕi/s, which is a
dimensionless quantity and remains unaffected by the expansion rate in radiation

dominated (RD) era, where s = 2π2

45
gs∗T

3 denotes entropy density. It is easy to show
that ṅϕi + 3Hnϕi = sẎϕi . The time (t) is related to the bath temperature during the
RD epoch by t = 1/(2H) where H = 1.67

√
gρ∗T 2/Mpl. The entropy and matter de-

grees of freedom are gs∗ and gρ∗ respectively [248], andMpl = 1.22 × 1019 GeV . The
equilibrium number density (neq

ϕi
) is defined as, neq

ϕi
= nϕi,0 =

gi
2π2

m2
ϕi
TK2 (mϕi/T ) .

We provide a detailed discussion on constructing BEQ for DM in Appendix A.

ϕi

ϕi

h

h

h

ϕi h

ϕi h

ϕi

ϕi

ϕi

f

f

h

ϕi

ϕi

W±, Z

W∓, Z

h

ϕi

ϕi

h

h

Figure 2.2: Feynman diagrams relevant to the production of singlet scalar WIMP as in Eq . (2.1), where f denotes the SM
leptons and quarks.

The relic density is defined in terms of the yield Yϕi after freeze out, as,

Ωϕih
2 = 2.744× 108mϕiYϕi [x0] , (2.3)

where x0 = mϕi/T0, with T0 = (2.34855 ± 0.00049) × 10−13 GeV (1σ) [249] is the
present-day CMB temperature. In Fig . 2.3, we present the solution of Eq . (2.2),
indicated by the thick lines. Increase in the parameter λiH leads to enhancement in
the rate of ϕi ϕi → X X interactions, which progressively delays the freeze out and
reduces the relic density. For a comprehensive analysis and the constraints derived
from direct, indirect, and collider searches for this model, see [250–252].
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Figure 2.3: Plot represents the relic yields for the conventional freeze-out (solid colored) and freeze-in (dashed colored) as a
function ofmϕi

/T , while the grey thick line indicates DM yield in equilibrium. Different colored lines correspond to different
choices of Higgs portal coupling (λiH) as mentioned in the figure inset, for a fixed DMmassmϕi

= 40 GeV .

SIMP: An example

Freeze-out of DM may also occur via number changing processes like 3DM → 2DM

(or 4DM → 2DM) annihilations within the dark sector, while the 2DM → 2SM annihila-
tion is suppressed. The order of DMmass has to account for the suppression in the
phase space and usually comes aroundMeV to provide the correct relic density. The
coupling for such a number-changing process within the dark sector also requires
to be quite large. Hence, such a class of DM is called Strongly Interacting Mas-
sive Particle (SIMP) [253, 254]. The simplest model example could be that of a real
scalar DM as described in Eq . (2.1). As the freeze-out occurs here mainly through

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

ϕi

Figure 2.4: Feynman diagrams relevant to the possible self-annihilation of a real scalar DM as in Eq . (2.1) for SIMP like
solution.

NDM → N ′DM (NDM ≥ N ′DM) interactions, the dominant process will be 4DM → 2DM

annihilation channels, as illustrated in Fig . 2.4, since the 3DM → 2DM interactions
are forbidden by Z2 symmetry. The Higgs portal suppressed BEQ, assuming that
the dark sector and SM bath share the same temperature when kinetic equilibrium
is maintained via ϕi + SM → ϕi + SM scattering, is [254]

ṅϕi + 3Hnϕi = −1

2
⟨σv3⟩4→2

[
n4
ϕi
− n2

ϕi
n2
ϕi,0

]
, (2.4)

where a factor of 1/2 arises to account for 4 → 2 processes. Correct relic abundance
is achieved for mϕi ≲ 1 MeV, although the parameter space is strongly constrained
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by self-interaction bounds derived from cluster observations. However, this restric-
tion onmϕi is alleviated when kinetic equilibrium is not maintained, leading to sig-
nificant deviations between the dark sector temperature and the SM thermal bath
temperature. For a detailed phenomenological discussion regarding such implica-
tions, refer to [255]. Substantial research efforts have been devoted in exploring the
SIMP mechanism in various contexts, like too big to fail and core vs cusp problem,
see for example, [256–264].

2.1.2 Non-thermal freeze-in
In thismechanism, DMsnever reach equilibriumwith the thermal bath particles due
to its feeble interaction, and are produced from thermal bath particles out of equi-
librium and freeze-in when the bath temperature falls below DM mass. The main
proposition of suchDMcame in 2009 [265] , where they proposed Feebly Interaction
Massive particle (FIMP) to be the DM.

FIMP: An example

The BEQ governing FIMP production is same as that of the WIMP, excepting for the
fact that we omit the DM annihilation to SM, owing it to be out of thermal bath, and
additionally we include the decay of thermal bath particles to DM2. Depending on
the temperature at which DM is predominantly produced, two types of freeze-in
(FI) mechanisms are proposed: (i) IR (infrared) freeze-in [265] and (ii) UV (ultra-
violet) freeze-in [266]. In the case of infrared freeze-in, DM particles are produced
at low energies (IR scale) through interactions involving lighter mediators or ther-
mal particles present in the IR regime. Here, the relic density is particularly sensitive
to the infrared regime, where thermal effects and low-energy interactions dominate.
In contrast, in the UV FI scenario, DMproduction occurs at high energies (UV scale)
through processes such as decay or scattering involving very energetic bath parti-
cles or mediated by very heavy particles with masses close to the UV/cutoff scale
[267–272]. UV FI is often obtained from DM-SM higher dimensional effective inter-
action. Here, we focus mainly on the IR type freeze in. We can resort to the same
scalar singlet DMmodel as described by Eq . (2.1), to be a FIMP like DM. Following
Eq . (2.2), we can rewrite the BEQ for the production of FIMP type ϕi, as,

ṅϕi + 3Hnϕi = 2⟨Γ⟩X→ϕi ϕi

(
nX,0 − nϕi

nX,0
nϕi,0

)
+ 2⟨σv⟩X X→ϕi ϕi

(
n2X,0 − n2ϕi

n2X,0
n2ϕi,0

)
, (2.5)

where the factor 2 arises because of the production of two identical DMs in the final
state. Themain points behind the above equation are, (i) the tiny initial DMnumber
density and, (ii) production rate is much smaller than the expansion rate (Γ << H).
Therefore,

nϕi
nϕi,0

≪ 1 is maintained, and we can always neglect the terms ∝
nϕi
nϕi,0

.

The Feynman graphs for the scalar FIMP is shown in Fig . 2.5, and the solution of
Eq . (2.5) is shown in Fig . 2.3 where the FIMP yield is dictated by the dashed lines
where yield increaseswith the gradual enhancement of λiH and freezes inwhen T ∼
mϕi . Interestingly, if we gradually enhance the Higgs portal coupling λiH beyond a

2If the parent particles aren’t in the thermal equilibrium, then one has to solve coupled BEQ,
related to DM and parent particle simultaneously. It will be further added by a temperature equation
if the parent particle is not in kinetic equilibrium with the thermal bath particles.
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Figure 2.5: Feynman diagrams relevant for production of a real scalar DM following Eq . (2.1) as FIMP, where f denotes the
SM leptons and quarks.

certain limit, then the DM reaches thermal equilibrium, when the production rate
becomes larger than the Hubble rate [273]. It then provides either a WIMP or SIMP
like solution as discussed before. Numerous scholarly articles are available in the
literature [274–276] that can serve as references for exploring the potential of FIMP
scenarios beyond the simplest case described here, providing deeper insights to its
applicability and relevance.

2.1.3 Multicomponent dark matter
Multicomponent DM assumes the presence of more than one DM particle to consti-
tute the dark sector. Why one should think of such possibilities ? Firstly, assuming
that one particular kind of DM constitute 26% energy budget of the universe seems
to be simplified as an assumption, where the 4% visible sector carries somany differ-
ent kinds of particles and interactions. But how do we bother having more than one
DM component in the universe? The answer to this that the DM-DM interaction cru-
cially governs the DM freeze-out or freeze in, while it also affects the detectability.
Another motivation for a multi-component DM model stems from the small-scale
structure formation related issues [277, 278], such as the “Core − Cusp problem”
[279–281], “Missing Satellites problem” [282–285], “Too Big to Fail problem” [286–
288], or “Diversity problem” [289, 290], which arise because of the assumption of
pure CDM consideration. One of the possibilities is to incorporateWDMalongwith
CDM, which can help resolving these issues. While WDM smooths out small-scale
structures, CDM continues to dominate on larger scales, ensuring that the formation
of large-scale structures, such as the galaxy clusters, remains largely unaffected. To-
gether, CDMandWDMpreserve large-scale structureswhile improving the fit to the
observed power spectrum of large-scale structures, which would be overproduced
in presence ofWDMalone. However, the feedbackmechanism frombaryonicmatter
(baryon feedback) [291–295], modified gravity theory [296, 297]3 etc., are adopted
within pure CDM.

3Although these models have been constrained especially in light of cosmic microwave back-
ground observations [298], they may offer intriguing phenomenological fit at smaller scales [299].
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In multicomponent frameworks, the constituent particles may be WIMP, FIMP,
SIMP, etc. In this report, we consider two-component DM for simplicity, which en-
capsulates theDM-DM interaction. Somegeneric features ofmultipartiteDM frame-
works include:

• Relic under abundance of each individual DM component so that the total relic
density satisfies the observed limit:

ΩDMh
2 =

∑
i

Ωih
2 . (2.6)

This includes the possibility of dominance by one component, as well as equal
sharing between them.

• The other important aspect is the effect in direct and indirect search, where
each individual DM component possesses a modified effective scattering cross
section limited by its fraction in the relic density:

σeff
DD = Ωi

ΩDM
σiDD , (2.7)

σeff
ID =

Ω2
i

Ω2
DM
σiID . (2.8)

• The most important aspect of two-component DM depends on the strength
of DM-DM interaction. If the conversion rate is comparable to their individ-
ual production or annihilation rates, the DM-DM conversion affects their relic
densities, as well as their detection prospects, as shown inWIMP-WIMP [300],
WIMP-FIMP [301], SIMP-SIMP [302, 303], and FIMP-FIMP [304] setups.

A quick note here that conversion can even be instrumental in identifying a new
class of DM, such as pseudo-FIMP (pFIMP) [305, 306], as we elaborate later.

A simple example
The simplest two component DM can arise with two real scalar DM components
(ϕ1 and ϕ2) which are stable under Z2 ⊗ Z ′2 symmetry [300], extensively studied in
literature. The Lagrangian is:

L = LSM + Lϕ1 + Lϕ2 −
1

4
λϕ1ϕ2ϕ

2
1ϕ

2
2 , (2.9)

whereLϕ1,2 is identical to that of Eq . (2.1), with i = 1, 2. The presence ofmutualDM-
DM interaction via λϕ1ϕ2 makes the situation different from the single component
case and results in a distinguishable feature. The Feynman graphs that produce
the DM-DM conversion in this model is shown in Fig . 2.6. This two-component
framework is dictated by five free parameters, {mϕ1 ,mϕ2 , λϕi , λϕ1ϕ2}. The choices of
λi produce different kinds of DM combinations as illustrated in Table 2.1. To get the
cosmological evolution of the DM components, one needs to solve the coupled BEQ
(cBEQ),

ṅϕ1 + 3Hnϕ1 =−

[
⟨σv⟩ϕ1ϕ1→X X

(
n2ϕ1 − n2ϕ1,0

)
+ ⟨σv⟩ϕ1ϕ1→ϕ2ϕ2

(
n2ϕ1 −

n2ϕ1,0
n2ϕ2,0

n2ϕ2

)]
,

ṅϕ2 + 3Hnϕ2 =−

[
⟨σv⟩ϕ2ϕ2→X X

(
n2ϕ2 − n2ϕ2,0

)
+ ⟨σv⟩ϕ2ϕ2→ϕ1ϕ1

(
n2ϕ2 −

n2ϕ2,0
n2ϕ1,0

n2ϕ1

)]
,

(2.10)
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Figure 2.6: Feynman diagrams correspond to DM-DM conversion, where {i, j = 1, 2}.

where the presence of the conversion term makes the equations coupled. Solving
the cBEQnumericallywe compute the relic density of theDMspecies, see for details,
Fig . 2.7 where in the left plot we show the WIMP-WIMP solution, and in the right
plot we show the WIMP-FIMP solution.

Scenario λ1H λ2H λϕ1ϕ2 ϕ1 detection possibility ϕ2 detection possibility

FIMP-FIMP Feeble Feeble Feeble No No

WIMP-FIMP Weak Feeble Feeble Yes No

FIMP-WIMP Feeble Weak Feeble No Yes

WIMP-WIMP Weak Weak Feeble Yes Yes

WIMP-WIMP Weak Weak Weak Yes Yes

WIMP-pFIMP Weak Feeble Weak Yes Yes

pFIMP-WIMP Feeble Weak Weak Yes Yes

Table 2.1: Generic two-component real scalar DM scenario while some of them are studied and some of them not yet studied.
“No”means it’s very hard to detect in future experiments, and “Yes”means that there might be future detection possibilities.
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Figure 2.7: Figures representing the evolution of DM yields in two component model as in Eq . (2.9) withmϕi
/T . Left: Freeze

out for WIMP-WIMP ϕ1 (solid colored), ϕ2 (dashed colored) as a function ofmϕi
/T , while the grey lines indicate DM yields

in equilibrium. Different colors correspond to different DM-DM interaction couplings (λϕ1ϕ2
) as mentioned in the figure

inset, while λ1H = 10−2, λ2H = 10−1 and mϕ1
= 110 GeV, mϕ2

= 130 GeV are kept fixed. Right: Same as left, but for
WIMP-FIMP scenario with λ1H = 10−1, λ2H = 10−11 making ϕ2 FIMP (dashed) and ϕ1 WIMP (thick). Different colors
correspond to different λϕ1ϕ2

as mentioned in the figure inset.

The detection possibilities of these two scalar DM arises through Higgs portal
interactions. In presence of another DM, the DM-nucleon cross-section has to be
further modified,

σeff
ϕiN

=
Ωϕih

2

ΩDMh2
σϕiN , (2.11)
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where, σϕiN is the ϕi−nucleon scattering cross section. In a similar way, the DM
annihilation cross section into SM particles relevant in indirect searches can also be
further modified as,

⟨σv⟩effϕiϕj→SM SM =
Ωϕih

2

ΩDMh2
Ωϕjh

2

ΩDMh2
⟨σv⟩ϕiϕj→SM SM . (2.12)

We will come back to the specific features of the two component DM in a more fo-
cused discussion in the following chapters, but one may consult the following lit-
erature for some examples of WIMP-WIMP [300, 307–312], WIMP-FIMP [301, 313],
and FIMP-FIMP[304, 314, 315] setups.

2.2 Dark Matter detection

Production at Collider

D
ire

ct
 D

et
ec

tio
n

Indirect DetectionDM SM

DM SM

Figure 2.8: WIMP DM interaction with the SM particles via 2 → 2 process leads to different DM search strategies; DM
annihilation produces indirect detection (ID) in the center of the galaxies, scattering of DMwith SM provides direct detection
(DD) of DM, and production of DM in collider experiments provide collider search strategies.

The possibility of DMdetection lies in its non-gravitational interactions with vis-
ible sector. First of all, if the DM possesses feeble interaction with SM, the detection
becomes difficult. This makes primarily the WIMPs prone to detections. Different
ways of DM detection are shown in a cartoon in Fig . 2.8. The signals of DM anni-
hilation in the Galactic center can be registered on Earth via indirect detection (ID).
DM can be produced in colliders and might account for momentum or energy im-
balance signatures (collider search). The possibility of DM scattering off a nucleus
or electron can provide a direct detection (DD).Wewill discuss all such possibilities
one by one.

2.2.1 Direct Detection
Direct detection experiments aim to measure the energy deposited when galactic
DM particles scatter off detector materials [316–325]. Since Earth resides within the
DMhalo, DMparticles continuously traverse terrestrial detectors andmay occasion-
ally interact with the detector material. However, detecting such events presents
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significant challenges due to the extremely low scattering rates and the small en-
ergy deposits, typically ranging from O(keV ) to O(eV ). To minimize background
noise, these experiments are conducted deep underground, utilizing detectors con-
structed from ultra-pure materials. Direct detection experiments are categorized
into two types: (i) DM scattering off atomic nuclei and (ii) DM scattering off elec-
trons. The energy transferred (ER) from DM to the target particle is approximately
equal to the kinetic energy of the DM-nucleus (or DM-electron) system, given by
∼ µrv

2
r/2, where µr = mDMM/(mDM +M) represents the reduced mass of the sys-

tem with M = mN (me), mass for nuclei (electrons), and vr ∼ 10−3c is the DM
relative velocity in the galactic halo. The transferred momentum in non-relativistic
elastic scattering is ∼

√
ERmDM. Alternatively, inelastic scattering processes can

occur, where DM is absorbed rather than scattered [326–329]. Our thesis focuses
on elastic scattering, where electrons and nuclei are bound within the detector ma-
terial. Beyond standard electron-nucleus scattering, several non-standard DM sig-
nals have been proposed, like (i) Composite DM [330, 331], where DM comprises
composite objects rather than point-like particles and produces novel signals; (ii)
Self-Destructing DM [332, 333], involving dark sector particles that decay inside
the detector to produce SM particles; (iii)Multi-Scattering [334, 335], where ultra-
heavyDM(mDM ≳ 10 TeV ) undergoesmultiple scatteringswithin the detector; (iv)
Boosted DM [336–340], where DM particles, boosted via interactions with cosmic
rays or energetic particles, allow exploration of lighterDMmasses (mDM ∼ 100 keV );
(v) Secluded DM [341–343], involving DM decoupled from SM particles but cou-
pled to a lighter mediator, which subsequently decays into SM particles prior to
Big Bang Nucleosynthesis (BBN) and interacts with detector material via mediator
exchange; and (vi) Exothermic DM [344–346], where heavy dark sector particles
transform into DM during DD scattering, resulting in exothermic reactions deposit-
ing significant energy in the detector. As non-observation of a DM signal via direct
detection limit is progressively approaching the ‘neutrino floor’, a significant chal-
lenge arises in differentiating DM-nucleon scattering cross-sections from neutrino-
induced backgrounds, see for example [347, 348].

Scattering with atomic nuclei

Let’s assume that DM interacts weakly enoughwith SM particles so that it can reach
the underground detectors. The DM-nucleus scattering (DM, A → DM, A) event
rate (number of events per time interval per target mass,mT ) is [324],

dRev(ER, t)

dER
=
dNe

dt

1

mT
=
∑
i

NT,i

mT

∫ ∞
v>vmin

dσA,i(ER, v)

dER
v
ρ⊕
mDM

f⊕(v + vE(t))d
3v , (2.13)

where NT denotes the number of target nuclei in the target mass mT , and ER rep-
resents the nuclear recoil energy. For multiple nuclei (i > 1), the integration over
the DM velocity in the Earth’s frame is performed, with the local DM density ρ⊕
assumed to match the solar neighborhood value, ρ⊕ = ρ⊙ ≈ 0.4 GeV/cm3. v =
|v| is the speed of DM in the experiment rest frame, and the velocity distribution
f⊕(v+ v⊕(t)) is measured in the Earth’s frame. The differential cross-section is pro-
portional to the inverse square speed of DM, and the velocity distribution can be
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expressed as:

η(vmin, t) =

∫
v>vmin

f⊕(v + v⊕(t))

v
d3v . (2.14)

The minimum velocity required, vmin =
√
mAER/(2µ2

r), ensures the transfer of the
kinetic energy ER to the nucleus with, ER = Eth. The minimum threshold energy,
Eth, is determined by the properties of the detector materials. The maximum veloc-
ity is defined by the DM escape velocity from the Galaxy (vesc ≈ 550 km/s), trans-
formed into the Earth’s reference frame using Galilean Transformation. The under-
lying particle physics is encapsulated in the DM-nucleus scattering cross-section,
dσA
dER

. Rather than directly calculating DM-nucleus scattering, we evaluate DM-
nucleon scattering (assuming the nucleons within the nucleus are non-relativistic)
and then extrapolate to the nucleus level. Depending on the nuclear spin, the non-
relativistic interaction can be classified as (i) spin-dependent (SD) scattering involv-
ing the nuclear spin or (ii) spin-independent (SI) scattering, which is independent
of nuclear spin. If an SI interaction is present, it predominantly contributes to DM-
nucleus scattering due to coherent enhancement effects.

The time average of DM-nucleus scattering cross-section is the sum of the SI and
SD contributions [72],

dσASI
dER

=
mA

2v2µ2
N

A2σNSIF
2
SI(ER) , (2.15)

dσASD
dER

=
mA

2v2µ2
N

A2σNSDS(q) , (2.16)

where σNSI (σNSD) is the SI (SD) DM-nucleon scattering cross-section, FSI(ER) is the
SI nuclear form factor [349, 350] and S(q) is the SD nuclear response function [350–
353]. The DM-nucleon scattering cross-section is given by,

σNSI =

(
ZfpN + (A− Z)fnN

Af
p(n)
N

)2

σ
p(n)
SI , (2.17)

σNSD = σpSD + σnSD , (2.18)

where σp(n)SI(SD) is the SI (SD) DM scattering cross-section with a single proton (neu-
tron), and fp(n)N is the coupling of DM with non-relativistic proton (neutron). A is
the atomic mass number of the nucleus with charge Z, µN = mNmDM/(mN +mDM)
is the reduced mass of the DM-nucleon system, the momentum exchange rate is
q =

√
2mAER and the mass of the nucleus is defined asmA ≈ AmN . As the transfer

energy is ∼ O(10 − 100) keV , much smaller than binding energy per nucleon and
gives transfer momentum q ∼ O(10 − 100) MeV , while 1/q is the same order as of
the nuclear radius A1/3 fm, nuclei are not point-like objects to a DM, and require
nuclear form factor. In the limit of small momenta transfers, q → 0, the integrated
cross section for DM scattering on the nucleus is,

σASI|q→0 = A2σNSI
µ2
DM A

µ2
DM N

, (2.19)

σASD|q→0 = σNSDS(q → 0)
µ2
DM A

µ2
DM N

. (2.20)
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From the above equations, we can say that compared to the SI scattering cross-
section, the SD cross-section lacks the A2 coherent enhancement factor, resulting
in a weaker experimental constraint. So, in the left plot of Fig . 2.9, we only have
illustrated the most stringent constraints on the SI scattering cross-section to date,
derived from underground detectors employing various target materials. During
the calculation of Eq . (2.18), we integrated out the heavier mediator if the mediator
mass significantly exceeds the typical momentum transfer in DD4, and the rest of the
calculation follows the effective theory approach. The stringent lower bounds, from
different experiments, on the SI DM-nucleon scattering cross section are shown in
Table 2.2.

However, the event rate in Eq . (2.13) should be modified in the presence of one
or more additional DM components [354, 355]. This modification induces a kink
in the recoil rate spectrum, which could serve as a signature of multicomponent
DM if a viable signal is detected in future DM-nuclear scattering experiments. We
elaborate on it later.
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Figure 2.9: The upper limits on the SI DM-nucleon (left) and electron (right) scattering cross-section as a function of DM
mass. Adapted from [72].

Experiment Target Fiducial Mass (kg) Cross Section (cm2) Ref.

SI high mass (> 5 GeV )
LUX-ZEPLIN Xe 4200 2.1× 10−48 [356]
PandaX-4T Xe 2670 3.8× 10−47 [357]
XENONnT Xe 4180 2.6× 10−47 [358]
SuperCDMS Ge 12 1.0× 10−44 [359]
DarkSide-50 Ar 20 1.9× 10−43 [360]
DEAP-3600 Ar 2000 3.9× 10−45 [361]

SI low mass (< 5 GeV )
LUX (Migdal) Xe 118 6.9× 10−38 [362]
XENON1T (Migdal) Xe 1042 3× 10−40 [363]
XENON1T (ionisation only) Xe 1042 3.6× 10−41 [364]

4For a light mediator (q ≫ mmediator), the point interaction assumption is replaced by long-range
interactions, causing the amplitude to depend on q2. This dependence is directly incorporated into
the expression for the differential cross section for DM scattering on nuclei, Eq . (2.18).
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Experiment Target Fiducial Mass (kg) Cross Section (cm2) Ref.

DarkSide-50 (ionisation only) Ar 20 1.4× 10−42 [360]
SuperCDMS (CDMSlite) Ge 0.6 2× 10−40 [365]
SuperCDMS (CDMSlite, Migdal) Ge 0.6 6× 10−38 [366]
CRESST CaWO4-O 0.024 1× 10−39 [367]
CRESST Si 0.0035 4.5× 10−32 [368]
DAMIC Si 0.3 1× 10−40 [369]
NEWS-G Ne 0.3 1× 10−38 [370]

Table 2.2: The limits from DD experiments on SI (for high> 5 GeV and low< 5 GeV masses) DM-nucleon scattering cross
section. These data are taken from [18].

Scattering with electrons

The phenomenology of DM-electron scattering is mainly governed by the fact that
electrons are bound in atomic, molecular, and solid-state systems. The lighter DM
implies smaller kinetic energy and thus deposits smallermomentumexchange in the
scattering events. The current constraints on DM-electron scattering are presented
in the right plot of Fig . 2.9. Let us discuss the methodology of determining limits
from experiments. The event rate per unit target mass for DM scatteringwith bound
electrons in a target material of volume V and massmT is expressed as [371, 372]:

Rev =
1

ρT

∫
dnDM

V d3p2

(2π)3

∑
f

|⟨f,p2|Hint|i,p1⟩|2(2π)δ(Ef − Ei + E2 − E1) , (2.21)

where ρT = mT/V represents the mass density of the target material, p1(2) denotes
the four-momentum of the incoming (outgoing) DM, andHint is the non-relativistic
Hamiltonian describing the interaction between DM and electrons. The states |i⟩
and |f⟩ are the initial and final states of the detector, with corresponding energies
Ei andEf . Additionally, nDM denotes the number density of DMparticles, with their
velocity given by v = p1/mDM. However, the interaction can be written in terms of
the products of DM and electron currents as [373],

⟨f,p2|Hint|i,p1⟩ ≡
∫

d3q

(2π)3
⟨p2|ODM|p1⟩⟨f |Oel|i⟩

=
1

V

√
πσ(q)

µ2
DM−e

⟨f |Oel|i⟩ , (2.22)

where q = |q|, µDM−e = mDMme/(mDM+me) . TheOel andODM operators only act on
the target system and DM states, respectively. In the above equations, we have used
the plane wave state for DM (e.g., eiq1.r/

√
V ) and q = q1−q2. Using the Eq . (2.22),
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Eq . (2.21) becomes,

Rev =
1

ρT

ρ⊕
mDM

∫
d3vfDM(v)

∫
d3q

(2π)3
dωδ(ω + E2 − E1)

πσ(q)

µ2
DM−e

× 2π

V

∑
f

|⟨f |Oel(q)|i⟩|2δ(Ef − Ei − ω)︸ ︷︷ ︸
S(q,ω)

. (2.23)

In the above expression, the term S(q, ω) is called the dynamic structure factor, and
it depends on the dynamics of the target material; the momentum transfer q with
energy deposited ω by DM in the target material,

ω = E2 − E1 = q.v − q2

2mDM

. (2.24)

Therefore, the minimum required velocity

vmin(q, ω) = E2 − E1 =
ω

q
− q

2mDM

. (2.25)

For the isotropic approximation for the target materials (only dependent on q, not
on q), we obtain [371],

Riso
ev =

1

ρT

ρ⊕
mDM

∫
qdq

(2π)2
dω η(vmin(q, ω))

πσ(q)

µ2
DM−e

δ(ω + E2 − E1)S(q, ω) , (2.26)

where η(vmin) =
∫∞
vmin

d3v
fDM(v)

v
. The term σ(q) is reduced to scattering of DM on

‘free electrons’ in the limit of the heavy mediator with momentum transfer q → 0.
However, in the literature, the fiducial cross-section is commonly used with σT =
σ(q0) where q0 = 1/a0 ≃ 3.7 keV and σ(q) = σTF

2
DM(q), where FDM(q) is called the

DM form factor. If we assume DM interacts directly with electrons, then the cross-
section σe is written as [372],

σe ≡
µ2
DM−e

16πm2
DMm

2
e

|MDM−e(q)|2|q2=α2m2
e
. (2.27)

For a bound electronwith a binding energyEB, DMparticle ofmassmDM ≥ 250 keV×
EB
1 eV

can, in principle, be probed. The resulting signal depends on the material,
which may consist of one or more electrons (in semiconductors, noble liquids, or
graphene), one or more photons (in scintillators), phonons (in superconductors
and superfluids), or quasiparticles (in superconductors). In general, the differential
event rate for ionization is written as [372],

dRion

dEe
=

1

Ee

1

ρT

ρ⊕
mDM

1

8µ2
DM−e

∫
dq q σ|fion(ke, q)|2η(vmin) , (2.28)

where the minimum DM velocity for obtaining an ionizing state with an outgoing
electron with energy Ee is given by vmin = (Ee + EB)/2 + q/2mDM and fion is the
ionization form factor given in [372].
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The Migdal effect

The DM scattering on atoms can induce a process in which DM initially interacts
with the atomic nucleus, causing the nucleus to recoil. This recoil generates a per-
turbation that transfers momentum to the surrounding electron cloud, resulting in
an electron ejection. This phenomenon is known as the Migdal effect [374–378]. It
is a 2 → 3 process, where an incoming DMparticle and an atom scatter, producing a
final state comprising of an outgoing DM particle, an ionized atom, and a free elec-
tron. This mechanism is distinct from elastic DM/nucleus (or DM/atom) scatter-
ing, as discussed previously. Elastic and inelastic DM/atom scatterings yield differ-
ent experimental signatures: while elastic scatterings produce only nuclear recoils,
inelastic processes result in both nuclear recoils and the ejection of free electrons
within the detector. The latter signature is more analogous to those arising from
DM-electron scatterings. Because the detection thresholds for electron excitations
are generally lower, the Migdal effect provides an way to enhance the sensitivity
of conventional DM detectors to DM/nucleus scattering, particularly for lower DM
mass ranges. In this thesis, our focus is mainly on DM-nuclear scattering.

2.2.2 Indirect Detection
The DM, despite being a microscopic constituent, can exert significant and mea-
surable macroscopic effects on astrophysical systems. The indirect searches of DM,
which entails searching for SM particles produced through DM interactions, rep-
resent another method for DM detection, as illustrated in Fig . 2.8. This detection
method focuses on identifying an excess in cosmic ray fluxes observed on or near
Earth, which may result from the annihilation or decay of DM particles within the
galactic halo or beyond [379]. These byproducts include detectable species such
as gamma rays, neutrinos, and antimatter particles5. The production rate of these
particles depends on three key factors: (i) the annihilation (or decay) rate of DM
particles, (ii) the density of particle pairs (or individual particles, in the case of de-
cay) in the region of interest, and (iii) the number of final-state particles produced
per annihilation (or decay) event. The production rate of a final-state particle f per
unit volume, arising from DM annihilation and decay, can be expressed as [18]:

ΓAf = c
ρ2DM

m2
DM

⟨σv⟩NA
f ; ΓDf = c

ρDM

mDM

1

τDM
ND
f ; (2.29)

where ⟨σv⟩ is the thermally averaged cross-section times relative velocity (we will
define it more precisely later), ρDM is the physical density of the DM, NA

f is the
number density of the final state particles f produced by an individual annihilation
event, c = 1/2 (1/4)when particle and antiparticle are the same (different) and τDM

is the lifetime of DM.
In general, the particles produced by DM annihilations or decays, which we aim

to detect, consist of all the stable StandardModel species: photons [381–383], neutri-
nos [384–386], positrons [387–389], anti-helium [390–392], antiprotons [393–395],
anti-deuterons [396–398] amongst others.

5Typically, DM annihilation could produce both particle and antiparticle with equal amount,
while, in the astrophysical background, the anti-matter production is less likely compared to matter
particles [380].
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Photons: High-energy photons (γ−rays) freely propagate in the galaxy, carrying in-
formation about DM in their energy spectrum and angular distribution. Be-
ing electrically neutral, DM produces photons only via subdominant mech-
anisms, such as charged-particle loops or ancillary radiation, resulting in a
suppressed, model-dependent photon flux. These photons, generated directly
through DM-related processes without environmental interactions, are called
prompt γ−rays. On the other hand, low-energy photons (e.g., X-rays, radio
waves) from DM can arise indirectly via interactions like inverse Compton
scattering, synchrotron emission, or bremsstrahlung, depending on astrophys-
ical factors such as magnetic fields and gas density. These are termed sec-
ondary radiation. Low-energy photons can however originate directly from
the decay of light DM particles with masses in the keV to MeV range.

Positrons: They diffuse through galactic magnetic fields, randomizing their directions
and obscuring direct traces to the DM distribution. Information of DM is thus
contained in the energy spectrum, which is altered as positrons lose energy
through synchrotron emission, Coulomb scattering, ionization, bremsstrahlung,
and inverse Compton scattering. Below a few GeV , solar activity distorts the
spectrum, and below ∼ 1 GeV , positrons are deflected and cannot penetrate
the solar system. High-energy positrons from nearby galactic regions are less
affected by diffusion and losses, offering clearer indication to DM contribu-
tions.

Neutrinos: Being electrically charge neutral, neutrinos travel freely through the Galaxy
and can also pass through the dense matter of the Earth and the Sun, up to
multi−TeV energies. Due to their small interaction cross-sections, detecting
neutrinos is more challenging than detecting gamma rays or positrons. Addi-
tionally, their energy is often only partially reconstructed, as they aremeasured
indirectly through charged particles (e.g., up-goingmuons) produced when a
neutrino interacts with the material of a neutrino telescope or the surrounding
rock, water, or ice. However, neutrino interaction cross-section increases with
energy, partially compensating the reduced flux at larger DM masses. Poten-
tial sources of neutrinos from DM are similar to those of photons, with the
Sun’s center being a significant source and to a lesser extent, the Earth.
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Figure 2.10: The current most stringent bounds on weak-scale DM annihilations for GeV ≲ (left) and GeV ≳ (right) DM
mass. Adapted from [72].
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Numerous searches for DM annihilation or decay signals via ID yielded no conclu-
sive excess. As a result, these measurements only establish upper bounds on the
DM annihilation cross-section or decay rate. These limits are derived by ensuring
that the flux from DM, potentially combined with known or assumed astrophysical
backgrounds, does not exceed the observed flux. The results are typically presented
in themDM−⟨σv⟩ and (mDM− τDM) planes, where for annihilation (decay), regions
above (below) the limiting lines are excluded. Extensive searches have focused on
weak-scale DM with masses ranging from GeV to 100 TeV over the past decades.
The left plot in Fig . 2.10 presents a selection of the most relevant bounds from var-
ious observations (gamma : FERMI-LAT [399–405], VERITAS [406, 407], MAGIC
[408–410], HESS [411–413] etc,. neutrino :ANTARES [384, 414, 415], IceCube [416–
418], BAIKAL [419, 420] and so on), obtained by DM annihilations to SM particles
listed in [72]. For the DMwithmasses ranging fromMeV toGeV , the ID constraints
are shown in the right plot of Fig . 2.10. The kinematically allowed annihilation or
decay channels include γγ, neutrinos, e+e−, and µ+µ−, which are dominant for the
indirect searches of low-mass DM; for an exclusive list, see [421]. For super-heavy
DM with mDM > 100 TeV , a special mechanism for DM annihilation is needed to
avoid unitarity constraints; and the indirect constraints are mainly applicable to the
DM decay time. Several collaborations, including HAWC [422], MAGIC [423], and
LHAASO [424], have placed limits on decay time based on data from high-energy
cosmic ray observations, such as IceCube, TelescopeArray, and the Pierre Auger Ob-
servatory among others. Recently, the HAWC collaboration also derived constraints
on the annihilation of super-heavy DM [425]. This thesis focuses mainly on the an-
nihilation of DM within the mass range ofMeV to GeV .

2.2.3 Collider Searches
An important method for detecting DM involves its production in particle collid-
ers, as schematically depicted in Fig . 2.8, where it can be investigated rigorously in
a manner comparable to the searches for SM particles. Investigations in this area
yield viable signal predictions, despite the lack of any positive detection yet, across
a wide range of DM masses, interaction couplings, and spin states, which consti-
tute the most critical parameters for DM signal identification alongside experimen-
tal sensitivity. The indication of DM production at collider is obtained via missing
energy /E6, or missing transverse momentum /ET

7, as DM interacts minimally with
ordinary matter and traverses the detector undetected, thereby creating energy and
momentum imbalance. This signature is further constrained by background pro-
cesses. Beyond this scope, DMmay coexistwith additional states, such as newheavy
mediators (referred to as long-lived particles, LLP), which may decay into SM par-
ticles, resulting in detectable signatures in particle detectors. These signatures are
mostly model-dependent, and extensive literature has been devoted to their investi-
gation. To date, no statistically significant DM signal have been confirmed.

6The missing energy is defined as the difference between the center-of-mass-energy and the sum
of the energies of all detected particles, asEmiss =

√
s−
∑
iEdetected,i. Naturally, this requires precise

knowledge of the center-of-mass energy of the collider, which is possible at ILC, but not at LHC.
7 /ET , is defined as themagnitude of the vector sum of the transverse momenta (pT ) of all detected

particles, as: /ET =
√
(
∑
i px,i)

2
+ (
∑
i py,i)

2 ≡ |p⃗miss
T |, where, p⃗miss

T , is given by: p⃗miss
T = −

∑
i p⃗

vis
T,i,

where, p⃗visT,i represents the transverse momentum of the i-th visible particle.
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Amongst several types of colliders [426] designed to explore the different aspects
of HEP, the ongoing (I) Large Hadron Colliders, and proposed (II) Lepton Collider
can be useful for DM searches.

Hadron Colliders accelerate hadrons (mainly proton or anti protons) to very high energy and
collide them. Examples include: (i) the Tevatron [427], a proton-antiproton
collider, which ran in Fermilab, and was decommissioned in 2011 ; (ii) the
Large Hadron Collider (LHC) [428–430], currently the most powerful proton-
proton collider in operation at CERN, has played a pivotal role in the discovery
of the Higgs boson and the investigation of BSM phenomena ; (iii) the Su-
perconducting Super Collider (SSC) [431], was proposed in 1990s, but never
started ; (iv) the Future Circular Collider (FCC) [432–434], a proposed project
at CERN, aims to achieve unprecedented energy levels to facilitate the explo-
ration of DM, supersymmetry, and other BSM physics ; (v) the Super Proton-
Proton Collider (SPPC) [435] is another proposed collider designed to extend
the frontiers of high-energy particle physics .

Lepton Colliders accelerate leptons for high energy collisions. The salient feature of this collider
is the absence of QCD backgrounds, as leptons do not participate in strong
interactions, unlike hadrons. The operational and proposed lepton colliders
are detailed as follows: (i) the Large Electron-Positron Collider (LEP) [436]
was decommissioned after providing essential data for the exploration of the
EW sector and Z-boson physics. (ii) the International Linear Collider (ILC)
[437, 438] is a proposed high-precision electron-positron collider, designed to
investigate HEP phenomena, including the Higgs boson, DM, and other be-
yond Standard Model (BSM) phenomena. (iii) the Circular Electron-Positron
Collider (CEPC) [439] is another proposed collider aimed at exploring both
the SM and BSM phenomena. (iv) the Compact Linear Collider (CLIC) [440]
is a proposed linear collider at CERN, designed to probe SM and BSM physics
at energy scales exceeding those of the ILC.

In addition, several other kinds of colliders are either operational, proposed, or
decommissioned: (i) the Relativistic Heavy Ion Collider (RHIC) [441], which is
currently operational; (ii) the Nuclotron-based Ion Collider Facility (NICA) [442],
which is proposed; (iii) theHadron-ElectronRingAccelerator (HERA) [443], which
has been decommissioned; and (iv) The Plasma Wakefield Accelerators (PWFA)
[444], etc. In this thesis, we will address BSM physics associated with the ongoing
LHC and the proposed ILC.

A conventional particle detector is capable of detecting only the lightest particles,
which are either stable or possess sufficiently long lifetimes on the timescales asso-
ciated with particle colliders. It generates measurable signatures, such as electrons,
photons, muons, quarks, gluons, and neutrinos. However, heavier particles can be
identified through the analysis of their decay products. Discriminating between the
missing energy associated with light particles (e.g., neutrinos) and heavy particles
(e.g., DMs) presents a non-trivial challenge [445–447]. Following production, DM
particles typically escape the detector without interacting with the detector materi-
als. Consequently, the signal from these particles can only be detected if SMparticles
are produced in conjunction with the DMs. In presence of heavy dark sector par-
ticles, signals like multi lepton, or multi jet along with missing energy or missing
transverse momentum emerges.
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In the absence of extended dark sector, signals such as mono-X plus Emiss
T pro-

vides the only option, (whereX can be a radiated photon, jet, Higgs boson, W, or Z0

boson) [448–451]. The lack of any NP signal at the LHC thus far suggests that the
NP scale is either too high to be produced at the LHC or light but too weakly cou-
pled to the SM particles, making it insufficiently detectable. In low energies, these
heavy NP particles can be integrated out and made a non-renormalizable effective
operator, and DMs are produced via these higher dimensional operators [452, 453].
The DM searches via the EFT operator attempt to avoid dealing with a plethora of
DM model possibilities, but here, it does not capture the on-shell production of a
mediator. For that, ‘simplified model’ approach is adopted, to describe the physics of
mediators between DM and SM [454–459].

Apart, one also looks for (i) Excess in Resonant Peaks, (ii) Long-Lived Particle tracks
or displaced vertices, (iii) Anomalous Jet Structures, (iv) Rare Decay Channels including
(a) Higgs invisible decay 8, (b) Z boson invisible decay 9, (c) Rare Flavor-Changing
Neutral Currents (FCNCs) events with MET, (d) Lepton Flavor Violating Decays
with Missing Energy, (e) B-meson decays to invisible states to search for DM. In
this thesis, we discuss some mono-X and di-lepton plus missing energy signals for
a simplified model in Chapter 6.

2.3 Objective of the Thesis
After the introduction to physics beyond the SM, and DM physics, we are ready to
define the objective of the thesis. We wish to explore extended dark sector of the
universe, having more than one particle, that may be a second DM component, or
a heavy dark sector particle decaying to DM. In this context, we wish to assume
them of different kinds, like WIMP, FIMP, or SIMP. The existing literature mostly
focuses ontoWIMP-WIMP combination, but here we go beyond that. Our approach
has been to address both cosmological and phenomenological features that such
models bring forth and we wish to find out the generic features of such frameworks
in a model independent and minimalistic way.

One of the major questions asked is, if we can find a novel signature of multipar-
ticle DM sector. There was a proposal that a kink in the recoil energy spectrum for
the DM direct search can provide such a hint for WIMP-WIMP scenarios. However,
no UV complete model could be thought of. We study a model where such signals
can be seen after addressing cosmological and other constraints. Actually, our anal-
ysis hints towards a class of models where such features can be observed. This is
elaborated in Chapter 3.

Whenwe take upWIMP-FIMP set up, the DM-DM conversion process being fee-
ble, hardly affects either WIMP or FIMP physics. However, depending whether the
freeze-in of the FIMP and freeze-out of the WIMP happening before or after Elec-
troweak Symmetry breaking (EWSB), provides some interesting phenomenological
distinctions. We study such a prospect in Chapter 4 for a scalar-vector bosonWIMP-
FIMP set up.

8The observed (expected) upper limit on the branching fraction of the 125 GeV Higgs boson
to invisible particles at the ATLAS and CMS detector is 0.107 (0.077) [460] and 0.15 (0.08) [461],
respectively, at 95% C.L.

9The ATLAS and CMS observation put a strong constraint on the Z-invisible decay width: ∼
506 MeV [462] and ∼ 523 MeV [463], respectively.
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Importantly, when the interaction between WIMP and FIMP is enhanced, then
the FIMP equilibrates to thermal bath and freezes out. We study in details the freeze
out dynamics of such FIMPs turning to a new kind of thermal bath particles, which
we call pseudo FIMP (pFIMP). We find out whether such pFIMP solutions can be
obtained in presence of SIMP. All of these is elaborated in Chapter 5.

The search prospects of pFIMP are not obvious, with loop induced interactions.
We study all such pFIMPpossibilities that connect viaWIMP loop for scalar, fermion
and vector bosonDM.We elaborate upon a specificmodel, wherewe canmake some
prediction for direct detection at future sensitivities. We also study some interesting
connection with LFV set ups, and collider signals in Chapter 6.

In general, two DM components arise when we impose two discrete symmetries
to stabilize them. However, under a single discrete symmetry, it is also possible to
achieve stability for both DM components, imposing specific kinematic conditions.
This is analyzed for both the WIMP-WIMP and WIMP-pFIMP scenarios within the
context of two complex scalar fields as DM, as we illustrate in Chapter 7.

We also study the effect of multicomponent DM frameworks in explaining the
small neutrino masses and matter-antimatter asymmetry of the universe. This is
discussed in Chapter 8. Finally, we summarize the thesis and discuss future research
directions in Chapter 9.
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How do we know if the dark sector consists of more than one dark matter (DM)
component is an important question, for which the answer is not very definite. In
this chapter we study such a possibility in context of direct DM search. It was
pointed out earlier in a model independent analysis that a kink in the nuclear recoil
energy spectrum may indicate to the presence of two DM components. However,
realizing one such model was difficult due to experimental constraints. Here we
propose and study a model containing a vector boson DM and a scalar DM, aided
by a light scalar mediator, where a kink in the nuclear recoil spectrum arises after
addressing individual relic densities, direct search limits, collider constraints and
theoretical limits. We find out the allowed parameter space of the model and those
regions likely to show such distinctive signal. The discussion in this chapter is based
on Ref . [464].
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3.1 Introduction
In a model-independent analysis of two-component DM setup [354, 355],1 it was
shown that a kink may appear in the recoil energy spectrum of DD, when one DM
is of low mass ∼ 10 GeV , and the other is heavy, ≳ 40 GeV . The only physical ob-
servable in the event rate analysis is the curvature of the event rate spectrum, which
would serve as evidence for the presence of more than one DM particle in the dark
sector. The position and properties of this curvature depend not only on the DM
masses but also on local DM densities and the DM scattering rates with detector
nuclei. The study motivated us to look into a UV complete set up where such obser-
vations can be realised. This is challenging as having a lowmassWIMP faces severe
constraint from experimental data, particularly invisible decay constraints of Higgs
or the DM-SM portal. Further, the relative relic densities and DMmasses are closely
related in a realistic model, so that finding a parameter space where such novel fea-
ture can be seen in future sensitivities of DD becomes an interesting exercise.

In thiswork, SM is extended by a gauge singlet vector bosonDM(VBDM),which
acquires mass through the spontaneous breaking of a U(1)X symmetry via a com-
plex scalar. Apart we postulate the presence of a real scalar DM (RSDM). The sta-
bility of both is ensured by an appropriate Z2 ⊗ Z ′2 symmetry. Through the mixing
with CP-even part of the SMHiggs doublet, a new real scalar particle emerges along
with the SM Higgs [468, 469], playing a crucial role in the analysis. Our goal is to
study the allowed parameter space satisfying relic density, DD, ID, and the collider
constraints, that result in a visible kink in the total event rate spectrum indicating
the presence of more than one DM components.

This chapter is organized as follows: in Section 3.2, we discussed the possibil-
ity of getting two stable vector and scalar DM components transforming under a
single Z2 ⊗ Z ′2 symmetry and in Section 3.3 we have discussed the coupled Boltz-
mann equation and its solution- relic density of DMs. The direct detection signal
for this vector-scalar DMmodel is discussed in Section 3.4. We finally summarise in
Section 8.6. Appendices B.1 and B.2 provide some necessary details omitted in the
main text.

3.2 The Model
This chapter aims to comeupwith aUV-completemodel that produces a visible kink
in the time-averaged event rate spectrum while satisfying all the current theoretical
and observational constraints. Its worth mentioning that all the simple minded two
component DMmodels, consisting of singlet or doublet scalar or fermion, leaves in
a mass regime where such distinguishability is difficult to address.

To alleviate this, we extend the SM gauge symmetry by a globalU(1)X symmetry
under which the complex scalar S is charged. The associated dark gauge boson Xµ

is stabilized by a Z2 symmetry, making it a viable vector boson DM candidate. We
further include a real scalar ϕ singlet, stable under a Z ′2 symmetry, representing a
second DM candidate. The charges of these particles under the Z2 ⊗ Z ′2 symmetry

1In context of colliders, references [465, 466] have shown that a two-component DM scenario can
lead to the appearance of two peaks in themissing energy (/E) distribution; reference [467] attempted
to explore how the indirect signal (specifically the photon flux) is altered in the presence of twoDMs.
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are listed in Table 3.1. The SM extended dark sector Lagrangian is written as [301],

Dark Fields Z2 ⊗Z ′2
Real scalar ϕ ϕ −ϕ

Complex scalar S S∗ S

U(1)X Gauge Boson Xµ −Xµ Xµ

Table 3.1: Model particles and their charges under Z2 ⊗Z′
2 symmetry.

L = LSM + |∂µϕ|2 + |DµS|2 +
1

4
XµνX

µν − V (ϕ, S,H) , (3.1)

where,
Dµ = ∂µ + igXXµ; Xµν = ∂µXν − ∂νXµ;

and,

V (ϕ, S,H) =− µ2
H(H

†H) + λH(H
†H)2 +

1

2
µ2
ϕϕ

2 +
1

4!
λϕϕ

4 − µ2
S(S

∗S) + λS(S
∗S)2

+
1

2
λϕHϕ

2(H†H) +
1

2
λϕSϕ

2(S∗S) + λHS(H
†H)(S∗S) . (3.2)

The potential V (ϕ, S,H) in Eq . (3.2), for λH , λS, λϕ, µ2
ϕ > 0 and µ2

H < 0, µ2
S < 0, so

that it provides the following vacuum:

H =

 ϕ+

v+h+iϕ0√
2

→ ⟨H⟩ =

 0

v√
2

 ; (3.3)

S =
vs + s+ iA√

2
→ ⟨S⟩ = vs√

2
; ⟨ϕ⟩ = 0 . (3.4)

In the above, ϕ±,0, A denote Nambu-Goldstone Bosons [32, 470–472], which disap-
pear in the unitary gauge after EWSB. The breaking of U(1)X makes the associated
gauge boson massive:

mX = vsgX , (3.5)

where gX denotes U(1)X gauge coupling constant and vs denotes the U(1)X symme-
try breaking scale. Let us have a quick look into the relevant constraints.

• Tree level unitarity
The tree-level unitarity of the theory comes from all possible 2 → 2 scattering am-
plitude and can be ensured by [473, 474],

λH < 4π, λS < 4π, λHS < 8π . (3.6)
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• Perturbativity
To maintain the perturbativity of the theory, the couplings of the theory obey [475],

λH < 4π, λS < 4π, gX <
√
4π, λHS < 4π . (3.7)

• Limits on the thermal Dark Matter mass
There is a unitarity bound that sets an upper limit on the mass of symmetric and
asymmetric thermal DM, is ∼ 110 TeV [75, 476–478]. The combined Big Bang
Nucleosynthesis (BBN) and Cosmic Microwave Background (CMB) provides the
lower limits to the WIMP masses is ∼ 0.5− 5 MeV [74, 479–486].

• Relic density
The Planck data [7] constrains the present DM relic density,

ΩDMh
2 = 0.1200± 0.0012 . (3.8)

where h is the reduced Hubble parameter H0/(100 km/s/Mpc) with H0 = 67.4 ±
0.5 km/s/Mpc being the current Hubble constant.

• Ranges of mixing angle sinϑ

As the scalarmassmatrix is real, symmetric andnon-diagonal, it can be diagonalised
by an orthogonal matrix, resulting in mass eigenstates (h1, h2).h1

h2

 =

cosϑ − sinϑ

sinϑ cosϑ

h
s

 . (3.9)

Here we assume h1 to be SM like, and h2 is lighter. The relations between the pa-
rameters in the Lagrangian, to the physical ones and mixing are,

µ2
H = (λHv

2 +
1

2
λHSv

2
s) , (3.10)

µ2
S = (λSv

2
s +

1

2
λHSv

2) , (3.11)

λHS =
sin 2ϑ

2vsv

(
m2
h2

−m2
h1

)
, (3.12)

λH =
1

2v2
(
m2
h1
cos2 ϑ+m2

h2
sin2 ϑ

)
, (3.13)

λS =
1

2v2s

(
m2
h2
cos2 ϑ+m2

h1
sin2 ϑ

)
. (3.14)

The Higgs precision measurement set an upper limit on the h− smixing angle ϑ at
95% CL for 125.1 GeV Higgs [487–494],

| sinϑ| ≲ 0.29 . (3.15)
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In our analysis, we have chosen a small but not overly tiny mixing angle (10−4 ≲
| sinϑ| ≲ 10−2), ensuring h2 stays in thermal equilibrium during DM freeze-out, has
a lifetime shorter than the BBN era (τh2 < 1 sec), and does not disrupt BBN or induce
invisible Higgs decays.

• Higgs invisible decay

If DM’s connected via Higgs portal, have smaller mass than half of the SM Higgs,
then Higgs can invisibly decay to DM pair. The most sensitive limits on Bh1→inv

are obtained in VBF searches exploring data collected at
√
s = 13 TeV , exclud-

ing Bh1→inv < 0.18 (0.10) observed (expected) at 95% C.L using 138 fb−1 of CMS
data, [495], and Bh1→inv < 0.15 (0.10) using 139 fb−1 of ATLAS data [496]. Together,
searches for invisible decays of the Higgs boson using 139 fb−1 of p p collision data
at

√
s = 13 TeV recorded in Run 2 data of LHC set an upper limit on the invisible

Higgs boson branching ratio of Bh1→inv < 0.113 (0.080+0.031
−0.022) observed (expected)

at the 95% CL. Here we assume that the dark Higgs h2 decays instantaneously in-
side the detector, with DMs long-lived. In our context, therefore, the invisible decay
width of the SM Higgs is,

Γinv
h1

=
Bh1→inv

1− Bh1→inv

ΓSM
h1
, (3.16)

where, Γinv
h1

= Γh1→XX + Γh1→h2h2 and ΓSM
h1

= 4.100 × 10−3 GeV (±1.4%) [497] for
mh1 = 125.09 GeV .

• Can h2 be a 95 GeV scalar?

The latest CMS analysis confirms an excess of di-photon events around 95 GeV.
By combining data from the first three years of Run 2, collected at

√
s = 13 TeV

with integrated luminosities of 36.3 fb−1, 41.5 fb−1, and 54.4 fb−1, CMS reports a
local (global) significance of 2.9 (1.3)σ at a mass of 95.4 GeV [498]. In contrast,
ATLAS reported di-photon search results below 125 GeV using 80 fb−1 of Run 2
data [499] to show only a mild excess, with the largest deviation at 95.4 GeV, yield-
ing a local significance of 1.7σ [500]. A combined analysis gives a signal strength
of µATLAS+CMS

γγ = 0.24+0.09
−0.08 [501], corresponding to a 3.1σ excess. Some studies ex-

plored the possibility with U(1)X gauge boson DM model, containing a real scalar
h2 along with the SM Higgs h1 [502], investigating the processes qq → ttXµX

µ and
qq → V XµX

µ with V → ℓℓ, with mh2 = 95.4 GeV and V = Zµ, h1. No exclusions
apply to our region of interest, provided that gX < 10−2 and | sinϑ| < 10−2. The ref-
erence [503] provides theoretical predictions for signal strengths in γγ, ττ , and bb
channels in the U(1)XSSM model, which aligns well with the excesses observed by
CMS. Interestingly, LEP data strongly disfavor the production of 95 GeV scalar par-
ticle, as well as any other new physics interpretation in the 95-100 GeV mass range
[504]. We do not intend to perform a full analysis of h2 to diphoton decay, which
can cause this excess near 95 GeV .
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•Bounds on lightmediatorh2 mass from thermalization
condition
The decay or annihilations of the light scalar h2 into SM fermions is restricted by
BBN data, because the precision measurement of the baryon density through BBN
andCMB arewell measured [505–507] and restricts h2 lifetime τh2 ≲ 1 sec [508, 509].
The h2 decay life time in our case turns,

τh2 = [Γh2→SM SM + Γh2→X X + Γh2→ϕ ϕ]
−1 . (3.17)

Equivalently, the total decaywidth of h2 (Γh2) should be greater than 6.58×10−25GeV ,
which puts a stringent limit on the model parameters. For other relevant constraints
for the light scalar h2 in presence of VBDM see [510]. Also, you may visit ref . [511,
512] for relevant bounds on light scalar DM from LEP, LHC, light meson decay, and
fixed target experiments. For h2 to remain in chemical equilibrium with thermal
bath, the interaction rate of h2 must be larger than the Hubble expansion rate,∑

F

[
⟨Γ⟩h2→F F + neq

h2
⟨σv⟩h2 h2→F F

]
TDM

FO

≳ H(TDM
FO ) , (3.18)

where F ∈ {SM particles, ϕ, X}, and TDM
FO ∼mDM/25. In Fig . B.2, see the variation

of interaction rate of h2 with the bath temperature. However, the kinematic equilib-
rium of h2 is maintained by the inelastic scattering with light SM fermions (h2 F →
h2 F), sharing the same SM bath temperature (T), so that we use nh2(T) ≃ nh2,0

(T)
throughout the analysis; one can also study the departure from the aforementioned
condition via solving the three coupled Boltzmann equations (cBEQ) simultane-
ously.

• Limits on thermal dark matter annihilation
CMBanisotropies constrain energy injection fromDMannihilation, providing limits
onWIMP annihilation cross-sections that complement indirect DM searches. Planck
2018 data constrains DM mass and annihilation cross-section; the strongest bounds
are obtained assuming s-wave annihilation into bottomquark pairs, ⟨σv⟩DM DM→bb ∼
8 × 10−27cm3/s for mDM = 6 GeV [7]. On the other hand, the 95% confidence level
upper limits on the thermally-averaged cross-section for DM particles annihilating
into bb, derived from a combined analysis of 158 hours of Segue 1 observation with
MAGIC, and 6-year observations of 15 dwarf satellite galaxies by the Fermi-LAT, is
∼ 10−26 cm3/s for mDM = 6 GeV [401].

3.3 Coupled Boltzmann Equation and Relic density
In this study, we have considered both the dark sector particles as WIMP-like DM,
so that both components can be probed in future DD experiments. In particular, we
are interested in the possibility of getting a kink in the recoil energy spectrum. But
before that, we will address the possibility of the DM components to acquire correct
relic density. WIMPs are initially in thermal equilibriumwith the bath particles and
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undergo freeze-out when their interaction rate falls below the Hubble expansion
rate. The Feynman diagrams, which provide the annihilation of DMs and DM-DM
conversion processes, are shown in Fig . B.1. The freeze out of DM components are
evaluated by solving the coupled Boltzmann Equations (cBEQs), which in our case,
reads:

dYϕ
dx

= − s

x H(x)

[(
Y 2
ϕ − Y 2

ϕ,0

)
⟨σv⟩ϕ ϕ→SM SM +

(
Y 2
ϕ − Y 2

X

Y 2
ϕ,0

Y 2
X,0

)
⟨σv⟩ϕ ϕ→X X

]
,

dYX
dx

= − s

x H(x)

[(
Y 2
X − Y 2

X,0

)
⟨σv⟩X X→SM SM +

(
Y 2
X − Y 2

ϕ

Y 2
X,0

Y 2
ϕ,0

)
⟨σv⟩XX→ϕ ϕ

]

+
2

x H(x)

2∑
i=1

[
Yhi,0 − Yhi,0

Y 2
X

Y 2
X,0

]
⟨Γ⟩hi→X X .

(3.19)

In the above, notations have very standardmeaning, some of themworth noting are,
x = µϕX/T , where µϕX = mϕmX/(mϕ +mX) denotes reduced mass for the two DM
components, T denotes temperature of the thermal bath, Yi,0 = ni,0/s denotes equi-
librium yield, with s = 2π2

45
gs∗T

3 denoting entropy density, ni,0 = T
2π2 gim

2
iK2

(mi

T

)
in-

dicate to equilibriumnumber density, annihilationfinal states include SM ∈ {h1, h2,
W±, Z, leptons and quarks}, and

⟨σv⟩a b→c d na,0nb,0 = ⟨σv⟩c d→a b nc,0nd,0 , (3.20)

indicate the thermal average of annihilation cross-section. The total DM relic density
is the sum of the individual relic densities, derived from the solution of the cBEQ in
Eq . (3.19), to provide,

ΩDMh
2 = 2.744× 108

[
mϕYϕ +mXYX

]
x→∞ . (3.21)

The free parameters in this model that crucially dictates DM phenomenology are,

{mϕ, mX , mh2
, gX , λϕH , λϕS, sinϑ} . (3.22)

The parameter space which is scanned here is : {10−3 < λϕS < 1, 10−4 < λϕH <
10−1, 10−3 < gX < 10−1, 10−4 < | sinϑ| < 10−2, 1 < mX < 550, 1 < mh2 < 103, 1 <
mϕ < 103}where masses are in GeV unit. We have calculated the DM relic densities
and the spin-independent (SI) DM-nucleon inelastic scattering cross-section using
MicrOMEGAs 6.0 [513], and the findings are presented and discussed below.

In the left plot of Fig . 3.1, we illustrate the relic density allowed points in the
mDM − σeff

DM−N plane. The orange points represent real scalar DM (ϕ), while the
light blue points correspond to VBDM (X). The effective SI DM-nucleon scattering
cross-section is defined as σeff

iN = (Ωi/Ωtot)σ
SI
iN, where the individual direct search

cross-section is scaled by the ratio of its relative abundance with respect to the total
one. The grey (LZ-2022 [514]) and pink (XENONnT [515]) shaded regions indi-
cate the DD exclusion limits, while the projected limits are shown by the dashed
blue (PandaX-xT [516]) and green (DARWIN-200 t y [517, 518]) lines. The points
scanned here already obey indirect detection and collider search limits. Addition-
ally, two peaks in the indirect detection signal ⟨σv⟩DM DM→b b occur near the h1 and
h2 resonances, leading to the exclusion of some points in these regions. The major
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Figure 3.1: Left: Allowed parameter space of the model in themDM−σeff
DM−N plane (ϕ in blue,X in red points) that satisfies

Bh1→inv ≤ 0.113 and τh2
< 1 sec, relic abundance and indirect search (DM DM → b b) constraints from Fermi-LAT

and CMB. The bounds and future sensitivities from experiments like XENONnT, LZ, PandaX-xT, DARWIN are shown. Right:
points allowed by relic density, and recent direct detection constraint from LZ-2022 in mDM − ⟨σv⟩effDM DM→b b

plane are
shown with Fermi-LAT bound.

stumble block in coming up with a realistic model that produces a curvature in the
direct search signal is that one of the DM components must have small mass, there-
fore susceptible to the invisible branching ratio of either the Higgs or Z boson or
whatever the DM-SM portal is. In our case, we need to adhere to the Higgs invis-
ible decay bound, and we can address that by choosing a very small mixing angle
| sinϑ| ≲ 10−2. This was one of the reasons of having the second light scalar present
in the scenario. From the figure, it is clear that there is plenty of breathing space for
the model to survive the non-observation of direct search limit after addressing the
observed relic density, with both the DM components providing detectable points
in the vicinity of the exclusion limit and beyond. Notably, we are considering spin
independent direct search cross-section and the corresponding limits as obtained by
the DM interactions in this model.

In the right plot in Fig . 3.1, we have shown the relic density allowed points in
mDM−⟨σv⟩eff

DM DM→b b
plane, where the color coding remains the same as the left plot.

All the points shown here are also allowed by direct and collider search constraints.
This particular annihilation channel to the bottom quark pair is relevant as some
points are excluded near the Higgs resonance region from the Fermi-LAT [519–521]
limit. There are points below the Higgs mass, which also get restricted because of
the resonance enhancement due to the presence of the light mediator h2.

3.4 Two component dark matter signal in direct detec-
tion

After finding out the allowedparameter space of themodel from the existing bounds,
we now turn to the direct search observability of two DM components. Its worth
repeating that we wish to focus on the direct search signal where a kink or a curva-
ture in the recoil energy spectrum is observed [354, 355]. Absent any background,
this indicates the presence of more than one DM components. In the context of the
model presented above, it is therefore the exploration of the region of parameter
space where the presence of two DM components can be realised.

Let us now turn to the formalism a little. The total observed differential event
rate is the sum of the individual event rates from each DM component interacting
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with the target nuclei. The DM relic densities as obtained from the solution of cBEQ
are given by,

ΩXh
2 =

ρX
ρcrit

, Ωϕh
2 =

ρϕ
ρcrit

, with ρloc = ρX + ρϕ , (3.23)

where the critical density is given by ρcrit =
3H2

0

8πG
, with H0 and G representing the

Hubble and gravitational constants respectively. Following the above relations, we
can evaluate the DM densities in terms of relic densities,

ρϕ = ρloc
Ωϕh

2

Ωϕh2 + ΩXh2
, and ρX = ρloc

ΩXh
2

Ωϕh2 + ΩXh2
, (3.24)

and

ρϕσ
N
ϕ = ρloc

Ωϕh
2

Ωϕh2 + ΩXh2
σNϕ ≡ ρlocσ

eff
ϕ−N , and ρXσ

N
X = ρlocσ

eff
X−N . (3.25)

The time-averaged event rate for recoil, typically measured in events/(kg keV day),
for a detector with a target nucleus2 of mass mA and characterized by the standard
notation (A,Z), is given by the sum of the individual contributions,

RA(ER) = R
(1)
A (ER) +R

(2)
A (ER) = F 2

A(ER)
∑
α=X,ϕ

(Aeff
α )2

ρασ
p
α

2mαµ2
αp

ηα(v
α
m,mA, t) , (3.26)

where the nuclear form factor of the detector element with the mass number A is
denoted by FA(ER), where ER denotes recoil energy. For the spin-independent (SI)
form factor, we use the Helm parameterization [525, 526]. The velocity integral
(ηα(vαm,mA, t)) is defined as,

ηα(v
α
m,mA, t) =

∫
v
(α)
m,A

d3v
f
(α)
det (v, t)

v
, (3.27)

where v(α)m,A =

√
mAER
2µ2

αA

is the minimum velocity required for a DM particle α to

produce a nuclear recoil with energy ER (the detector’s threshold) in a nucleus of
mass mA. The velocity distribution of DM particles in the detector frame, f (α)

det (v, t),
satisfies f (α)

det (v, t) ≥ 0 and
∫
f
(α)
det (v, t)d

3v = 1. The velocity distributions in the
detector and galaxy rest frames are related further by a Galilean transformation:
fdet(v, t) = fgal(v + ve(t)), where ve(t) is the Earth’s velocity in the galaxy’s rest
frame. Here, we have used the Standard Halo Model, assuming a local DM density
of ρloc ≃ 0.4 GeV/cm3 and a Maxwellian velocity distribution [527–529],

fgal(v) =
1

(2πv2α)
3/2

exp

(
−3

2

v2

v2α

)
, (3.28)

2In this chapter, we have considered the 132Xe54 as our detector nuclei. However, we can do a
similar analysis for other nuclei such as germanium (EDELWEISS [522]) and sodium (COSINE-100
[523]) for the spin-independent case, while fluorine (PICO [524]) for the spin-dependent case, etc.
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with a cutoff at the escape velocity, vesc = 550 km s−1 [530, 531]. The velocity disper-
sion vα depend on the DMmasses within the model following,

vα = v0 (m/mα)
1/2 , (3.29)

where the canonical value for the velocity dispersion is v0 ∼ 270 km s−1 [532, 533],
and

m =
∑
k=1,2

nkmk/
∑
l=1,2

nl = ρloc/(n1 + n2) =

(∑
k=1,2

Ωkh
2

)(∑
l=1,2

Ωlh
2

ml

)−1
. (3.30)

The scattering cross-section of DM particle α with the protons at zero momentum
transfer is denoted by σpα, while µαp represents the reduced mass of the DM particle
α and the proton. The nuclear form factor of the nucleus j is denoted by Fj(ER).
The effective mass number of nucleus j, interacting with the DM particle α, isAeff

α =
Z+(A−Z)fnα/fpα with fn,pα representing the SI coupling strengths of the DMparticle
α to neutrons and protons respectively. For the SI form factors, we use the Helm
parametrization in our numerical analysis [525, 526].

Benchmarks mϕ [GeV ] mX [GeV ] Ωϕh
2 ΩXh

2 σeff
ϕ−N [cm2] σeff

X−N [cm2]

A 109.65 8.77 0.0352 0.0851 2.00× 10−47 1.98× 10−47

B 77.17 12.16 0.0264 0.0934 5.38× 10−49 2.06× 10−48

C 66.07 12.42 0.0005 0.11902 4.99× 10−48 1.91× 10−47

D 51.29 8.42 2.8× 10−5 0.1202 3.95× 10−49 4.55× 10−48

E 40.74 8.46 2.4× 10−5 0.1208 1.18× 10−48 2.09× 10−47

F 199.53 13.18 0.0379 0.0822 3.23× 10−48 4.41× 10−48

G 83.18 4.27 0.0294 0.0915 1.10× 10−47 1.10× 10−47

Table 3.2: The benchmark points noted above are capable of displaying a noticeable kink in the recoil rate spectrum while
also meeting the constraints from relic density, DD, ID, and collider searches of DM.

In Table 3.2, we present several benchmark points that account for the current
DM relic density, stringent direct detection limits from LZ (2022), indirect detection
constraints on DM annihilation into bottom quarks, and collider limits on the Higgs
invisible decay. We also have accounted for the limits on the mixing angle sinϑ and
the BBN limit on the h2 lifetime. Each benchmark, labeledA to G, shows a noticeable
kink in the recoil energy spectrum following themethodology described above. The
variation of the total time-averaged event rate as a function of recoil energy (ER)
is shown in Fig . 3.2. All the benchmark points described in Table 3.2 are shown
here by different colored lines. The kink typically appears around ER ≲ 10 keV. Its
position depends not only on the DM mass but also on the relic density and the SI
DM-nucleon scattering cross-section. In the left panel,ER ranges up to 40 keV, while
in the right panel, it is limited to 10 keV for a closer inspection of the kink. We also
show on the right panel, how the different slopes in Rϕ and RX adds to the kink.
It is obvious that there are regions of parameter space, where the slope for both
DM components are same in the recoil spectrum, where the distinguishability is
submerged. So it is legitimate to ask, what is the parameter that crucially governs the
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Figure 3.2: Recoil rate spectrum for the benchmark points as in Table 3.2. We show the variation of total event rate (Rϕ+RX)
with the recoil energy (ER). The right plot shows benchmark G, while the left plot demonstrates benchmark points A to F
from Table 3.2. The dashed blue and orange lines on the right panel correspond to the individual rates from vector boson and
real scalar DM respectively.

kink. The answer to that is DMmass. So, the larger themass is, the smaller the slope
is. Whenever, there is a substantial gap in the slope between the DM components,
having similar direct search cross-section, such distinctive curvature will appear to
indicate the presence of two DM components.

The angles between the linear fit of the vector and scalar DM event rate curves,
measured from the positive ER axis, are represented as θX and θϕ, respectively. The
resultant angle between these two curves is defined as θ = θX − θϕ. If mX > mϕ,
then θϕ < θX , resulting in a positive angle. Conversely, if mX < mϕ, then θϕ > θX ,
yielding a negative angle. However, other parameters, such as DM relic density and
DD cross-section, can influence the slope, though their effects are mild and flexible,
with a considerable impact on event rates.

Finally, in Fig . 3.3, we show the points in the mϕ − mX plane that satisfy the
DM relic density and respect the DD, ID, and collider constraints. Importantly, the
rainbow color bar represents the angle (θ, in degrees) between the two linear fit lines
for the event rates of the two DM particles, X and ϕ in the recoil energy spectrum.
We see the presence of bluish or yellow-reddish points, where the angle is large to
make the kink visible, spanning at large mϕ with small mX . This also validates the
claim made in model independent way in the references [354, 355] that the kink
appears only when one mass is around 10 GeV , and the other is ≳ 40 GeV . On
the contrary, for the opposite mass hierarchy, i.e. mX > mϕ, energy densities are
widely different with ρϕ ≪ ρX, and the event rates for ϕ is way smaller as Rϕ ≪ RX

across the entire range of ER. Consequently, this hierarchy is less promising for
discriminating between the two DM components, although a finite slope difference
exists between the two linear-fitted event rate curves. However, the situation alters
if we can have ρϕ > ρX formϕ < mX by incorporating new degrees of freedom into
our model. Thus, our work provides an example of a UV-complete vector-scalar
model, where the distinguishability in direct search could be demonstrated. This is
possible due to the presence of light scalar (h2), which helps keep the VBDM under
relic, even below the Higgs resonance. We also note that as a result, the benchmark
points where VBDM is light, provides the majority of the relic density contribution.
However, the possibility of having equal share of relic density is difficult, at least in
this model, to provide a distinctive direct search signal for the presence of both.

A statistical method using frequentist statistics for assessing the sensitivity of fu-
ture experiments to distinguish between a single- and two-component DM scenario
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Figure 3.3: Rainbow color bar shows the variation of angle between the two event rate lines w.r.tER, while the θ is in degree.
The grey-shaded region is insensitive for experiments to discriminate the slope due to the difference in even rates, although
accommodates large θ; for details, see the main text.

was discussed in detail by [355]. It involves hypothesis testing and parameter esti-
mation, where DMmasses, the DM-nucleon scattering cross-section, and the energy
density of each component and the same velocity dispersion assuming SHM are as-
sumed free. In contrast, these parameters excepting for the DM mass are evaluated
in our model following their interactions, adhering to all observation constraints.

3.5 Summary
There are many possibilities embedded in multi-component DM, both in construc-
tion and phenomenology. The limits on the self-interaction of DM from the galaxy
cluster observations like Bullet, Abell clusters does not clarify the ambiguity of its
component type, as the self-interaction could be among the same or different kinds
of particles that constitute the 26.8% dark sector of the observed universe. An ex-
tendeddark sector provides different phenomenological advantages specifically due
to the DM-DM conversion, however an observational signal can only testify such hy-
pothesis. Therefore, observation of two component DM signals in direct detection
(DD), indirect detection (ID), and collider experiments are important to study. In
this chapter, we have focused on multi-component DM signals in direct detection
experiments.

Inmodel independent analysis [354, 355], it was argued that a kink in the nuclear
recoil rate can provide such a useful hint of having two different DMs coexisting and
producing direct search signal. However, we don’t know of an analysis where a UV
complete model was studied to discuss such possibilities. Now, this is important as
several constraints both from theoretical consistency as well as from observations
like collider searches, indirect searches limit such models heavily with a potential
possibility that the region of the parameter space where such distinguishability is
observed, is actually discarded. This was the main point of concern and rationale
behind our study. Many of the simple kind of two-component DM models studied
so far fails to provide such distinguishability, where the model is valid, like having
two scalar/fermion singlets; one singlet, one doublet etc.

In the proposedmodel, we extend the SMby introducing a SMgauge-singlet real
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scalar (ϕ) stable underZ ′2 and a complex scalar S respectingU(1)X gauge symmetry.
The associated gauge bosonX , stable underZ2, serves as the second DM candidate.
The singlet-doublet mixing generates a new scalar (h2) together with the SM Higgs
(h1). The mixing angle (ϑ) serves as a crucial variable, that can make one DM light,
after addressing Higgs invisible decay and (in)direct detection of DMs, by choosing
| sinϑ| ≲ 10−2. The individual relic densities are calculated by solving the cBEQ. We
assume the light scalar h2 to be in thermal bath, the rationale of which is explained
in Appendix B.2. Another strong constraint comes from the BBN, as the presence
of a light scalar can alter the BBN prediction of the ΛCDM model. Therefore, the
lifetime of this light scalar should be smaller than 1 sec. Further, for direct and in-
direct detection, we calculate the ‘effective’ DM-nucleon scattering and annihilation
cross-sections, as they most often contribute to total relic density unequally.

Further, we calculate the time-averaged event rate, assuming that both DMs scat-
ter off the detector nuclei and making it recoil. We plot the time-averaged event
rate with the recoil energy for several benchmark points, respecting all relevant con-
straints to show that a kink in the recoil rate can be observed. The event rate depends
not only onDMmasses, DMnumber densities, DM-nucleon scattering cross-section,
but also on the detector materials, and their sensitivity decides the minimum re-
coil energy required to produce detectable signals. Our analysis is based mainly on
132Xe54 material used in LZ, XENON, PandaX, and the threshold recoil energy for
nuclear recoil events is 1 KeV as used for XENONnT experiments. The curvature
of the resultant event rate spectrum, which is the summation of event rates corre-
sponding to the two DMs, provides the proof of the existence of more than one DM.
Here, we measure the curvature by measuring the angle between two asymptotic
lines corresponding to the event rates of twoDMs. The position of the resultant kink
depends upon several parameters, like DMmass, relative abundances, DM-nucleon
scattering cross-section etc. The observability of the kink, or what is the minimum
angle (θmin) below which we are unable to differentiate between single-component
and two-component DM frameworks is another question. This is discussed partly
via statistical analysis in [355]. According to our model, the maximum achieved an-
gle is∼ 75◦, wheremϕ ≲ 5 GeV andmX ≳ 40 GeV, and∼ −60◦, wheremX ≲ 5 GeV
andmϕ ≳ 40 GeV. However, formX > mϕ, the energy densities are highly different,
ρϕ ≪ ρX, and the event rates for ϕ is way smaller than X , as Rϕ ≪ RX across the
entire range of ER, thus making the observability of the kink in the recoil rate nearly
impossible.

Therefore, the requirement that the recoil rates can’t differ too much for the DM
components by having DM-nucleon cross-section at the same ballpark, but the slope
in recoil rate requires to be different by having different DMmasses, favors a specific
mass hierarchymX < mϕ for ourmodel to show the kink. The difference inDMmass
results in different relic density contributions. Such a conclusion was not possible to
draw from a model independent analysis. Further, the possibility of having a kink
in the direct search signal together with that of a double bump signal in the collider
is an interesting question, or of their complementarity, if exists, which we plan to
study later.
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The Electroweak Symmetry Breaking (EWSB) is known to produce a massive
universe that we live in. However, it may also provide an important boundary for
freeze-in or freeze-out of dark matter (DM) connected to StandardModel via Higgs
portal as processes contributing to DM relic differ across the boundary. We explore
such possibilities in a two-component DM framework, where amassiveU(1)X gauge
boson DM freezes-in and a scalar singlet DM freezes-out, that inherits the effect of
EWSB for both the cases in a correlated way. Amongst different possibilities, we
study two sample cases; first when one DM component freezes in and the other
freezes out from thermal bath both necessarily before EWSB and the second, when
both freeze-in and freeze-out occur after EWSB. We find some prominent distinctive
features in the available parameter space of the model for these two cases after ad-
dressing relic density and the recent most direct search constraints from XENON1T,
some of which can be borrowed in a model-independent way. The discussion in this
chapter is based on Ref . [301].
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4.1 Introduction

Electroweak Symmetry Breaking (EWSB) is one of the most important phenomena
that fundamental particle physics has taught us. The discovery of the Higgs-like bo-
son with mass 125 GeV in 2012 at the LHC [16, 17], has established EWSB as a law
of nature and StandardModel (SM) of particle physics as the most appropriate the-
ory to describe electromagnetic, weak and strong interactions amongst fundamen-
tal particles. Weak gauge boson (W and Z) masses provide the scale of EWSB to be
∼ 246 GeV , (equivalent to a temperature of ∼ 160 GeV ) when the phase transition
occurs. Albeit the plethora of knowledge accumulated for EWSB, there are several
unanswered questions like whether the Higgs boson responsible for EWSB is SM
like, how to stabilize the metastable vacua [45, 534] that we live in, or how to solve
the gauge hierarchy problem [535], together with other experimental observations
like tiny but non-zero neutrinomass [119, 536, 537], darkmatter, baryon asymmetry
of the universe [538, 539], that leave ample scope to study physics beyond the SM
(BSM).

Our aim of this analysis is to study the effect of EWSB as a boundary for DM
freeze-in and freeze-out. EWSB can provide an important boundary, mainly be-
cause of two reasons: first SM particles become massive and second, additional
channels open up for DM production or annihilation after EWSB, particularly for
DM that connects to SM via Higgs portal, both of which alter the yield. Specifically,
we are interested in exploring the difference between the resulting relic density and
direct search allowed parameter spaces of themodel, if the DM freezes in (or freezes
out) before EWSB (bEWSB) to that when it freezes-in (or freezes out) after EWSB
(aEWSB). Although the phenomena is well understood, the authors are not aware
of any systematic comparative analysis that distinguishes these two possibilities in
details. It is worthy to point out that freeze-in production of a light (KeV-MeV)
scalar has been studied [540] in five stepswith emphasis onfinite temperature effects
and quantum statistics around EWSB scale to show that the production magnifies
around that scale, although the results do not apply to our case, as heavy DMs are
considered. To study the effect in both freeze-in and freeze-out context, we choose
a two component DM setup with one WIMP and one FIMP like DM.

We choose an abelian vector boson DM (VBDM) in an U(1)X gauge extension of
SM [267, 510, 541–543] to constitute a FIMP like DM. A scalar singlet on the other
hand, is considered asWIMP (suchDM is perhaps themost popular, amongst many
studies, see [250, 251, 544–547]). VBDM has also been studied extensively as single
component DM, both in the context of WIMP [548–560] and FIMP [267, 510, 541–
543]. The stability of both DM components is ensured by added Z2 ×Z ′2 symmetry
under which they transform non-trivially. While the model serves as an example of
a two component WIMP-FIMP set up where the effect of EWSB is studied, VBDM
freeze-in provides an additional scale via U(1)X breaking, which helps achieving a
rich phenomenology both before and after EWSB as we illustrated. Apart from that,
the interplay of the scalar fields to address the correct Higgs mass and bounds can
also be adopted in otherWIMP-FIMP frameworks having extended scalar sector and
Higgs portal interaction.

The chapter is organised as follows: first we discuss the model in Section 8.2,
features of the model with VBDM as FIMP and scalar singlet as WIMP is discussed
next in Section 4.3; FIMP freeze-in and WIMP freeze-out before EWSB is discussed
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in Section 4.4, while the case when freeze-in and freeze-out both occur after EWSB is
elaborated in Section 4.5, we finally conclude in Section 4.6. Appendices C.1 to C.4
provide some necessary details omitted in the main text.

4.2 The Model
The model consists of two DM components: (i) an abelian vector bosonX (VBDM)
arising from anU(1)X gauge extension of SM and (ii) a real scalar singlet (ϕ) having
Higgs portal interaction with the SM. The scalar doublet H is responsible for spon-
taneous EWSB. Both DM candidates are rendered electromagnetic charge neutral by
having zero SM hypercharge. U(1)X symmetry spontaneously breaks (to no rem-
nant symmetry) via non-zero vacuum expectation value (vev) of a complex scalar
singlet (S) transforming underU(1)X , 1 to yieldX massive. A stabilising symmetry
(we choose the simplest possibility Z2) is further imposed under which X → −X
to make it a stable VBDM. The real scalar singlet (ϕ) also needs to be stabilised for
becoming the second DM component of the universe and the simplest possibility is
yet again to consider an additional symmetryZ ′2 : ϕ→ −ϕ, different fromZ2

2. How-
ever, X does not have a direct renormalizable coupling to ϕ; X couples to complex
scalar S, which has portal interactions to both ϕ and SM Higgs (H). Therefore, ϕ is
apparently stable even if it transforms under the same Z2 symmetry as ofX , absent a
direct interaction with each other. However, an effective dimension five operator in-
volvingU(1)X gauge field strength tensorXµν , SM hypercharge field strength tensor
Bµν and ϕ can be written as:

Ldim 5 ⊃
1

Λ
XµνBµνϕ ; (4.1)

invariant under SM× U(1)X ×Z2 symmetry. This will in turn allow the heavier be-
tween ϕ andX to decay into the other and provides a single component DMmodel.
The phenomenology of such higher dimensional operator to study DM production
ofX in context of both freeze-in (see [267, 561]) and freeze out limit [352, 562–569]
has been studied. Therefore having two different symmetries for two DM compo-
nents is necessary, which prohibits an operator like in Eq . (4.1) and renders both
DM components stable. The charges of the fields under Z2 × Z ′2 × U(1)X are men-
tioned in Table 4.1. Note that none of the SM fields possess any charge under the
dark symmetry and none of the additional fields has SM charges. The Lagrangian
for the model having field content and charges, as in Table 4.1 is:

L = LSM +
1

2
|∂µϕ|2 + |DµS|2 +

1

4
XµνXµν − V (H,ϕ, S) ; (4.2)

where,
Dµ = ∂µ + igXXµ; Xµν = ∂µXν − ∂νXµ ; and

1The U(1)X charge of S remains indetermined in absence of any term containing a single S field
to cater to Z2 invariance.

2Two different symmetries Z2×Z ′
2 are required to stabilise two DM, as the lightest particle under

a symmetry is stable, while the heavier ones transforming under the same symmetry, decay to the
lightest.
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Particles Z2 Z ′2
U(1)X Gauge Boson X −X +X

Complex scalar S S∗ S

Real scalar ϕ ϕ −ϕ

Complex scalar doublet H H H

Table 4.1: Fields beyond the SM together with SM Higgs doublet (H) and their charges under the symmetry Z2 ×Z′
2.

V (H,ϕ, S) = µ2
H(H

†H) + λH(H
†H)2 + 1

2
µ2
ϕϕ

2 + 1
4!
λϕϕ

4 + µ2
S(S

∗S) + λS(S
∗S)2

+1
2
λϕHϕ

2(H†H) + λHS(H
†H)(S∗S) + 1

2
λϕSϕ

2(S∗S) . (4.3)

It is apparent that the model that is studied here, is the same as that studied previ-
ously in Chapter 3. In the scalar potential V (H,ϕ, S) above (in Eq . (4.3)), we choose
λH , λS, µ

2
ϕ > 0 and µ2

H , µ
2
S < 0 so that it provides a minimumwith the following vac-

uum:

H =

 ϕ+

v+h+iϕ0√
2

→ ⟨H⟩ =

 0

v√
2

 ;

S =
1√
2
(vs + s+ iA) → ⟨S⟩ = 1√

2
vs; ⟨ϕ⟩ = 0 .

(4.4)

Therefore, two scalar fields acquire non-zero vev: ⟨S⟩ = vs/
√
2, which breaks SM×

U(1)X → SM and ⟨H⟩ = v/
√
2, which causes spontaneous EWSB: SU(2)L × U(1)Y →

U(1)EM. In the above, ϕ±,0, A denote Nambu-Goldstone Bosons, which disappear
in the unitary gauge after EWSB. We draw the reader’s attention here to a notation
used further in the draft, where S refers to the complex scalar singlet field, while s
refers to the physical scalar particle after U(1)X breaking. Note also that vs renders
the U(1)X gauge boson massive via:

mX = gXvs , (4.5)

where gX denotes U(1)X gauge coupling constant. The value of vs denotes the scale
of U(1)X symmetry breaking and is crucially governed by the condition whether
X is FIMP or WIMP. EWSB scale (v) is known from SM gauge boson masses to be
v = 246 GeV . Physical particles that arise in themodel, depends on the scale (before
or after EWSB) and will be elaborated in the respective regimes.

We further note that X being odd under Z2, requires:

Z2 : X → −X, =⇒ Z2 : S → S∗. (4.6)

The last relation follows from straightforward calculation. First of all,

|DµS|2 = [(∂µ + igXX
µ)S]∗ [(∂µ + igXX

µ)S] ,

= (∂µ − igXX
µ)S∗(∂µ + igXX

µ)S . (4.7)
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Figure 4.1: Left: A cartoon depicting the DM components in the model and their interactions to visible sector and amongst
them (see text for notation); Right: Possible scenarios in the two component DM set-up, the one in color is considered in this
analysis.

The transformation of the kinetic piece |DµS|2 under Z2 goes as,

Z2 : |DµS|2 = (∂µ − igXX
µ)S∗(∂µ + igXX

µ)S

→ (∂µ + igXX
µ)S∗(∂µ − igXX

µ)S . (4.8)

Comparing Eq . (4.8) with Eq . (4.7), we get Z2 : S → S∗.
To summarise, the model inherits two DM components, a VBDMX and a scalar

singlet ϕ in U(1)X ×Z2 ×Z ′2 extension of SM. Both of them interact with each other
and with SM via scalar particle s3, while ϕ also interacts via SM Higgs (H) portal.
The dark sector particles and their interactions are sketched in a cartoon in the left
panel of Fig . 4.1. Four different phenomenological situations emerge depending on
which DM freezes in (FIMP) and which freezes out (WIMP), as shown in the right
panel of Fig . 4.1. We explore the possibility when X is a FIMP and ϕ is an WIMP
like DM.

4.3 Possibilities withX freezing-in and ϕ freezing-out
The first noteworthy feature of the model is the presence of two widely different
symmetry-breaking scales: (i) SM×U(1)X → SM, and (ii) EWSB: SU(2)L×U(1)Y →
U(1)EM, which are pictorially depicted in Fig . 4.2. While EWSB scale is known,U(1)X
breaking scale crucially depends on whether X freezes in or freezes out. It is ex-
plained in a moment. X as FIMP and ϕ as WIMP inherit yet another set of phe-
nomenological possibilities that the model offers and are noted in the bottom panel
of Fig . 4.2.

• Freeze-in of X and U(1)X breaking scale: The VBDM X to be a cold DM dic-
tates the scale for U(1)X breaking. The U(1)X gauge coupling (gX) which provides

3s−H mixing after EWSB also connects VBDM to SM via SM Higgs.
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Figure 4.2: The relevant symmetry breaking scales of the model : U(1)X breaking and EWSB (top panel) and different
phenomenological situations forX to freeze-in and ϕ to freeze-out (bottom panel).

DM-SM interaction, is required to be feeble (roughly gX ∼ 10−11) to keep it out of
equilibrium. The DMyield that generates the correct relic is proportional to the pro-
duction cross-section (or decay width). FormX ∼ TeV , so that it behaves as a cold
dark matter (CDM), the U(1)X breaking scale turns out to be vs ∼ 1014 GeV (fol-
lowing Eq . (4.5)). On the other hand, EWSB occurs at TEW ∼ 160 GeV [570, 571],
corresponding to vEW ∼ v = 246 GeV . Therefore, the hierarchy vs ≫ v implies
TU(1) ≫ TEW (see Fig . 4.2), which further aids to the distinction between freeze-in
before EWSB (bEWSB) and after EWSB (aEWSB).

1. Freeze-in bEWSB (TEW < mX < TU(1)): When theDMfreezes in completely bE-
WSB, the DM production saturates before TEW; then characteristic freeze-in
scale is depicted by TFI or xFI = mX

TFI
requires

TFI > TEW; =⇒ xFI < xEW . (4.9)

Note also, that the characteristic freeze-in temperature is correlated to the DM
mass, TFI ∼ mX . Obviously, xEW = mX

TEW
. In this regime, only the singlet scalar

S acquires a vev (vs) to give mass to X . Other scalars (Higgs and ϕ) are also
massive due to bare mass term, while all the SM fields are massless. In such a
situation,X has no connection to SM, and the production occurs via the interac-
tion with the physical scalar s, which is assumed to be in the thermal bath due
to sizeable portal coupling with SM Higgs (H). The details of the production
processes will be discussed in Section 4.4 when we elaborate such a scenario4.

2. Freeze-in aEWSB (mX ≲ TEW): When DM production from thermal bath con-
tinues even aEWSB, we have,

TFI ∼ mX < TEW; =⇒ xFI > xEW . (4.10)
4We shall also note that freeze-in bEWSB does not include the possibility of TFI > TU(1), as X is

massless in that regime.
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After EWSB, the Higgs doublet (H) acquires a vev (v); H and s mix to yield
physical scalars h1 and h2, where h1 is assumed to be SM Higgs (dominantly
doublet), the one observed at LHCwithmh1 ∼ 125GeV , while h2 is dominantly
a singlet, heavier or lighter than the SM Higgs following the existing bounds.
Naturally, DM can be additionally produced from the SM particles in thermal
bath aEWSB, providing a different allowed parameter space. The detailed dis-
cussion is taken up in Section 4.5.
A cartoon of freeze-in bEWSB (in blue) and aEWSB (in red) is shown in the left
panel of Fig . 4.3 in Y −x plane, where Y = n

s
refers to DMyieldwith s denoting

to entropy density and x = m
T
, with m denoting DM mass and T denoting

temperature of the bath (details in Section 4.4.4). From left to right along x-
axis, x becomes larger with T dropping. In Fig . 4.3 (left panel) we consider
two DM species denoted by 1 and 2 withm2 > m1. Following TFI ∼ mX , we
have xFI ∼ 1 for both cases. Then following, xFI < xEW for freeze-in bEWSB,
we need m > TEW, while for freeze-in aEWSB, xFI > xEW requires m < TEW.
Therefore, we can have m2 > TEW > m1 where 2 freezes in bEWSB and 1
freezes in aEWSB. The red vertical dotted line shows xFI ∼ 1, while pink and
blue dotted vertical lines indicate (x1)EW and (x2)EW with (x2)EW > (x1)EW.
The relative abundance shown here depends on DM-SM interaction and has
no implication unless discussed in context of the model.

• Freeze-out of ϕ and EWSB: The real scalar singlet ϕ is assumed to be in thermal
bath via non-suppressed portal couplings. It freezes out through the dominant 2 →
2 annihilation to SM and also to other DM candidate (if kinematically allowed). The
freeze-out do not crucially dictate any scale in the model unlike freeze-in. Here also,
two possibilities emerge:

1. Freeze-out bEWSB : For ϕ to freeze out bEWSB, one requires the characteristic
freeze-out temperature (TFO) to follow,

TFO > TEW =⇒ xFO < xEW ; (4.11)

where xFO =
mϕ
TFO

. The processes that are responsible for freeze out of ϕ bEWSB
are only through the coupling with the physical scalar s and will be elaborated
in Section 4.4.

2. Freeze-out aEWSB : Freeze out of ϕ aEWSB implies:

TFO < TEW =⇒ xFO > xEW . (4.12)

In this regime, the interaction between ϕ and SM arises through h − s mixing
and occurs via both the physical scalars h1 and h2. Therefore, new channels
contribute to DM number depletion, we discuss them in detail in Section 4.5.

Unlike freeze-in, freeze-out of DM does not directly constrain the DM mass.
However, for freeze-out to render correct relic density, xFO remains in the ballpark
xFO ∼ 20− 25. Inevitably, freeze-out bEWSB or aEWSB can be realized for different
DMmasses (m), which changes xEW = m

TEW
to lie above or below xFO, as depicted in

the right panel of Fig . 4.3. We again consider two DM species denoted by 1 and 2
with m2 > m1 (shown by green and pink lines); so that (x2)EW > (x1)EW (vertical

60TH-3680_196121009



Chapter 4: WIMP-FIMP in the non-interacting limit, an example

Figure 4.3: Left: A cartoon freeze-in in the Y − x plane for two sample DMs withm2 > m1 which shows freeze-in aEWSB
(in red) and bEWSB (in blue). Right: Cartoon freeze-out which shows freeze-out aEWSB (in pink) and bEWSB (in green)
from the respective equilibrium distributions (in dashed curves) shown in the right panel.

dotted lines) depicts freeze-out bEWSB (xFO < (x2)EW) and aEWSB (xFO > (x1)EW)
respectively from their equilibrium distributions. The distributions and the relative
yields in this figure have not been sketched for a particular model or interaction, so
the relative strengths have no implications, this is just for illustration purposes.

Out of different freeze-in epochs of X and freeze-out of ϕ, as noted in the bot-
tom panel of Fig . 4.2, we explore two sample cases here with (i) both freeze-in and
freeze-out occurring bEWSB and (ii) both occurring aEWSB,which capture themost
interesting distinctions of allowed parameter space of the model.

4.4 Dark Matter phenomenology bEWSB
Here, we address in detail the freeze-in of X and freeze-out of ϕ, both occurring
bEWSB (option (i) of the bottom panel in Fig . 4.2.). To be specific, the tempera-
tures around which freeze-in (TFI) and freeze-out (TFO) occur, lie between U(1)X
breaking and EWSB, i.e.

TU(1) > TFI > TEW; TU(1) > TFO > TEW . (4.13)

In the following subsections, we discuss the physical particles and interactions in
this regime forDM freeze-in and freeze-out via coupled BEQ, relic density anddirect
search allowed parameter space of the model.

4.4.1 Physical states and parameters
As the regime is dictated by interactions after spontaneous U(1)X breaking and bE-
WSB, in unitary gauge we have,

S =
1√
2
(vs + s) → ⟨S⟩ = 1√

2
vs, ⟨H⟩ = 0, ⟨ϕ⟩ = 0 . (4.14)
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The scalar potential in this limit reads:

Vscalar = µ2
H(H

†H) + λH(H
†H)2 +

1

2
µ2
ϕϕ

2 +
1

4!
λϕϕ

4 +
1

2
µ2
S(vs + s)2 +

1

2
λϕH(H

†H)ϕ2

+
1

4
λS(vs + s)4 +

λHS
2

(H†H)(vs + s)2 +
λϕS
4
ϕ2(vs + s)2 .

(4.15)

The physical scalars can be identified from the extremization of the potential, which
provides the following relations between the neutral physical scalars and parame-
ters of the model:

∂Vscalar
∂s

= 0 → µ2
S = −λSv2s ,

∂2Vscalar
∂H†∂H

= m2
H → µ2

H = m2
H − λHS

2
v2s ,

∂2Vscalar
∂ϕ2

= m2
ϕ → µ2

ϕ = m2
ϕ −

λϕS
2
v2s ,

∂2Vscalar
∂s2

= m2
s → µ2

S = m2
s − 3λSv

2
s ;

(4.16)

wheremH is the mass of the SM like Higgs bEWSB andmϕ is the mass of real scalar
DM (ϕ) bEWSB. We must note here that H bEWSB represents four massive scalar
degrees of freedom (d.o.f) [270, 540, 572, 573] being part of the complex isodou-
blet, while ϕ has only one d.o.f being a real scalar singlet. Using Eq . (4.15) and
Eq . (4.16), it is easy to show that the mass of the U(1)X complex scalar turns out to
be m2

s = 2λSv
2
s . Although mH and ms can be treated as free parameters, they must

reproduce correct Higgs mass and mixing, see discussions in the next Section 4.4.2
and Appendix C.2.

This allows us further to identify the parameters of the model that are relevant
for the analysis. All the physical masses and the couplings controlling the relic den-
sity of DM are chosen as the external parameters. Quartic self couplings like λH and
λϕ are fixed at values within the limit of DM self-scattering (∼ 0.1) and play a mini-
mal role in DM-SM interaction. All the other parameters are considered as internal
parameters, which are defined by the relations described in Eqs . (4.5) and (4.16).
Table 4.2 summarises the parameters of the model bEWSB. The parameters of the
model are subject to further constraints as explained in the next subsection.

External parameters Internal parameters

mH ,ms,mϕ,mX , gX , λH , λϕ, λHS , λϕS , λϕH µH , µϕ, µS , vs, λS

Table 4.2: External and internal parameters of the model bEWSB.

4.4.2 Constraints and bounds
In this section, we discuss the possible theoretical and experimental constraints on
the parameters of the model relevant to our analysis.
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• Stability:
In order to get the potential bounded from below, the quadratic couplings of
the potential Vscalar must satisfy the following co-positivity conditions as [574–
576],

λH ≥ 0, λϕ ≥ 0, λS ≥ 0,

λϕH + 2
√
λHλϕ ≥ 0,λHS + 2

√
λHλS ≥ 0, λϕS + 2

√
λϕλS ≥ 0 .

(4.17)

In this analysis, we choose all the couplings positive, which satisfy the above
conditions trivially.

• Perturbativity:
In order to maintain the perturbativity of the theory, the quartic couplings of
the scalar potential Vscalar and the gauge couplings obey [473, 475],

λH < 4π, λS < 4π, λϕ < 4π, gX <
√
4π,

λHS < 4π, λϕS < 4π, λϕH < 4π .
(4.18)

• Tree level unitarity:
Tree level unitarity of the theory, coming from all possible 2 → 2 scattering
amplitude, can be ensured [473–475] via following constraints

|λϕ| < 8π, |λS| < 4π, |λH | < 4π, |λϕS| < 8π, |λHS| < 8π, |λϕH | < 8π . (4.19)

• Constraints on DMmass bEWSB:
For freeze-in of X to complete bEWSB, it is required that the freeze-in scale
(TFI ∼ mX) has to be larger than TEW ∼ 160 GeV ; then, mX ≳ 160 GeV .
Similarly, freeze-out of ϕ bEWSB forces the freeze-out temperature TFO to be
larger than TEW, i.e, TFO ≳ 160 GeV . This condition automatically implies
that xFO = mϕ/TFO, which is typically ∼ 25 for WIMP freeze-out, requires the
following conditions on WIMP and FIMP masses:

WIMP : mϕ ≳ 4 TeV ; FIMP : mX ≳ 160 GeV. (4.20)

• Relic density: One of the most important constraints on the parameters of
the model comes from the observed relic abundance of DM. The latest ob-
servations from anisotropies in CMBR in experiments like WMAP [577], and
PLANCK [7] indicate

ΩDMh
2 = ΩXh

2 + Ωϕh
2 = 0.1200± 0.0012 , (4.21)

where Ω = ρ
ρc
refers to cosmological density, with ρc indicating critical density,

h is the present Hubble parameter scaled in units of 100 km/s/Mpc. In the
two-component WIMP-FIMP setup that we explore here, the individual relic
densities ofX and ϕ shall add to the total observed relic, where each of the in-
dividual components will be under-abundant, ie, ΩX,ϕh

2 ≲ 0.12. We elaborate
on the relic density of the WIMP and FIMP components of the model in the
next section.
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• Direct detection (DD) constraints: WIMP (ϕ) has a direct search prospect,
while the FIMP (X) does not 5. In this regime, although freeze out of ϕ occurs
bEWSB, after EWSB ϕ couples to SM, yielding a possibility of direct search of ϕ.
Non-observation of DM from ongoing experiments like XENON1T [578] sets
a stringent upper limit on WIMP-nucleon spin-independent elastic scattering
cross-section at 90% C.L,

σSI ∼

{
4.1× 10−47 cm2 at 30 GeV/c2 (XENON1T)

1.4× 10−48 cm2 at 50 GeV/c2 (XENONnT)
(4.22)

Here, we also mention the projected XENONnT [579] sensitivity. The relevant
couplings gX and λϕS ,6 are constrained to be ∼ 10−12 both from the freeze-in
requirements and direct search bounds. In addition, λϕH ∼ 10−3 keeps the DD
cross-section safely below the experimental direct search bounds. We provide
a detailed account for the direct search of the model in the Appendix C.4.

• Higgsmass andmixing: It is important to note that independent ofDM freeze-
out or freeze-in to occur bEWSB or aEWSB, there is a mixing of Higgs (h) with
s after EWSB to render two physical states: h1, assumed to be SM like Higgs
with mh1 = 125.1 GeV and a heavy or light h2, dominantly a singlet. h − s
mixing angle (θ) is restricted by LHC data [489] within:

| sin θ| ≲ 0.3 . (4.23)

The requirement of correct Higgs mass, as well as mixing, puts a limit on pa-
rametersmH ,ms, λHS , etc. For details of the mass eigenstates, mixing, and re-
lations with model parameters, refer to the discussions in Appendix C.2. We
note here one important exception: ifms ≳ 2mX then dominant FIMP produc-
tion occurs from s decay, and additionally, if the FIMP production from late
decay of s saturates bEWSB, then there is no s which remains in the bath to
mix with h and consequently no h2 state to appear aEWSB. Then Higgs mass
bEWSB and aEWSB are related by m2

H =
m2
h1

2
. Note further, collider bound

on scalar singlet WIMP DM mass mϕ is mild [580, 581], while no significant
bound on FIMP mass can be obtained.

• Invisible Decay of Higgs : SM Higgs (h1) can decay into pairs of DM (X and
ϕ) aswell as to pairs of h2 in ourmodel if kinematically allowed. Since these de-
cays contribute to the invisible decay ofHiggs, correspondingh1ϕϕ, h1XX, h1h2h2
couplings get severely constrained by the experimental data. They can be
traced from expressions of Higgs decay width to ϕ,X, h2 as provided in Ap-
pendix C.3. As per the latest experimental data given by ATLAS (for 139 fb−1
luminosity at

√
s = 13 TeV ), the strictest upper limit on Bh1→inv can be set to∼

5The interaction ofX with SMoccurs via physical scalars h1,2. Due to tiny λHS coupling (∼ 10−12)
and heavymass of the mediators∼ O(100)GeV as considered here, FIMPX does not have any direct
search prospect. But, the smallness of the dominantly singlet scalar mass mh2 ∼ MeV may bring X
under the DD scanner [510].

6Also, as vs ∼ 1014 GeV , the requirement of keeping X out-of-equilibrium demands that the
coupling λϕS should be as small as ∼ 10−12.
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0.13 at 95% CL [582–584]. A comparison of the invisible Higgs decay bound
from the latest ATLAS and CMS data are given by:

Bh1→inv <

{
0.13 (ATLAS)

0.19 (CMS)

Γh1→inv <

{
0.61 MeV (ATLAS)

0.95 MeV (CMS)

(4.24)

For simplicity, we do not scan the region of parameter space where Higgs in-
visible decay to DM is possible, withmX > mh1/2, andmϕ > mh1/2. However,
h2 → XX is considered for the analysis, where there is no bound.

4.4.3 Processes contributing to DM Relic
The processes that contribute to the freeze-in of vector boson X bEWSB are shown
in Fig . 4.4. The initial abundance of X in the early universe is assumed negligible,
while it builds up via production from the particles in thermal bath, namely s, ϕ and
H . Decay of s contributes the most, subject to the kinematic constraint ms ≥ 2mX .
Scattering processes ss → XX also contribute, but it is suppressed compared to
the decay. In addition, HH† → XX and ϕϕ → XX also contribute, mediated by
s-channel s. The process ϕϕ → XX is WIMP-FIMP conversion, and it occurs as ϕ is
assumed present in the thermal bath. We will discuss the effect of such conversion
contributions in detail. It is worth noting that unsuppressed ss → H†H, ϕϕ →
H†H, ϕϕ→ ss keep ϕ, s, andH , all in equilibrium in early universe. The processes
which contribute to the freeze out of ϕ bEWSB are shown in Fig . 4.5. They are all
known and include ϕϕ→ HH† via the quartic coupling as well as that mediated by
s; additionally, ϕϕ→ ss occurs via quartic portal coupling, and s-channel mediation
by s and t-channel mediation by ϕ. Finally, WIMP-FIMP conversion ϕϕ → XX via
s-channel mediation of s is also possible as shown in the bottom panel of Fig . 4.5,
otherwise absent in single component case. Let us recall again that all the processes
initiated by H and those produce H assume four massive scalar d.o.f.

s

X

X

s

s

X

X

s

s

X

X

s

s X

s X

X

H

H

X

X

s

ϕ

ϕ

X

X

s

Figure 4.4: Feynman diagrams showing non-thermal production channels ofX bEWSB.
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Figure 4.5: Feynman diagrams contributing to ϕ freeze-out via 2→ 2 depletion processes bEWSB.

4.4.4 Coupled Boltzmann Equations and conversion
The DM number density for the WIMP-FIMP scenario can be evaluated by the cou-
pled Boltzmann equations (cBEQs):

dYX
dx

= − 2MPl

1.66

x

m2
X

√
g∗(x)

g∗s(x)
⟨Γs→XX⟩ (YX − Y eq

s )

−
4π2MPl

√
g∗(x)

45× 1.66

mX

x2

[∑
i=s,H

⟨σv⟩ii→XX
(
Y 2
X − (Y eq

i )2
)
− ⟨σv⟩ϕϕ→XX

(
Y 2
ϕ −

(Y eq
ϕ )2

(Y eq
X )2

Y 2
X

)]
,

(4.25)

dYϕ
dx

=−
2π2MPl

√
g∗(x)

45× 1.66

mϕ

x2

[∑
i=s,H

⟨σv⟩ϕϕ→ii
(
Y 2
ϕ − (Y eq

ϕ )2
)
+ ⟨σv⟩ϕϕ→XX

(
Y 2
ϕ −

(Y eq
ϕ )2

(Y eq
X )2

Y 2
X

)]
.

(4.26)

In the above, x = m/T, YX,ϕ =
nX,ϕ
s

, where nX,ϕ refers to the number of X and ϕ
respectively, and s represents entropy density given by s = 2π2

45
gs∗(T )T

3. The equilib-
rium number density with respect to comoving volume for non-relativistic species
(X,ϕ) is given by Boltzmann distribution (assuming chemical potential to be zero)

Y eq =
neq

s
= 0.145

g

gs∗
x3/2e−x.

Further note
√
g∗(T ) ≃ gs∗(T )√

gρ∗(T )
, where gs∗ and gρ∗ denote d.o.f corresponding to en-

tropy and energy density of the universe. Further, MPl = 1.22 × 1019 GeV denotes
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reduced Planck mass. Thermal average of decay width ⟨ΓA→BB⟩ and annihilation
cross-section times the velocity ⟨σv⟩AA→BB are given by,

⟨ΓA→BB⟩ = ΓA→BB
K1 (mB/T )

K2 (mB/T )
, (4.27)

⟨σv⟩AA→BB =
1

8m4
ATK

2
2 (mA/T )

∫ ∞
4m2

B

ds σAA→BB(s)(s− 4m2
A)

√
sK1

(√
s/T

)
, (4.28)

K1,2 are modified Bessel functions of first and second kind respectively and v refers

to Möllar velocity defined by v =

√
(p1.p2)2−m2

1m
2
2

E1E2
. In ⟨ΓA→BB⟩, the particle (A) is de-

caying at rest and the thermal average do not involve an integration over the centre-
of-mass energy

√
s, while for annihilation cross-section ⟨σv⟩AA→BB, a lower limit

s = 4m2
B is required for the reaction to occur, and it diminishes at high

√
s, owing

to the presence of K1 (
√
s/T ) for a particular T .

One important point to note beforewe proceed further. TheWIMP-FIMP conver-
sion ϕϕ → XX , which makes the BEQs (Eq . (4.25) and 4.26) coupled, requires to
be of the order of freeze-in production cross-section, as otherwise it will thermalize
the FIMP, suppressing the non-thermal production (this exercisewill be discussed in
detail elsewhere). This, in turn, makes the conversion process negligible compared
to other annihilation cross-sections of ϕ (first term in Eq . (4.26)). However, this
conversion can still be significant for non-thermal production of X . This feature is
generic to any two-component WIMP-FIMP model, where the freeze-out of WIMP
can be marked unaffected by the conversion to FIMP, while the FIMP production
can be substantial due to WIMP. This feature importantly reduces the cBEQs as in
Eq . (4.25) and Eq . (4.26) to two individual uncoupled BEQs, where the conversion
can be dropped from Eq . (4.26) to yield:

dYX
dx

=
2MPl

1.66
√
gρ∗(x)

x

m2
X

⟨Γs→XX⟩Y eq
s

+
4π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mX

x2

(∑
i=s,H

⟨σv⟩ii→XX(Y eq
i )2 + ⟨σv⟩ϕϕ→XXY 2

ϕ

)
, (4.29)

dYϕ
dx

=− 2π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mϕ

x2

∑
i=s,H

⟨σv⟩ϕϕ→ii
(
Y 2
ϕ − (Y eq

ϕ )2
)
. (4.30)

Eqs . (4.29) and (4.30) allow us to treat the freeze-in of X and freeze-out of ϕ
separately as we do next. It also allows to treat x = mX/T in Eq . (4.29) and x =
mϕ/T in Eq . (4.30) as two separate variables 7. We further note that in view of small
YX and feeble interaction, we have dropped the terms ∝ YX and Y 2

X (X X → s and
X X → i i) in Eq . (4.25) to obtain Eq . (4.29).

4.4.5 Freeze-in of X
Now let us discuss the freeze-in of X , bEWSB in details. The main point is that the
initial abundance ofX in the early universe is negligible, builds up from the decay or

7Otherwise in cBEQ, one needs to define a common x = µ/T , where µ =
mXmϕ

mX+mϕ
(see [585]).
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scattering of the particles in the thermal bath, and saturates when the photon tem-
perature falls belowDMmass. One essentially then needs to solve BEQ . (4.29) from
x ≃ 0 to x = mX/TEW, using non-thermal production ofX , indicated in Fig . 4.4, and
include:

(i) s decays to X pair while in thermal equilibrium and after s freezes out,

(ii) s and H scattering to X pairs,

(iii) ϕ pair annihilation to X pairs.

However, there is a slight twist to the story. The decay contribution of s to X
pairs, as written in Eq . (4.29), is only applicable when the decaying particle is in
equilibrium with the thermal bath. The decay process, however, continues even
after s freezes out from the thermal bath, i.e. beyond x ≥ xD, where xD denotes the
freeze-out point of s. The decay contribution after freeze-out of s from the thermal
bath is often termed as ‘late decay’ (LD) of s. The dynamics of such effect can be
captured by yet another coupled BEQ written together with the evolution of yield
Ys (see Appendix C.1), where the freeze out of s is governed by its annihilation
channels to SM8, as shown in the Feynman graph in Fig . 4.6. The coupled BEQ for
this case can be simplified to a single BEQwith an additional term to in-equilibrium
decay (for derivation, see [268, 586]):

dYX
dx

=
45

3.32π4

gsMPlm
2
s Γs→XX

m4
X

 x3K1

[
ms
mX

x
]

gs∗(x)
√
gρ∗(x)

Θ (xD − x)

+ e
− 0.602MPl Γs→XX

m2
X

√
g
ρ
∗(x)

(x2−x2D) x2xD
η(x, xD)

K1

[
α(x, xD)

ms

mX

x2

xD

]
e
ms
mX

(
α(x,xD) x

2

xD
−xD

)
Θ(x− xD)

)

+
4π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mX

x2

(∑
i=s,H

⟨σv⟩ii→XX(Y eq
i )2 + ⟨σv⟩ϕϕ→XXY 2

ϕ

)
. (4.31)

In the above, the term proportional to Θ(xD − x) in the first parenthesis indicates
FIMP production from ‘in-equilibrium’ decay of s, and the second term in the first
parenthesis captures the late decay contribution withΘ(x−xD) denoting the Heav-
iside theta function. Also note that gs (internal d.o.f for s) is 1. The freeze-out point
of s is denoted by xD, which can be found out by the following expression:

xD = ln[Λ]− 1

2
ln[ln[Λ]], Λ = 0.038

gsmsMPl√
gρ∗

∑
SM=H,ϕ,X

σ0
ss→SM SM, (4.32)

where σ0
ss→SM SM denotes annihilation cross-section of s to SM particles at threshold

(s = 4m2
s) and corresponding expressions are provided in the Appendix C.1. Also

8The presence of the s → H†H decay ensures that s always remains in thermal equilibrium for
λHS ∼ 10−14, preventing the LD of s during the FI of X . However, for λHS ∼ 10−20, the late decay
of s during the freeze-in ofX occurs. Our results mainly consider such possibilities, as the FO of s is
controlled by a comparatively larger coupling λϕS in the ss → ϕϕ process. However, in the absence
of s-decay (scattering-dominant regime), we have chosen λHS ∼ 10−10 so that s always remains in
thermal equilibrium during the FO of ϕ and the FI of X , where ss → H†H processes will also take
part in FIMP relic.
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note in Eq . (4.31), the factor η(x, xD) and α(x, xD) are given by:

η(x, xD) = α(x, xD)g
s
∗(x)

√
gρ∗(x), α(x, xD) =

[
gs∗(xD)

gs∗(x)

]1/3 [
gρ∗(xD)

gρ∗(x)

]1/4
. (4.33)
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Figure 4.6: Feynman diagrams showing all possible annihilation channels of s, which causes s to freeze out from thermal
bath bEWSB.

Late decay contribution provides a significant contribution to DM yield. How-
ever, when we consider freeze-in to occur bEWSB, late decay contribution should
also accumulate fully bEWSB. This evidently requires freeze-out of s to occur bE-
WSB with TD > TEW, with xD = ms

TD
(see Eq . (4.32) for details) varying typically

in the range of ∼ 20 − 25. We can achieve this limit by having heavy ms for which
xD ≤ ms/TEW, resulting a limit onms as:

TEW ≲
ms

25
=⇒ ms ≳ 4 TeV , (4.34)

which is not surprisingly the same limit on WIMP mass to freeze-out bEWSB as in
Eq . (4.20).
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The yield of X in the pre-EWSB regime is given by,

Y bEWSB
X =

45

3.32π4

MPlm
2
s Γs→XX
m4
X

∫ mX/TEW

0

[ x3K1

[
ms
mX

x
]

√
gρ∗(x)gs∗(x)

Θ (xD − x)

+ e
− 0.602MPl Γs→XX

m2
X

√
g
ρ
∗(x)

(x2−x2D) x2xD
η(x, xD)

K1

[
α(x, xD)

ms

mX

x2

xD

]
e
ms
mX

(
α(x,xD) x

2

xD
−xD

)
Θ(x− xD)

]
dx

+
45MPl

4π6 × 1.66

∫ mX/TEW

0

∑
i=s,H

⟨σv⟩ii→XX
m4
i

m3
X

x2K2
2

[
mi
mX

x
]

gs∗(x)
√
gρ∗(x)

dx

+
4π2MPlmX

45× 1.66

∫ mX/TEW

0

⟨σv⟩ϕϕ→XX
gs∗(x)√
g∗ρ(x)

Y 2
ϕ

x2
dx . (4.35)

We note that although the limit of x integration above is taken up to EWSB scale
(x : 0 → mX/TEW), the result does not alter if we extend the limit to smaller temper-
ature or larger x → ∞, as the parameters are chosen in a way that freeze-in occurs
bEWSB. Freeze-in bEWSB is ensured by checking Yx>xEW = YxEW . Finally, the relic
density for X can be written in terms of YX , and we want to probe under abundant
region as X constitutes a part of two-component framework, then,

ΩXh
2 ≃ 2.744× 108 mXY

bEWSB
X ; ΩXh

2 ≤ 0.1212 . (4.36)

where the FIMP dark matter relic density is written in terms of the reduced Hubble
parameter, h in units of 100 km/s/Mpc.

Phenomenology

As argued before, FIMP production from decay is always dominant over the scat-
tering processes in our model due to the presence of either feeble couplings at both
vertices, a heavy mediator or heavy initial state particles for the latter. Therefore, in
this study, we can divide the FIMP parameter space into two purely separate mass
regimes, where decay and scattering contributions to FIMP production aremutually
exclusive. However, in cases where scattering can create a heavy mediator on-shell
with unsuppressed production and decays subsequently to DM, there may arise a
potential double counting when both decay and scattering processes are considered
together [587], which needs to be accounted. For us, there is no such issue with the
following segregation of kinematic regimes, which yield different phenomenology:

• Case-I (ms ≥ 2mX): X is produced mainly from s decay, annihilation pro-
cesses are smaller and neglected.

• Case-II (ms < 2mX): Decay channel (s → XX) is forbidden, scattering pro-
cesses contribute to X production.

Case-I (ms ≥ 2mX) :
In this kinematical region, given that even late decay of s occurs bEWSB, it leaves no
trace of s aEWSB. So, there is no s−H mixing, and the dark sector remains detached
from the SM. Asmentioned previously, for this case, we need to choosem2

H = m2
h1
/2
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to get the correct Higgs mass aEWSB. Together, we also demand that ϕ freezes out
bEWSB, then DM components do not have any direct coupling to SM, except the
quartic interaction ϕϕ → HH proportional to λϕH . But as discussed, constraints
from Direct search on λϕH make this coupling weak, this particular kinematical re-
gionwith freeze-in and freeze-out both occurring bEWSB, is difficult to probe by any
experiment in the near future and is thus constrained very feebly by direct detection
or collider search constraints.

(a) (b)

(c) (d)

(e)

Figure 4.7: Freeze-in forX bEWSB in relic density (ΩXh2) versus x = mX
T

plane obtained by solving BEQ (Eq . (4.31)) for
the kinematic region 2mX ≤ ms. Figs . 4.7a to 4.7d shows variation with respect to parameters ms,mX , gX , λHS , having
three different values where one provides correct relic, one under abundance and one over abundance. Parameters chosen
for the plot are mentioned in figure inset and heading. Horizontal black dashed line shows correct relic density. The vertical
dot-dashed lines indicate EWSB. Fig . 4.7e shows late decay contribution of s to freeze-in of X bEWSB, obtained by solving
cBEQ (Eq . (C.1)) using Mathematica.
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The plots in Fig . 4.7 show change in ΩXh
2 in terms of x = mX/T where freeze-in

necessarily occurs bEWSB. All the plots are generated by solving BEQ (Eq . (4.31))
usingMathematica. In Fig . 4.7a, three different colored lines in red, blue, green cor-
respond to three different values ofms (mentioned in figure inset with other param-
eters kept fixed are mentioned in the figure heading), so that X freezes-in bEWSB.
The vertical blue dotted line shows EWSB (xEW = mX/TEW). As X is produced
from s decay (and late decay of s), where the decay width of s is proportional to
ms, it is clear that with larger ms, the X abundance increases. We also see that the
entire freeze-in of X , takes place in two steps. Firstly, when s is in equilibrium i.e.,
for T > TD (TD denotes freeze-out point of s), thenX yield increases from zero and
reaches the first plateau when T < mX . Afterwards, when T drops to T ≲ TD, then
s freezes out and the late decay of s into X is activated, X yield rises again, even-
tually producing the second plateau. The horizontal black dotted line represents
the central value of the present DM relic abundance. We see that the blue line with
ms = 14 TeV matches to correct relic, given other parameters fixed as mentioned in
the figure heading. Also note here that we choose x = 0.001 to start the freeze-in
production, although ideally the maximum temperature of the bath (TRH) should
be very high TRH ∼ TU(1). This is simply because, in both decay and scattering dom-
inated freeze-in ofX in this model, the yield is independent of TRH, a typical feature
of IR freeze-in.

In Figs . 4.7b to 4.7d, we show how the freeze-in of X depends on the parameters
mX , gX and λHS when s decay is the main source of X production. In each plot
three cases are shown, one for correct relic, one for under abundance and one for
over abundance. The values of the parameters kept fixed to achieve them can be
read from figure insets and headings. As the resultant yield is proportional to the
decay width of s, the dependence of these parameters on the decay width solely
determine the relic density accumulated. For example,mX is inversely proportional
to s decay width. Therefore, with largermX , the relic density decreases in Fig . 4.7b.
On the other hand, s decay width is proportional to gX , therefore X relic density
increases with larger gX as is clear from Fig . 4.7c. In Fig . 4.7d, we have shown the
dependence on λHS . The decoupling of s from thermal bath depends on λHS . With
larger λHS , s annihilation cross-section increases, delaying the decoupling of swhich
in turn reduces the late decay contribution to X yield, as evident from Fig . 4.7d.

The very fact that the late decay contribution of s is essentially that of freeze-out
abundance of s converting intoX yield, is clear when we solve the coupled BEQ for
s freeze-out andX freeze-in together as elaborated in Appendix C.1 (see Eq . (C.1))
and demonstrated in Fig . 4.7e. Here, the green line represents the variation of X
yield (YX) with ms/T and the red line represents Ys. Ys shows the freeze-out of s
from the equilibrium distribution and then late decay to X (descending part of s
yield after freeze out). The freeze-out yield of Ys matches to YX yield completely.
The vertical green dashed line confirms that the entire phenomenon occurs bEWSB
for the chosen parameters of the model.

Wefindout next the relic under abundant parameter space of themodel (Eq . (4.36))
via numerical scan for the kinematic region 2mX ≤ ms in Fig . 4.8. Fig . 4.8a shows
the parameter space in gX vs. mX plane. The color shades in light yellow, light red
and light blue indicate different ranges of relic density (see Fig. inset). The scattered
points with shades as in the color bar signify the percentage of ‘late decay’ contri-
bution to the relic density of X (ΩLDh

2) with respect to the total X relic density
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(a) (b)

(c)

Figure 4.8: Numerical scan of the under-abundant region of X relic (Eq . (4.36)) for freeze in bEWSB, when (2mX ≤ ms).
Fig . 4.8a shows scan inmX − gX plane, 4.8b in gX − λHS = λϕS plane and 4.8c inms −mX plane. Different color shades
indicate different ranges of relic density for fixed values of other parameterswithin our said bound asmentioned in figure inset
and caption. The rainbow color bar represents the contribution of the late decay of s in X freeze-in by the ratio (ΩLD/ΩX).
This kinematic region is free from collider and direct search constraints, see text for details.

(ΩXh
2). The variation of relic density with gX and mX is consistent with the be-

haviour already noted in Fig . 4.7b and 4.7c, as we show that relic density increases
with increasing gX and decreasing mX . This is also true for the scattered points, as
the functional dependence of the parameters are the same for both in-equilibrium
decay and the late decay of s. In other two correlation plots, i.e., Fig . 4.8b (scan in
gX − λHS plane) and Fig . 4.8c (scan in ms − mX plane), we find that the change
in relic density is consistent with Fig . 4.7a and Fig . 4.7d. In all these three correla-
tion plots, we mark the overabundant region with light grey shaded region and the
deep grey area signifies the parameter region where freeze-in bEWSB condition is
not maintained. We further note that as only decay of s dominates the production
ofX , Higgs mixing does not appear aEWSB and so collider bound is mostly absent.
DD cross-section (the discussion is postponed to Appendix C.4 as it is a standard
exercise) is only affected by λϕH parameter, which is not very sensitive to the decay
dominated production, especially whenmϕ is in TeV range. This makes the param-
eter space free from the experimental constraints. Wemust also note that for all plots
bEWSB in the kinematic region 2mX ≤ ms, the choice ofmH = mh1/

√
2 = 88.46 GeV

is consistent with a SM Higgs withmh1 = 125.1 GeV .
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Case-II: (ms ≲ 2mX) :
Now, we consider a kinematic region where s decay is kinematically forbidden to
produce X , with ms < 2mX . Absence of decay (and late decay) indicates that scat-
tering, as shown in Fig . 4.4, plays a crucial role in the production of X . If X is
produced through scattering or WIMP-FIMP conversion bEWSB, then s remains in
the thermal bath to mix with h after EWSB, eventually connecting DM to SM. In
this case, DD remains a viable option for detection of WIMP (see Appendix C.4).
Also the mixing angle (sin θ) of s and the CP-even neutral component of Higgs dou-
blet is restricted by the upper bound on mixing obtained from collider search as
sin θ ≤ O(0.3) [489]. On top of that, following the correlation between λHS and sin θ
as in Eq . (C.15), λHS will get further constrained by the mixing bounds, and con-
strain the parameter space bEWSB. On the contrary, when FIMP production com-
pletes bEWSB via s decay (and late decay), λHS remains mostly unconstrained due
to absence of s aEWSB.

(a) (b)

Figure 4.9: Freeze-in production for X bEWSB in relic density (ΩXh2) versus x = mX
T

plane for the kinematic region
ms < 2mX , when scattering processes contribute to DM production. Variation with respect to mϕ (left) and λϕS (right)
for three representative values that provide under, correct and over relic abundance are shown by red, blue, green lines.
Horizontal black dashed line shows observed relic density. The vertical dot-dashed lines denote the boundary of EWSB. The
parameters kept fixed are written in the figure insets as well as in the figure heading.

We first depict the freeze-in patterns in Fig . 4.9, in terms of ΩXh
2 as a function

of x = mX/T . This is similar to Fig . 4.7, where the vertical dot-dashed lines de-
note EWSB and in each case we ensure that X freezes in bEWSB (xFI < xEW), but
for kinematic region ms < 2mX . In Fig . 4.9a and Fig . 4.9b the variation of ΩXh

2

is shown with respect to mϕ and λϕS respectively. In each case three choices of pa-
rameters provide under, correct and over abundance to indicate their role in DM
production. For example, with the increase of mϕ, the X production cross-section
decreases, which in turn, decreases FIMP abundance as evident from Fig . 4.9a. Sim-
ilarly, larger λϕS enhances DM production cross-section and FIMP relic, as seen in
Fig . 4.9b. The parameters kept fixed for the plots are mentioned in Figure captions
and respect the constraints elaborated in Section 4.4.2.

In both the freeze-in patterns observed in Fig . 4.7 and Fig . 4.9, we see that the
abundance builds slowly upto x ∼ 1 which is usually classified as Infra Red (IR)
freeze in, where the mass effect turns important. This is contrasted to the Ultra
Violet (UV) freeze-in pattern advocated usually for DM EFT theories as in [352,
561, 588, 589], where the abundance builds up at very high temperature or low x
and saturates. One may also notice the slight difference in freeze-in pattern due to
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decay and annihilation dominated productions; for the decay, the yield builds up
even slower with late decay contribution adding up as in Fig . 4.7, compared to the
production via scattering as in Fig . 4.9.

(a) (b)

Figure 4.10: Numerical scan of the under-abundant region of X relic for freeze-in bEWSB, when ms < 2mX . Fig . 4.10a
and 4.10b show correlation inmϕ − λϕS andmϕ − λHS planes respectively. Three different color shades indicate different
ranges of relic density (see figure inset) for fixed values of other parameters written in figure heading. The rainbow color
bar represents how much the WIMP-FIMP conversion (ϕϕ→ XX) is contributing in production ofX by the ratio rcon (see
Eq . (4.37)). Grey shaded areas signify the regions excluded by direct detection and Higgs mass constraints.

We turn next to the parameter space scan for the FIMP under abundance in the
kinematic region ms < 2mX as shown in Fig . 4.10, correlating different parameters
relevant for scattering/conversion processes. While the light yellow, light red and
the light blue shaded regions signify different ranges of relic density (see figure in-
set), the scattered points with different colors as in the color bar signify the percent-
age of WIMP-FIMP conversion channels with respect to the total FIMP production
via the following ratio:

rcon =
⟨σv⟩ϕϕ→XX
⟨σv⟩Tot

. (4.37)

As mentioned before, the presence of s after EWSB, when FIMP production is pro-
hibited from the decay of s, ensures direct search and collider search possibilities
of the model, which in turn puts appropriate bounds on the parameter space in ab-
sence of a signal. These constraints are superimposed on the parameter space by
grey shaded exclusion regions. Fig . 4.10a shows scan in mϕ − λϕS plane and we
see that XENON1T bound heavily constrains λϕS ≲ 2× 10−11. WIMP-FIMP conver-
sion is then restricted significantly as λϕS affects conversion contribution directly and
FIMP becomes heavily under abundant ΩXh

2 ≲ 0.005. In Fig . 4.10b we show scan
inmϕ−λHS plane. As expected Higgs mass bound plays a crucial role together with
DD constraints to limit 3×10−12 ≲ λHS ≲ 2×10−11, again to make the FIMP heavily
under abundant (ΩXh

2 ≲ 0.005), particularly with the choice of λϕS = 10−11 as done
for the scan. The conversion contribution is large whenmϕ is small, as expected.

We further intend to highlight that in all these scans, the parameters directly
affecting Higgs mass and mixing after EWSB, ie, ms, mX and gX (see Eq . (C.8))
are all very fined-tuned. Owing to this requirement, there is not enough range to
show the variations of these parameters in a scan. Therefore, we choose to vary the
parameters in the dark sector that does not affect Higgs mass; λHS being the only
exception, shows a very narrow viable region, as pointed out in Fig . 4.10b.
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4.4.6 Freeze-out of ϕ
The scalar singlet dark matter ϕ is assumed to be in thermal bath as WIMP, track-
ing the equilibrium (non-relativistic and Maxwell-Boltzmann) distribution in early
universe. When the bath temperature (T) goes below the decoupling temperature
of ϕ, i.e. T ≲ T ϕD, the interaction rate of DM with the bath particles eventually be-
comes less than the Hubble expansion rateH . This causes the DM to decouple from
the thermal bath and freeze out to give the saturation abundance. In this section,
we assume the freeze-out to occur bEWSB and find the region of parameter space
where it happens and produces under abundance. As mentioned previously, there
are several constraints to ensure freeze-out bEWSB such asmϕ ≥4 TeV. Further con-
straints on model parameters come from DD and collider searches as discussed be-
fore. We indicate the bounds in resulting parameter space. The annihilation chan-
nels of WIMP ϕ, through which it depletes the number density can be divided into
two main categories:

• Annihilation to visible sector:
The channels bEWSB, include ϕ pair-annihilation into s and H pairs. The
relevant Feynman diagrams are in Fig . 4.5. The couplings relevant to the
above scatterings are λϕS , λHS , λϕH and λS (= m2

s

2v2s
). As already mentioned,

vs = mX/gX must always be very large ( ∼ 1014 GeV ) throughout the analysis
in order to have a successful FIMP (X) production as a CDM. Hence, unless
we choose λϕS ∼ 1/vs, couplings like ϕϕs (∝ vsλϕS), will make the annihilation
cross-sections very large, resulting in negligible ϕ abundance. Hence, in order
to get a reasonable annihilation of ϕ,

λϕS ≲ 10−12 for gX ∼ 10−12.

Such a choice is consistent with both the freeze-in of X and direct detection
constraints on λϕS . Although such small λϕS makes the four-point scattering
cross section, such as the top left channel in Fig . 4.5, practically negligible, ϕ
mainly annihilates via the s and t-channel diagrams in Fig . 4.5, where presence
of vs in one of the vertices like ϕϕsmake the contribution sizeable. We further
note that λϕH should also be greater than 10−3 to get a reasonable annihilation
via ϕϕ→ HH . Although ϕ freezes out bEWSB,we recall that s and hmixes due
to EWSB. As a result, λHS is traded off as a parameter dependent on mixing.
So, the collider searches of Higgs at the LHC, restricts λHS . We indicate the
effect of such constraints on the allowed parameter space.

• Conversion to FIMP DM :
ϕ annihilates into X pair via smediation (bottom panel of Fig . 4.5). But since
freeze-in requires gX to be very small (≲ 10−12), one vertex of conversion di-
agram (XXs) proportional to g2Xvs is also minuscule; this evidently implies
that unless the other vertex λϕS is chosen sufficiently large (∼ 1), the conver-
sion contribution is negligible. However, λϕS requires to be small from DD,
makes the conversion very small. Secondly, large conversion cross section to
FIMP production automatically implies that X production will be too fast for
the non-thermal freeze-in and it will driveX towards equilibrium, seizing the
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FIMP nature of X . Hence, WIMP↔FIMP conversion is negligible in the con-
text of WIMP, but plays an important role in the FIMP production as already
demonstrated in previous subsection.

Upon neglecting the WIMP-FIMP conversion, the cBEQ reduces to two individ-
ual uncoupled BEQs; the one for ϕ is given by Eq . (4.30), which can be easily solved
numerically (we use Mathematica 12.3.1.0 [590]). The parameters are chosen in
such a way that the freeze-out occurs bEWSB. The relic density for ϕ can then be
written in terms of freeze-out yield [62] and we again focus on the under abundant
region of the parameter space, given ϕ is one of the two DM components that we
assume to constitute the dark sector:

Ωϕh
2 ≃ 2.744× 108 mϕY

bEWSB
ϕ ; Ωϕh

2 ≤ 0.1212 .

where WIMP dark matter relic density is written in terms of the reduced Hubble
parameter, h in units of 100 km/s/Mpc.

Phenomenology

We first study ϕ freeze-out bEWSB as a solution of the BEQ . (4.30) in Fig . 4.11,
where we plot Ωϕh

2 with x = mϕ/T for parameters λHS, λϕS,mϕ, gX . We choose
three representative values of these parameters so that we produce correct relic, un-
der abundance and over abundance. The horizontal black dotted line denotes the
current central value of DM abundance. Vertical dot-dashed lines indicate EWSB
(xEW = mϕ/160 GeV) and each freeze out occurs bEWSB with xFO < xEW. The pa-
rameters kept fixed for these plots, as mentioned in the figure insets and headings,
comply with all the constraints mentioned earlier.

As already mentioned, to ensure the WIMP freeze-out to take place bEWSB, the
allowed mass of ϕ is constrained to mϕ ≳ 4 TeV . To comply with this bound, in
Fig . 4.11a, the freeze out of ϕ is shown formϕ = 7TeV , 8.5 TeV and 10 TeV , depicted
by red, blue and green colored lines respectively. As annihilation cross-section is
inversely proportional to WIMPmass, and freeze-out yield is also inversely propor-
tional annihilation cross-section, we see that as mϕ increases, the WIMP relic den-
sity also enhances and the case with mϕ = 8.5 TeV matches with correct relic. In
Figs . 4.11b to 4.11d,we show the effects inWIMP relic due to variation ofλHS, λϕS, gX
respectively. As the annihilation cross-section of WIMP (ϕ) increases with larger
couplings, we see that the relic density reduces expectedly with larger λHS, λϕS in
Figs . 4.11b and 4.11c. The scenario changes in Fig . 4.11d, where variation with
respect to gX is shown. In annihilation cross-section, gX enters inversely through
vs (= mX/gX), as a result, annihilation to H, s reduces with the increase of gX , re-
sulting in an enhancement of relic with gX as shown in Fig . 4.11d.

DD of ϕ occurs through Higgs mediation (see Appendix C.4). Even if WIMP
freezes-out bEWSB, direct search of ϕ is possible at present epoch, so the constraints
apply. However, the constraints depend on kinematical regions: (i) ms ≥ 2mX and
(ii)ms < 2mX in a similar vein as discussed before.

Case-I: (ms ≥ 2mX) :
When ms ≥ 2mX , and we ensure X freeze-in to saturate bEWSB, the decay of s
totally depletes its number density, so that any s− hmixing aEWSB is non-existent,
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(a) (b)

(c) (d)

Figure 4.11: WIMP relic density (Ωϕh2) in terms of x = mϕ/T for three different values of parameters λHS , λϕS ,mϕ, gX
(from left to right and top to bottom) to provide correct relic, under and over abundance. The parameters kept fixed are
mentioned in the insets as well as in the figure headings. The horizontal black dotted line denotes correct relic abundance and
the vertical dot-dashed lines depict EWSB, xEW = mϕ/160.

resulting only SM Higgs mediating direct search for ϕ. So the situation is similar to
the DD of single component scalar singlet ϕ.

Figure 4.12: Under abundant region for ϕ (Ωϕh2 ≤ 0.1212) with respect to variation of λϕH vs. mϕ for kinematic region
ms ≥ 2mX when freeze-out occurs bEWSB. Spin independent XENON1T direct search excluded region is showed by the
grey shaded area at the top for large λϕH . Light yellow, light red and light blue shades indicate different ranges of Ωϕh2 as
mentioned in figure inset. Parameters kept fixed for the plot are mentioned in the figure heading and comply with all other
constraints.

Fig . 4.12 shows the under abundant parameter space in mϕ − λϕH plane where
ϕ freezes out bEWSB, in the kinematic region ms ≥ 2mX . Three color shades in-
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dicate different ranges of Ωϕh
2 (mentioned figure inset). The grey shaded region

is excluded by the present spin-independent XENON1T limit, which restricts only
very high values of λϕH ≳ 3, given other parameters are kept constant at values
mentioned in the figure heading. As ms > 4 TeV (see Eq . (4.34)) for late decay to
complete bEWSB, WIMP annihilation mostly occur through the four point interac-
tion ϕϕ → HH†. The correlation between mϕ − λϕH is consistent with two features
already discussed: (a) WIMP annihilation cross-section via four point interaction
increases with λϕH which in turn reduces the abundance and (b) WIMP annihila-
tion cross-section decreases withmϕ, which causes Ωϕh

2 to increase with the WIMP
mass.

Case-II: (ms < 2mX) :
When ms ≤ 2mX , s − h mixing occurs aEWSB and direct search occurs via medi-
ation of both physical states h1, h2. Therefore, mixing plays an important role in
the direct detection of WIMP. In this case, the parameter space and the constraints
are expectedly different from the previous case where mixing was absent. Corre-
lations of relevant parameters for under abundance of ϕ (Ωϕh

2 ≤ 0.1212) in this
kinetic regime is shown in Fig . 4.13 together with direct search and Higgs mixing
constraint.

(a) (b)

Figure 4.13: Under abundance for ϕ (Ωϕh2 ≤ 0.1212) in the kinematic regionms < 2mX . Fig . 4.13a shows the correlation
betweenmϕ − λHS and Fig . 4.13b shows the correlation betweenmϕ − λϕS . Different color shades in light yellow, light red
and light blue indicates under abundance within ranges as mentioned in figure inset. Grey shaded regions are excluded by
latest XENON1T bound, Higgs mass and collider bound on scalar mixing (see text for details).

Fig . 4.13a shows the under abundant parameter space inmϕ vs. λHS planewhere
grey shaded regions are excluded by XENON1T direct search bound and Higgs
mass/scalar mixing constraints. The functional dependence of mϕ as in Fig . 4.11a
and of λHS as in Fig . 4.11b are retained here. We conclude that λHS ∼ 5×10−12 is safe
formϕ varyingwithin 7 to 8.5 TeV, given the othermodel parameters are kept fixed as
mentioned in the figure caption. Fig . 4.13b shows the correlation betweenmϕ−λϕS .
Recall that Yϕ increases with larger λϕS (see Fig . 4.11c) as well as with larger WIMP
mass (mϕ), which is also evident in Fig . 4.13b. Once λHS ∼ 3.16 × 10−12 is fixed
in Fig . 4.13b, it fixes the mixing angle within experimental limit, there is no other
constraint on this parameter space excepting for the direct search bounds, depicted
in grey shade.
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(a) (b)

Figure 4.14: Scan in gX−λϕS plane when bothWIMP and FIMP components add to observed relic density,ΩXh2+Ωϕh
2 =

0.1200± 0.0012, simultaneously addressing other constraints when both freeze in and freeze out occur bEWSB in kinematic
region ms ≥ 2mX . In Fig . 4.14a, we keep FIMP mass fixed at mX = 1 TeV and vary WIMP mass mϕ as shown in the
SiennaTones color bar. In Fig . 4.14b, we keepmϕ = 6 TeV fixed and varymX as shown by the BlueGreenYellow color bar.
Other parameters kept fixed are mentioned in the figure heading. Under abundance and over abundance constraints from
freeze-in/freeze-out bEWSB are shown by grey shaded regions.

4.4.7 Putting WIMP and FIMP together

Scenario Benchmark points mH ,mϕ,ms,mX (TeV) gX , λHS, λϕS, λϕH Ωϕh
2 ΩXh

2 Ωϕ
ΩT

% ΩX
ΩT

% σSI
ϕeff

(cm2)

BP1 0.088, 8.0, 7.0, 1.0 10−13, 10−11, 5.69× 10−13, 0.1 0.1176 0.0014 98.82 1.18 1.44× 10−48

BP2 0.088, 7.0, 6.0, 1.5 10−12, 10−11, 1.07× 10−11, 0.1 0.0626 0.0571 52.30 47.70 9.99× 10−49ms ≥ 2mX

BP3 0.088, 6.0, 5.0, 2.0 2.33× 10−12, 10−11, 2.6× 10−11, 0.1 0.0087 0.1112 7.26 92.74 1.89× 10−49

BP4 0.2, 8.3, 3.0, 2.0 10−11, 10−11, 10−10, 0.3 0.1062 0.0138 88.50 11.50 2.05× 10−45

BP5 0.2, 14.5, 3.0, 2.0, 10−11, 10−11, 2.74× 10−10, 0.3 0.0592 0.0605 49.46 50.54 3.09× 10−45ms < 2mX

BP6 0.2, 11.0, 3.0, 2.0 10−11, 10−11, 3.32× 10−10, 0.2 0.0056 0.1154 4.63 95.37 7.55× 10−46

Table 4.3: Some sample benchmark points for the WIMP-FIMP model, when both freeze-in of X and freeze-out of ϕ occur
bEWSB respecting the total relic density, direct search, Higgs mass/mixing, and other constraints. The benchmark points
depict the possibilities when one component dominates over the other as well as the case when they have almost equal share
for the total DM relic density.

So far we discussed the under abundant parameter space for bothWIMP (ϕ) and
FIMP (X) individually when they freeze-out and freeze-in bEWSB. However, the
fact that the total DM relic density has to be achieved (Eq . (4.21)) from both these
components, will correlate these two cases. Two such example scans are shown in
Fig . 4.14, where we show the relic density allowed parameter space in λϕS − gX
plane for the kinematic region ms ≥ 2mX , abiding by other relevant constraints. In
Fig . 4.14a, we keep FIMP mass fixed at mX = 1 TeV and vary WIMP mass mϕ as
shown in the SiennaTones color bar. In Fig . 4.14b, we keep mϕ = 6 TeV fixed and
vary mX as shown by the BlueGreenYellow color bar. The other parameters kept
fixed are mentioned in the figure headings.

In Fig . 4.14a, we see that for a fixed gX , when we make λϕS larger, the FIMP
(X) relic almost remains the same, but WIMP (ϕ) relic decreases due to larger an-
nihilation cross-section; so mϕ requires to be larger to keep the WIMP relic in the
similar ballpark and total relic density constant. This is why we see darker points
with smaller mϕ populating smaller λϕS regions, while for larger λϕS , the WIMP
mass( mϕ) requires to be larger with brighter points populating such regions. In
the same figure, we see that when we enhance gX , FIMP relic gets larger, and ac-
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cordingly WIMP relic needs to be smaller by having larger λϕS as well as small mϕ.
Of course, if we keep λϕS unchanged with larger gX , the total relic density goes be-
yond the experimental observation and provides over abundance, shown by grey
shaded region. In a similar way, when λϕS is larger than a specific value for a given
gX , thenWIMP relic is so tiny that it leads to under abundant total relic, also marked
by the grey shaded region. A complementary behaviour is observed in Fig . 4.14b.
Here, for a fixed gX , with larger λϕS , WIMP relic decreases, but with mϕ kept con-
stant, there is only one way to keep the observed relic density constant, by enhanc-
ing FIMP contribution i.e. by decreasingmX . This is why we see darker points with
small mX favouring larger λϕS regions and brighter points with larger mX popu-
lating smaller λϕS regions. Grey shaded over abundance for small λϕS and under
abundance for large λϕS regions can be described in a similar way as in Fig . 4.14a. A
similar correlation can be made when FIMP production occurs dominantly via scat-
tering processes with ms ≤ 2mX , but the allowed parameter space becomes tinier
due to the involvement of λϕS into both freeze-in and freeze-out processes. We next
furnish some characteristic benchmark points in Table 4.3, where the abundance of
FIMP (X) and WIMP (ϕ) adds to the total observed relic density together with ad-
dressing direct search and Higgs mixing constraints ensuring that freeze-in of X
and freeze-out of ϕ both occur bEWSB. The benchmark points BP1 and BP4 depict
the possibilities when ϕ dominates over X , BP3, BP6 show the other possible hier-
archy when X dominates over ϕ, while BP2 and BP5 demonstrate the case when
they have almost equal share for the relic density. Before concluding this section,
we would like to comment that if both freeze-in/freeze-out has to occur bEWSB the
masses mϕ,ms need to be very heavy, and possibility of any collider production is
difficult. The FIMP is anyway very feebly coupled to SM. The WIMP can still have
a direct search possibility, larger when the FIMP can be produced via scattering,
smaller when it is produced via s→ XX decay, providing an interesting correlation
between the WIMP and FIMP DM components.

4.5 Dark Matter phenomenology aEWSB

In this section, we address a situation where the freeze-in of X and freeze-out of ϕ
both occur after EWSB. This is equivalent to saying that both the DM components
attain saturation at a temperature smaller than TEW, i.e.:

TU(1) > TEW > TFI; TU(1) > TEW > TFO . (4.38)

Themethodology of finding the allowed parameter space for such a situation is sim-
ilar to the previous case; to solve BEQ for both WIMP and FIMP cases individually
including all the processes that contribute aEWSB, and choosing model parameters
in such a way that we satisfy Eq . (4.38). This is the case usually considered for most
of the DM analysis, excepting for checking the validity of Eq . (4.38), which we ad-
ditionally ensure. However, as the approach remains the same as elaborated in the
last section, we highlight on the main features that this possibility offers, without
going too much of the details.
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4.5.1 Physical states and interactions
The physical particles and interactions aEWSB is obtained when both S and H ac-
quire non-zero VEVs vs and v respectively. In unitary gauge we write,

S =
vs + s√

2
→ ⟨S⟩ = 1√

2
vs, H =

 0

h+v√
2

→ ⟨H⟩ = 1√
2
v, ⟨ϕ⟩ = 0 . (4.39)

Evidently, this induces mixing between the two scalars (s − h), the strength of
which is dictated by the mixing angle θ. Upon diagonalization, two physical scalars
h1 and h2 emerge, where h1 is assumed to be the SM Higgs with mh1 ∼ 125.1 GeV ,
whereas h2 may be assumed heavy with mass mh1 ≪ mh2 . The physical and the
unphysical fields are related through an orthogonal matrix,

h1
h2

 =

cos θ − sin θ

sin θ cos θ

h
s

 . (4.40)

For details, see Appendix C.2, where theminimization of the scalar potential and
emergent conditions are specified. Wemay note one point here that λHS , which was
an external parameter bEWSB, can now be considered as an internal parameter and
it is dictated by the mixing angle as given below:

λHS =
sin 2θ

2vsv

(
m2
h2

−m2
h1

)
. (4.41)

In Table 4.4, we list all the relevant parameters of the model considered for the
analysis, classified into external (parameters that we choose to vary as input) and
internal (or derived) parameters. We further note, that excepting for the constraints
on dark sector particle masses imposed to make the freeze-in/freeze-out occur bE-
WSB, we adhere to all the other constraints as in Section 4.4.2.

External parameters Internal parameters

mh1 ,mϕ,mh2 ,mX , gX , λϕ, λϕS , λϕH , sin θ µH , µϕ, µS , vs, λH , λS , λHS

Table 4.4: The parameters used in the aEWSB analysis.

We further note here that WIMP mass for ϕ aEWSB is changed due to the addi-
tional contribution proportional to DM-Higgs portal interaction λϕH . See Eq . (C.13)
in Appendix C.2, wheremϕ refers toWIMPmass aEWSB, althoughwe have used the
same notationmϕ in the text to avoid clutter. This essentially does not affect the phe-
nomenology to a great extent.

4.5.2 BEQ in aEWSB scenario
The BEQ does not change aEWSB, the change is only in the processes of DM pro-
duction and annihilation, and in the limit of x which goes beyond xEW. First point
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to note that even aEWSB, the WIMP-FIMP conversion is still small to keepX out-of-
equilibrium, so that it is only relevant for FIMP production, and the cBEQs reduce
to two independent BEQs as before,

dYX
dx

=

{
45

3.32π4

gsMPlm
2
sΓs→XX

m4
X

x3K1

[
ms
mX

x
]

gs∗(x)
√
gρ∗(x)

+
4π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mX

x2

(∑
i=s,H

⟨σv⟩ii→XX(Y eq
i )2 + ⟨σv⟩ϕϕ→XXY 2

ϕ

)}
Θ[xEW − x]

+

{
45

3.32π4

∑
A=h1,h2

gAMPlm
2
AΓA→XX

m4
X

 x3K1

[
mA
mX

x
]

gs∗(x)
√
gρ∗(x)

Θ[xAD − x]

+ e
− 0.602MPl ΓA→XX

m2
X

√
g
ρ
∗(x)

(x2−xA2

D ) x2xAD
η(x, xAD)

K1

[
α(x, xAD)

mA

mX

x2

xAD

]
e
mA
mX

(
α(x,xAD) x

2

xA
D

−xAD

)
Θ[x− xAD]

)

+
4π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mX

x2

( ∑
i=h2,SM

⟨σv⟩ii→XX(Y eq
i )2 + ⟨σv⟩ϕϕ→XXY 2

ϕ

)}
Θ[x− xEW],

(4.42)

dYϕ
dx

=− 2π2MPl

45× 1.66

gs∗(x)√
gρ∗(x)

mϕ

x2

[{∑
i=H,s

⟨σv⟩ϕϕ→iiΘ[xEW − x]

+
∑

j=h2,SM

⟨σv⟩ϕϕ→jjΘ[x− xEW]

}
(Y 2

ϕ − Y eq2

ϕ )

]
.

(4.43)

It isworthymentioning that x = mX
T
,
mϕ
T

in BEQof FIMP andWIMP respectively and
SM = h1,W

±,Z, ℓ, q includes all possible massive particles. Note that theΘ[x−xEW]
functions present in both eqs . (4.42) and (4.43) denote processes that take part in
DMproduction/annihilation before and after EWSB.While theΘ function separates
the FIMP production into two distinct regions, before and after EWSB, this does not
include the third possibility of DM production during EWSB at x ∼ xEW. Such
contribution may arise in certain models as explored in [540, 591, 592], where it is
shown that a significant amount of FIMP production via oscillations from Higgs
is possible during phase transition when mh(T ) ∼ mDM, if the DM remains out of
equilibrium, has a Higgs portal coupling and havingmass less than the Higgs mass.
However, in our case, such contributions do not arise. This is because the scalar (s)
having a Higgs portal, is not a DM, rather a particle present in the thermal bath
producingX via in-equilibrium or late decays or scattering. If s remains in thermal
bath during EWSB, the oscillations cannot help to enhance the number density of
s and therefore of X ; on the other hand, if it needs to be out-of-equilibrium during
EWSB, the mass turns out to be pretty heavy ∼ 4 TeV, as pointed out in Eq . (4.34),
way beyond the Higgs mass (≫ mh) for the oscillations to produce additional s.

Let us discuss a few salient features of freeze-in/freeze out aEWSB here. For ex-
ample, in scattering dominated FIMP production regime, with ms < 2mX , all scat-
tering processes (ss→ XX;ϕϕ→ XX and HH → XX)play important role in FIMP
(X) production bEWSB (x < xEW); but aEWSB (x > xEW) new scattering channels
open up, as shown in Fig . 4.15. Again, one needs to remember, that the Goldstone
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degrees of freedom forH is now converted tomassive gauge bosonsW±, Z, but con-
tributions from massive fermions add to the production. Now, consider ms ≥ 2mX

but ms ≲ 4 TeV , then FIMP is dominantly produced from s decay bEWSB, but the
decoupling of s occurs aEWSB and s−hmixing occurs to produce h1, h2. Then dom-
inating FIMP production aEWSB comes from the decay (and late decay) of h1,2 as
shown in Fig . 4.15. Both the processes bEWSB and aEWSB contribute to the freeze-
in yield aEWSB as indicated in Eq . (4.42). For WIMP (ϕ) however, when it freezes
out aEWSB, annihilation channels bEWSB do not matter much as they only main-
tain the WIMP in thermal bath, the freeze-out (or decoupling) of WIMP as well as
the consequent relic density (Ωϕh

2) are mainly governed by the processes aEWSB.
The corresponding Feynman graphs for ϕ freeze-out aEWSB is shown in Fig . 4.16.
WIMP-FIMP conversion aEWSB is shown in Fig . 4.17.
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Figure 4.15: Feynman diagrams showing non-thermal production channels of X aEWSB
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Figure 4.16: Feynman diagrams showing annihilation channels of ϕ aEWSB
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ϕ

ϕ

X

X

h1,2

Figure 4.17: WIMP-FIMP conversion channel aEWSB.

4.5.3 Freeze-in ofX

As evident from Eq . (4.42),X freeze-in has an important contribution accumulated
from processes bEWSB, while aEWSB (x > xEWSB), X production occurs mainly
via h2 decay (h1 decay to XX is assumed kinematically forbidden by considering
mh1 < 2mX), and scattering processes as shown in Fig . 4.15, in absence of decay.
Freeze-in aEWSB is ensured by checking YxEW

< Yx>xEW
. Since the essential phe-

nomenology of aEWSB freeze-in is not entirely different from bEWSB, we show a
few representative plots to demonstrate the viable parameter space in this region.
We show the first freeze-in production of X in Fig . 4.18 in terms of ΩXh

2 as a func-
tion ofmX/T . In Fig . 4.18a, we show the case where h2 → XX is the dominant DM
production channel, as the decay is kinematically allowed. Herewe show the freeze-
in pattern for three different gX values (mentioned in the figure inset) by red, blue
and green colored lines, respectively. FIMP relic density increases with gX , which is
already discussed, and correct relic density is obtained for gX = 2× 10−12. The hor-
izontal dashed line depicts the central value of the observed DM relic. The vertical
dot-dashed line refers to EWSB and we ensure the freeze-in to happen aEWSB. We
again see that in decay dominated production, late decay adds significantly to the
FIMP yield YX . In Fig . 4.18b, we show the same ΩXh

2 vs. mX/T variation, but for
scattering dominated production, absent the kinematically forbidden h2 → XX de-
cay mode for different λϕS represented by the red, blue and green lines. Expectedly,
FIMP relic is enhanced with larger λϕS , similar to the bEWSB case. Again, freeze-in
abundance to settle aEWSB is explicitly seen when compared to vertical dot-dashed
lines depicting EWSB (xEW).

As the dependence of freeze-in relic density on the parameters remain almost the
same aEWSB, it is needless to repeat all the features here once again. Nevertheless, in
order to demonstrate the viable parameter space complying with aEWSB freeze-in,
we show three plots in Fig . 4.19. The top left plot, i.e., Fig . 4.19a shows a correlation
in mX vs. gX plane and corresponds to the decay dominant FIMP production. We
find that excepting for very small gX regions constrained by direct search of ϕ (with
the direct search cross-section being proportional to vs ∼ 1/gX), the rest of the pa-
rameter space shows under relic abundance indicated by color codes as mentioned
in the figure inset. This is an important contrast to the bEWSB case, where the pa-
rameter space for the decay dominant FIMPproduction is completely unconstrained
(see Fig . 4.8). Also, one can conclude from this plot that after EWSB, large part of
parameter space can be saved from DD limits if the FIMP production is decay dom-
inated. The right panel plot, i.e., Fig . 4.19b shows a correlation in mϕ − λϕS plane,
which corresponds to scattering dominant FIMPproduction absent h2 → XX decay.
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(a) (b)

Figure 4.18: Variation ofX relic density as a function of x = mX/T to demonstrate freeze-in aEWSB; In left panel (Fig . 4.19a)
we show decay dominant case where freeze-in production aEWSB occurs via h2 → XX for three discrete gX values. In the
right panel Fig . 4.19b, decay is kinematically forbidden and scattering processes dominate freeze-in production. Vertical dot-
dashed line indicates EWSB and black dashed line shows the central value of observed relic density. Parameters kept fixed for
the plot are mentioned in the figure heading.

(a) (b)

(c)

Figure 4.19: Under abundant (ΩXh2 ≤ ΩT h
2) parameter space for DM freeze-in aEWSB. Fig . 4.19a shows a correlation in

gX vs. mX planewith direct search constraint restricting the smaller gX values shown by the grey shaded region. In Fig.4.19b,
the under abundant region in λϕS vs. mϕ plane is shown, with grey shaded region ruled out by the XENON1T direct search
bound. The relic density of FIMP DM is indicated by color code in the figure inset. In Fig.4.19c, we show the viable parameter
space in λϕS vs. gX plane for the scattering dominated production of FIMP. Direct search limits weaken for smaller λϕS and
larger gX . Parameters kept fixed are mentioned in figure headings.

Herewe see that a large region of the parameter space is ruled out byDDdata partic-
ularly for larger λϕS . Since the DD cross-section has very strong dependence on both
λϕS and gX , in Fig . 4.19c at the bottom panel, we show a correlation in the λϕS vs. gX
plane. Here, FIMP relic density, although increases with λϕS , remains almost con-
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stant with the variation of gX , as the scattering dominant production cross-section
has no explicit dependence on gX . On the other hand, the direct detection cross-
section, having explicit dependence on λϕS and vs ∼ 1/gX , shows weaker bounds
for small λϕS and large gX . Parameters kept fixed for the scans, are mentioned in the
respective figure headings and ensure all the other constraints.

4.5.4 Freeze-out of ϕ

(a) (b)

(c)

Figure 4.20: Figure 4.20a shows freeze-out pattern for WIMP (ϕ) relic density as a function ofmϕ/T for some fixed values of
λϕH , which also ensures freeze-out aEWSB. The vertical dot-dashed line corresponding to EWSB (xEW). Fig . 4.20b denotes
a correlation plot for the under-abundant ϕ in mϕ − λϕS plane. The constraints from spin independent DD cross-section
obtained from XENON1T data are shown in grey shades. The parameters kept fixed for are mentioned in figure heading. The
color shades in light blue, light red and light yellow show the ranges of under abundance as mentioned in figure inset. In
Fig . 4.20c, we show the under abundant ϕ in λϕS vs. gX plane.

ϕ freezes out aEWSB through the annihilation channels as shown in Fig . 4.16.
Newannihilation channels open up through for e.g : hϕϕ vertex aEWSB. The trilinear
couplings of ϕwithHiggs become relevant in the DMphenomenology, in contrast to
only quartic DM-Higgs interaction bEWSB for ϕ freeze-out. We demonstrate aEWSB
freeze-out with three representative plots in Fig . 4.20. Fig . 4.20a shows the evolu-
tion of WIMP abundance (Ωϕh

2) withmϕ/T for three discrete values (mentioned in
the figure inset) represented by red, blue and green colored lines respectively. If we
increase λϕH , this enhances the annihilation cross-section and in turn decrease the
relic abundance, which we show in the figure. The blue one with λϕH = 0.08 satis-
fies the correct relic. The vertical dot-dashed line ensures that the ϕ freeze out occurs
aEWSB and the horizontal dashed line represents the central value of the observed
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DM relic. Also note in Fig . 4.20a, a small bump appearing in the equilibrium distri-
bution due to the change of WIMP mass at EWSB boundary as given by Eq . (C.13)
in Appendix C.2.

In Fig . 4.20b, we show the (under-) relic and direct search allowed parameter
space inmϕ − λϕS plane. The three shades light yellow, light red and light blue rep-
resent different ranges for under-abundance, as mentioned in the legend. The grey
shaded region is excluded by present spin independent direct search (XENON1T)
bound. With smaller λϕS , relic density expectedly increases. Also, we see the maxi-
mum annihilation around themh2 resonance at 100 GeV , as we fixedmh2 at 200 GeV
for this scan. Owing to the fact that mh2 is unknown and loosely constrained, a
large amount of relic density allowed parameter space can be brought under the
direct search bound if one focuses on the mh2 resonance. We also see that a large
parameter space opens up whenever the annihilation channel to h2 pair opens up
with mϕ > mh2 . To demonstrate the effect of the two relevant couplings gX and
λϕS on WIMP relic density and DD, we show a correlation plot in the bottom panel
Fig . 4.20c. DD limits show the same trend as Fig . 4.19c, whereas the WIMP anni-
hilation cross-section, also being proportional to λϕS vs, shows under abundance for
large λϕS and small gX . Importantly we see that for WIMP, under abundant regions
facemore exclusion fromdirect search limit while it is the otherway round for FIMP,
which obviously stems from the reverse dependence on the cross-section to the DM
yield for these two cases.

(a) (b)

Figure 4.21: Scan in gX−λϕS plane when bothWIMP and FIMP components add to observed relic density,ΩXh2+Ωϕh
2 =

0.1200±0.0012, simultaneously addressing other constraintswhen both freeze in and freeze out occur aEWSB in the kinematic
regionmh2 ≥ 2mX . In Fig . 4.21a, we keep FIMP mass fixed atmX = 200 GeV and vary WIMP massmϕ as shown in the
SiennaTones color bar. In Fig . 4.21b, we keep WIMP massmϕ = 700 GeV fixed and vary FIMP mass (mX) as shown by the
BlueGreenYellow color bar. Other parameters kept fixed are mentioned in the figure heading. Direct search constraint from
XENON1T is shown by grey shaded regions, while the future sensitivity of XENONnT is shown by the blue dotted line.

4.5.5 Putting WIMP and FIMP together
We again discuss a couple of example plots where theWIMP (ϕ) and FIMP (X) add
to the total observed DM relic density. In Fig . 4.21, we show the scan in gX − λϕS
plane where both freeze-in of X and freeze-out of ϕ occur aEWSB. In Fig . 4.21a, we
keep FIMP mass (mX) fixed, while vary WIMP mass (mϕ) as shown by the Sienna-
Tones color bar. In Fig . 4.21b, we instead keep WIMP mass (mϕ) fixed, while vary
FIMP mass (mX) as shown by the BlueGreenYellow color bar. In both cases, we
adhere to a parameter space where FIMP production is decay dominated. Observa-
tions are pretty similar to what we got bEWSB.
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In Fig . 4.21a, we again see that with larger gX , FIMP relic enhances, which in turn
requires λϕS to enhance as well, so that Ωϕ decreases (the inclined region). Now,
gX can maximally enhance to ∼ 2 × 10−12, when FIMP relic completely dominates
over WIMP, with a sharp rise in λϕS to bring WIMP relic to very small value. We
also see that keeping the gX fixed (so that FIMP relic remains almost unchanged),
if we enhance λϕS , WIMP relic decreases unless we adjust mϕ to larger values to
keep the total relic within experimental observed value. In Fig . 4.21b, larger λϕS
diminishes Ωϕ, which is adjusted by larger FIMP contribution, by having smaller
mX for a fixed gX . Further, when gX is enhanced, FIMP contribution becomes larger,
then WIMP contribution is adjusted to smaller values by larger λϕS . Importantly,
present direct search bound from XENON1T (on spin independent cross-section)
plays an important role here, shown by grey shaded region, which discards part of
large λϕS region. Future projected direct search sensitivity of XENONnT experiment
is also shown by the blue dashed line, which will probe a large part of the allowed
parameter space.

As can be easily seen, that the phenomenology aEWSB is richer and as themasses
(mϕ,ms,mX) turn out to be much smaller. Such regions are prone to both direct
search and collider experiments for the WIMP, which interestingly correlates to the
FIMP under abundance as some of the parameters are common. We leave the exer-
cise, where collider signal and direct search sensitivity of WIMP-FIMP model will
be discussed, for a separate work. We finally tabulate some characteristic bench-
mark points for this scenario in Table 4.5, where the total relic obtained fromX and
ϕ adds to the observed one abiding by all the other constraints. Here also, AP1 and
AP4 point out to the cases whenX dominates over ϕ, AP3, AP6 show when ϕ dom-
inates over X and AP2, AP5 depict the case when both DM contribute equally.

Scenario Benchmark points mϕ,mh2 ,mX (GeV) gX , λϕS, λϕH , sin θ Ωϕh
2 ΩXh

2 Ωϕ
ΩT

(%) ΩX
ΩT

(%) σSI
ϕeff

(cm2)

AP1 200, 150, 70 1.82× 10−12, 3.30× 10−12, 10−2, 10−2 0.0117 0.1088 9.71 90.29 1.60× 10−48

AP2 400, 300, 130 1.51× 10−12, 2.80× 10−12, 10−2, 10−2 0.0545 0.0663 45.08 54.92 9.52× 10−50mh2 ≥ 2mX

AP3 350, 300, 100 3.00× 10−13, 4.85× 10−13, 10−2, 10−2 0.1141 0.0053 95.54 04.46 1.52× 10−48

AP4 700, 400, 250 5.22× 10−11, 1.58× 10−10, 10−2, 10−2 0.0186 0.1002 15.68 84.32 9.41× 10−49

AP5 1000, 300, 200 3.33× 10−11, 1.63× 10−10, 10−2, 10−2 0.0599 0.0604 49.77 50.23 2.29× 10−48mh2 < 2mX

AP6 600, 250, 150 9.97× 10−12, 2.50× 10−11, 10−2, 10−2 0.1187 0.0018 98.54 01.46 5.45× 10−50

Table 4.5: Some sample benchmark points for the WIMP-FIMP DMmodel, when both freeze-in and freeze-out occur aEWSB
respecting the total relic density, direct search, Higgs mass/mixing and other constraints. The benchmark points depict the
possibilities when one component dominates over the other as well as the cases when they have almost equal share for the
relic density.

4.6 Summary
In this analysis, we show that EWSB plays an important boundary condition for DM
freeze-out and freeze-in. To be specific, we ask, if it is possible to identify the region
of parameter space where saturation of DM yield occurred bEWSB or aEWSB. We
see that there are mainly two effects to this end; the main point is the mass of the
DM or the decaying particle, which plays an important role to saturate the freeze-
in or freeze-out abundance before or after EWSB, and second is the change in the
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depletion or production channels for DM across EWSB, particularly for those DM
particles that couple to visible sector via Higgs portal. Here we have demonstrated
the changes in relic density allowed parameter space of a two component WIMP-
FIMP model when both freeze-in and freeze-out occurs before EWSB to that when
both occur aEWSB. Some broad characteristics emerge from the study. For example,
when FIMP freezes in bEWSB, we see that the requirement that even ‘late decay’
of the bath particle to occur bEWSB puts constraints on the mass on the decaying
particle to be larger than some threshold. This is equivalent to freeze-out of a particle
to occur bEWSB, where the WIMP mass requires to be sufficiently heavy (∼ 4 TeV);
the exact limit depends on the nature and interactions of the DM considered. On the
other hand for freeze-in or freeze-out to occur aEWSB, the mass of the bath particle
for FIMP, or the mass of DM for WIMP can be in the range of ∼ O(100) GeV . We
have demonstrated the above features by solving appropriate Boltzmann equations,
taking care of all constrains on the model parameters . This in turn provides with
a nice distinguishability of the parameter space of the model; the case bEWSB is
difficult to probe at collider having heavier masses (be it WIMPmass or the particle
in thermal bath that decays to FIMP), direct search (for WIMP) serves as the only
viable option, while the case aEWSB is more accessible to both collider and direct
search prospects with masses of the order of TeV.

Regarding the model we choose for illustration, we have a vector DM (X) trans-
forming under additional U(1)X symmetry, which remains out-of-equilibrium and
freezes in, while a scalar singlet DM ϕ remains in thermal bath and freezes-out to
acquire correct relic. The effect of EWSB is pronounced in such a case with a larger
U(1)X breaking scale necessitated by the freeze-in ofX . On the contrary, if we imag-
ine a situation, where ϕ isWIMP andX is FIMP, then unnatural fine tuningwill only
be applicable to the portal couplings λϕH , λϕS , bringing down the U(1)X breaking
scale close to EWSB, leaving a very small region of parameter space for a massiveX
freeze-out bEWSB. Further, in such a two component set up, WIMP and FIMP pa-
rameters get correlated to produce the observed relic. For example, given a U(1)X
coupling gX , it is possible to adjudge a portal λϕS and vice versa. Direct search con-
straints on theWIMP ϕ also limits the FIMP abundance due to the presence of some
common coupling parameters like λϕS .

While both the models as single component DM have been studied in literature,
we find out that the presence of both DM components together provides additional
features for their respective abundances. For example, ϕ has channels to deplete its
number density due to the scalar s required to breakU(1)X symmetry, which allows
a larger allowed parameter space for ϕ in the resonance regionmϕ ∼ ms/2 ∼ mh2/2.
Further, regions where annihilation to this scalar mϕ > ms (or the physical one h2
after mixing) opens up, it is easier to satisfy relic under abundance after adhering
to direct search bounds. For FIMP (X), conversion from WIMP (ϕ) plays a major
role, which is only possible in a two component set up like this. On the contrary,
in order to keepX out-of-equilibrium, theWIMP-FIMP conversion is never sizeable
enough to alter the effective annihilation cross-section and relic density of ϕ. This
feature is generic beyond the specific model taken up here. We also note that, the
coupled BEQ required to address a two component WIMP-FIMP case, reduces to
two uncoupled BEQs in the limit of tiny annihilation fromWIMP to FIMP. However,
one may think of a situation where the FIMP has very tiny coupling with SM, but a
sizeable one with the WIMP, which may bring it to thermal bath and then freezes it
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out. The consequences of such a situation are interesting and will be addressed in
the next chapter.
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Chapter 5
WIMP-FIMP with substantial
interaction: Pseudo-FIMP

Contents
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5.2 pFIMP phenomenology in the presence of SIMP . . . . . . . . . 100

In a two-component dark matter (DM) set-up, when DM1 is in equilibrium with
the thermal bath, the other DM2 can be equilibrated just by sizeable interaction with
DM1, even without any connection with the visible-sector particles. We show that
such DM candidates (DM2) have unique ‘freeze-out′ characteristics impacting the
relic density, direct and collider search implications, and propose to classify them as
‘pseudo-FIMP’ (pFIMP). The dynamics of pFIMP is studied in a model-independent
manner by solving generic coupled Boltzmann Equations (cBEQ) for both WIMP
and SIMP partners, followed by concrete model illustrations. The discussion in this
chapter is based on Refs . [305] and [593].

5.1 pFIMP phenomenology in the presence of WIMP
Let us first consider DM1 to be WIMP.

5.1.1 Introduction
When the interaction between a WIMP and a FIMP remains ‘feeble’, the FIMP con-
tinues to be out of equilibrium [301, 594, 595], but enhanced interaction (of weak
strength) canmake the FIMP equilibrate to thermal bath and undergo freeze-outwith
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some unique features, which are essentially model-independent, but relies on the
properties of its thermal DM partner. We propose to classify such a particle into a
category called ‘pseudo-FIMP’ (pFIMP), as it is a thermal DM in spite of having fee-
ble connection with the SM. Also, pFIMP can be realized in presence of any thermal
DM like Strongly Interacting Massive Particle (SIMP), independent of the depletion
mechanism. Some model-dependent studies which mimic a pFIMP-like situation,
have been studied [308, 596–598], but without elaborating the generic features that
such particles possess. This letter illustrates the pFIMP characteristics in a model-
independent way followed by a concrete model illustration and detection possibil-
ities. Actually the idea of pFIMP has been conceptualised and demonstrated here
for the first time, that occurs in a particular limit of the DM-DM and DM-SM inter-
actions in a multicomponent set up. This leads to several model possibilities to be
explored in the pFIMP limit as detailed in [306].

5.1.2 Model Independent analysis
The evolution of DM number density in WIMP-FIMP framework is governed by a set
of coupled Boltzmann equations (cBEQ) as shown in Eq . (D.1), in terms of yield
(Y = n

s
) as a function of x = µ12/T , where µ12 = m1m2/ (m1 +m2) denotes the

reduced mass of the two DMs, and T denotes the temperature of the thermal bath.

dY1
dx

=− s

xH(x)

[
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(5.1)

In the above equation, s = 2π2

45
gs∗
(
µ12
x

)3
, H(x) = 1.67

√
gρ∗µ2

12x
−2M−1pl . Subscripts

1, 2 in Eq . (D.1) and in the rest of the draft denote WIMP and FIMP (pFIMP) compo-
nents respectively. Interactions that crucially determine the DM densities are WIMP
depletion to SMgoverned by ⟨σv⟩11→SM, FIMP production from the SMbath via anni-
hilation ⟨σv⟩SM→22 and/or decay ⟨ΓSM→22⟩, and WIMP-FIMP conversion ⟨σv⟩11→22 (⟨..⟩
denotes thermal average and v is Möllar velocity). The cBEQ for a two component
WIMP case is also the same as Eq . (D.1). The difference lies in the (i) strength of the
DM-SM interactions; ⟨σv⟩WIMP ∼ 10−8 GeV −2, whereas ⟨σv⟩FIMP ∼ 10−20 GeV −2 and
(ii) initial conditions, YWIMP|x∼0 = Y eq ∼ x3/2e−x, YFIMP|x∼0 = 0. In the following, the
conversion ⟨σv⟩11→22 is varied from ‘feeble’ to ‘weak’ strength to show the transition
from FIMP to pFIMP state. Other notations in Eq . (D.1) are all standard and available
in any DM text [300].

For solvingEq . (D.1) to obtainDMyields in amodel-independentway,we choose
some benchmark values of the DM masses and ⟨σv⟩. As the temperature depen-
dence in ⟨σv⟩ requires σ(s) (s is c.o.m energy) i.e. diagrams that contribute to anni-
hilation, in absence of whichwe assume here ⟨σv⟩ ≈ σT; a temperature-independent
threshold value representing (σv) at the freeze-out (freeze-in) temperature for WIMP/pFIMP
(FIMP). Full ⟨σv⟩ is used for a model-specific analysis and the dynamical features re-
main the same.
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(a) (b)

(c) (d)

Figure 5.1: (a) Y1,2(x) for mass hierarchy 1, where solid (dotted) [dashed] curves denote WIMP (FIMP) [pFIMP] with equi-
librium distributions marked in black; (b) Same as (a) for hierarchy 2; (c) Ω1,2h2 as a function of σT

11→22 for hierarchy
1; red/yellow/orange dotted lines represent FIMP(pFIMP), while green/blue/pink ones represent WIMP; (d) same as (c) for
hierarchy 2. For all the plots ΓT

SM→22 = 10−23GeV−1, σT
SM→22 = 10−32GeV−2. For upper panel plots, we choose

σT
11→SM = 10−7GeV−2. See figure inset/caption for other parameters kept fixed.

Plots in Fig . 5.1 summarise themain outcome of themodel independent analysis.
In Figs . 5.1a, 5.1b, Y1,2 are plotted as a function of x, for different conversion rates. In
Figs . 5.1c, 5.1d, Ω1,2h

2 are plotted as a function of σT
11→22 (left), σT

22→11 (right). Note,
that ⟨σv⟩11→22 = ⟨σv⟩22→11(Y

eq
2 /Y

eq
1 )2. All the cross-sections are in the units ofGeV −2

and in the following text wemay omit writing it explicitly. Both themass hierarchies
(1) m1 > m2 (on left) and (2) m1 < m2 (on right) are shown. In hierarchy (1),
conversion from WIMP to pFIMP is kinematically allowed, while the reverse process is
Boltzmann suppressed (∼ e−2δm x, δm = m1 −m2). For hierarchy (2), its the other
way round. The whole analysis can be divided into four different regions of varying
conversion cross-section, I : σT

11→22 < σT
SM→22, II : σT

SM→22 ≲ σT
11→22 ≪ σT

11→SM, III
: σT

SM→22 ≪ σT
11→22 < σT

11→SM, IV : σT
11→SM ≲ σT

11→22, as shown by the colour bars in
Figs . 5.1c, 5.1d.

In region I , when the conversion rate is very small (σT
11→22 ∼ 10−32) it has no

role in FIMP or WIMP relic density. The FIMP remains out-of-equilibrium and freeze-in
occurs via σT

SM→22,Γ
T
SM→22, see the blue dotted lines in Figs . 5.1a, 5.1b and horizontal

red/yellow/orange dotted lines in Figs . 5.1c, 5.1d.
In region II , when σT

11→22 ≳ σT
SM→22, the FIMP is still out of equilibrium but the

freeze-in is guided by the conversion process, see the red dotted lines in Figs . 5.1a,
5.1b (σT

11→22 ∼ 10−24) and the growing red/yellow/orange dotted lines with larger
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σT
11→22 in Figs . 5.1c, 5.1d. The WIMP still remains unaffected, evident from the red/violet

solid lines in Figs . 5.1a, 5.1b, andhorizontal blue/green/violet dotted lines in Figs . 5.1c,
5.1d.

In region III , as the conversion rate σT
11→22 is increased further, the FIMP starts

following the thermal distribution, see green (σT
11→22 = 10−17) and orange (σT

11→22 =
10−12) dashed lines in Figs . 5.1a, 5.1b. This is when the FIMP turns into pFIMP and
undergoes “freeze-out”. Larger conversion cross-section keeps pFIMP longer in the
thermal bath resulting smaller relic density; see the steadydecline in red/yellow/orange
dotted lines with larger σT

11→22(≈ 10−17) in Figs . 5.1c, 5.1d. Notably, the freeze-out
point of pFIMP is governed purely by its conversion rate from (to) the WIMP. How-
ever, the WIMP freeze-out is additionally dictated by σT

11→SM. Therefore pFIMP al-
ways decouples before or together with the WIMP (compare dashed and solid lines
in Figs . 5.1a, 5.1b) and provides an important difference between WIMP-WIMP and
pFIMP-WIMP case. For heavier WIMP (hierarchy 1), the WIMP freeze-out shows a bump
(see Fig . 5.1a), as it attains a modified equilibrium distribution following Eq . (5.2),
after pFIMP decouples [597],

neq′

1 = neq
1

(
σT
11→SM + σT

11→22 (n2/n
eq
2 )2

σT
11→SM + σT

11→22

)1/2

. (5.2)

When pFIMP is heavier (hierarchy 2), the conversion from WIMP to pFIMP is kine-
matically suppressed, and no modified freeze-out pattern for WIMP is observed (see
Fig . 5.1b). This provides another distinction of pFIMP-WIMP scenario from the WIMP-
WIMP one. After FIMP equilibrates to thermal bath, larger production of WIMP from
pFIMP enhances WIMP relic density, see the jump from red thick line (σT

11→22 = 10−24)
to green thick line (σT

11→22 = 10−17) in Figs . 5.1a, 5.1b. This feature is also observed in
the violet/blue/green dashed lines in Figs . 5.1c, 5.1d. For hierarchy (1), the depar-
ture of the WIMP from the original equilibrium distribution to modified equilibrium
(Eq . (5.2)) depends on σT

11→22 (compare green and orange thick lines in Fig . 5.1a),
however the freeze-out frommodified equilibrium is primarily governed by σT

11→SM,
yielding same Ω1h

2 for different σT
11→22. On the contrary, for hierarchy (2), when

pFIMP is heavier, the WIMP production from pFIMP is substantial due to kinematic
accessibility, as a result the WIMP freeze out is delayed, and the WIMP yield goes down
with enhanced conversion rate (see Fig . 5.1d), providing a crucial hierarchical dis-
tinction.

In region IV , with σT
11→22 > σT

11→SM, we see even more interesting consequences.
For hierarchy (1), the WIMP relic density falls drastically with larger σT

11→22 due to
larger depletion (violet/green/blue dotted lines in Fig . 5.1c), while the pFIMP yield
remains the same, and is dependent only on σT

11→SM (horizontal brown/yellow/red
dotted lines in Fig . 5.1c, or overlappingdashed lines in Fig . 5.1a forσT

11→22 = 10−6, 10−4).
This is because pFIMP yield in hierarchy (1) is governed by twoquantities, WIMPnum-
ber density and conversion rate. Now, the WIMP number density falls with larger
σT
11→22, while that is compensated by the enhanced production via σT

11→22 which
keeps the pFIMP yield almost constant in this region. For hierarchy (2), the situ-
ation is however different. With increasing conversion, pFIMP yield decreases sig-
nificantly, while the WIMP yield remains almost constant (see Fig . 5.1d). This is at-
tributed again to the combined effect of decreasing pFIMP number density along
with larger WIMP production from pFIMP with larger conversion rate. Since pFIMP
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has no SM interaction, it goes out of the original equilibrium distribution as WIMP
freezes out. However, due to considerable conversion to WIMP, it achieves a modified
equilibrium distribution as seen from the orange and blue dashed lines in Fig . 5.1b.

DM1 −DM2 ⟨σvSM−DM1⟩ ⟨σvSM−DM2⟩ ⟨σvDM1−DM2⟩ Observed Relic Direct-Detection Indirect-Detection

WIMP-WIMP Weak Weak Weak/Feeble Yes [300] Yes-Yes [300, 599] Yes-Yes[600]

WIMP-pFIMP Weak Feeble Weak Yes [308, 597] Yes-Yes[597] Yes-Yes

FIMP-FIMP Feeble Feeble Weak/Feeble Yes [304, 601, 602] No-No [602] No-No

Table 5.1: Generic two-component DM scenarios, order of the interaction with SM as well as between DMs, possibilities of
satisfying relic abundance and being probed in direct (indirect) search experiments.

Figure 5.2: Relic density allowed points in the σT
11→SM − σ

T
22→11 plane form2 > m1 in WIMP-pFIMP limit. δm = |m1 −m2|

is varied as shown in the colour-bar. We choose ΓT
SM→22 = 10−20 GeV −1, σT

SM→22 = 10−30 GeV −2,m1 = 100 GeV and
decaying particle mass ms = 300 GeV.

We now perform a model-independent scan of the WIMP-pFIMP parameter space,
where we assume that annihilation cross-sections and masses have adequate free-
dom to be varied independently. In Fig . 5.2, we scan points that satisfy relic density
(Ω1h

2+Ω2h
2 = 0.12± .0012) in σT

11→SM−σT
22→11 plane for hierarchy (2). WIMPmass is

kept fixed at 100GeV and themass splitting between WIMP and pFIMP δm = |m1−m2|
is varied as shown in the colour bar. When the conversion rate is small, σT

11→SM re-
quires to be large in order to achieve WIMP density within the limit. Understandably
δm does not play a major role here, and a large range of δm is allowed (right side of
Fig . 5.2). With larger conversion rate, smaller σT

11→SM is required (left of Fig . 5.2). If
we decrease σT

11→SM keeping σT
22→11 fixed, the WIMP tends to become overabundant,

unless the conversion contribution from pFIMP to WIMP is decreased by increasing
δm via Boltzmann suppression. However, for hierarchy (1), the situation is differ-
ent and thewhole σT

11→SM−σT
11→22 parameter spacewithin δm = |m1−m2| ≲ 10 GeV

becomes allowed.
In summary, the allowedpoints accommodatemostly smallmass difference (δm ≲

10 GeV ) and the mass hierarchy between WIMP and pFIMP play a crucial role in the
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Gluon fusion (fb)
mϕ1 [GeV ] mϕ2 [GeV ] λ1H λ12 loop factor Ωϕ1h

2 Ωϕ2h
2 σSI

ϕ1eff
[cm2] σSI

ϕ2eff
[cm2]

WIMP pFIMP

63.33 60.50 0.10 4 2.53× 10−3 0.0002 0.1203 3.3× 10−47 5.0× 10−48 8.4 13.9

104.1 100.0 0.22 6 8.40× 10−3 0.0002 0.1210 7.89× 10−47 2.15× 10−47 0.69 1.18 ×10−3

405.0 402.9 0.30 8 1.52× 10−2 0.0101 0.1091 4.06× 10−46 7.49× 10−48 9×10−4 2.34 ×10−6

Table 5.2: Some benchmarks for the two-component scalar singlet model (Eq . (5.3)) in WIMP-pFIMP limit, where the loop
factor is approximated as ∼ (λ1Hλ12)/(16π

2). The last two columns depict the WIMP and pFIMP production cross-section at
LHC via Gluon fusion yielding mono-jet+ /ET in the final state at

√
s = 14 TeV.

consequentDMphenomenology, absent in usual WIMP-WIMP set up. Herewe have en-
sured that the conversion cross-section remains well below the bullet cluster obser-
vational data [57] that suggests the upper limit on the self-interaction cross-section
of DM(s) per unit mass to be, σ/m < 0.7 cm2g−1 ∼ 3.2× 103 GeV−3.

In Table 5.1, we depict a few examples of two component DM scenarios, with
their strength of DM-DM conversion, possibility of producing correct relic abun-
dance, along with direct (indirect) detection prospects at present/future experi-
ments. Generically, the pFIMPdetection is heavily dependent on the detection prospects
of the WIMP, as the pFIMP direct search or collider search signal proceeds via WIMP

loop as shown in Fig . 5.3. The strength of the pFIMP interaction is less than the
WIMP, but can be of similar order when the loop factor is compensated by the large
pFIMP-WIMP interaction.

5.1.3 A simple model example
We would now like to validate our claims of pFIMP characteristics for a specific
model. Here we use temperature dependent ⟨σv⟩ in terms of the model parame-
ters. We choose the simplest model consisting of two real scalar singlets, where ϕ1

behaves as WIMP and ϕ2 as FIMP/(pFIMP), both of which are rendered stable under
Z2 ⊗Z ′2 symmetry. The Lagrangian density is given by,

L = LSM +
1

2
∂µϕ1∂

µϕ1 +
1

2
∂µϕ2∂

µϕ2 −
1

2
µ2
ϕ1
ϕ2
1 −

1

2
µ2
ϕ2
ϕ2
2 −

1

4!
λϕ1ϕ

4
1

− 1

4!
λϕ2ϕ

4
2 −

1

2
λ1Hϕ

2
1H
†H− 1

2
λ2Hϕ

2
2H
†H− 1

4
λ12ϕ

2
1ϕ

2
2 .

(5.3)

Thismodel in WIMP-WIMP limit has been explored inmany texts including [300]. Here
we focus on the pFIMP regime, partly explored in [308]. For that, we choose ϕ2 to
have negligible coupling with the SM, λ2H ≈ 10−12. However, in presence of the
WIMP-like ϕ1, the conversion governed by λ12 plays a key role andwith large λ12 ∼ 1 it
reproduces all the characteristics of pFIMP. Relic density as a function of λ12 is plotted
in the supplementary material, which shows similar features to that of Figs . 5.1c,
5.1d and validates the pFIMP characteristics. The WIMP-pFIMP limit of this model has
also been verified with the code micrOMEGAs4.1 [603].

Direct search of pFIMP is possible via WIMP loop, absent a tree-level connection
to SM. The Feynman graph is shown in Fig . 5.3, while the detailed calculations
are provided in the supplementary material. Large WIMP-pFIMP interaction (λ12)
helps in the detection of pFIMP, the loop suppression factor ∼ 1/(16π2) allows it to
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pFIMP

pFIMP

portal

wimp

wimp
p, e⌥

p, e±

pFIMPpFIMP

NN

portal

wimpwimp

N N

Figure 5.3: A schematic Feynman diagram for collider (left) and direct-detection (right) of pFIMP via one-loop WIMP interac-
tion.

Figure 5.4: Relic density allowed points of themodel described by Eq . (5.3) in σSI
ϕ1eff

−mϕ1
plane. The parameters varied are

{mϕ2
, λ1H, λ12}. σSI

ϕ2eff
is shown in colour bar. See heading and figure inset for other parameters and experimental limits.

evade existing bound and make it accessible to future sensitivities. In Fig . 5.4, spin-
independent (SI) direct detection cross-section for the WIMP (ϕ1) and pFIMP (ϕ2) is
shown as a function of WIMPmass for relic density allowed points of the model. The
sensitivity of existing direct search data have all been compared [357, 358, 514, 578].
A clear dip is seen in the resonance region mϕ1 ∼ mh/2, where due to resonance
enhancement λ1H is relaxed and points satisfy direct search constraints. One should
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however remember the limitations of Lee-Weinberg mechanism in the vicinity of
resonance as pointed out by [604, 605].

Whenmϕ1 > mϕ2 , small δm enhances the ϕ1ϕ1 → ϕ2ϕ2 conversion, consequently
decreasing Ωϕ1 and effective direct detection cross-section σSI

ieff
= Ωi

Ωtot
σSI
i , where

i = {ϕ1, ϕ2}. However, most of the parameter space of this WIMP-pFIMP limit of the
two component scalar DMmodel is on the verge of exclusion by the LZ (2022) data,
leaving the Higgs resonance, mϕ1 ∼ mh regions and some points close to the ±1σ
exclusion limit up to 500 GeV survive to be explored. Unlike WIMP-WIMP case, where
two DMs may have widely different masses, pFIMP limit necessitates the mass split-
ting to be small and therefore serves as a guiding principle for searching both DM
components. Similarly pFIMPs can also be produced in collider via one-loop WIMP

graphs yielding mono-X plus missing energy signals as estimated in the Table 5.2
for some benchmark points where the model satisfies relic density and direct search
bounds. In this case, detection of pFIMP seems only possible in the resonance region,
owing to a resonant enhancement in the production. Interesting to note that, even
in this region, the effective coupling between Higgs and pFIMP is rather small due to
loop suppression, thereby making it safe from the Higgs invisible decay constraints.
One can have plethora of other possibilities, like a fermion WIMP instead of a scalar
WIMP, which enhances the detection possibility of a scalar pFIMP, see for example,
[306]. We again note here that the model chosen for illustration is not the best for
detection, rather it is the simplest one.

Furthermore, pFIMP having a similar mass to that of the WIMP provides a chal-
lenge in distinguishing the DM components in direct and collider searches, as the
distinguishability (a kink in the recoil spectrum for direct search [354, 355] or two
bumps in missing energy at colliders [465, 466]) often depends on the mass split-
ting of the DM components. However mono-X signal can be useful, as the position
of the peak here primarily depends on the operator structure, angular momentum
conservation etc. We are exploring such possibilities, however the two component
scalar case will be difficult to disentangle.

5.1.4 Summary

We have shown that the FIMP can reach equilibrium in presence of a thermal DM
component and sizeable conversion cross-section. We call it pFIMP. The freeze-out
of pFIMPprecedes that of its thermal partner and requires a smallmass splittingwith
it. The numerical solution of Eq . (D.1) presented here and approximate analytical
solution provided in the supplementary material validates all the pFIMP properties
in a model independent way. The pFIMP realization in presence of SIMP is also pro-
vided in the supplementary material. The freeze-out properties of pFIMP is verified
for the simplest two-component DM model with two scalar singlets. The detection
prospect of pFIMP via WIMP loop in future direct, indirect and collider search experi-
ments opens up newpossibilities. Such investigations in context of direct DM search
for two-component WIMP-pFIMPmodel has been pursued in [306].

99TH-3680_196121009



Chapter 5: WIMP-FIMP with substantial interaction: Pseudo-FIMP

5.2 pFIMP phenomenology in the presence of SIMP
Let us now consider DM1 to be SIMP. The freeze-out characteristics of pFIMP then
depend very much on those of its SIMP partner. We establish this in a model-
independent analysis via solving coupled Boltzmann Equations, so that it is applica-
ble to any kind of pFIMP-SIMP combination, immaterial to their particle properties.
Second, we establish the same via a concrete model example involving two scalar
fields, one real, and the other complex, stabilized by Z2 ⊗ Z3 symmetry. This is
arguably the simplest scenario yielding pFIMP-SIMP model. The search strategies
for DM known so far, like direct detection (DD), indirect detection (ID), or collider
searches are difficult to reveal such DM combinations unless the SIMP is accessible
to the detector via light mediator.

This chapter is organized as follows: Section 5.2.1 provides a brief discussion on a
single component SIMP, Section 5.2.2 explores the dynamics and phenomenology of
pFIMP in amodel-independentmanner, and Section 5.2.3 presents amodel example.
Finally, we summarize in Section 5.2.4. Appendices D.5 to D.8 provide additional
details that were omitted in the main text.

5.2.1 A brief discussion on the simplest SIMP model
ForWIMP, the DM freeze out depends on the thermal average of annihilation cross-
section (2DM → 2SM). For SIMP,DM freeze out (FO) occurmainly via self-interaction
like 3DM → 2DM [253] (or 4DM → 2DM [255]) annihilations within the dark sector,
while 2DM → 2SM annihilation is suppressed. The equilibration of SIMP to thermal
bath is maintained by scattering with SM particles (DM+SM → DM+SM), the rate
of which is given by Γ = neq⟨σv⟩, which can be larger than the Hubble expansion
rate (H) due to the large relativistic SM number density (neq), in spite of the small
annihilation cross-section to SM. The hierarchy of interactions that keeps SIMP in
thermal bath without heating up the dark sector is therefore,

ΓDM+SM→DM+SM ≳ Γ3DM→2DM
≳ Γ2DM→2SM . (5.4)

However for the five body (3DM → 2DM) or six body depletion process (4DM → 2DM)
that governs SIMP freeze out, the DM mass needs to be adjusted to account for the
larger phase space volume and is of the order ofMeV to address correct relic density.
The coupling for such a number-changing process within the dark sector must also
be significantly large to take into account of the phase space suppression. Hence,
such a class of DM is called Strongly Interacting Massive Particle (SIMP) [253, 255,
257, 262, 606]. We may stress here again that strong interaction here doesn’t refer
to strong interaction between dark and SM particles, but it is within the dark sector
particles.

Concerning SIMP, the simplest possibility emergeswhenwe take a complex scalar
singlet (Φ), which transforms under Z3 symmetry. Corresponding Lagrangian is
[253],

L = LSM + |∂µΦ|2 −m2
Φ|Φ|2 − λΦ|Φ|4 − λΦH

(
H†H − v2/2

)
|Φ|2 − µ3

2

(
Φ3 + Φ⋆3

)
,(5.5)

where µ3, λΦ, λΦH > 0. Note here that the above Lagrangian is valid for any charge
of Φ or Φ∗ as ω, ω2, where ω3 = 1.
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• Unitarity and Perturbativity
Using the unitarity of the S-matrix, i.e . the optical theorem, the maximum value of
the inelastic cross-section for an identical particle is [75, 478, 607, 608],

〈
σk→2v

k−1
rel

〉
max

=
∑
l

(2l + 1)
2

3k−2
2 (πx)

3k−5
2

gk−2DMm
3k−4
DM

, (5.6)

and for non-identical particles in non-relativistic approximation with s-wave contri-
bution [609],

〈
σk→2v

k−1
rel

〉
≤ 2(3k−1)/2(T/π)(5−3k)/2Sk

g4g5
g1..gk

(
m1 + ...+mk

m1...mk

)3/2

, (5.7)

whereSk is the symmetry factor associatedwith identical particles in the initial state,
and gk counts the degrees of freedom of ith particle. In our case maximum value of
3DM → 2DM annihilation are,

〈
σΦΦΦ→ΦΦ∗v2rel

〉
≤ 48

√
3π2

m3
ΦT

2
3! and

〈
σΦΦΦ∗→Φ∗Φ∗v2rel

〉
≤ 48

√
3π2

m3
ΦT

2
2! . (5.8)

However, these constraints are very mild for MeV scale DMs. The unitarity bound
in the infinite scattering energy limit is given by [474, 610–613],

|λΦH | ≤ 8π , |λΦ| ≤ 4π . (5.9)

The perturbative bound for this model is given by [253, 302],

|λΦH | ≤ 4π , |λΦ| ≤ π . (5.10)

• Vacuum Stability
The necessary condition to stabilise the potential (Eq . (5.5)) is,

λH > 0 , λΦ > 0 , λΦH + 2
√
λΦλH > 0 . (5.11)

The maximal allowed value of the cubic parameter µ3 is approximately equal to
µ3|max ≈ 2

√
2
√
λΦ/δ mΦ where dimensionless parameter δ parameterises the energy

difference of vacua [614]. For δ = 2, theZ3 breaking minimum is approximately de-
generate with the SM minimum and gives the absolute stability bound [611, 613].

• Kinetic equilibrium
The dominating FO process for SIMP is 3DM → 2DM, which converts some fraction of
DM (SIMP)mass into dark matter kinetic energy and gets distributed among them-
self and the scattering with SM bath particles transfer energy to the thermal bath,
otherwise this will heat up the dark sector core and violates the astrophysical con-
straints derived from the structure formation [615]. The kinetic equilibrium should
be maintained between DM and SM bath minimally up to the freeze out of Φ so that
TSM = TDM. The required condition to achieve this is ⟨ΓΦ SM→Φ SM⟩T=TFO

Φ
≳ H(TFO

Φ )
and is one the most important conditions for SIMP. DM can scatter with relativistic
SM fermions, which is in thermal equilibriumduring FO.As the relativistic fermions
(f) are abundant in the radiation-dominated era, the scattering process Φf → Φf
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is fast enough to keep dark and the visible sector in kinetic equilibrium during FO,
respecting TDM = TSM [262, 263, 278]. We have estimated a bound on the portal
coupling (λΦH) for a sample of DM mass (mΦ) in Appendix D.8 to maintain kinetic
equilibrium. Another way to achieve the kinetic equilibrium between two sectors is
to extend the dark sector by introducing a relativistic new particle during FO [616].
However, if the dark sector temperature is much less than the SM bath temperature,
these two sectors can never reach kinetic equilibrium [255, 617].

• Dark matter self scattering
As SIMP type DM has sizeable self-interaction, which helps to solve the small-scale
problems [278, 618] but is constraint by several observation constraints like,

⋆ Bullet cluster [619–621]: σself
mDM

≲ 1 cm2gm−1 .

⋆ Abell cluster [622]: 1 cm2gm−1 ≲ σself
mDM

≲ 3 cm2gm−1 .
A similar kind of bound is also available from cosmological simulation on self-
interacting DM in galaxy cluster [623, 624].

• Dark Matter Mass limits
BBN has a put significant constraint from different cosmological observations [480,
481, 625]. So, it is an obvious choice for DM to freeze out before BBN; i.e . TFO >
TBBN ∼ 0.1 MeV gives an essential constraint on the masses of thermal DM. For DM
masses above 10MeV , BBN constitutes an important probe for the annihilation cross
section of DM [482, 626].

• Boltzmann Equation
To get the present number density of SIMP DM, we have to solve the BEQ,

dYΦ
dx

= − s

xH(x)

[
⟨σv⟩ΦΦ∗→SM SM(Y

2
Φ − Y eq2

Φ ) + s⟨σv2⟩3Φ→2Φ(Y
3
Φ − Y 2

ΦY
eq
Φ )
]
, (5.12)

where x = mΦ/T, H(x) = 1.67
√
gρ∗m2

Φ/ (x
2Mpl) , s = 2π2

45
gs∗ (mΦ/x)

3 and gs(ρ)∗ is the
entropy (matter) degrees of freedom. The total DM yield is twice YΦ as its conjugate
particle (Φ∗) also has the same yield. Also note the presence of second term inside
the parenthesis, absent in the WIMP, which dominates the SIMP like freeze out.
A semi-analytical solution of Eq . (5.12) has been shown in Appendix D.5 and a
comparison with the numerical solution to match closely.

The parameter space scan of the numerical solution of Eq . (5.12) for a complex
scalar SIMP (Φ) described by the Lagrangian in Eq . (5.5) is shown in Fig . 5.5. In
Figs . 5.5a and 5.5b, we show the relic under abundant parameter space in mΦ −
ΩΦh

2 planes and the color bar represents variation in cubic parameter µ3 (left) and
quadratic coupling λΦ (right) within appropriate limits. The SIMP relic density is
inversely proportional to the DM mass and proportional to µ3 and λΦ parameters,
which is also reflected in Figs . 5.5a and 5.5b respectively. With the enhancement of
SIMPmass, DM self-annihilation cross section decreases, and the relic density is en-
hanced. To adjust the relic density, we have to increase the couplings within the the-
oretical limits. We are getting DMmass up tomΦ ≲ 200 MeV in a single-component
complex scalar SIMP scenario to acquire correct relic density. The self-scattering
cross-section over DMmass, Eq . (D.45) strongly constrains the relic density allowed
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(a) (b)

Figure 5.5: Figs . 5.5a and 5.5b represent the relic and unitarity allowed parameter space in mΦ − ΩΦh
2 plane for a complex

scalar SIMP (Φ) described by the Lagrangian in Eq . (5.5). The variation of the relevant couplings (µ3, λΦ) is shown in the
color bar, while the ones fixed is mentioned in the figure heading. Red and green points satisfy the self interaction limits from
Bullet and Abell cluster bounds, respectively.

parameter space. After considering all of the available theoretical and cosmologi-
cal constraints, few points respect the presently available DM self-interaction bound
from Bullet andAbell cluster, marked by red and green points respectively as shown
in Fig . 5.5. This preliminary analysis helps us addressing the phenomenological
distinction with the two component scenario considered later in this chapter. Before
concluding this section, let us furnish some of the two component DM frameworks
in combinationwith SIMP in Table 5.3 and remind that we focus on the pFIMP-SIMP
combination, which was briefly mentioned in [305].

Scenario w − s ΓSM SM→w w ΓSM SM→s s Γs s→w w Self Annihilation

I FIMP-SIMP Feeble Weak Feeble Weak-Strong

II pFIMP-SIMP [this work] Feeble Weak Weak Weak-Strong

III WIMP-SIMP Weak Weak Weak/Feeble Weak-Strong

IV SIMP-SIMP [302, 303] Weak Weak Weak/Feeble Strong-Strong

Table 5.3: Generic two-component DM scenarios in the presence of a SIMPwhere w and s stand for two different or the same
kind of dark sector particles, and Γi j→k l indicate the annihilation or production rate of the respective particle.

5.2.2 pFIMP in presence of a SIMP: model independent analysis
Let us briefly recapitulate the essence of pFIMP [305, 306] first. pFIMP is a kind
of thermal DM, which has feeble interaction with the visible sector, but remains
in equilibrium via interaction with the thermal DM partner. pFIMP therefore, can
only be realised in a multicomponent DM scenario, when its partner is in thermal
equilibrium. pFIMP freeze out therefore heavily depends on the partner’s character,
and the partner’s detectability decides pFIMP’s detection possibility [306].

The existence of pFIMP was demonstrated in presence of WIMP in [305, 306].
Here we show that SIMP being another kind of thermal DM, can accommodate a
pFIMP DM in a multicomponent set up (the second possibility in Table 5.3), with
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substantial interactions between them. The analysis has been done in two steps:
firstly, a model-independent analysis on the pFIMP-SIMP scenario, in Section 5.2.2,
showing that the pFIMP dynamics is possible in the presence of a SIMP. Secondly,
we do the same exercise for the simplest two-component real (pFIMP) and com-
plex scalar SIMP DM model, in Section 5.2.3. In terms of yield Y = n/s the two
component cBEQ becomes,

dYs
dx

= − s

xH(x)

[(
Y 2
s − Y eq2

s

)
⟨σv⟩s s→SM SM + s

(
Y 3
s − Y 2

s Y
eq
s

)
⟨σv2⟩3s→2s

+

(
Y 2
s − Y eq2

s

Y 2
w

Y eq2
w

)
⟨σv⟩s s→w w

]
. (5.13)

dYw
dx

=
2 s

xH(x)

[
1

s

(
Y eq
SM − Y eq

SM

Y 2
w

Y eq2
w

)
⟨Γ⟩SM→w w +

(
Y eq2

SM − Y eq2

SM

Y 2
w

Y eq2
w

)
⟨σv⟩SM SM→w w

+
(
Y 2
s − Y eq2

s

Y 2
w

Y eq2
w

)
⟨σv⟩s s→w w

]
, (5.14)

In the above, Yw refers to pFIMPyield, andYs defines SIMPyield. H(x) = 1.67
√
gρ∗µ2

sw/ (x
2Mpl),

s= 2π2

45
gs∗ (µsw/x)

3, Y eq
i = 45

4π4
gi
gs∗

(
mi
µsw
x
)2
K2

(
mi
µsw
x
)
.

The solution of cBEQ, Eqs . (5.14) and (5.13), is shown in Figs . 5.6a, 5.6c for
mw > ms and in Figs . 5.6b, 5.6d for mw < ms. In the top panel of Fig . 5.6, we have
varied the conversion cross-section, shown by different color thick (SIMP) and dot-
ted/dashed (pFIMP) lines, while others ms, mw, ⟨σv⟩s s→SM SM, ⟨σv⟩w w→SM SM and
⟨σv2⟩3 s→2 s values are kept fixed as mentioned in the figure inset. In this model-
independent analysis, we have used the numerical values for thermal average cross-
sections instead of a temperature-dependent functional form. TheDMself-interaction
constraints from different cosmological observations are yet to be considered, we do
the same for model-dependent discussion.

The simplest way to explain Fig . 5.6 by dividing the whole scenario into four
regions, I γsw < γww; II γww ≲ γsw ≪ γ3s→2s; III γww ≪ γsw < γ3s→2s; IV γ3s→2s ≲
γsw. We define, γww = ⟨σv⟩sm sm→w wn

2
sm ≡ ⟨Γ⟩sm→w wnsm, γsw = ⟨σv⟩s s→w wn

2
s and

γ3s→2s = ⟨σv2⟩3s→2sn
3
s = ⟨σv2⟩2s→3sn

2
s .

Region I shown by the light blue shaded region in Figs . 5.6c and 5.6d, FIMP
number density nw is independent of the σTs s→w w due to the negligible DM-DM
conversion cross-section compared to DM production rate from SM particles. This
is also visible in Figs . 5.6a (ms > mw) and 5.6b (ms < mw) from blue dot-dashed
lines. This scenario corresponds to a pure FIMP for Yw and pure SIMP for Ys.

Region II refers to light red regions in Figs . 5.6c, 5.6d and is also represented
by red dot-dashed lines in Figs . 5.6a, 5.6b. In this regime, γww ≲ γsw ≪ γ3s→2s,
SIMP number density remains unaffected due to small conversion rate compared
to σT

3s→2s but FIMP number density (nw) is enhanced with larger conversion from
SIMP, as reflected in all the four figs. This limit still represents a combination of
SIMP and FIMP DMs, where FIMP production is affected by conversion from SIMP,
but is mostly overabundant.

Suppose we further enhance the DM-DM conversion rate. In that case, FIMP
(w) reaches thermal equilibrium and follows equilibrium before freeze out. At the
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Figure 5.6: Solution to cBEQs, Eqs . (5.13) and (5.14) for pFIMP-SIMP scenario; Figs . 5.6a, 5.6c represent ms > mw case,
while Figs . 5.6b, 5.6d represent ms < mw case. Figs . 5.6a, 5.6b represent the variation of DM yield with dimensionless pa-
rameter µsw/T for different values of conversion cross-section illustrated by different colored lines, solid for SIMP, dashed for
pFIMP. Figs . 5.6c, 5.6d represent DM relics as a function of DM-DM conversion cross-sections. Different colored dotted lines
correspond to different SIMP annihilation cross-sections as mentioned in the plot legends.

same time, SIMP number density is slightly enhanced due to opening up a new an-
nihilation or production channel, see region III in Figs . 5.6c, 5.6d and green, yellow
dashed lines in Figs . 5.6a, 5.6b. After equilibration, we call the FIMP (w) as pFIMP
as it has a feeble visible connection but is weakly connected with partner SIMP type
DM and makes it a two-component SIMP-pFIMP scenario. With further enhance-
ment of conversion rate (γsw), both SIMP and pFIMP number density decreases, but
before freeze out, they follow amodified equilibrium distribution depending on the
choice of mass hierarchy, as shown by the dotted yellow and green lines in Fig . 5.6a.
In this regime, for (ms < mw) (in Fig . 5.6b) SIMP number density is suddenly en-
hanced after decoupling from the thermal bath due to the production from pFIMP,
which is also seen in Fig . 5.6c. The expression of modified equilibrium number den-
sities that the particles acquire in Figs . 5.6a and 5.6b for two hierarchies are given
by Eqs . (5.15) and (5.16) respectively,

neq′

w = neq
w

ns
neqs

for mw > ms , (5.15)
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neq′

s = neq
s

⟨σv⟩s s→SM SM +
(
n2
s

neq
s

)
⟨σv2⟩3s→2s +

(
nw

neq
w

)2
⟨σv⟩s s→w w

⟨σv⟩s s→SM SM + ns⟨σv2⟩3s→2s + ⟨σv⟩s s→w w


1/2

for ms > mw .

(5.16)

Even larger enhancement of DM conversion compared to the self-annihilation of
SIMP, γ3s→2s ≲ γsw, gives a completely different scenario, as shown in IV of Figs . 5.6c,
5.6d and by deep blue, brown, light blue lines in Figs . 5.6a, 5.6b. The conversion
rate depends on the conversion cross-section as well as the number density during
or before the heavier component freeze out. When the conversion is larger than
SIMP self-annihilation, the heavier component continues to deplete into the lighter
ones even after decoupling from the thermal bath. Since the lighter component has
frozen out before, the heavier component goes into themodified equilibrium; see the
light blue dashed line in Figs . 5.6a, 5.6b. With the enhancement of the conversion
cross-section, the number density for lighter one doesn’t change much due to the
gradual decrease of heavy particle number density with the enhancement of con-
version cross-section, and both simultaneously fix the light particle number density
in region IV of Figs . 5.6c and 5.6d. However, here the SIMP is not purely a SIMP as
its freeze out is mostly governed by conversion.

5.2.3 A model example of pFIMP-SIMP
Let us now discuss a model example of pFIMP-SIMP set-up. Here we introduce
a real scalar ϕ and a complex scalar singlet field Φ as DM components, which are
stable underZ2⊗Z3 symmetry and charge assignments are shown in Table 5.4. The

Dark Fields Z2 Z3

Φ Φ ωΦ or ω2Φ

ϕ -ϕ ϕ

Table 5.4: Dark sector fields (Φ and ϕ) and their quantum numbers where ω = ei2π/3.

dark sector Lagrangian obeying the symmetry can be written as,

L =LSM + µ2
HH

†H − λH(H
†H)2 +

1

2
|∂µϕ|2 −

1

2
µ2
ϕϕ

2 − 1

4 !
λϕϕ

4 + |∂µΦ|2 − µ2
Φ|Φ|2

− λΦ|Φ∗Φ|2 −
1

2
µ3(Φ

3 + Φ∗
3

)− 1

2
λϕHϕ

2H†H − λΦH |Φ|2H†H − 1

2
λΦϕ|Φ|2ϕ2 .

(5.17)

After spontaneous symmetry breaking, H =
(
0 v+h√

2

)T
. From the interactions as

in Eq . (6.31), Φ having 3 → 2 depletion, can be a SIMP, while ϕ can be pFIMP.
Understandably, this is the simplest model example of pFIMP-SIMP set up. We are
interested in a small mass (∼ MeV ) scale of pFIMP, as the SIMP is validated in
that mass range only, as discussed before. We choose small values of Higgs portal
coupling λϕH . This helps the pFIMP to remain out of thermal bath, at the same time,
helps evadingHiggs to invisible branching ratio. Wewill also choose the otherHiggs
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portal coupling λΦH to be small as well to adhere to the SIMP limit of Φ. This also
takes care of the invisible Higgs branching ratio to Φ pair.

Solution of coupled Boltzmann Equation and relic density
Assuming CP conservation existing inside the dark sector, the coupled Boltzmann
Equation for two DMs, where Ys = YΦ + YΦ∗ with YΦ = YΦ∗ is given by,

dYϕ
dx

=
2 s

xH(x)

[
1

s

(
Y eq
h − Y eq

h

Y 2
ϕ

Y eq2

ϕ

)
⟨Γ⟩h→ϕ ϕ +

(
Y eq2

SM − Y eq2

SM

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩SM SM→ϕ ϕ

+
1

4

(
Y 2
s − Y eq2

s

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩Φ Φ∗→ϕ ϕ

]
, (5.18)

dYs
dx

= − s

xH(x)

[
1

2
(Y 2

s − Y eq2

s )⟨σv⟩Φ Φ∗→SM SM +
s

4
(Y 3

s − Y 2
s Y

eq
s )⟨σv2⟩3Φ→2Φ

+
1

2

(
Y 2
s − Y eq2

s

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩Φ Φ∗→ϕ ϕ

]
. (5.19)

In the above, SM = {h, W±, Z, leptons, quarks}, s represents entropy density, Y eq
i =

neq
i /s is the equilibrium yield of ith particle has mentioned in the previous section,

and,

⟨σv2⟩3Φ→2Φ = 2
(
⟨σv2⟩ΦΦΦ→ΦΦ∗ + ⟨σv2⟩ΦΦ∗Φ∗→ΦΦ

)
.

The total relic density is written in terms of DM yields obtained from the solution
of cBEQ D.1, after freeze out,

ΩDMh
2 = 2.74385× 108 [mΦYs +mϕYϕ]x→∞ . (5.20)

(a) (b)

Figure 5.7: Solution to the cBEQ D.1, where Figs . 5.7a and 5.7b representsmΦ > mϕ andmΦ < mϕ scenarios respectively.
The thick, dashed and dotted color lines represent the SIMP, FIMP and pFIMP cases respectively. Different colors show λΦϕ
variation asmentioned in the figure inset. The thick black and dashed lines represent the SIMP and pFIMP equilibrium yields.
Other parameter kept fixed are mentioned in the figure heading.

The solution of cBEQ D.1 provides the yield of SIMP (YΦ) and pFIMP (Yϕ) as
shown in Fig . 5.7 with the variation of µsϕ/T for different mass hierarchies; Fig . 5.7a
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shows the case formΦ > mϕ and Fig . 5.7b represents the case formΦ < mϕ. The ex-
planation of this figure is similar to that of Fig . 5.6 (top row). The only change
here is that we vary the free-parameter λΦϕ in solving cBEQ instead of choosing a
numerical value for the conversion cross-section σT

ss→ww as done before. For small
values of λΦϕ (10−12, 10−9), ϕ shows pure FIMP like behaviour before freezing-in, as
shownby the violet and orange dot-dashed lines in figs for both themass hierarchies.
Enhancement of λΦϕ (∼ 10−6) makes ϕ reach thermal bath and follow the equilib-
rium distribution before freezing out; ϕ becomes pFIMP here and is represented by
dashed red lines in both the figs. At this moment, the number density of SIMP Φ is
enhanced due to new production channel opening up via conversion. With further
enhancement of λΦϕ (≳ 10−6−10−4), we observe a decrease in both SIMP and pFIMP
number densities, shown by green thick and dashed lines in Fig . 5.7 for both the
mass hierarchies. This serve as the ideal pFIMP-SIMP parameter space, where we
achieve under abundance for both the DM components. If λΦϕ is enhanced further
to ∼ {10−2, 100} then the annihilation of the heavier DM component to the lighter
one is possible even after the freeze out of the lighter component, then the heav-
ier component followsmodified equilibrium distribution following Eqs . (5.16), and
(5.15) before freezing out. The yellow (λΦϕ ∼ 10−2) and light blue (λΦϕ ∼ 100) thick
(SIMP) and dashed (pFIMP) lines represent DM yields following such modified
distributions.

Constraints on the model parameter space
We will provide a short account of the results obtained from the parameter space
scan here. In the two-component SIMP-pFIMP scenario, total relic density (Ωobs

DM)
is gathered from both SIMP and pFIMP, obtained from the solution of cBEQ in
Eq . (D.1). In our model, as described by Eq . (6.31), free parameters relevant for
the cosmological evolution are mΦ, mϕ, λΦ, µ3 and λΦϕ. Other parameters like
λΦH ∼ 10−3 and λϕH ∼ 10−12 are kept fixed to maintain the criteria of keeping Φ
as SIMP and ϕ as pFIMP. Also, λΦH and λϕH do not play a direct role in the relic
density of the DM components. In Fig . 5.8, we have shown a few variations in the
parameters space scan.

DM self-interaction plays a crucial role here. In the SIMP-pFIMP scenario, DM
self-interaction cross-section over DM mass (σself/mDM) depends not only on their
self-scattering cross-sections but also on their individual relic densities, which are
restricted by Bullet cluster and Abell cluster observations, see Eq . (D.46). The pa-
rameters λΦH and λϕ plays a significant role in DM self-interaction processes. If the
pFIMP relic is dominant over SIMP, then σself mostly depends on the σϕϕ→ϕϕ, i.e . λϕ,
but, in the case of dominant SIMP, the self-scattering cross-section depends primar-
ily on i.e. λΦ and λΦH couplings.

In Figs . 5.8a and 5.8b, we have plotted the relic density allowed parameter space
in mΦ − λΦ plane for both the mass hierarchies. SIMP is heavier in the left plot,
while pFIMP is heavier on the right. The main parameter that is varied here is the
coupling relevant for conversion cross-section, i.e. λΦϕ, as shown in the colour bar.
Other parameters kept fixed are mentioned in figure heading, they are responsible
for keeping the SIMP and pFIMP limit intact and respect unitarity, vacuum stability
limits. All the scattered points respect relic density constraint. Those in red respect
self interaction limit from Bullet cluster, while those in green respect the limit from
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(a) (b)

(c) (d)

(e) (f)

Figure 5.8: Figs . 5.8a, 5.8b and 5.8c, 5.8d are represent the DM relic allowed parameter space inmΦ−λΦ andmΦ−µ3 plane,
respectively. The variation of portal coupling λΦϕ is shown by the BrownCyanTones color bar. The red and green points
represent the points within the Bullet and Abell cluster self-interaction limit. Figs . 5.8e, 5.8f represents the relic allowed
points in λΦ − λΦϕ plane and BrownCyanTones color bar shows the DMmass separation.

Abell cluster. When SIMP is heavier (Fig . 5.8a), pFIMP freezes out before and SIMP
relic is smaller and has a subdominant contribution to the total relic density due to
modified freeze out. In such circumstances, self interaction limit is less constrained
for SIMP and allows λΦ ∼ ×10−2. For a lighter SIMP, the constraint is stricter λΦ ∼
×10−1. λϕ ∼ 5.25× 10−2 helps the pFIMP to obey self-interaction bound.

In Figs . 5.8c and 5.8d, we have plotted the relic allowed parameter space inmΦ−
µ3 planes. Red points respect self interaction limit from Bullet cluster, while those
in green respect the limit from Abell cluster. Almost all the points in the full mass
range obeys this limit. We further see a correlation between mΦ and µ3, roughly
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following µ3 ≥ 2mΦ. As before, λΦϕ is varied as shown in the colour bar. For larger
λΦϕ, when pFIMP is heavier (right hand plot), it shows modified freeze out, and its
relic becomes sub-dominant in total DM relic. Under this circumstance, only SIMP
self-interaction contributes dominantly to DM self-interaction bound (Note, we kept
λΦH is constant). λΦH ∼ 10−3 is preferred for the allowed parameter space to obey
both Bullet andAbell cluster boundwhile λϕ is free. Lowermass limitmΦ ≲ 15MeV
is disfavoured from the self interaction limit.

In Figs . 5.8e and 5.8f, we have shown the relic density allowed points with DM
mass variation in the color bar in λΦ − λΦϕ plane. As such there is no specific cor-
relation between these parameters to be observed to yield correct relic abundance
and self interaction limits. We see that the maximum available DMmass separation
is up to 5 MeV for mΦ > mϕ, but more relaxed (up to 50 MeV ) for the opposite
mass hierarchy. This is an important result of this pFIMP-SIMP scenario, to agree
with the model-independent analysis of pFIMP in the presence of any thermal DM
[305, 306].

Before concluding this section, let us briefly summarise the outcome of this anal-
ysis. The two-component DM scenario in the presence of SIMP has not been studied
much excepting [302, 303]. Here, we have studied pFIMP dynamics in the presence
of SIMP that helps a feebly coupled DM to equilibrate to thermal bath and freeze
out via substantial interaction with SIMP. The major outcomes of this SIMP-pFIMP
analysis are that relic density allowed parameter space of this model surpasses the
single component SIMP allowed range, in particular, the SIMPmass is allowed up to
∼ 50MeV whenmϕ > mΦ. Second, DM self-interaction provides themost dominant
constraint, in particular, λϕ and λΦH couplings, which are free parameters in context
of DM relic density gets constrained by DM self-interaction bound.

Detection possibility
The required condition to keep the SIMP in kinematic equilibrium is ΓΦΦ∗→ff ≲
Γ3Φ→2Φ ≲ ΓΦf→Φf , which has motivated us to choose λΦH as free parameter (in
single component) as long as it doesn’t become too high such that the DM DM →
SM SM annihilation dominates over the self-annihilation. As this parameter is sup-
pressed, it doesn’t have a significant role in SIMP freeze out and relic density, but
this might be constrained by presently available SIMP-electron scattering bound like
XENON1T [364], CRESST-III [367], DAMIC-M[627], DarkSide-50 [628], ALETHEIA
[629] and DarkSide-20k [630], LDMX [631] (proposed) etc.

Unfortunately, in the case of our two-component real and complex scalar pFIMP-
SIMP model, it is difficult to detect both the components via direct or indirect de-
tection due to small values of λΦH with detector’s low sensitivity as far as the cur-
rent and immediate future projection goes. The DM-electron cross-section mostly
depend upon the mediator mass mh and Higgs-DM portal coupling λΦH for SIMP.
Apart from small λΦH , the presence of a heavy (∼ GeV) mediator decreases the
DM-electron scattering cross-section. As we already know [305, 306], the pFIMP
detection is possible only via thermal DM loop-mediated interaction with the vis-
ible sector, so the difficulty in SIMP detection transmits to the difficulty in pFIMP
searches as well, although low mass pFIMP takes part in electron scattering. The
pFIMP-electron scattering cross-section depends upon the parameters λΦϕ, λΦH and
the mediator mass (mh ∼ 125 GeV). In the case of MeV DM (SIMP or pFIMP), the
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DM-electron scattering cross-section significantly suffers from the presence of heavy
mediator.

Therefore detection possibility of such a framework emerges under the possibil-
ity of a lowmediator mass (∼ MeV ). For that the model needs to be augmented fur-
ther. Besides the particle content of two scalar fields contributing to pFIMP-WIMP
model, we consider a vector-like lepton (VLL) ψ with weak hypercharge Y = −1
[632, 633], charged under Z3 having transformation like ψ → ωψ. For simplicity,
one may assume that this VLL fermion only couples to the first right-handed lep-
ton generation to avoid the strong bounds from the lepton flavour-violating process.
The newly extended Lagrangian can be written as,

Lψ = ψ [iγµ (∂µ + ig′YBµ)−mψ]ψ −
(
yψeRΦ + h.c.

)
, (5.21)

where g′ = (2/v)
√
m2
Z −m2

W is the U(1)Y gauge coupling. ψ is a vector-like lep-
ton (VLL) with weak hypercharge Y = −1 [632, 633] and charged under Z3 where
transformation is like ψ → ωψ. The perturbative limit on real Yukawa coupling is
y <

√
4π and mψ > mΦ + me to ensure the Φ stability. The most important mass

bound on this charged particle mass comes from LEP [634–638] to be ≳ 103.5 GeV.
In that way, this also becomes a heavy mediator. The detection possibility and phe-
nomenology of such a framework are discussed in [639], with a focus on darkmatter
masses in the GeV range.

5.2.4 Summary
To address pFIMPdynamics in the presence of SIMP,wefirst adopt amodel-independent
analysis by solving coupled BEQs, one ofwhich addresses SIMP freeze out, the other
pFIMP freeze out. For this part, the responsible thermal average cross-sections are
taken as numerical numbers. The solution of cBEQ, as shown in Fig . 5.6, confirms
the pFIMP dynamics in the presence of SIMP, when conversion cross-section is var-
ied from feeble to weak strength. We show that a pure FIMP having freeze in can be
brought to thermal bath and freeze out when the conversion to accompanying SIMP
is sizeable. In pFIMP limit, the depletion within the dark sector 3SIMP → 2SIMP
might be comparable to the conversion process 2SIMP → 2pFIMPwithout affecting
the SIMP condition.

In this analysis, we assumed that SM and dark bath are in kinetic equilibrium via
elastic scattering of DMwith bath particles. This elastic scattering rate measures the
momentum exchange rate to/from SM bath from/to the dark sector. If this rate is
larger than the Hubble expansion rate, the dark sector and thermal bath are always
in kinetic equilibrium, and both sectors follow the same temperature (bath tempera-
ture). This has been validated in the appendix for a typical benchmark. Otherwise,
the dark sector temperature would be different from the SM bath. It will be an inter-
esting exercise to take up such an analysis in the context of the SIMP-pFIMP setup.

We next discuss the simplest pFIMP-SIMPmodel with extension of SMwith two
scalar singlets (one real, one complex) stabilised by Z2 ⊗ Z3 symmetry. We chose
the model parameter in such a way that the real scalar behaves as pFIMP (ϕ), while
the complex scalar (Φ) acts like SIMP. Out of the DM masses, self couplings, portal
couplings, and conversion couplings, the conversion coupling λΦϕ helps the pFIMP
reach thermal equilibrium. The parameter space is crucially constrained by the self

111TH-3680_196121009



Chapter 5: WIMP-FIMP with substantial interaction: Pseudo-FIMP

interaction bounds. Interestingly, couplings like λϕ, and λΦH, which play insignifi-
cant role in DM freeze out, gets constrained by DM self-interaction. As usual, DM
mass splittings get constrained to yield pFIMP solution, but different depending on
mass hierarchy. For example, ∆m ≲ 2 MeV for heavier SIMP, and ∆m ≲ 100 MeV
when pFIMP is heavier. Also, relic density allowed parameter space of this model
surpasses the single component SIMP allowed range, in particular, the SIMP mass
is allowed up to ∼ 50 MeV whenmϕ > mΦ.

Detectability of pFIMP-SIMP model is difficult as the portal coupling of both
pFIMP and SIMP with SM Higgs is suppressed to address their freeze outs. Sec-
ondly, their interaction with SM is mediated by SM Higgs, which is way heavier
than the DM mass (∼ MeV ), making the cross-section further subdued. We thus
propose a minimal extension of the dark sector by the inclusion of a charged vector-
like lepton. This is primarily assumed to interact with electrons only, to avoid con-
flicts with lepton flavor violation constraints. This provides a different mediator to
interact with direct or indirect searches. The presence of such new Yukawa interac-
tion terms opens up direct (via electron scattering) and indirect (annihilation into
electron and photon pair) search prospects of the pFIMP-SIMP scenario.

Finally, in this chapter, we establish pFIMP-like solutions to occur both in the
presence of WIMP and SIMP. The detectability of pFIMP depends on its partner,
and we elaborate on it in the next chapter.
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Chapter 6
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The dynamics of a pseudo-FIMP (pFIMP) has been established in the presence of
WIMP and SIMP-type thermal DM previously. pFIMP talks to the visible sector via
thermalDM loop. Therefore, the detectability of pFIMPdepends on the detectability
of the partner DM. It is understood that SIMP having limited detection possibility,
the pFIMP that arises alongwith also has limited detectability. In this chapter, we
discuss ways to detect a pFIMP in the presence ofWIMP in a couple of UV complete
models, including direct, indirect, and collider searches.

6.1 Real scalar pFIMP and Fermionic WIMP

In this section, we first provide all one-loop graphs stemming from pFIMP-WIMP
interactions involving scalar, fermion and vector boson particles, assuming both of
them are stabilised via Z2 ⊗ Z ′2 symmetries. We elaborate upon a model where
a fermionic WIMP has a significant Yukawa interaction with a scalar pFIMP with
negligible Higgs portal coupling. We study in detail the loop-induced direct and
indirect search prospects of the pFIMP in the relic density allowed region of the
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model, along with collider expectations at the LHC. The discussion in this section is
based on Ref . [306].

6.1.1 Introduction
Here, we study a two-component DM model with one scalar and one fermion. The
scalar sector consists of a singlet and is assumed to be the pFIMP component. The
fermion sector consists of a vector like doublet and a singlet, where the lightest state
after mixing via electroweak symmetry breaking (EWSB) serves as the WIMP com-
ponent having gauge interaction with the visible sector1. The possibility of bringing
the fermion pFIMP under the direct search scanner viaWIMP loop has been studied
here in detail with some discussions on the indirect search prospects.

Our organisation of topics are as follows. In Section 6.1.2, we present a gen-
eral discussion on the WIMP-pFIMP scenario and possible interactions between the
WIMPandpFIMP that can give rise to the pFIMPdetection prospect. In Section 6.1.3,
we discuss a model example in WIMP-pFIMP limit. The DM phenomenology in-
cluding relic density, direct (indirect) and collider detection prospects are discussed
in Section 6.1.4. In Section 6.1.5, we summarize and conclude. Several appendices
provide the details of the relevant calculations.

6.1.2 WIMP-pFIMP ensemble
ADMhaving feeble interaction with the SM can still thermalise via sizeable interac-
tion with a WIMP and is called a pFIMP as demonstrated in [305]. We first provide
a short account of this set-up and the resulting behavior of pFIMP.

Generic pFIMP characteristics
Most of the pFIMP characteristics can be described in a model-independent way
where the freeze-out pattern of both theWIMPandpFIMPare governedvia a generic
coupled Boltzmann Equations (cBEQ),

dy1
dx

=− 2π2Mpl

45× 1.66

gs⋆√
gρ⋆

µ12

x2

[
⟨σv⟩11→SM

(
y21 − Y eq2

1

)
+ ⟨σv⟩11→22

(
y21 −

Y eq2

1

Y eq2

2

y22

)]
,

dy2
dx

=
2Mpl

1.66×
√
gρ⋆

x

µ2
12

⟨ΓSM→22⟩

(
Y eq
SM − y22

Y eq2

2

Y eq
SM

)
+

4π2Mpl

45× 1.66

gs⋆√
gρ⋆

µ12

x2[
[⟨σv⟩SM→22

(
Y eq2

SM − y22

Y eq2

2

Y eq2

SM

)
+ ⟨σv⟩11→22

(
y21 −

Y eq2

1

Y eq2

2

y22

)]
.

(6.1)

In the above and also in the rest of the draft,Mpl = 1.22091×1019 GeV represents
Planck mass, gs⋆ ≃ gρ⋆ ≈ 106.7 denotes effective massless degrees of freedom and
subscripts 1(2) denote WIMP(pFIMP). The interaction channels which govern the
freeze-out/freeze-in of the DM components are:

1Theminimal version of such a framework appears in [597], where the fermionDMacts as pFIMP,
while the scalar acts as WIMP. However, the model is ruled out by the present direct search bound.
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• ⟨σv⟩11→SM: annihilation/depletion of the WIMP to the SM states.

• ⟨σv⟩11→22: conversion of the WIMP to the FIMP (pFIMP) or vice versa.

• ⟨σv⟩SM→22: production of the FIMP (pFIMP) from the thermal (SM) bath.

• ⟨ΓSM→22⟩: decay of the bath particles to the FIMP (pFIMP).

We note here that the cBEQ as shown in Eq . (D.1) describesWIMP-WIMP orWIMP-
FIMPor FIMP-FIMP case for different strengths of theDM-SM interactions; ⟨σv⟩WIMP ∼
10−10 GeV−2, whereas ⟨σv⟩FIMP ∼ 10−20 GeV−2. The other distinction lies in the ini-
tial conditions, for WIMP: y1|x∼0 = Y eq

1 ∼ x3/2e−x, while for FIMP: y2|x∼0 = 0. The
pFIMP solution for DM2 from the above cBEQ is obtained when,

⟨σv⟩SM→22 ≪ ⟨σv⟩11→22 ∼ ⟨σv⟩11→SM ∼ 10−10 GeV−2 .

We further note the discrepancy of a factor of 2 in the Eq . (D.1), stemming from the
symmetry factor in identical particle production for 2 as in the BEQ for y2, while that
is absent in annihilation of 1 as for y1.

Wewould like tomention that the production of pFIMP can occur from the decay
of some heavy thermal bath particle. But for the pFIMP condition above to be met,
the decay has to be suppressed as well (i.e. ⟨ΓSM→22⟩ ∼ n

eq
SM⟨σv⟩SM→22).

We further note that the cBEQ is written in terms of yields y1,2 = n1,2

s
, where s

refers to the entropy density (per co-moving volume) as,

s =
2π2

45
gs⋆(T )T

3 ; gs⋆(T ) =
∑
k

Ckgk
(
Tk
T

)3

θ(T −mk). (6.2)

Here k runs over all particles, Tk is the temperature of particle k, gk its number of
internal degrees of freedom and Ck = 1 (7/8) when k is a boson(fermion). We also
define the Hubble parameter as

H (T ) = 1.66
√
gρ⋆
T 2

Mpl
; (6.3)

gρ⋆(T ) =
∑

i=bosons

gi

(
Ti
T

)4

+
7

8

∑
i=fermions

gi

(
Ti
T

)4

. (6.4)

Wewill assume the relativistic degrees of freedom (DOF) gρ,s⋆ ≈ 106.7 to be approx-
imately constant as the temperature during which the FIMP freezes in or the WIMP
freezes out is rather high. Further, since the two DM with different massesm1,2 are
involved, we define a common variable x = µ12/T where µ12 = m1m2/ (m1 +m2) is
the reducedmass of the system. This is possible as both the pFIMP andWIMP share
the same temperature. With the redefined xwe canwrite the equilibriumyield [640]
as,

Y eq
i (x) =

45

4π4

gi
gs⋆

(
mi

µ12

x

)2

K2

(
mi

µ12

x

)
. (6.5)

The expressions of thermal average of annihilation cross-section is given by,
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⟨σv12⟩ =
1

8m2
1m

2
2T

1

K2

(m1

T

)
K2

(m2

T

) ∫ ∞
(m1+m2)2

σ(s)(s− (m1 +m2)
2)
√
sK1

(√
s

T

)
ds ,(6.6)

where v12 = (1/(E1E2))
√

(p1.p2)2 −m2
1m

2
2 denotes Möllar velocity, s denotes

center-of-mass (CM) energy and m1,2, E1,2, p1,2 denotes annihilating DM masses,
energy and momentum, respectively. Ki’s denote the modified Bessel functions of
second kind, of order i. We further note that the conversion from one DM species to
the other are related by,

⟨σv⟩11→22 = ⟨σv⟩22→11

(
Y eq
2

Y eq
1

)2

. (6.7)

This indicate that when WIMP is heavier than pFIMP, i.e. m1 > m2 (hierarchy 1),
WIMP to pFIMP conversion is kinematically allowed, while the reverse process is
Boltzmann suppressed by a factor ∼ e−2xδm, δm denoting the mass difference be-
tween the DM’s. It is other way round form2 > m1 (hierarchy 2). This feature helps
to distinguish the mass hierarchies in the pFIMP-WIMP model. The key features of
pFIMP freeze out are discussed in details in [305], a summary of which is as follows:

• pFIMP freezes out together or before WIMP, so the relic density of pFIMP is
always larger than the WIMP partner2. When the conversion cross-section is
of similar order to that of WIMP annihilation to SM, both pFIMP and WIMP
share similar relic densities.

• When the conversion rate is higher than theWIMP annihilation, the freeze out
and resultant relic density of pFIMP remains constant in hierarchy 1, while the
WIMP relic density becomes much smaller. In hierarchy 2, this is exactly the
other way round. With larger conversion, the WIMP relic remains constant
and pFIMP relic drops sharply.

• The mass splitting between WIMP and pFIMP needs to be small (δm ∼ 10
GeV, formDM ∼ 100GeV) for achieving relic density and direct search allowed
parameter space, unless we have resonance, co annihilation, semi annihilation
or some other special features of the conversion process.

pFIMP-SM interactions via WIMP loop
pFIMPs having feeble tree level interactionswith the SM can interact viaWIMP loop.
Such one loop interaction vertices are shown in Fig . D.5. Here pFIMPs (on the right)
are shown by black lines, WIMPs (in the loop) are denoted by red lines, SM parti-
cles (on the left of the interaction vertex) are shown by grey lines. As pFIMPs and
WIMPs are stabilized by separate symmetries, the bath particles which complete the
loop, as denoted by the teal color lines, transform suitably under both the symme-
tries. The dashed, solid and wavy lines indicate scalar, fermion and vector bosons
forWIMP (pFIMP) and the vertices conserve spin, which in turn fixes the SM portal
(Z, h).

2Recall that for thermal DM Ωh2 ∼ 1/⟨σv⟩.

116TH-3680_196121009



Chapter 6: Pseudo-FIMP detection in direct, indirect, and colliders

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

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r)

Figure 6.1: Feynman diagrams showing pFIMP (on the right denoted by black lines) interaction with the SM (Z, h) particles
(on the left denoted by grey color lines) via WIMP (in red) and heavy thermal bath particles (in teal colour) in loop. All
possible interaction vertices having scalar (dashed), fermion (solid) and vector boson (wavy lines) WIMP and pFIMPs trans-
forming under Z2 ⊗Z′

2 symmetries as in Table 6.1 have been considered.

In Table 6.1, we have shown all possible renormalizable interactions betweenWIMPs
and pFIMPs in a two component DM scenario stabilised byZ2⊗Z ′2 symmetry for all
combinations of scalar, fermion and vector boson particles. These vertices generate
the diagrams shown in Fig . D.5. WIMPs are odd under Z2 and even under Z ′2,
while pFIMPs are odd under Z ′2, and even under Z2. Particles denoted by prime
(χ′, ψ′, ϕ′, X ′µ) are odd under both Z2 ⊗ Z ′2, which connect WIMP and pFIMP states
as shown by the teal color lines in Fig . D.5. This list excludes dark sector particles
having non-trivial SM charges, more complicated spin configurations and higher
order operators having mass dimension larger than four. A short account of these
models and their interactions are as follows:

• Figs . 6.1a to 6.1c correspond to the scenarioswhere both theWIMPs andpFIMPs
are scalars. In Fig . 6.1b (6.1c), DMs are further connected by an extra heavy
scalar (vector) bath particle shown in teal colour. CorrespondingWIMP-pFIMP
interactions that generate these graphs arementioned inTable 6.1. For Fig . 6.1c,
other interaction terms apart from (∂µϕ)ΦX ′µ like (∂µX ′µ)ϕΦ or (∂µΦ)ϕX ′µ are
also possible.

• Figs . 6.1d to 6.1f depict scalar WIMP and vector boson pFIMP. Fig . 6.1e (6.1f)
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Scenarios
WIMP-pFIMP Model

Relic Detection Possibility
WIMP pFIMP Interaction terms

(a) Scalar(ϕ) Scalar(Φ) ϕ2Φ2 ✓[305, 308] ✗

(b) Scalar(ϕ) Scalar(Φ) µϕΦϕ′ ✗ ✗

(c) Scalar(ϕ) Scalar(Φ) (∂µϕ)ΦX ′µ ✗ ✗

(d) Scalar(ϕ) Vector(V ) ϕ2V µVµ ✗ ✗

(e) Scalar(ϕ) Vector(V ) (∂µϕ)V
µϕ′ ✗ ✗

(f) Scalar(ϕ) Vector(V ) µϕXµX ′µ ✗ ✗

(g) Scalar(ϕ) Fermion(χ) χχ′ϕ ✓[597] ✓[597]

(h) Vector(X) Scalar(Φ) XµXµΦ
2 ✗ ✗

(i) Vector(X) Scalar(Φ) Xµ(∂µϕ
′)Φ ✗ ✗

(j) Vector(X) Scalar(Φ) µXµX ′µΦ ✗ ✗

(k) Vector(X) Vector(V ) XµXµV
νVν ✗ ✗

(l) Vector(X) Vector(V ) µXµVµϕ
′ ✗ ✗

(m) Vector(X) Vector (V ) XµV ν(∂µX
′
ν) ✗ ✗

(n) Vector(X) Fermion(χ) Xµχγ
µχ′ ✗ ✗

(o) Fermion(ψ) Scalar(Φ) ψψ′Φ This work This work

(p) Fermion(ψ) Vector(V ) ψγµψ′Vµ ✗ ✗

(q) Fermion(ψ) Fermion(χ) ψχϕ′ ✗ ✗

(r) Fermion(ψ) Fermion(χ) ψγµχX ′µ ✓[596] ✗

Table 6.1: Possible WIMP-pFIMP renormalisable interactions for real scalar, fermion and vector boson particles (see the
corresponding Feynman diagrams in Fig . D.5) assuming Z2 ⊗ Z′

2 symmetries to stabilise both. Particles denoted by prime
(χ′, ψ′, ϕ′, X′

µ) are oddunder both theZ2 symmetries, indicated by the teal color lines in Fig . D.5, connectWIMPandpFIMPs.
µ represents a dimensionful coupling having one mass dimension.

require a heavy scalar (vector-boson) bath particle connecting them. See the
Table 6.1 for corresponding interaction terms. For Fig . 6.1e, other terms like
ϕ(∂µV

µ)ϕ′, ϕV µ(∂µϕ
′) are also possible apart from (∂µϕ)V

µϕ′ as in Table 6.1.

• Fig . 6.1g represents interaction between a scalar WIMP and fermion pFIMP
scenario. In this scenario an extra fermion bath particle is necessary for inter-
action. This model has been addressed before [597]. For all the scalar WIMP
cases discussed so far, the interaction with SM can be governed by the Higgs
portal coupling ϕ2H†H .

• Figs . 6.1h to 6.1j correspond to vector bosonWIMP and scalar pFIMP scenario.
Fig . 6.1i (6.1j) require extra scalar (vector boson) bath particle for the interac-
tion, see table. For Fig . 6.1i, interaction term like Xµ(∂µΦ)ϕ

′ is also allowed.
TheWIMP-SM interaction for vector bosonWIMP can be driven byXµXµH

†H .
Note further that we are ignoring the detailed possibility of an abelian/non-
abelian gauge origin of the vector boson here.

• Figs . 6.1k to 6.1m correspond to a situationwhere bothWIMP and pFIMPs are
vector bosons. The DMs are connected by a scalar (Fig . 6.1l) or a vector bo-
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son (Fig . 6.1m) bath particle as shown in the interaction vertices in Table 6.1.
Fig . 6.1m can be generated by other interaction terms depending on the field
derivative term, as argued before. WIMP-SM portal can also be via Higgs por-
tal as mentioned above. Fig . 6.1n shows the possibility of vector boson WIMP
and fermion pFIMP, interacting with each other via another fermion bath par-
ticle as shown in teal color.

• Finally, the Figs . 6.1o, 6.1p and (6.1q, 6.1r) correspond to fermion-scalar, fermion-
vector and (fermion-fermion) WIMP-pFIMP set-ups. Fig . 6.1q (6.1r) require
scalar (vector-boson) bath particles for interaction. Connection of fermion
WIMP to SM can occur via effective operator term of the form ψ̄ψH†H or via
an Yukawa interaction involving a heavy fermion doublet like Ψ̄ψH+h.c. We
are going to elaborate upon Fig . 6.1o in a UV complete model next.

The right and cross signs in the relic and detection possibilities in Table 6.1 indi-
cate whether suchmodels have been studied before or not. We can see that amongst
various possibilities mentioned, WIMP-pFIMP phenomenology has been explored
in a few cases, that too without elaborating upon the characteristics of the pFIMP, its
decoupling and/or detectability. Scalar particle as both pFIMP andWIMP has been
explored in [305, 308]. In [308], it was pointed out that when pFIMP couples to the
SM via a scalar WIMP loop, the direct search detectability becomes difficult, how-
ever, in [305], it was shown that the direct search possibility emerges when renor-
malisation scale is chosen at the freeze-out temperature. We will elaborate more
on this later. In [597], fermion pFIMP was studied in a scalar-fermion set up as in
Fig . 6.1c, however, the resulting parameter space of thismodel is almost ruled out by
the recent most direct search results. In [596], pFIMP phenomenon was discussed
partially, but the detectability of pFIMP via WIMP loop has been neglected.

6.1.3 An example of pFIMP-WIMP model
Our focus will be now on a WIMP-pFIMP two component DM set up where the
direct detection possibility of pFIMP is achieved in next generation experiments. We
will also make connections to the indirect detection prospects. The model consists
of (i) a real scalar-singlet ϕ, which acts like pFIMP and (ii) the lightest admixture
of a vector-like fermion doublet ψ = (ψ0 ψ−)

T [599, 641] and a vector-like singlet
fermion ψ1, which acts as WIMP DM.We additionally introduce another vector-like
singlet fermion ψ2, which acts as a messenger between the two DM sectors. Stability
of both the DM components is ensured by a Z2 ⊗Z ′2 symmetry. The charges of all
the relevant fields are given in Table 6.2.

Dark Fields SU(3)c × SU(2)L × U(1)Y ×Z2 ×Z ′2

ψ =

ψ0

ψ−

 1 2 − 1 − +

ψ1 1 1 0 − +

ψ2 1 1 0 + −

ϕ 1 1 0 − −

Table 6.2: Dark sector fields and their corresponding quantum numbers.
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Abiding by the symmetry charges, the corresponding Lagrangian is given by,

L = LSM + LScalar + LVF , (6.8)

where,

LScalar =
1

2
|∂µϕ|2 −

1

2
m2
ϕϕ

2 − 1

4!
λϕϕ

4 − 1

2
λϕHϕ

2H†H , (6.9)

and,

LVF =ψ

[
iγµ
(
∂µ + ig

σa

2
W a
µ + ig′

Y

2
Bµ

)
−mψ

]
ψ

+
∑
α=1,2

ψα (iγ
µ∂µ −mψα)ψα − (Y1ψH̃ψ1 + Y2ψ2ψ1ϕ+ h.c.) .

(6.10)

After Electroweak Symmetry Breaking (EWSB), the SM Higgs H acquires vac-
uum expectation value (VEV) v = 246 GeV, so that In unitarity gauge we can
write, H =

(
0 1√

2
(v + h)

)T
. Then the physical mass term of ϕ can be written as

m2
ϕ = m2

ϕ + 1
2
λϕHv

2. ϕ is a stable DM candidate and serves as the pFIMP compo-
nent when λϕH → 0 and conversion to the fermion DM is substantial via large Y2.
From Eq . (6.10), it is straight-forward to calculate the mass terms for the vector-like
fermions. The mass eigenstates (χ1, χ2) can be obtained via diagonalization of the
fermionmassmatrix through a unitary transformation from the flavor basis (ψ1, ψ

0).

−Lmass = mχ1χ1χ1 +mχ2χ2χ2 +mψψ
+ψ− ; (6.11)

where,

χ1 = cos θψ1 + sin θψ0 , (6.12)
χ2 = − sin θψ1 + cos θψ0 , (6.13)

mχ1 = sin2 θmψ + cos2 θmψ1 +
Y1v√
2
sin 2θ , (6.14)

mχ2 = cos2 θmψ + sin2 θmψ1 −
Y1v√
2
sin 2θ . (6.15)

The mixing angle θ can be written as,

tan 2θ =

√
2Y1v

mψ1 −mψ

. (6.16)

Using Eq . (6.16), we can easily write,

Y1 =
sin 2θ√

2v
(mχ1 −mχ2) , (6.17)

mψ = mχ1 sin
2 θ +mχ2 cos

2 θ , (6.18)
mψ1 = mχ1 cos

2 θ +mχ2 sin
2 θ . (6.19)

mψ denotes themass of the charged components of the doubletψ±. The independent
parameters of our model are :

{mχ1 , mχ2 , mψ2 , mϕ, sin θ, Y2, λϕH}.
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χ1 being the lightest neutral fermion, serves as the WIMP DM component. Note
here that χ1 having gauge interaction with SM via doublet component ψ0 can’t be
a pFIMP. In general, any DM having gauge coupling with the SM can never be a
pFIMP. The mass difference between χ1 and the second lightest neutral fermion χ2,
denoted as ∆m = mχ2 − mχ1 serves as an important parameter that controls co-
annihilation process and the resulting WIMP relic density. We would like to com-
ment here that themodel is perfectly valid as a two component DM scenariowithout
the presence of ψ2, but can’t provide an interaction between ϕ and χ1. Then it can
serve as best as anWIMP-WIMP (in the limit of sizeable λϕH) or WIMP-FIMP (with
λϕH → 0) model. The presence of ψ2 provides the much needed Yukawa interaction
Y2 between the DM components and allows the model to be explored in pFIMP(ϕ)-
WIMP(χ) combination. We can now also correlate with Fig . 6.1o: χ1 is the fermion
WIMP in red colour, ϕ is the pFIMP in dashed black line and ψ2 is the bath parti-
cle connecting them as shown in teal colour. Mass difference between χ1 and ϕ is
denoted in the following text by δm = mϕ −mχ1 , and is also highly constrained by
pFIMP freeze-out to yield under abundance.

Following the DM-DM interaction term Y2ψ1ψ2ϕ, we will be interested in the
region wheremψ2 > mχ1 +mϕ, so that ψ2 can decay to χ1 and ϕ. The relevant Feyn-
man diagrams for pFIMP production, (co)-annihilation of WIMPs, WIMP-pFIMP
conversions and semi-conversion are shown in Figs . 6.2 to 6.4 respectively. In par-
ticular, note the presence of a semi-conversion channel χ1ψ2 → hϕ in Fig . 6.4, which
also helps evading the stringent pFIMP mass constraint on δm. We choose a tiny
λϕH ∼ 10−12 so that ϕ does not possess a direct SM interaction and behaves as
pFIMP, it also helps us evade the upper bound on Higgs invisible branching ratio
BR(h → invisible) < 19% at 2σ [642] as well as the direct detection constraints to
explore themass range below theHiggs resonancemϕ < (mh/2) aswell. Its however
worthy to mention that the mediator ψ2 generates ϕ-Higgs portal as a counter term
of the loop mediated interaction (see Appendix E.3 for details) and allows for the
direct search of pFIMP. For details on Higgs and Z invisible decay width and result-
ing constraints, see Appendix E.1. Notably, a bound from the LEP experiments on
the charged fermion masses [634–638] ≳ 103.5 GeV also discard the low DM mass
region of the relic density allowed parameter space, following Eqs . (6.17)-(6.19).

h

ϕ

ϕ

ψ2

χi

ϕ

h ϕ

h ϕ ϕ

ϕSM

SM

h

h ϕ

h ϕ

ϕ

ψ2 ϕ

ψ2 ϕ

χk

Figure 6.2: Feynman diagrams for pFIMP ϕ production from thermal bath {i, k = 1, 2}.

Before moving further, we would like to make a couple of comments. The very
idea that pFIMP-WIMP conversion governs the pFIMP freeze out distinguishes a
scalar pFIMP in a two component scalar DM model from that described here. Also
the detectability of pFIMP relies on the loop and the particles involved therein,
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Figure 6.3: Feynman diagrams for the possible annihilation and co-annihilation channels of WIMP χ1 {i, j, k = 1, 2}.
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Figure 6.4: Feynman diagrams contributing to WIMP-pFIMP conversion {i, j = 1, 2}.

which provides a distinct possibility for the model at hand, as we elaborate here.
To sum it up, it is not only the pFIMP particle itself, but its WIMP partner, and its
interaction with the WIMP holds the key for phenomenological outcome of the two
component DM set up.

6.1.4 Dark matter phenomenology

Having discussed themodel, wewill focus on the DMphenomenology highlighting
the pFIMP freeze-out behavior followed up by the scan of the allowed parameter
space.

Coupled Boltzmann Equations and relic density

After considering all the relevant processes, the cBEQ’s involving the fermionWIMP
(χ1) and scalar pFIMP (ϕ) turn out to be [603, 643–646],

dYχ
dx

=−
2π2Mpl

45× 1.66

gs⋆√
gρ⋆

µχ1ϕ

x2

[
⟨σv⟩effSM

(
Y 2
χ − Y eq2

χ

)
+ ⟨σv⟩effϕ

(
Y 2
χ − Y eq2

χ

Y 2
ϕ

Y eq2

ϕ

)

+ ⟨σv⟩effψ2

(
Y 2
χ − Y eq2

χ

Y 2
ψ2

Y eq2

ψ2

)
+
(
⟨σv⟩eff

χ1ψ2→hϕ
+ ⟨σv⟩eff

ψ−ψ2→W−ϕ

)(
Yψ2Yχ − Y eq

ψ2
Y eq
χ

Yϕ
Y eq
ϕ

)

+ ⟨σv⟩eff
χ1ψ2→Zϕ

(
Yψ2Yχ − Y eq

ψ2
Y eq
χ

Yϕ
Y eq
ϕ

)]
+

Mpl

1.66
√
gρ⋆

x

µ2χ1ϕ

⟨Γ⟩effψ2→χ1ϕ

(
Yψ2 − Y eq

ψ2

Yϕ
Y eq
ϕ

Yχ
Y eq
χ

)
,

(6.20)
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dYϕ
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(6.21)

In Eqs . (6.20) and (6.21), Yϕ is the pFIMP yield and Yχ is the total WIMP yield
(assimilating contributions from the heavy dark sector particles),

Yχ =
∑
i

Yχi , χi = {χ1, χ1, χ2, χ2, ψ
±} . (6.22)

It is worth reminding that all the unstable heavy states such as ψ±, χ2 take part in co-
annihilation processes when in equilibrium. Legitimately χi, ψ± are in equilibrium
by rapid annihilations into bath particles. This is also true for ψ2, via processes as
mentioned in Eq . (6.24) for sizeable Y2 ≳ 10−2 when ⟨Γψ2⟩/H(T ) > 1 as shown
in Fig . 6.5(a), so that their number densities can be chosen to be the equilibrium
number density (Y eq) during the DM saturation epoch 3. We have also shown the
variation of ⟨Γϕ⟩/H(T ) as function of T in Fig . 6.5(b) for different values of Y2, where
⟨Γϕ⟩ is given by Eq . (6.23). The chemical equilibrium is achieved for Y2 ≳ 10−4.

⟨Γϕ⟩ = 2
∑
i=1,2

(⟨σv⟩ϕχi→hψ2 + ⟨σv⟩ϕχi→Zψ2)n
eq
χi
+ 2⟨σv⟩ϕψ−→W−ψ2

neq
ψ− + ⟨σv⟩ϕϕ→SM SMn

eq
ϕ .

(6.23)

⟨Γψ2⟩ =
(
⟨σv⟩ψ2χ1→hϕ + ⟨σv⟩ψ2χ1→Zϕ

)
neqχ1

+
(
⟨σv⟩ψ2χ2→hϕ + ⟨σv⟩ψ2χ2→Zϕ

)
neqχ2

+ ⟨σv⟩ψ2ψ+→W+ϕn
eq
ψ+

+

[
⟨σv⟩ψψ2→hh

+ ⟨σv⟩ψψ2→hZ
+ ⟨σv⟩ψψ2→ZZ

+ ⟨σv⟩ψψ2→W+W− + ⟨σv⟩ψψ2→ℓℓ
+ ⟨σv⟩ψψ2→qq

]
neqψ2

.

(6.24)

After the freeze-out, they eventually decay to the lightest stable DM χ1, con-
tributing to its relic density. This issue is addressed via ‘effective’ annihilation cross-
section to SM ⟨σv⟩eff , and effective decaywidth ⟨Γ⟩eff (see [647] andAppendix E.2 for
details), where all possible SM final states such as h, W±, Z, ℓ, q are considered.
Also note that in Figs . 6.20 and 6.21, Mpl = 1.22091 × 1019 GeV represents Planck
mass, and gs⋆ ≃ gρ⋆ ≈ 106.7 denotes effective massless degrees of freedom. The com-
mon variable x =

µχ1ϕ
T

written in terms of the reduced mass µχ1ϕ = ( 1
mχ1

+ 1
mϕ

)−1

3Two points to note here, one, the equilibration is easier when ψ2 is part of a doublet via gauge
interactions. Second, it is not necessary to have ψ2 in equilibrium for the WIMP (χ)-pFIMP (ϕ)
exchange process to be substantial (as required here), although several other terms of the BEQs (6.20)
and (6.21) will change to yield a different allowed parameter space.
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(a) (b)

Figure 6.5: Variation of ⟨Γψ2
⟩/H(T) as a function of T (GeV) in Fig . 6.5a and (⟨Γϕ⟩/H(T)) in Fig . 6.5b for different values

of Yukawa couplings Y2 as shown by different color lines.

caters to the two component DM system in equilibrium. The dark sector particles
follow the non-relativistic equilibrium distribution given by,

Y eq
ϕ =

45

4π4

gϕ
gs⋆

(
x
mϕ

µχ1ϕ

)2

K2

(
x
mϕ

µχ1ϕ

)
, (6.25)

Y eq
χ =

45

4π4

∑
i

gi
gs⋆

(
x
mi

µχ1ϕ

)2

K2

(
x
mi

µχ1ϕ

)
. (6.26)

In writing the Eqs . (6.20) and (6.21), we also have used [643],

ni
n

≈
neqi
neq

, neq =
∑
i

neqi =
T

2π2

∑
i

gim
2
iK2

(mi

T

)
. (6.27)

In the above, T represents the common temperature that DM particles possess, and
K2 represents modified Bessel function of second order. Note further that the scalar
DM ϕ is assumed out-of-equilibrium initially due to tiny λϕH , but reaches thermal
equilibrium and becomes pFIMP by large conversion from/toWIMP via χ1χ1 → ϕϕ.
A symmetry factor of 2 applies for ϕ (see Eq . (6.21)). Subsequent solution of the
cBEQ provides relic density of the DM species by,

ΩDMh2 = 2.744× 108

(
mχ1Yχ

[
mχ1

µχ1ϕ
x∞

]
+mϕYϕ

[
mϕ

µχ1ϕ
x∞

])
, (6.28)

where x∞ corresponds to the present time/temperature.
The solutions of cBEQ’s are presented in terms of DM yield as a function of x in

Figs. 6.6 (a) and (b) for two different mass hierarchies. Light brown and violet dot-
ted lines represent pure FIMP situation with Y2 = {10−12, 10−8} respectively, where
the DM freezes in. For Y2 = 10−8, with larger conversion from WIMP to FIMP, the
FIMP yield increases. However, with Y2 increasing further (Y2 ≳ 10−3), the FIMP
thermalises to the equilibrium number density via conversion process and enters
into the pFIMP regime (red, green, yellow and deep blue dashed lines) to freeze-
out subsequently. The red dashed curve(s) in particular, show how the pFIMP en-
ters into the thermal bath. The pFIMP thermal equilibration is already checked in
Fig . 6.5b. The change in the WIMP or pFIMP number density/freeze-out point de-
pends on the mass hierarchy as well as on the conversion cross-section. Here in
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(a) (b)

Figure 6.6: Fig . 6.6(a) shows the variation of yield (Y ) of WIMP (thick lines), pure FIMP (dotted lines) and pFIMP (dashed
lines) as a function of x where light brown, violet, red, green, yellow and deep blue lines correspond to different values of
Y2 : {10−12, 10−8, 10−4, 10−2, 1, 2} respectively formχ1 > mϕ. Fig . 6.6(b) shows the same formχ1 < mϕ with different
values of Yukawa coupling Y2 : {10−12, 10−8, 10−4, 10−2, 10−1, 0.5} represented by light brown, violet, red, green, yellow
and deep blue lines respectively. The black thick and dashed lines show the equilibrium distribution of WIMP and pFIMP,
respectively. Other parameters kept fixed are mentioned in the figure caption.

both the plots, while the pFIMP relic density decreases with larger Y2 (via larger
conversion cross-section), notice that the WIMP relic density doesn’t change much.
This is because the WIMP annihilation plus co-annihilation still remains larger than
that of the conversion cross-section for the chosen parameters. For detailed pFIMP
dynamics see [305].

(a) (b)

Figure 6.7: Parameter space allowed by the observed relic (0.1188 ≤ ΩDMh
2 ≤ 0.1212) in (a) δm − Y2 plane (b) Y2 −

∆m plane. In both the figures percentage contribution of pFIMP (Ωϕ) is shown in the color bar. Parameters kept fixed are
mentioned in the figure heading.

In Fig . 6.7 (a), we show the relic density allowed parameter space of the model
in δm − Y2 plane, where the total relic density adds to the observed one (Ωh2 =
0.1200± 0.0012) [7] for fixed {mχ,∆m,mψ2 , sin θ} as indicated in the figure caption.
Two sets of ∆m are chosen. Smaller ∆m enhances coannihilation of the WIMP and
thus reduces the contribution to the total relic. It is clear from the percentage con-
tribution of the pFIMP (ϕ) to the total DM relic as shown in the colour axis. Over-
abundant and underabundant regions fall below and above the correct choice of Y2
quite expectedly owing to the inverse dependence of relic density to the conversion
cross sections, as indicated. Recall that, δm = mϕ −mχ1 represents the mass differ-
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ence between the pFIMP and WIMP. The parameter space can be divided into two
regions: (i) δm > 0, i.e. pFIMP is heavier than WIMP; (ii) δm < 0, when WIMP is
heavier than pFIMP. The results are different for these cases. When δm > 0, there is a
mild dependence on δm, as the conversion process doesn’t depend heavily on it and
contribution to theWIMP relic density is small, thus pFIMP contribution remains in
20% ballpark with almost no change in Y2. However, when δm < 0, the WIMP has
an additional depletion channel, and its relic density decreases with larger conver-
sion to pFIMP with larger splitting, in turn the pFIMP relic enhances significantly,
which requires to be adjusted by having larger Y2 to keep the total relic within the
observed one. In Fig . 6.7(b), we show the relic density allowed parameter space in
Y2 −∆m plane. As mentioned earlier, here, ∆m is the mass difference between the
second lightest fermionic dark sector particle χ2 and the WIMP DM χ1. With larger
Y2, and therefore larger χ1 → ϕ conversion, the co-annihilation effect is required to
reduce with larger ∆m and the relative contribution of ϕ to the total relic density
increases. We further see that a maximum of ∆m <∼ 10 GeV is possible for pFIMP ϕ
to saturate the most of DM abundance. The parameters kept fixed are mentioned in
the figure caption and the two choices ofmϕ used for the scan are mentioned in the
plot.

Direct detection prospect
Now we delve into the direct search prospect of the two component DM’s, which is
our key focus in this study. First we will briefly discuss the direct detection of the
WIMP and then explore the pFIMP case in detail.

Direct detection of WIMP

χ1 χ1

N N

h

χ1 χ1

N N

Z

Figure 6.8: The Feynman diagrams for the direct detection of WIMP (χ1).

In thismodel, the spin-independent direct detection cross section forWIMPχ1 (σSI
χ1N

)
gets major contribution from Z and Higgs-mediated t-channel diagrams (Fig . 6.22)
and therefore the singlet-doublet mixing parameter sin θ plays an important role,
apart from the DM mass mχ1 . The direct search prospect of this WIMP is similar
to that in [599, 648]. The Z mediated contribution is required to be small to abide
by the non-observation of a spin-independent direct search of the DM. This is pos-
sible when the singlet doublet mixing (sin θ) is small, since the effective coupling
involved in the Z mediated vertex is λZχ1χ1 =

mZ
v

sin2 θ, whereas the effective Higgs
coupling is λhχ1χ1 = − Y1√

2
sin 2θ.

In Fig . 6.9 (a) and (b) we show the effective spin-independent direct detection
cross-section (σeff

χ1
) of the WIMP-like fermion DM χ1 as a function of its mass (mχ1)

for two different mass hierarchies. We also show the limits from existing direct
search data along with future sensitivities. The effective direct search cross-section
for the individual DM components are defined [649] as follows,
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(a) (b)

Figure 6.9: Effective spin-independent direct detection cross-section (σeff
χ1

) for WIMP χ1 for (a) mχ1 < mϕ and (b)
mχ1 > mϕ. All the points satisfy the present DM relic density bound 0.1188 ≤ Ωχ1h

2 + Ωϕh
2 ≤ 0.1212 via the com-

bined contribution of both DM’s. sin θ is shown as color axis in both the figures. Other parameters kept fixed are shown in
figure heading. The limits from XENON1T, LUX-ZEPLIN data and future sensitivities from XENONnT and Neutrino floor
are shown. Black dotted points are excluded by the LEP bound on the charged fermion masses.

σeff
χ1

=
Ωχ1

Ωχ1 + Ωϕ

σSI
χ1N

; σeff
ϕ =

Ωϕ

Ωχ1 + Ωϕ

σSI
ϕN . (6.29)

In both the Figs. 6.9 (a) and (b) sin θ is shown in the colour bar. It is clear that
with increasing sin θ, i.e. with more doublet contribution, the direct detection cross-
section for χ1 increases. One finds in Fig . 6.9 (a), when mχ1

<∼ 100 GeV, only in the
vicinity of Z-resonance, we get points allowed by the relic density, but disfavoured
from direct search data. The points allowed by the direct search data requiresmχ ≳
100 GeV with sin θ ≲ 0.1. In the reverse hierarchy (Fig . 6.9(b)), the Z-resonance
region is not particularly distinct. The reason behind this is the following. When
mχ1 > mϕ, the conversion channel from χ1 to ϕ is open which helps χ1 to de-
plete its number density considerably and become under-abundant, whereas when
mχ1 < mϕ, this conversion is kinematically disfavoured and therefore the under-
abundance for χ1 is achieved primarily near Z-resonance. Here too, small mass
difference between χ1 and χ2 can facilitate co-annihilation and there exists a possi-
bility of under-abundance with appropriate choice of ∆m. The black dots over the
rainbow points are disfavoured from the LEP limit on charged fermion masses. The
same appears in other parameter space scans. The detailed calculation of the direct
detection cross-section of WIMP can be found in Appendix E.4.

Direct detection of pFIMP
The FIMP having negligible coupling with SM states is difficult to probe in direct
search experiments. pFIMP on the other hand, despite having negligible couplings
to SM, has a prospect of being detected at direct search experiments via substantial
coupling with theWIMP. As discussed in Section 8.2, the pFIMP coupling to SM oc-
curs via the WIMP-loop, which can have a non-negligible contribution to the elastic
scattering between pFIMP and detector nucleon.

In Fig . 6.10, we show the diagrams which contribute to the direct search cross-
section of pFIMP (ϕ) in our model. The diagram (Fig . 6.10 (left)) involving the
Higgs portal coupling of pFIMP, contributes negligibly to the total amplitude with
λϕH ∼ 10−12. Fig . 6.10 (middle) shows the WIMP-loop induced contribution with
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Figure 6.10: The (left) tree-level and (middle) and (right) one-loop Feynman diagram for the direct detection of pFIMP ϕ .

a t-channel Z mediator, whereas Fig . 6.10 (right) shows the same with t-channel
Higgs mediation.

The coupling that plays crucial role in determining the loop amplitude is the
WIMP-pFIMP coupling (Yukawa coupling Y2), which was also a key parameter in
governing the pFIMP dynamics. On the other hand, one has to also remember that
the loop contributions are also a direct consequence of the singlet-doublet mixing in
our model. In the absence of mixing, the loop contribution to pFIMP-nucleon inter-
action vanishes. Therefore, not only the Yukawa coupling Y2, but also the Yukawa
coupling Y1 is crucial in this context. In addition, the mixing term is directly pro-
portional to the mass difference between the WIMP and the second lightest dark
sector particle (mχ2 − mχ1), as we have seen in Eq . (6.17). The smaller the mass
difference, the weaker is the detectability of the pFIMP at direct detection experi-
ments. Similar to the WIMP case, here too the Higgs mediated diagram contributes
much more compared to the Z-mediated case, thanks to the small sin θ limit that
we need to abide by. For an order-of-magnitude estimate of the Higgs and Z medi-
ated contributions, one can see Figs . E.2 and E.4 in Appendix E.3. We would like
to emphasize here that, we get an advantage by choosing a fermionic WIMP candi-
date over a scalar. It was shown in [308], that the pFIMP in a two-component scalar
DM model, will have negligible contribution to the direct detection as the scalar
loop-amplitude vanishes at the low transfer momentum limit (unless the WIMP is
a warm DM in the KeV mass-range). Although that issue can be alleviated if we
choose renormalisation scale at the DM mass scale, however the scale dependence
remains. This is not the case with fermion WIMP loop, see the detailed calcula-
tions in Appendix E.3. Herein lies a very important motivation behind choosing the
model. The detailed calculation of direct detection cross-section of pFIMP is done
in Appendix E.4, which we use for the parameter space scan discussed next.

In Fig . 6.11, we present the effective spin-independent direct detection cross-
section (σeff

ϕ ) of the pFIMP ϕ as a function of its mass (mϕ) for two different mass
hierarchies. The definition of σeff

ϕ follows from Eq . (6.29). As the major contribu-
tion to σeff

ϕ comes from the fermion-loop induced diagrams (Fig . 6.10), the param-
eters ∆m, Y2 and sin θ play a crucial role. In order to achieve a considerable direct
detection cross-section, a large mass splitting ∆m is desirable, as already pointed
out. On the other hand, large ∆m means absence of co-annihilation and therefore,
over-abundance of χ1. This situation is evident in Fig . 6.11(a), where the parameter
space allowed by observed relic density implies direct detection cross-section for the
pFIMP not only lies below the existing direct search limits, but a large part remains
within the neutrino floor sensitivity. This tension is relaxed when mχ1 > mϕ, since
in this case the conversion channel from χ1 to ϕ becomes kinematically favoured
and under-abundance of χ1 is possible even with moderate/large ∆m. This in turn
ensures a moderate direct search cross-section (10−49 − 10−47) for the pFIMP with
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(a) (b)

Figure 6.11: Effective spin-independent direct detection cross-section (σeff
ϕ ) for pFIMP ϕ for (a) mχ1 < mϕ and (b)

mχ1 > mϕ. All the points satisfy the present DM relic density bound 0.1188 ≤ Ωχ1h
2 + Ωϕh

2 ≤ 0.1212 via the com-
bined contribution of both DM’s. Y2 is shown as the color axis in both figures. Other parameters kept fixed are shown in
figure heading. The limits from XENON1T, LUX-ZEPLIN data and future sensitivities from XENONnT and Neutrino floor
are shown. Black dotted points are excluded by the LEP bound on the charged fermion masses.

mass <∼ 100GeV, which can be probed in the next generation direct detection exper-
iments like Xenon-nT (projected limit 10−49 cm2), as shown in Fig . 6.11 (b). Hereby,
we draw a crucial inference thatmχ1 > mϕ is more favourable for the direct detection
of pFIMP, as compared to the inverse hierarchy in this specific model.

Figure 6.12: Allowed parameter space inmχ1 −mϕ plane, which respect the present observed relic density as well as have
sensitivities for future direct detection experiments beyond LUX-ZEPLIN bound. The color axis represents the effective spin-
independent pFIMP-nucleon scattering cross-section, σeff

ϕ in cm2 in Log scale. Black dotted points are excluded by the LEP
bound on the charged fermion masses.

Having discussed the individual aspects of WIMP and pFIMP direct detection,
we would also like to make a connection between the two. In Fig . 6.12, we have
shown the allowed parameter space which respect the present relic density and di-
rect detection (LUX-ZEPLIN) bound in mχ1 −mϕ plane. The color axis represents
the effective spin-independent pFIMP-nucleon scattering cross-section, σeff

ϕ (cm2) in
Log scale. One can firstly observe that the allowed region lies in the vicinity of
mχ1 = mϕ line in accordance with the pFIMP dynamics [305]. When mχ1 > mϕ,
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χ1 to ϕ conversion is significant, reducing the WIMP contribution and enhancing
ϕ contribution to the total relic, and therefore the effective σeff

ϕ too increases. Now
see the red points above the mχ1 = mϕ line, i.e the opposite hierarchy (mχ1 < mϕ).
One can notice the presence of larger δm ∼ 100 GeV points for this hierarchy, which
was absent in the other hierarchy in accordance with Fig . 6.7. In addition, if χ1 is in
the Z resonance, under-abundance of χ1 becomes further enhanced and it becomes
easier to achieve large ∆m and consequently large direct detection cross-section for
the pFIMP (blue points in the vicinity of Z resonance in Fig . 6.12). For the inverse
hierarchy on the other hand, the under-abundance of WIMP is solely dependent
on its co-annihilation and therefore, large ∆m values are disfavoured, resulting in
small direct detection cross-section for the pFIMP. We have checked that even with
χ1 in the vicinity Z resonance, the dependence on co-annihilation is not relaxed and
therefore, direct detection cross-section for the pFIMP remains below the neutrino
floor for almost the entire parameter space.

Figure 6.13: Parameter space allowed by observed relic density and direct search constraints in Y2 − ∆m plane, where the
spin-independent effective DM-nucleon elastic scattering cross-section of scalar DM (σeff

ϕ in cm2) is shown as the color axis
in Log scale.

In Fig . 6.13, we show the relic density and direct search allowed points in Y2 −∆m
plane, with the color axis denoting the direct detection cross-section of the pFIMP ϕ
in Log scale. The shape of the curve is exactly similar to that of Fig . 6.7 (b), dictated
by the relic density constraint, which limits ∆m ≲ 10 GeV to assimilate the effect of
annihilation/co-annihilation of the WIMP. Larger∆m imply enhanced contribution
from the fermion loop (see Fig . 6.10) resulting larger direct detection cross-section
for the pFIMP, evident from the transition in color in Fig . 6.13. Increasing Y2 is also
crucial in obtaining enhanced direct search cross-section σeff

ϕ , also apparent from the
colour of the curve.

Indirect detection possibility
Similar to the direct detection prospects of pFIMP, one can obtain indirect signal ev-
idence of pFIMP, analysing the photon flux [650] in the existing and future indirect
detection experiments such as Fermi-LAT [651], SK [652], H.E.S.S [653], IceCube
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Figure 6.14: The Tree-level (left) and one-loop (right) Feynman diagrams for the Indirect detection ofWIMP (χ1) and pFIMP
(ϕ).

[654–656] etc. We have considered the recent data for DM annihilation channels to
bb, τ+τ− andW+W− from various experiments and study their effect on our model
parameter space. The strongest bounds come from the bb annihilation channel. The
effective annihilation cross-section of a DM pair to bb̄ final state in a two-component
DM set up is given by [657, 658],

⟨σv⟩ID
DM DM→bb

=
Ω2

DM

(Ωχ1 + Ωϕ)2
⟨σv⟩DM DM→bb . (6.30)

In the above, DM notation indicates WIMP (χ1) or pFIMP (ϕ).

(a) (b)

Figure 6.15: DM annihilation cross-section to bb, ⟨σv⟩ID
χ1χ1→bb

and ⟨σv⟩ID
ϕϕ→bb

as a function of DM mass. The color axis

denotes effective direct detection cross-section for pFIMP (σeff
ϕ ). All points in σID-mχ1 plane satisfy observed relic and LUX-

ZEPLIN bound for both WIMP and pFIMP. Grey shaded region is excluded by DM annihilation to bb search at Fermi-LAT
[519, 651] and H.E.S.S [653] data. Black dotted points are excluded by the LEP bound.

In Fig . 6.14, we show the processes that contribute to the aforementioned annihi-
lation channels for both WIMP and pFIMP. Note that the tree-level Higgs mediated
channel for pFIMP annihilation turns negligible with λϕH → 0, while the WIMP-
loop induced diagrams dominantly contribute to pFIMP annihilation, similar to the
direct search case.

In Fig . 6.15, weplot ⟨σv⟩ID
DM DM→bb

as a function ofDMmass forWIMP(Fig . 6.15(a))
and pFIMP (Fig . 6.15(b)). The color axis denotes the effective direct detection cross-
section for pFIMP (σeff

ϕ ). All the points in both plots satisfy the observed relic and
LUX-ZEPLIN bound. It is evident from the figures that the entire parameter space is
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allowed by indirect bound from Fermi-LAT (black dashed line) and can be probed
in future experiments. Interestingly, the region that is most sensitive to the future
indirect detection experiments lies in the vicinity of Z-resonance. The same points
also produce maximum direct search cross-section for the pFIMP (dark blue points
in Fig . 6.15(b)) and thereby yield best discovery potential.

Collider constraints and prospects at LHC
The WIMP sector of the model having additional particles transforming under the
SM gauge group, naturally have collider detectability as well as constraints from the
existing data [599, 659, 660]. The hardest limit appears on the model from the LEP
exclusion [634] of not observing a singly charged fermion beyond the SM, result-
ing mψ± ≳ 103.5 GeV. The ALTAS [661, 662] and CMS [663] experiments at LHC
have looked for DM signal in opposite sign di-leptons (OSD) + jets + /ET (MET)
final state and non-observation of any excess puts a limit on our model, that pro-
duces such a signal. In our model, corresponding signal process is predominantly
generated by the Drell-Yan production of the charged fermion pair, subsequently
decaying via off-shell W± as shown in Fig . 6.16a. In Fig . 6.17, we show the LHC
constraints in the plane of charged lepton mass and DM mass. This limit stems
from the search for supersymmetric chargino, where the lightest neutralino serves
as cold DM (both in gaugino-dominated regions), giving rise to OSD plus MET sig-
nal. One can see from here that large mass difference between the DM candidate
and charged fermions are disallowed by the experimental data, i.e. the on-shell pro-
duction ofW± from the charged fermion decay is crucial for the parameter point to
be sensitive to the experimental data. However, as we have discussed in detail, in
the small sin θ limit, the requirement of adequate co-annihilationmakes the DM and
charged fermion masses almost degenerate, see the maroon points that comes from
our model checked against the experimental constraints in Fig . 6.17. Therefore, the
parameter space of our model, relevant from the DM constraints are allowed by the
ATLAS and CMS bounds. It is interesting to note further that, only in the Z reso-
nance region, the requirement for degenerate DM masses with its charged/neutral
partners get relaxed, where a large mass gap becomes allowed from relic density
constraints. Therefore, some of these points where DM mass lies in the resonance
region, can possess ψ± > 103.5 GeV and survive all the experimental constraints
(See Figs . 6.11 and 6.15). Apart from the OSD final state, the WIMP can be pro-
duced via several other channels like χ2χ2, χ2ψ

± and their subsequent decays to
produce (1ℓ, 2ℓ, 3ℓ, 4ℓ) signals [599, 659, 660] in association with MET.

On the other hand, pFIMP can only be produced via WIMP loop, yielding a
mono-X (X = j, γ, Z,W, h) signal predominantly via initial state radiation, see
Fig . 6.16c. WIMP of this specific model (or any other model) will always be able
to produce the same mono-X signal (see Fig . 6.16b) and the WIMP cross-section is
larger than the pFIMP one, as the latter is always loop-suppressed. Therefore, /ET
peak produced by the pFIMP will possibly be submerged into that of the WIMP, as
the mass difference between them is not large. Note here that the distinguishabil-
ity of the peaks in /ET distribution heavily depends on the mass separation [465].
The pFIMP signal can possibly be distinguished from theWIMP partner, if the MET
peak is separated due to different effective Lorentz structures for the production
[466]. We will elaborate on this possibility concerning pFIMP production in a sep-
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arate publication. We present the signal cross-sections in Table 6.3 at some typical
benchmark points for illustration. This indicates that the possibility of pFIMP de-
tection of this model at LHC is rather bleak.

p

p

χ1

χ1

ℓ

νℓ
νℓ

ℓ

γ/Z

ψ+

ψ−
W−

W+

(a)

p

p

χ1

χ1

X

X

(b)

p

p

X ϕ

ϕ

X

χi

χj

ψ2

(c)

Figure 6.16: Feynman diagrams showing p p → ψ+ψ− production and subsequent decays to OSD (ℓ+ℓ− + /ET ) events
(Fig . 6.16a), mono-X + /ET signal for WIMP (Fig . 6.16b) and pFIMP (Fig . 6.16c); whereX ∈ {jet, γ, h, Z} and i = 1, 2.

Figure 6.17: WIMP masses ≳ 103 GeV are allowed by ATLAS [661, 662] and LEP [634] observed chargino signal.

6.1.5 Summary
We focused on a two-component DM scenario involving a thermal WIMP and a
FIMPhaving negligible interactionwith SM.When the interaction between theWIMP
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p-p collision (fb)

WIMP pFIMPmχ1 mχ2 mϕ mψ2 sin θ Y2 Ωχ1h
2 Ωϕh

2 σeff
χ1

[cm2] σeff
ϕ [cm2]

OSD + /ET mono-jet+ /ET mono-jet+ /ET

98.0 104.7 94.8 202.8 0.02 2.44 0.0092 0.1115 6.30× 10−49 1.40× 10−55 93.3 2.21× 10−4 1.49× 10−9

250.3 253.9 242.9 1121.2 0.04 1.61 0.0423 0.0783 2.27× 10−47 1.96× 10−58 3.67 1.38× 10−4 9.16× 10−12

456.1 461.4 454.7 920.8 0.02 2.43 0.0954 0.0258 2.11× 10−48 1.09× 10−58 0.312 8.42× 10−7 1.26× 10−11

Table 6.3: Relic density, Direct search and Collider signal cross-sections at some benchmark points for the two-component
fermion-scalar model. All the masses are in the units of GeV. The last two columns depict the WIMP and pFIMP production
cross-section at LHC via Gluon fusion yielding mono-jet+ /ET in the final state at

√
s = 14 TeV. The OSD + MET final state

cross-section is estimated only via ψ+ψ− production and cascade decay.

and FIMP becomes of weak interaction strength, the FIMP thermalises and freezes-
out similar to the WIMP. Such DM candidates can be called pseudo-FIMP (pFIMP)
and we explored various aspects of this mechanism in our earlier work [305] in a
model independent manner. In this work, we focus on a specific two component
DM model to analyze the parameter space in the WIMP-pFIMP limit.

A crucial aspect of this work is to explore the possibility of detection of pFIMP
in direct and indirect search experiments. It is well-known that a FIMP having tiny
coupling to SM states, evades both present and future (projected) direct detection
bounds. However, the pFIMP, aided by its significant interaction with the WIMP,
can have considerable DM-nucleon cross-section at the direct search experiments.
Although, the pFIMP has no direct connection to the SM, it can produce WIMP-
loop induced amplitudes, which can bring the pFIMP under future experimental
sensitivities. Having identified all such one-loop possibilities with scalar, fermion
and vector boson particles asWIMP and pFIMP, we choose a specificmodel which is
likely to provide a considerable direct and indirect search sensitivity for the pFIMP. It
is important to note that pFIMP detectability depends heavily on its WIMP partner,
not only due to its presence in the loop induced graphs for the pFIMP interacting
with the SM, but also due to the fact that the under-abundant region allowed for
pFIMP depends crucially on the WIMP annihilation/co-annihilation channels. We
focus on these two aspects of pFIMP dynamics in this model dependent study.

The model we chose to illustrate consists of a fermionWIMP which is an admix-
ture of a singlet and a doublet. The pFIMP is a scalar singlet having negligible Higgs
portal interaction and a substantial WIMP-pFIMP conversion via Yukawa interac-
tion. Both possibilities like fermionic WIMP and scalar WIMP at individual level
have been studied before, but the pFIMP phenomenology and the detectability that
we analyse here is new in the literature. We have scanned the parameter space of
our model and identified the region which is most sensitive to both direct and in-
direct search experiments. We found that one specific mass hierarchy with heavier
WIMP is favoured for direct detection. On the other hand, a large mass splitting
between theWIMP and the second lightest dark sector particle is required for better
pFIMP direct search. This is achieved when the WIMP mass lies in the vicinity of
the Z-resonance region. Although low WIMP mass region is strongly constrained
from the LEP data as well as as from LHC bound, allowed parameter space points
are left in the Z-resonance region, albeit fine-tuned. Importantly, the WIMP being a
fermion in this model, also helps to generate a significant loop-induced amplitude.
We must note that our model is just one example that is conducive for pFIMP de-
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tectability, while there exists a plethora of possibilities as outlined in the beginning
of this work.

Collider searches for the WIMP component of this model have been discussed
in the literature. The WIMP sector of this model can produce multilepton signal
plus MET, thanks to the presence of a doublet. The limits from the current data
leaves a large allowed parameter space of themodel for signal discovery at the future
sensitivities of LHC. The pFIMP on the other hand, can only be produced viaWIMP
loop and yield mono-X (X = j, γ, Z,W, h) signal via initial state radiation. WIMPs
can also produce the same signal, but with larger cross-section. So pFIMP signal is
likely to be submerged into the WIMP signal, having little or no consequence in the
final state event numbers or distributions in this scenario.

The other crucial feature that WIMP-pFIMP set up provides, after addressing
the correct relic density, is to have a small mass difference between the two DM
components, around ≲ 10 GeV, which however gets relaxed to some extent in one
particular hierarchy of this model. But broadly we expect two DM signals (either in
direct or in collider searches) in the same mass range. While this is very predictive
in one hand, but disentangling them may be challenging. We plan to address these
issues in a future analysis.

6.2 Real scalar pFIMP and Complex scalar WIMP
Introducing a lepton portal interaction, which connectsDMdirectly to the SM lepton
sector, improves the detection prospect of the WIMP, as well as the partner pFIMP.
However, such possibilities are constrained strongly by the non-observation of lep-
ton flavor-violating decays. Interestingly, this also makes it possible to probe such
models in future low-energy experiments. In this section, we have tried to establish
such connections and find parameter space which respects the limits fromDM relic,
direct, indirect, and lepton flavor violation (LFV). We also recast the constraints
from di-lepton/di-tau plus missing energy signal at the LHC on our model and pro-
vide projections for HL-LHC and future lepton colliders. Although the LFV and
collider limits mainly concern WIMPs, the parameter space for pFIMPs is also con-
strained due to its strong connection to WIMPs through DM relic density and de-
tection prospects. The discussion in this chapter is based on Ref . [639].

6.2.1 Introduction
In this section, we explore a WIMP-pFIMP framework where the WIMP interacts
with the SM sector through the lepton portal in addition to the usual scalar-portal
interaction. In lepton portal DM models [633, 664–667], DM couples directly to a
charged lepton and mediator. This kind of model has a rich phenomenology at the
collider experiments, which will give rise to a unique signature. Not only that, these
interactions also lead to lepton-flavor violating decays, which are absent in the SM.
Thus, parameter space of such models can be constrained by low energy experi-
ments, on the other hand, it is also possible to look for signals of this model in fu-
ture low energy experiments as well. Consequently, we are interested in exploring
the complementarity between LHC constraints and the limits set by lepton flavor
violation. At the same time, we also look into the signal at the direct and indirect
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detection experiments coming from such a scenario.
The plan of our work is as follows. In Section 6.2.2, we discuss our model. The

constraints on our model from lepton flavor violation are taken into consideration
in Section 6.2.3. In Section 6.2.4, the dark matter phenomenology involving WIMP-
pFIMP and all the constraints from the direct and indirect searches are discussed.
Finally, in Section 6.2.4, we recast LHC constraints on our model and then calculate
projections at HL-LHC as well as future lepton colliders. We summarize our results
in Section 6.2.5.

6.2.2 The Model
Ourmainmotivation in thiswork, is to connect the lepton-flavor sectorwith the dark
sector which can be enabled by lepton portal mechanism. In addition, we also want
to explore the pFIMP regime, in a lepton portal DM model. Keeping these in mind
we write the minimal Lagrangian in Eq . (6.31).

L =LSM + µ2
HH

†H − λH(H
†H)2 +

1

2
|∂µϕ|2 −

1

2
µ2
ϕϕ

2 − 1

4 !
λϕϕ

4 + |∂µΦ|2

− µ2
Φ|Φ|2 − λΦ|Φ∗Φ|2 −

1

2
µ3

[
Φ3 + (Φ∗)3

]
− 1

2
λϕHϕ

2H†H − λΦH|Φ|2H†H

− 1

2
λΦϕ|Φ|2ϕ2 + ψ [iγµ (∂µ + ig′YBµ)−mψ]ψ −

∑
ℓ

yℓψℓRΦ + h.c. .

(6.31)

In this context, one of the simplest approaches is to define the interaction terms
that connect the SM fermions to the DM through charged dark sector particles. In a
simplified scenario, this charged partner is coupled to the right-handed SM fermions
(fR) through a renormalizable interaction term, like,ΨfRΦwhereΨ andΦ represent
a vector-like Dirac fermion and a scalar, respectively. The Ψ could serve as a viable
DM candidate if Φ carries SM-like charges, similar to SM fermions. Alternatively,
Φ could be a DM candidate [664, 668], provided that Ψ is a charged Dirac fermion
having SM hypercharge [666]. Crucially, the charged particle will ultimately decay
into DM and SM fermions in both scenarios.

These kinds of interaction terms can influence a connection between SM flavor
anomalies, flavor violating decays and DM phenomenology. Here, we only focused
on the LFV decays, while other aspects will be addressed elsewhere. Introducing
a new co-annihilating partner, such as a charged particle, may lead to an under-
abundant parameter space, which could be resolved by introducing an additional
DM component to account for the remaining relic density. Different types of multi-
particle DM scenarios are possible, depending on the interactions between DM and
SMparticles, aswell as DM-DM interactions. Themost promising scenarios: WIMP-
WIMP [300, 597], WIMP-FIMP [301, 313], andWIMP-pFIMP [305–307], among oth-
ers. In this work, we focus exclusively on the WIMP-pFIMP scenario, which pro-
vides richer phenomenology than the WIMP-WIMP case, particularly in the pres-
ence of lepton portal interactions. The pFIMP does not directly couple to leptons
and only interacts via the WIMP loop, which is comparatively suppressed relative
to theWIMP. Nevertheless, a correlation can still be established between the param-
eter space permitted by LFV decay and the parameter space responsible for pFIMP
regime.
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Our model consists of two DM fields: a real scalar ϕ which transforms under
Z2 and a complex scalar Φ is transformed under Z3. The dark sector is further ex-
tended by introducing a charged vector-like lepton ψ, also transformed under Z3,
that interacts exclusively only with right-handed charged leptons (ℓR). The charges
of dark fields under Z2⊗Z3 symmetry are shown in Table 6.4, and the SM extended

Dark Fields Z2 Z3

ϕ −1 +1

Φ +1 ω/ω2

ψ +1 ω/ω2

Table 6.4: Dark sector fields and their corresponding quantum numbers while the charge fermion has U(1)Y hypercharge,
Y = −1.

Lagrangian is written as,
where g′ = (2/v)

√
m2
Z −m2

W is the U(1)Y gauge coupling. ψ4 is a vector-like lepton
(VLL) [632, 633, 664, 665] with weak hypercharge Y = −1 and charged under Z3.
For theoretical constraints on the model parameters, see the following [611].

6.2.3 Constraints on model parameters
The perturbative limit on the lepton portal coupling is yℓ <

√
4π andmψ > mΦ+me

to ensure the stability of DM candidate Φ. Furthermore, the charged fermion is
strongly constrained by the LEP [634–638], mψ ≳ 103.5 GeV. The other theoretical
constraints (unitarity, perturbativity, vacuum stability) on themodel parameters are
available in the following references [302, 669]. Higgs invisible decay constraints
are measured by ATLAS B(h → inv) < 0.107 [460] and CMS B(h → inv) < 0.15
[461] at 95% CL, applicable when mDM ≤ mh/2. The observed total decay width
of the Higgs boson (based on indirect measurement) is Γh = 3.2+2.4

−1.7 MeV [670],
while the SM expectation is 4.1 MeV [497]. The loop-mediated decay of Z boson
to WIMP is constrained by recent Z invisible decay width bound has come from
various experiments like [36, 463, 671],

ΓZ→invisible <


523± 16 MeV (CMS) ,

503± 16 MeV (LEP) ,

498± 17 MeV (L3) .

(6.32)

Lepton flavor constraints
A stringent bound on the couplings of the DM particle and the heavy VLL appears
from the measurements of the anomalous magnetic moments of leptons [222, 672–
678].These processes are lepton flavor conserving in nature. Although the anoma-

4The source of origin of low energy lepton portal renormalizable interaction term, ψℓRΦ, could be
a dimension-5 effective operator (Cℓ/Λ)ψHℓRΦ, whereψ = (ψ0 ψ−)T is a vector like Lepton doublet,
and also transform similarly under Z3 like Φ. After EWSB, obtain a term like

(
Cℓv/

√
2Λ
)
ψΦℓR ≡

yℓψΦℓR.
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Figure 6.18: Left: Diagram contributing to ℓi → ℓjγ. Right: Higgs boson decay to lepton pair, h→ ℓiℓj .

lous magnetic dipole moment of electron (∆ae = ge/2 − 1) [27, 29, 679] is known
precisely [221], SM prediction [191, 222] relies on themeasurement of fine structure
constant using the recoil velocity/frequency of atoms that absorb a photon. Cur-
rently, there is a 5.5σ discrepancy between the measurements using Rubidium-87
[219] and Cesium-133 [220].

∆ae ≡ aexpe − aSMe =

{
(−8.8± 3.6)× 10−13 (−2.4σ) (Cs)

(+4.8± 3.0)× 10−13 (+1.6σ) (Rb)
. (6.33)

The anomalousmagneticmoment ofmuon aµ = gµ/2−1 has beenmeasured by BNL
E821 and FNALexperiments yields a 4.2σ discrepancy [680] from the SMprediction,

∆aµ ≡ aexpµ − aSMµ = (2.49± 0.48)× 10−9 [217, 681]. (6.34)

Fig . 6.19 illustrates the allowed parameter space in the mΦ − yℓ plane for the fla-

(a) (b)

Figure 6.19: Figs . 6.19a and 6.19b represent the bounds on yℓ − mΦ parameter space from ∆ae and ∆aµ measurements,
respectively.

vor conserving quantities, namely lepton anomalous magnetic moment (∆aℓ). We
mention that, these anomalies and their significant deviation from the SM expecta-
tions cannot be addressed in our analysis, where yℓ ≲ 0.1 due to constraints from
lepton-flavor violating decays, which will be discussed in detail. This limitation can
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be addressed by further extensions of our model in the future. On the other hand,
the anomalous magnetic moment of the tau lepton, aτ = (gτ − 2)/2, can act as a
sensitive indicator of potential new physics [223, 224]. However, achieving a pre-
cise measurement of aτ is considerably more challenging than for the magnetic mo-
ments of electrons andmuons. In addition to the lepton flavor conserving processes,
there are potential contributions to lepton flavor violating (LFV) decays, ℓi → ℓjγ
with i ̸= j in our model. The most stringent limits on LFV decays come from Bµ→eγ5
followed by Bτ→eγ and Bτ→µγ .

Bµ→eγ < 3.1× 10−13 (90% C.L.) [225],
Bτ→eγ < 3.3× 10−8 (90% C.L.) [682],
Bτ→µγ < 4.2× 10−8 (90% C.L.) [683].

(6.35)

Fig . 6.18 show the Feynman diagrams contributing to lepton flavor conserving (i =

(a) (b) (c)

Figure 6.20: Figs . 6.20a to 6.20c represents the µ → eγ, τ → µγ and τ → eγ, respectively. In the analysis, we have set the
charged fermion mass asmψ = 450 GeV.

j) and violating (i ̸= j) processes. Fig . 6.19 illustrates the parameter space that can
accommodate the anomalies ∆ae and ∆aµ, represented by different color shades
according to mass of the mediator ψ. Fig . 6.20 illustrates the allowed parameter
space constrained by the lepton flavor violating processes, represented by different
color shades according to theWIMPmass. Figs . 6.20a to 6.20c, illustrate the allowed
parameter space for the LFV processes µ → eγ, τ → µγ, and τ → eγ, respectively,
within the experimental bounds (see Eq . (6.35)) in the ye − yµ, yµ − yτ , and ye − yτ
planes. The varying color shades represent different WIMP masses in each case.

5MEG II claims to achieve a future sensitivity for the µ→ eγ branching ratio of 6× 10−14 [226].
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Higgs decay to lepton pairs

At the LHC, for a Higgs boson mass of 125 GeV, the observed upper limits on the
branching fraction of its decay to lepton pairs, at 95% C.L. are given below:

Bh→ee < 3.0× 10−4 [684] ,
Bh→µµ < 2.6+1.3

−1.3 × 10−4 [685] ,
Bh→ττ < 6.0+0.8

−0.7 × 10−2 [685] ,
Bh→eµ < 4.4× 10−5 [686] ,
Bh→µτ < 1.5× 10−3 [687] ,
Bh→eτ < 2.0× 10−3 [688] ,

(6.36)

where Bh→ℓiℓj = Γh→ℓiℓj/Γ
total
h and Γtotal

h = 4.1 MeV [689, 690]. However, even the
most stringent bound on h → eµ is far less restrictive compared to the µ → eγ
constraint, hence they do not constrain our parameter spaces any further.

6.2.4 Dark Matter phenomenology

In the extended SM Lagrangian, as presented in Eq . (6.31), we have introduced
three new particles ψ, Φ, and ϕ. The real scalar particle ϕ is absolutely stable, in the
absence of its decay term owing to Z2 symmetry. Among the complex scalar and
vector-like charged fermion, the lightest one will serve as a stable DM candidate,
and the responsible symmetry is Z3 in this case. The corresponding charges for
these particles under these symmetries transformations are provided in Table 6.4.
Another key point to highlight is that a charged DM [65, 691–698] is heavily con-
strained by observations, and hence we do not consider the charged DM possibility
in our context. Therefore, we always choose mψ > mΦ + me to ensure that Φ re-
mains a stable DM candidate. Finally, these two DM components (ϕ and Φ) would
contribute to the total DM relic density. We emphasize that, the -Higgs-portal cou-
pling of ϕ, λϕH is taken 10−12, in order to ensure pFIMP dynamics as discussed in
[305, 306]. In the rest of the chapter, we exclusively consider this regime.

cBEQ and relic density

Let us assumeCP conservation exists inside the dark sector. The coupled Boltzmann
equations (cBEQ) for the two DMs, where Yw = YΦ + YΦ∗ + Yψ+ + Yψ− and Y eq

w =
Y eq
Φ + Y eq

Φ∗ + Y eq
ψ+ + Y eq

ψ− , is

dYϕ
dx

=
2 s

xH(x)

[
1

s

(
Y eq
h − Y eq

h

Y 2
ϕ

Y eq2

ϕ

)
⟨Γ⟩h→ϕ ϕ +

(
Y eq2

SM − Y eq2

SM

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩SM SM→ϕ ϕ

+

(
Y 2
w − Y eq2

w

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩effconv

]
, (6.37)

dYw
dx

= − s

xH(x)

[(
Y 2
w − Y eq2

w

)
⟨σv⟩effann +

1

2

(
Y 2
w − YwY

eq
w

)
⟨σv⟩effsemi +

(
Y 2
w − Y eq2

w

Y 2
ϕ

Y eq2

ϕ

)
⟨σv⟩effconv

]
,
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where Yi = ni/s, ni is the number density of ith particle, s is the entropy density, and
other terms carry the usual meaning.

⟨σv⟩effann = ⟨σv⟩Φ Φ∗→SM SM
neq

2

Φ

neq
2

w

+ ⟨σv⟩ψ− ψ+→SM SM

neq
2

ψ

neq
2

w

+ 2⟨σv⟩ψ−Φ∗→SM SM

neqψ n
eq
Φ

neq
2

w

,

(6.38)

⟨σv⟩effsemi = 2⟨σv⟩ψ− Φ→Φ∗ SM

neqψ n
eq
Φ

neq
2

w

+ 2
(
⟨σv⟩Φ Φ→ψ+ SM + ⟨σv⟩Φ Φ→Φ∗ SM

) neq2Φ

neq
2

w

, (6.39)

⟨σv⟩effconv = ⟨σv⟩Φ Φ∗→ϕ ϕ
neq

2

Φ

neq
2

w

, (6.40)

where SM = {h, W±, Z, leptons, quarks}. The total relic density is given by, in
terms of DM yields as the solution of cBEQ,

ΩDMh
2 = 2.744× 108 [mΦYw +mϕYϕ]x→∞ . (6.41)

We numerically solved the cBEQ using micrOMEGAs [513] after importing the model
generated with FeynRules [699, 700]. The results of the cBEQ solution and the relic
allowed parameter space are illustrated in Figs . 6.22, 6.23 and 6.25.

Direct detection
DM-nucleus scattering is one of the crucialmethods for detecting darkmatter (DM).
Experiments such as XENON1T [578], XENONnT [358], and LUX-ZEPLIN [514]
have set an upper limit on the DM-nucleon scattering cross-section, while PandaX-
xT [516] and DARWIN/XLZD [517] provides projected limits. In our model, both
DMs are weakly coupled with the visible sector and might have a possibility of de-
tection in future direct detection experiments. In Fig . 6.21, we represent the possible
Feynman diagram of DM-nucleon scatterings.

Φ Φ

N N

h

(a)

ϕ ϕ

N N

Φ Φ

h

(b)

Figure 6.21: The Feynman diagrams are corresponding to the direct detection of WIMP (8.6) and pFIMP (7.2f).

WIMP

The complex scalar WIMP Φ interacts with the target nucleus through a Higgs-
mediated process shown in Fig . 8.6, enabled by the Higgs portal interaction. In the
WIMP-pFIMP scenario, we use the effective WIMP-nucleon cross-section, which is,
σeff
ΦN = (ΩΦh

2/ΩDMh
2)σSI

ΦN where σSI
ΦN is the spin-independent (SI) WIMP-nucleon

scattering cross-section. In Fig . 6.22, we illustrate the relic-allowed parameter space
in the mΦ − σeff

ΦN plane, with the color bar representing the variation of the param-
eters as described above the color bar, while the remaining parameters are detailed
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(a) (b)

(c) (d)

(e)

Figure 6.22: In Figs . 6.22a to 6.22e, the relic-allowed parameter space for WIMPs is shown in the mΦ − σeff
ΦN plane. The

grey-shaded regions are excluded by the observed limits from XENON1T, XENONnT, and LUX-ZEPLIN, while the projected
limits from PandaX-xT (orange) and DARWIN/XLZD (brown) are represented by dashed lines. In all plots, we have used
λϕH = 10−12, yµ = 10−3 and the black points are ruled out by the LFV (µ+ → e+γ) constraint.

in the figure’s inset. In this plane, we also illustrate the LFV constraint, where the
process µ+ → e+γ provides the most stringent limit, and the black points violate
this limit. Other LFV limits can be ignored as they are less stringent in comparison
to this.

In Figs . 6.22a to 6.22e, we show the dependency of λΦH, λΦϕ, ∆, ye = yτ and δm,
respectively in the relic andDD, through the pastel color-bar. Here, we have defined,
∆ = mΦ−mϕ and δm = mψ−mΦ. Below the Higgs resonance, most of the region is
excluded by the LFV limit, although it remains viable under the DM relic constraint
due to the large lepton portal coupling, and is allowed by the SI DD constraint for
small values of λΦH, regardless of λΦϕ. In the low mass regime, i.e . below Higgs
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mass, theDM relic is adjusted by the other processes that are not involvedwith hΦΦ∗
vertex, which is reflected in Fig . 6.22a. Above theHiggsmass, ψmass also gradually
increases followingmψ = mΦ +me, hence, the LFV bound is much more relaxed. In
this mass regime, λΦϕ coupling plays a crucial role in DM relic density, as we see in
Fig . 6.22b. However, the DM-DM conversion plays an important role in the DM relic
for both DM mass hierarchical scenarios, mostly through the four-point interaction
with vertex factor λΦϕ. In Fig . 6.22c we have shown the effect of DMmass hierarchy
through ∆ = mΦ − mϕ. If mΦ > mϕ, then Φ → ϕ conversion is more efficient
compared to the opposite. For positive∆, around theHiggsmass,Φ → ϕ conversion
makes the Φ under abundant and ϕ mostly contributes to the total DM relic. This
is also true for the higher mass regimes, but all kinds of contributions are feasible.
In Fig . 6.22d we have shown the variation of the lepton portal coupling (ye = yτ)
keeping other couplings fixed and yµ = 10−3. These couplings are more relevant for
a minute Higgs portal coupling to avoid the DD bound. Finally, in Fig . 6.22e, we
show the variation of the mass difference between WIMP and charged fermion by
δm and represent it through the pastel color bar. This parameter space will be useful
for collider analysis.

pFIMP

The real scalar pFIMP (ϕ) interacts with the target nucleus through the WIMP loop
and Higgs-mediated process shown in Fig . 7.2f, enabled by the WIMP-Higgs portal
and WIMP-pFIMP interactions. Here, we are using the SI effective pFIMP-nucleon
cross-section, which is σeff

ϕN = (Ωϕh
2/ΩDMh

2)σSI
ϕN. The pFIMP-nucleon scattering is

(a) (b)

Figure 6.23: pFIMP Relic allowed parameter space in mϕ − σeff
ϕN and mϕ − ⟨σv⟩effϕϕ→bb

plane. In all plots, we have used
λϕH = 10−12 and the black points are ruled out by the µ+ → e+γ LFV constraint, see Eq . (6.35).

only possible via a 1-loop mediated process, see Fig . 7.2f. This σSI
ϕN cross-section

predominantly depends on λΦH and λΦϕ, while the effect of the DMmass in the loop
is minimal as it only contributes through logarithms. We already have discussed the
λΦϕ effect in DM relic in Fig . 6.22b, where we have shown the correlation between
λΦϕ and λΦH, which is inversely correlated to each other to adjust the DM relic and
respect the observed DD limit. The use of a small λΦH value allows the WIMP to
stay within the current DD limit. However, this also increases the relic of theWIMP,
which is then adjusted by the enhancement of λΦϕ. However, this choice does not
impact σSI

ϕN, and this effect is more noticeable at higher mass ranges. In Figure 6.23a,
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the relic-allowed parameter space is depicted in themϕ−σeff
ϕN plane. As these points

depend on the effective relic contribution of pFIMP, the scanning behavior relies on
the characteristics of WIMP. However, around the Higgs resonance, some points fall
within the direct detection constraint, while above it, the parameter space is mostly
open for future detection.

Indirect detection
TheAMS-02 experimental data [701, 702] on cosmic ray positrons shows that at high
energies, the primary source of positrons is either dark matter annihilation or other
astrophysical sources. Therefore, using the AMS-02 data on positron flux sets an
upper limit on the rate of dark matter annihilation to electron-positron pairs with
a branching ratio of 100%. The gamma-ray observations of Milky Way dSphs from
six years of Fermi Large Area Telescope (Fermi-LAT) data [521, 703, 704] reported
no significant detections. They presented upper limits on the DM self-annihilation
cross-section for 15 dwarf spheroidal satellite galaxies (dSphs) and projected sen-
sitivity for 45 dSphs with 15 years of observation [705]. The DM semi-annihilation
cross-section is constrained by gamma-ray observations from Fermi-LAT [519], as
well as the projected limits from H.E.S.S [706] and CTA [707].

Φ

Φ

b

b

h

(a)

Φ Φ

Φ h

Φ

(b)

ϕ

ϕ

b

b

h
Φ

Φ

(c)

Φ γ

Φ γ

ψ/e

ψ/e

ψ/e

ψ/e

(d)

Figure 6.24: The Feynman diagrams are related to the indirect detection of WIMP and pFIMP.

In this work, the key processes depicted in Fig . 6.24 play a crucial role in es-
tablishing the limit on the self-annihilation cross-section of WIMPs and pFIMPs, as
well as on the semi-annihilation of WIMPs. In Figs . 6.23b and 6.25, we have rep-
resented the relic allowed parameter space. Some points are excluded by indirect
limits on DM self and semi-annihilation cross-sections from different indirect obser-
vations. Here, we use the effective DM annihilation cross-section, which is the DM
annihilation cross-section multiplied by the normalized effective DM number den-
sity. In Figs . 6.25a to 6.25d, we have represented the relic allowed parameter space
inmΦ−⟨σv⟩effΦΦ∗→e−e+ ,mΦ−⟨σv⟩eff

ΦΦ∗→bb,mΦ−⟨σv⟩effΦΦ∗→γγ , andmΦ−⟨σv⟩effΦΦ→Φ∗h plane,
respectively.

WIMP

In Fig . 6.25a, the indirect bound on the DM annihilation to electron-positron pair,
using AMS-02 data, excludes some of the relic parameter space in belowHiggsmass
regime. This is because the larger lepton portal coupling is required to achieve the
correct relic. In this regime, the Higgs portal processes are always suppressed. A
similar explanation is also applicable to other processes, as shown in Fig . 6.25. In
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(a) (b)

(c) (d)

Figure 6.25: In this figure, we represent the relic allowed parameter space. Figs . 6.25a and 6.25b show the exclusion region
from AMS-02 and Fermi-LAT limit on WIMP annihilation to electron and bottom pair, respectively. Fig . 6.25c represents the
exclusion region using data from Fermi-LAT and Planck, indicated by different color shades. We’re narrowing down our
parameter space forWIMP semi-annihilation in Fig . 6.25d using H.E.S.S, Fermi-LAT, and CTA data. In all plots, we have used
λϕH = 10−12, and the black points are ruled out by the LFV constraint µ+ → e+γ, as shown in Eq . (6.35).

Fig . 6.25b, the Higgs resonance regime is excluded by the Fermi-LAT data on DM
annihilation to the bottom pair. Additionally, there is a stringent limit from WIMP
annihilation into photon pairs based on Fermi-LAT observations. However, this
does not constrain the parameter space (Fig . 6.25c), as the process is only possi-
ble through 1-loop box diagrams (Fig . 6.24d). Finally, in Fig . 6.25d, some of the
WIMP parameter space is also constrained, and near Higgs mass, some points are
excluded by the Fermi-LAT, CTA, and H.E.S.S limit on the WIMP semi-annihilation
to the Higgs.

pFIMP

The pFIMP annihilation occurs exclusively through a 1-loop mediated process, as
shown in Fig . 7.2g. In the case of pFIMPs, most parameter space remains viable, ex-
cept near the Higgs resonance region. In this area, certain points are excluded due
to a significant resonance enhancement of the cross-section, despite the presence
of loop suppression, as illustrated in Fig . 6.23b. Alternative indirect detection con-
straints on pFIMP annihilation and semi-annihilation become ineffective due to the
fact that the associated processes are suppressed by loop-level interactions where
the 1-loop processes are ϕ ϕ → e− e+ and ϕ ϕ → ϕ h, and the 2-loop process is
ϕ ϕ→ γ γ.
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Sensitivity at collider experiments

In this section, we study the collider sensitivity of the DM candidates. DM searches
at colliders are primarily done via missing energy (at Lepton colliders) or missing
transverse energy (primarily at Hadron colliders) signals in association with visible
particles. Typical DM searches are done concerning mono-X (X = γ, Z, h, j) signal
whereDM is produced in associationwith a visible species (X, here). However, such
signatures are subjected to huge background contamination, especially at hadron
colliders where the hadronic activities are indomitable. Even at lepton colliders, the
large SM neutrino background hinders the signal extraction to a great extent. In our
model, the possibility ofWIMP detection is greatly enhanced by the presence of lep-
ton portal interactions. The lepton portal opens up the di-lepton (also, di-tau) signal
possibility, which brings into play a wide range of kinematic observables, aiding in
better discrimination of the DM signal from the SM background. Due to the absence
of tree-level interaction with the visible sector, pFIMP detection at colliders is pos-
sible only through WIMP loop-mediated processes and, hence, always suppressed.
In the following sections, we explore the features of di-lepton/di-tau searches at the
LHC runs and its possible manifestation at proposed future lepton colliders.

Recasting the LHC limits

Most dark matter searches at the LHC focus on signatures predicted by the Mini-
mal Supersymmetric StandardModel (MSSM), a popular extension of the Standard
Model. In theMSSM, supersymmetry (SUSY) introduces new particles, the lightest
of which, often a neutralino, serves as a dark matter candidate. These searches pri-
marily look formissing transverse energy (MET) alongside other SUSYparticles like
squarks, sleptons or gluinos, which could decay into Standard Model particles and
dark matter. However, the downside to this strategy is that this renders the analysis
to cater only to a specific model. The common practice in such scenarios is to recast
the existing LHC analyses in the context of the concerned BSM model. In our case,
we recast the LHC di-lepton + MET signal studied at LHC experiments. The pro-
cess is shown in Fig . 6.27a. Regarding the di-tau signal, τ tagging is usually done
concerning the hadronic decay mode of τ lepton (τ decay to pions and neutrino),
which emerge as τ jets. The lepton decay mode of τ is disguised as lepton + MET
signals and hence is difficult to segregate in processes in which missing particles are
already present. However, the hadronic τ tagging turns out to be a strenuous task
at the LHC as the light jets (g, u, d, s, c jets), which are omnipotent at the hadron
collider, can mimic the τ jets to some extent. This problem is aggravated by the fact
that the τ jets emerge from EW processes, whereas the light jets dominantly appear
from QCD backgrounds having large cross-sections. Hence, we restrict ourselves
to the di-lepton signal only. We recast the ATLAS slepton pair decay to di-lepton
and neutralinos (which appear as MET) at 13 TeV LHC at an integrated luminosity
of 139 fb−1 [708]. The model implementation is done using FeynRules. The MC
events are generated in MG5 aMC [709] and the events are showered using Pythia8

[710]. The showered events are fed into CheckMATE2 [711] (build upon Delphes3

[712] and Fastjet3 [713–715]). CheckMATE2 uses CLs method [716] to determine
the 95% C.L. exclusion limits. The events are generated at different (mψ,mΦ) bench-
marks. The 95%C.L. exclusion limit is shown in Fig . 6.26. Event selections aremade
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using the following selection cuts: Opposite sign leptons, pℓℓT > 25GeV,Mℓℓ > 25GeV
and Nb = 0, where pℓℓT is the vector sum of the pT of the leptons,Mℓℓ is the invariant
mass of the leptons andNb is the number of b-jets. The signal regions are defined in
Table 6.5.

Different flavor leptons, nj = 0 Same flavor leptons, nj = 0

Mℓℓ > 100 GeV Mℓℓ > 121.2 GeV

/ET > 110 GeV /ET > 110 GeV

/E
sig
T > 10

√
GeV /E

sig
T > 10

√
GeV

mT2 > 100 GeV mT2 > 100 GeV

Different flavor leptons, nj = 1 Same flavor leptons, nj = 1

Mℓℓ > 100 GeV Mℓℓ > 121.2 GeV

/ET > 110 GeV /ET > 110 GeV

/E
sig
T > 10

√
GeV /E

sig
T > 10

√
GeV

mT2 > 100 GeV mT2 > 100 GeV

Table 6.5: Signal regions for ATLAS 13 TeV 139 fb−1 recast. Here, nj is the number of light jets, /ET is the MET, /EsigT is the
MET significance defined as /ET /

√
HT whereHT is the scalar sum of pT of visible particles andmT2 is the stranverse mass

[445–447, 717].

A similar analysis is repeated for HL-LHC 14 TeV 3000 fb−1 using CheckMATE2

projection card dilepton HL. The signal regions are defined to be same as [718].
The 95% C.L. exclusion limit for the HL-LHC projection is shown in Fig . 6.26. We
observe that the exclusion limits almost double to that of the LHC 13 TeV case.

Figure 6.26: Bounds on mψ −mΦ plane. The colored lines bound the closed region disallowed by Solid: Recast of ATLAS
dilepton + MET search (13 TeV, 139 fb−1) Dashed: Projection of dilepton + MET search at HL-LHC (14 TeV, 3000 fb−1). The
grey shaded region corresponds to the parameter space allowed from the LFV µ decay for different ye/µ (yτ arbitrary). The
region above each shade is allowed indefinitely for that shade. mψ < mΦ is disallowed from on-shell production of ψ and is
separated by the dashed black line.
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Search at future lepton colliders
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Figure 6.27: Feynman diagrams 6.27a (6.27b, 6.27c) correspond to di-lepton/di-tau + /ET (/E) signal at the LHC (ILC).

The dilepton signal processes corresponding to WIMP production at lepton col-
liders are shown in Fig . 6.27. The choice of lepton collider has a 3-fold justifica-
tion. Firstly, the near-absence of hadronic activities at lepton colliders provides a
cleaner environment for the study of missing energy signals. The reduced QCD
backgrounds ensure lesser contamination of τ jets from lightQCD jets. Secondly, the
lepton portal connection of theWIMP opens up a t-channel possibility (as shown in
Fig . 6.27c), where the lepton portal coupling explicitly enters the production cross-
section. However, at low centre-of-mass (CM) energies, the s-channel will domi-
nate, and the effect of the t-channel will be subdued6. Thirdly, since lepton colliders
have a definite CM energy of the hard processes, this allows us to introduce the
variable, missing energy (/E), apart from MET. This variable is significant as this
encodes information about the mass of the DM and the VLL. This is illustrated for
di-lepton/di-tau + /E signal in Fig . 6.28.

We perform the analysis at the ILC (
√
s = 1 TeV). For the di-lepton signal, we

choose two opposite sign leptons. We further choose events with no jets. The signal
processes are ℓℓΦΦ, ℓτℓΦΦ and τℓτℓΦΦ where, τℓ is the leptonic τ decay products.
The relevant SM backgrounds are ℓℓνν, ℓτℓνν, τℓτℓνν arising from hard processes like
WW, ZZ, ℓℓZ, ννZ, etc. and τℓτℓ (fully leptonic decay mode of τ pair production).
Similarly, for the di-tau signal, we choose two τ jets with no additional leptons or jets
in the event. The tagging efficiency of τ jets is 60%, and the efficiency of mistagging
a light jet as τ jet is 1%. The signal process is τhτhΦΦ, where τh is the hadronic
tau decay product (τ jet). The relevant SM backgrounds are τhτhνν arising from
hard processes likeWW, ZZ, ττZ, ννZ, etc. and τhτh (fully hadronic decay mode

6Multi-TeV muon colliders can be better setups to observe significant contributions from the t-
channel.
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Figure 6.28: Missing energy (/E) distributions for di-lepton (left) and di-tau (right) signals for different (mψ ,mΦ) bench-
marks.

of τ pair production). Contribution to the background from light jet final states is
found to be negligible and hence not considered. The relevant kinematic variable
distributions for signal and background processes are shown in Fig . 6.29.

The signal and background cross-sections corresponding to the di-lepton and
di-tau signal are shown in Table 6.6. For segregation of the signal from the back-
ground, we implement the following subsequent cuts, guided by the distributions
in Fig . 6.29:

• C1 :Mℓℓ/Mττ > 100 GeV,
• C2 : /E > 500 GeV,
• C3 : ∆Rℓℓ/∆Rττ < 3.

Here,Mℓℓ (Mττ ) is the invariant mass of the lepton (τ jet) pairs. The variable ∆Rℓℓ

(∆Rττ ) is the distance between the leptons (τ jets) on the detector (η, ϕ) plane. The
cuts are chosen identically for both signal processes. The cross-sections prior and
posterior to the cuts are tabulated in Table 6.6. Choosing an invariant mass cut,

Signal and Background Processes σ0 (in fb) σ1 (in fb) σ2 (in fb) σ3 (in fb)
Signal: ℓℓΦΦ, ℓτℓΦΦ, τℓτℓΦΦ 33.37 26.68 26.67 19.93

τℓτℓ 8.92 8.22 6.36 0.09
τℓτℓνν 2.60 0.88 0.78 0.07
ℓτℓνν 32.16 26.72 14.04 5.74
ℓℓνν 249.94 184.49 64.54 43.83

Background (Total) 293.62 220.31 85.72 49.73

Signal and Background Processes σ0 (in fb) σ1 (in fb) σ2 (in fb) σ3 (in fb)
Signal: τhτhΦΦ 1.14 0.90 0.90 0.66

τhτh 16.21 16.07 3.29 0.03
τhτhνν 5.20 2.50 1.75 0.58

Background (Total) 21.41 18.57 5.04 0.61

Table 6.6: Cross sections following subsequent cuts for di-lepton signal, including leptonic τ decays (top) and di-tau
(hadronic) signal (bottom). σ0, σ1, σ2 and σ3 are the cross section post sequential cuts, C1, C2 and C3 respectively. The
signal correspond to the benchmark: mψ = 400 GeV,mΦ = 250 GeV, ye = yµ = yτ = 0.01.

Mℓℓ/Mττ > 100 GeV wipes out backgrounds where the leptons/τ jets are products
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Figure 6.29: Kinematic distributions corresponding to signal and background processes of di-lepton + /E (left) and di-tau +
/E (right) signal at ILC 1 TeV. The signal correspond to the benchmark: mψ = 400GeV,mΦ = 250GeV, ye = yµ = yτ = 0.01.

of Z decay. The most important variable is the missing energy of the event. The
presence of massive DM results in missing energies to peak at higher values com-
pared to most SM backgrounds. A missing energy cut of /E > 500 GeV significantly
reduces the major backgrounds in the case of both signals while keeping the signal
numbers almost unaltered. Finally, τ pair backgrounds can be significantly reduced
by choosing∆Rℓℓ/∆Rττ to be less than 3. Here, the signal correspond to the bench-
mark: mψ = 400GeV,mΦ = 250GeV, ye = yµ = yτ = 0.01. Tuning these lepton portal
couplings alters the branching ratios of ψ decay, which significantly affects the sig-
nal cross sections. The signal significance contours plotted on ye/µ − yτ plane are
shown for both the signal processes in Fig . 6.30. The signal significance is defined
as:

Significance =
σs√
σb

×
√
L . (6.42)
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Here, σs and σb are the signal and background cross sections post cutflow. L is the
integrated luminosity. The couplings ye/µ are strongly constrained from µ→ eγ LFV
decay, however the same doesn’t apply for yτ . Hence, for certain parameter space
regions di-tau may appear to be better choice as signal despite lower cross section.
This has been illustrated in the plots. The parameter space is unaffected by future
sensitivities of µ→ eγ branching measurements at MEG II.

Figure 6.30: Signal significance contours in ye/µ − yτ plane. The integrated luminosity is taken to be L = 100 fb−1. The
signal correspond to the benchmark: mψ = 400 GeV,mΦ = 250 GeV.

6.2.5 Summary and Conclusion
In this section, we have studied a minimal extension of the Standard Model (SM)
containing a real and a complex scalar DM, stable under Z2 ⊗ Z3 symmetry. Ad-
ditionally, we introduced a Dirac vector-like lepton (VLL) with hypercharge −1,
which transforms under Z3 symmetry in a similar manner to the complex scalar
DM. This VLL connects the DM and the lepton sector, hence becoming subjected to
constraints from lepton-flavor violation on the DM relic allowed parameter space.
In Section 6.2.3, we discussed the constraints from lepton flavor anomalies and lep-
ton flavor violating decays. Although lepton flavor-conserving processes, such as
muon g − 2 and electron g − 2, are less restrictive in our analysis region (yℓ ≲ 0.1),
the lepton flavor-violating (LFV) decay mode µ → eγ significantly constrains the
parameter space. In our analysis framework, the constraints from Higgs boson de-
cays to di-leptons are less stringent than those from LFV processes and can therefore
be disregarded.

In Section 6.2.4, we provide a comprehensive discussion of the DMphenomenol-
ogy. In the WIMP-pFIMP scenario, the cBEQ has been written in the standard man-
ner, but the only difference arises from the pFIMP interaction terms, most impor-
tantly the conversion terms, which is key to thermalization of FIMP, i.e. pFIMP sce-
nario. The total DM relic density, attributed to both WIMPs and pFIMPs, is calcu-
lated by solving the cBEQ. This has been discussed in the two subsections that focus
on the effective spin-independent WIMP/pFIMP-nucleon scattering cross-section
and the production of SM particles through WIMP/pFIMP annihilation. The lim-
its from LFV are also superimposed, resulting in the exclusion of most points be-
low mDM ∼ 100 GeV. This corresponds to a specific benchmark where yµ = 10−3,
and the limit becomes relaxed for even smaller values of yµ and stronger for larger
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values. In the case of WIMP, some points can still be probed at future DD exper-
iments, PandaX-xT or DARWIN (200 t y), etc. Concurrently, the direct detection
of pFIMP is only possible via the WIMP loop and most of the points are consis-
tent with current DD observations, and we look forward to future detection results.
The indirect detection limits could also be applicable to the WIMP annihilation to
the electron-positron (tree), bottom pair (tree) and photon pair (box-loop), and
also semi-annihilation (tree) to the Higgs. So, the observed and projection limits
from Fermi-LAT, AMS−02, H.E.S.S, and CTA (projection) also put an exclusion on
the relic and DD-allowed parameter space. The WIMP self-annihilation to electron-
positron only excludes the low mass regime, while the Higgs resonance regime is
excluded by the annihilation to bottom pair. Additionally, around the Higgs mass,
certain points are excluded for large Higgs portal coupling (λΦH ≳ 0.1), which is rel-
evant for semi-annihilation ofWIMP.However, the annihilation into two photons re-
mains unaffected at current experimental sensitivity. For pFIMPs, annihilation into
bottom quark pairs happens only through the WIMP loop process, making them
mostly unaffected by Fermi-LAT constraints, except near the Higgs resonance. In
Section 6.2.4, we explored how our model could be tested in collider experiments.
We recast the results from existing LHC studies on di-lepton + MET events in the
context of our model, allowing us to determine the exclusion limits for the masses
of the WIMP and VLL. We also estimate how these limits might improve at the HL-
LHC run, finding that the exclusion limit roughly doubles. Additionally, we pro-
posed a DM search strategy for future lepton colliders, analyzing di-lepton/di-tau
+ missing energy events at the 1 TeV run of the ILC. Finally, we compare the two
signal processes and highlight the parameter space on the ye/µ−yτ planewhere each
signal is likely to be most significant.

With a minimal extension to the SM that includes a real scalar, a complex scalar,
and a VLL, we can successfully explain the DM relic density and LFV constraints.
At the same time, this model remains consistent with current limits from direct,
indirect, and collider experiments, while allowing for the future detection ofWIMPs
and pFIMPs in these searches. Not only that, such lepton portal DMmodelswill also
leave a signature at LFV decays and can be probed at future low-energy experiments
as well. This nice feature occurs due to the presence of the Higgs portal, which is
related to direct and indirect searches for DM, as well as lepton portal interactions
relevant to LFV decay and collider searches for DM. Through our analysis, we found
that both portal interactions significantly contribute to the DM relic density.

To summarise, the detectability of pFIMP at colliders or in direct search depends
on the interactions of WIMP partners. We have provided a detailed account on such
possibilities for a couple of WIMP-pFIMP models. The segregation of pFIMP signal
from theWIMP is, however challenging, as the mass splitting between them is often
small, while the pFIMP-SM coupling depends on the WIMP-SM coupling. We plan
to work further to see if some exceptions can be thought of.
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More than one dark sector particle transforming under the same symmetry pro-
vides one stable dark matter (DM) component which undergoes co-annihilation
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 trans-
formation play a crucial role in the resultant phenomenology. In this chapter, we
systematically address the possibility of obtaining two scalar DM components un-
derZN symmetry. We consider both the possibilities ofDMbeingweakly interacting
massive particle (WIMP) or pseudofeebly interactingmassive particle (pFIMP).We
elaborate upon Z3 symmetric model, confronting the relic density allowed parame-
ter space with recent most direct and indirect search bounds and prospects. We also
highlight the possible distinction of the allowed parameter space in single compo-
nent and two component cases, as well as betweenWIMP-WIMP andWIMP-pFIMP
scenarios. The discussion in this chapter is based on Ref . [307].
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7.1 Introduction
In order to satisfy the relic density observed by the anisotropies in CMBR experi-
ments, 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 continuous) does not possess
any tree or loop-level decay terms with the visible sector. Then ideally, two different
symmetries are required to have two stable DM particles. However, it is also possi-
ble to have one long-lived DM component, where the decay terms are assumed very
small and the life time is larger than the age of the universe, which does not necessi-
tate a protection via symmetry. However, the large decay life time requires either a
kinematic suppression or the couplings involved in the process to be small or both.
We study such possibilities here with a single ZN (N = 2, 3, 4..) symmetry, where
the heavier dark sector particle is long lived and serves as the second DM compo-
nent. Our intention is to examine the phenomenology of such cases, especially their
implications in direct and indirect search aspects. 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 it to
Z2 ⊗Z ′2 and Z3 ⊗Z ′3 models. We show the consequent allowed parameter space of
the models goes beyond the so-called Higgs resonance region [305].

This chapter is organised as follows: in Section 7.2 we discussed the possibility of
getting two stable scalar DM components transforming under a singleZN symmetry
and in Section 7.3 we discuss briefly the case ofZ2 symmetry. The case pertaining to
Z3 symmetry is elaborated for both WIMP-WIMP and WIMP-pFIMP combinations
in Section 7.4. We finally summarise in Section 8.6. Appendices F.1 and F.2 provide
some necessary details omitted in the main text.

7.2 Generic discussion on two component DM under
ZN symmetry

Two stable DM components require two discrete symmetries, as studied in many
different contexts [310, 597, 719–723], while some possibilities of having two DMs
using a single discrete symmetry [600, 724–726] have also been discussed. However,
a systematic study of obtaining all such possibilities under a single symmetry still
requires attention. We address it via appropriate assumptions on the coupling pa-
rameters 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. Simi-
larly, one can also havemore than twoDM components in a trivial extension of what
we present here.

Specifically, we extend the SMwith two scalar fields Φ1 and Φ2 transforming un-
der a single ZN symmetry. The fields Φ1,Φ2 might be real or complex, depending
on their transformation under the ZN symmetry. The lighter component is auto-
matically stable, while the heavier one becomes (kinematically) stable after making
some coupling parameters vanishingly small in the non-degenerate case.

In general, the heavier dark sector (DS) particle can have (n+n′) body decay as,

heavier DS → n lighter DS + n′ SM , (7.1)
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with n, n′ = 0, 1, 2, 3..., and n + n′ ≥ 2; where 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

n mlighter > mheavier > mlighter . (7.2)

(b) When n′ ̸= 0, a kinematic condition n mlighter + n′ mSM > mheavier > n mlighter

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 adequately small leading to a long lived particle (LLP)
DM.

Further, the DMs can beWIMP, FIMP or SIMP depending on the strength of their
couplings to SM. WIMP-WIMP combination is more constrained from direct search
than WIMP-FIMP, given that FIMP is mildly constrained from DD/ID experiments
(unless the DM-nucleon/electron scattering occurs via a light mediator). On the
other hand, pFIMP receives milder constraints than WIMP having feeble DM-SM
coupling, but still remains accessible for future sensitivities of DD/ID search via
WIMP loop, having sizeable interaction with WIMP. Therefore, we are more inter-
ested in obtaining WIMP-pFIMP limit of this model, having either the lighter parti-
cle or the heavier one as pFIMP [305, 306]. In order to study two component DM,
let us first write the renormalizable scalar potential, V (Φ1,Φ2, H) (H represents SM
Higgs isodoublet), where Φ1 and Φ2 are assumed singlets under the SM, but trans-
form non-trivially under ZN ,
V(Φ1,Φ2,H) ⊃ λ1|Φ1|2H†H+ λ2|Φ2|2H†H+ λ3(Φ1Φ2 +Φ1Φ

∗
2 + h.c .)H†H+Vint(Φ1,Φ2) ,(7.3)

where λ1, λ2, λ3 are dimensionlessHiggs portal couplings, andV int(Φ1,Φ2) contains
all possible renormalizable interaction terms (with mass dimension M[2], M[3]
and M[4]) between Φ1 and Φ2 as,

M[2] : {Φ1Φ2, Φ1Φ
∗
2} + h.c ;

M[3] : {Φ1|Φ2|2, Φ2|Φ1|2, Φ1Φ
2
2, Φ1Φ

∗
2
2, Φ2

1Φ2 , Φ
2
1Φ
∗
2} + h.c ;

M[4] : {Φ2
1Φ

2
2, Φ

2
1Φ
∗
2
2, Φ2

1|Φ2|2, |Φ1|2Φ2
2, |Φ1|2|Φ2

2, Φ1Φ
3
2, Φ

∗
1Φ

3
2, Φ

3
1Φ2,

Φ3
1Φ
∗
2, Φ1Φ2|Φ1|2, Φ1Φ2|Φ2|2, Φ1Φ

∗
2|Φ1|2, Φ1Φ

∗
2|Φ2|2} + h.c.

(7.4)

In Eqs . (7.3) and (7.4), we wrote all possible interaction terms, 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 . (7.3)
needs to be sufficiently small1, further restrictions arise depending on the possible
interaction terms that one can write. If, Φ1 → ωq1NΦ1 and Φ2 → ωq2NΦ2 under ZN

symmetry, where ωqN = ei2π(q/N) 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 7.1. The interaction terms are broadly classified into four cases:

(i) q1 = q2, and q1 + q2 = N ,

(ii) q1 = q2, but q1 + q2 ̸= N ,

(iii) q1 ̸= q2, but q1 + q2 = N ,

(iv) q1 ̸= q2, and q1 + q2 ̸= N . (7.5)
1Additionally, for WIMP/pFIMP nature, λ1, λ2 can be chosen moderate (or small).
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For the first three cases in Eq . (7.5), we have to consider both kinematic con-
straints and choose some couplings vanishingly small for making the heavy DS par-
ticle stable. The heavy DS particle in all these cases decay to SM particle plus DM,
falling in the case (b) mentioned before. For the fourth condition in Eq . (7.5), i.e.
q1 ̸= q2, and q1+ q2 ̸= N , a two-component DM scenario can arise just by imposing
kinematic constraints, as here the decay of heavy DS particle occurs within the DS
only, falling into category (a) discussed above; for some example analysis of such
scenarios, see [600, 724–728]. Let us take a closer look into the possible terms that

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

Symmetry Transformation Interaction terms between DS particles

ZN

ωq1N , ω
q2
N (q1 = q2)

and q1 + q2 = N

Φ2
1, Φ

2
2, Φ

4
1, Φ

4
2, Φ1Φ2, Φ

2
1Φ

2
2, Φ

3
1Φ2, Φ

3
2Φ1

ωq1N , ω
q2
N

(q1 = q2 = q)

|Φ1|2, |Φ2|2, [Φ3
1, Φ

3
2]3q

N
∈N
, |Φ1|4, |Φ2|4, Φ1Φ

∗
2, |Φ1Φ

∗
2|2, (Φ1Φ

∗
2)

2, Φ1Φ
∗
2(|Φ1|2 + |Φ2|2),

but q1 + q2 ̸= N
[Φ2

1Φ
2
2,Φ

3
1Φ2, Φ

3
2Φ1, Φ

4
1, Φ

4
2]4q

N
∈N
, [Φ2

1Φ2, Φ
2
2Φ1]3q

N
∈N
, [Φ3

1Φ
∗
2, Φ

3
2Φ
∗
1]2q

N
∈N
, [Φ2

1Φ
∗
2, Φ

2
2Φ
∗
1] q

N
∈N

ωq1N , ω
q2
N (q1 ̸= q2)

|Φ1|2, |Φ2|2, [Φ3
2]3q2
N
∈N
, |Φ1|4, |Φ2|4, Φ1Φ2, Φ

2
1Φ

2
2, |Φ1Φ2|2, Φ1Φ2(|Φ1|2 + |Φ2|2),

but q1 + q2 = N [Φ3
1, Φ

2
1Φ
∗
2, Φ

2
2Φ
∗
1]3q1
N
∈N
, [Φ3

1Φ
∗
2, Φ

3
2Φ
∗
1, Φ

2
1Φ
∗
2
2, Φ4

1, Φ
4
2]4q1
N
∈N

ωq1N , ω
q2
N (q1 ̸= q2)

and q1 + q2 ̸= N

[Φm
1 Φ

n
2 ]mq1 + nq2

N
∈N
, [Φm

1 Φ
∗
2
n]mq1 − nq2

N
∈N

where {m, n = 1, 2, 3 and qmax
1 , qmax

2 = N − 1}

Examples of some specific symmetries: Z2, Z3 and Z4

q1 = q2 and q1 + q2 = N

Z2 ω2, ω2 Φ2
1,Φ

2
2,Φ

4
1,Φ

4
2, Φ1Φ2, Φ

2
1Φ

2
2, Φ

3
1Φ2, Φ1Φ

3
2

Z4 ω2
4, ω

2
4 Φ2

1,Φ
2
2,Φ

4
1,Φ

4
2, Φ1Φ2, Φ

2
1Φ

2
2, Φ

3
1Φ2, Φ1Φ

3
2

q1 = q2 but q1 + q2 ̸= N

Z3

ω3, ω3

|Φ1|2 , |Φ2|2 ,Φ3
1,Φ

3
2, |Φ1|4 , |Φ2|4 ,Φ1Φ

∗
2, (Φ1Φ

∗
2)

2 , |Φ1Φ2|2 ,Φ1Φ
2
2, Φ

2
1Φ2, Φ1Φ

∗
2(|Φ1|2 + |Φ2|2)

ω2
3, ω

2
3

Z4

ω4, ω4

|Φ1|2 , |Φ2|2 ,Φ4
1,Φ

4
2, |Φ1|4 , |Φ2|4 ,Φ1Φ

∗
2, (Φ1Φ

∗
2)

2 , (Φ1Φ2)
2, |Φ1Φ2|2 ,Φ3

1Φ2,Φ
3
2Φ1,Φ1Φ

∗
2(|Φ1|2 + |Φ2|2)

ω3
4, ω

3
4

q1 ̸= q2 but q1 + q2 = N

Z3

ω2
3, ω3

|Φ1|2 , |Φ2|2 ,Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ2, Φ

2
1Φ

2
2, |Φ1Φ2|2, Φ2

2Φ
∗
1, Φ

2
1Φ
∗
2, Φ1Φ2(|Φ1|2 + |Φ2|2)

ω3, ω
2
3

Z4

ω4, ω
3
4

|Φ1|2 , |Φ2|2 , Φ4
1, Φ

4
2, |Φ1|4, |Φ2|4, Φ1Φ2, (Φ1Φ2)

2, (Φ1Φ
∗
2)

2, |Φ1Φ2|2, Φ3
1Φ
∗
2, Φ

3
2Φ
∗
1, Φ1Φ2(|Φ1|2 + Φ2|2)

ω3
4, ω4

Table 7.1: Self interaction and interactions between two scalar fields Φ1 and Φ2 which transform under a discrete symmetry
ZN as Φ1 → ωq1N Φ1 and Φ2 → ωq2N Φ2 with ωqiN = ei2π(qi/N) and q1,2 being the integer charges of Φ1,2 with q1,2 =
1, 2, 3.., N − 1. Depending upon the choice of q1,2, the interaction terms are shown. N denotes set of integer numbers.

one can write involving Φ1 and Φ2 depending on their charges under ZN transfor-
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mation as shown in Table 7.1. The first sub-row of Table 7.1 shows the case when
they have same charge: q1 = q2 = q, with q = N/2. As q needs to be an integer, this
requiresN to be even. In such a situation,Φ1 andΦ2 can be two real scalar fields, and
only select few terms are allowed amidst all the possibilities listed in Eq . (7.4). The
second sub-row in Table 7.1, shows the possible terms when q1 = q2, but q1+q2 ̸= N ,
which restricts us fromwritingΦ1Φ2 term, but retaining a term likeΦ1Φ

∗
2 is possible,

allowing complex scalar fields only. It is obvious but worth reminding that the com-
plex conjugate fields possess −qi charges as Φ∗i → ωqiN

∗Φ∗i under ZN . Apart, terms
like Φ3

1,2 can only be written if 3q
N

is an integer, i.e., 3q
N

∈ N, where N denotes the set
of integer numbers. The third and fourth sub-rows show the interaction termswhen
q1 ̸= q2, q1 + q2 = N , and q1 ̸= q2, q1 + q2 ̸= N cases respectively. The restrictions that
apply in writing the interaction terms are mentioned in the subscript of the paren-
thesis. For example, Φm

1 Φ
n
2 term can be written for q1 ̸= q2, q1 + q2 ̸= N case, only

when mq1 + nq2
N

∈ N.
In the second part of Table 7.1, we have shown examples ofZ2,Z3 andZ4 to write

interaction terms betweenΦ1,Φ2 fields. ForZ2, the charges are trivial and only caters
to the possibility q1 = q2 = 1, q1 + q2 = 2; but for Z3 and Z4, other combination of
charges as in Eq . (7.5) are possible. In the table, we have omitted listing q1 ̸= q2, q1+
q2 ̸= N case for Z3 as it doesn’t exist, and for Z4 as it can be stabilised by kinematic
constraints without any fine tuning of the couplings. All the possibilities for Z2 and
Z3 symmetries to contain two DM components will be discussed in this chapter; 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 DMs.
Obviously, the number of possibilities increasewith higherN . It is interesting to note
that when we choose one or more couplings vanishingly small in the Lagrangian,
they may indicate to further restrictions or symmetries imposed to the Lagrangian.

• For example, when q1 = q2, and q1+q2 = N as in the first case as in Eq . (7.5),
imposing the constraints on relevant couplings to have two DM components
leads to ZN ⊗ Z ′N symmetric Lagrangian. This is always the case for Z2, given
the only possible charge combination.

• On the other hand, the second and third possibilities of Eq . (7.5) eventually
lead to the fourth scenario [q1 ̸= q2, q1 + q2 ̸= N] of a higher symmetry group,
after assuming relevant couplings to be vanishingly small to stop heavier DS
particle decay. In such circumstances, Z3 and Z4 symmetric cases become Z6

andZ8 symmetric scenarios respectively. The possible charge combinations of
the scalar fields pertaining toZ3 andZ4 symmetries for singleDMcase, and the
final charge assignments under Z6 and Z8 symmetries having two DMs (after
stabilisation of the heavy DS particle) are listed below. We will elaborate on
Z3 later.

Z3 [{q1, q2} : (1, 1), (2, 2)] ⊃ Z6 [{q1, q2} : (2, 5), (4, 1)] , (7.6)
Z3 [{q1, q2} : (1, 2), (2, 1)] ⊃ Z6 [{q1, q2} : (2, 1), (4, 5)] , (7.7)

Z4 [{q1, q2} : (1, 1), (3, 3)] ⊃ Z8 [{q1, q2} : (1, 5), (5, 1), (3, 7), (7, 3)] , (7.8)
Z4 [{q1, q2} : (1, 3), (3, 1)] ⊃ Z8 [{q1, q2} : (1, 3), (3, 1), (5, 7), (7, 5)] . (7.9)
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7.3 Two scalar DMs under single Z2 symmetry

Z2 symmetricmodel has been studiedwidely in several contextswith real scalar DM
(ϕi), odd (ϕi → −ϕi) under Z2 [250–252, 544, 547, 729–733]. 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 = LSM +
1

2
∂µϕ1∂

µϕ1 +
1

2
∂µϕ2∂

µϕ2 − V(ϕ1, ϕ2,H) , (7.10)

where,

V(ϕ1, ϕ2,H) =
1

2
m2
ϕ1
ϕ2
1 +

1

4!
λϕ1ϕ

4
1 +

1

2
m2
ϕ2
ϕ2
2 +

1

4!
λϕ2ϕ

4
2 +

1

2
λϕ1Hϕ

2
1(H

†H− 1

2
v2)

+
1

2
λϕ2Hϕ

2
2(H

†H− 1

2
v2) +

1

4
λϕ1ϕ2ϕ

2
1ϕ

2
2 +

1

3!
λ122ϕ1ϕ

3
2 +

1

3!
λ112ϕ

3
1ϕ2

+ µ2
ϕ1ϕ2

ϕ1ϕ2 + λϕ1ϕ2Hϕ1ϕ2H
†H . (7.11)

The model parameters obey constraints from unitarity, perturbativity and vac-
uum stability [251, 300, 734–736]. The presence of µ2

ϕ1ϕ2
term yields a non-diagonal

mass term, and upon diagonalization, we get µ2
ϕ1ϕ2

= −1

2
λϕ1ϕ2Hv

2. By default, the
model as in Eq . (7.11), represents a single component DM scenario, with lighter of
ϕ1 or ϕ2 serving as DM; where the heavier DS particle decays to DM and provides
co-annihilation channels for the DM to freeze out. In order to make the heavier DS
particle stable, we need to analyse the interaction vertices corresponding to the pos-
sible decay channels, detailed calculation is furnished in the Appendix F.1. Note for
example, the presence of ϕ3

1ϕ2 term (ϕ3
2ϕ1) can lead ϕ1(ϕ2) to decay into three ϕ2 (ϕ1).

To stop this decay, one can choose kinematical constraint like 3mDM > mDS. How-
ever, in presence ofHiggs portal couplings, two body decay (ϕ2 → h ϕ1 or ϕ1 → h ϕ2)
shown in Fig . F.2 (to on-shell Higgs) and three body decays (via off-shell Higgs)
are possible. Notably, the decay of the heavier scalar to di-photon or di-gluon final
states via one-loop graph is always possible via off-shell Higgs for non-degenerate
mϕ1,ϕ2 masses. So, one can choose sufficiently small portal coupling (λϕ1ϕ2H), so that
the decay width of heavy scalar becomes larger than the age of universe. However,
one loop decay via ϕ3

1ϕ2 and ϕ3
2ϕ1 term is still possible, see Fig . F.2. To stop them,

λ112, and λ122 couplings have to be sufficiently small as well.
Interestingly, when we block these couplings to stabilise the heavier DS particle,

we essentially get rid of all terms having combinations of ϕ1ϕ2, then the Lagrangian
eventually reduces to Z2⊗Z ′2 symmetric one, well studied in different contexts, like
in WIMP-WIMP scenario [300], WIMP-pFIMP scenario [305] etc. The only subtle
difference between a pure Z2 ⊗Z ′2 symmetric scenario to that of single Z2 with two
DM is that, for the latter, we are getting one stable DM and one LLP, while under
two different Z2 symmetry, we get two stable DMs, although the phenomenology is
identical in both the cases.
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7.4 Two scalar DMs under single Z3 symmetry
In this section, we will discuss two complex scalar fields transforming under single
Z3 symmetry and its phenomenology in single and two-component DM scenarios.
We will also discuss the comparison with two-component DM scenario in Z3 ⊗ Z ′3
set up [585].

7.4.1 The model

DS Fields Z3

Complex scalar Φ1 ω/ω2

Complex scalar Φ2 ω2/ω

Table 7.2: Model particle contains and their transformation way, with ω = ei2π/3.

The SM extended dark sector Lagrangian containing two complex scalar fields that
transform differently underZ3 symmetry (see Table 7.2) is written as [585, 611, 613,
669, 727, 737–739],

L = LSM + |∂µΦ1|2 + |∂µΦ2|2 − V (Φ1,Φ2,H) , (7.12)

where,

V (Φ1,Φ2,H) = −µ2
HH
†H+ λH(H

†H)2 +m2
Φ1
|Φ1|2 + λΦ1|Φ1|4 +m2

Φ2
|Φ2|2 + λΦ2|Φ2|4

+ λ1H |Φ1|2(H†H− v2

2
) + λ2H |Φ2|2(H†H− v2

2
) +

1

2
λ12(|Φ1|2|Φ2|2 + |Φ1Φ2|2)

+
1

2
λ12H(Φ1Φ2 + h.c.)(H†H) +

1

2
λ′12(Φ

2
1Φ

2
2 + h.c.) +

1

2

[
µ1Φ

∗
1Φ

2
2 + µ2Φ

2
1Φ
∗
2

+ µ3Φ
3
1 + µ4Φ

3
2 + µ2

12Φ1Φ2 + h.c.

]
+

1

2

[
λ3Φ1Φ2|Φ1|2 + λ4Φ1Φ2|Φ2|2 + h.c.

]
.

(7.13)

For λH , λi > 0 and µ2
H < 0, the Higgs field acquires non-zero vev (v), with

H =
(
0 (h+ v)/

√
2
)T, and results in electroweak symmetry breaking (EWSB). The

theoretical and experimental constraints on the model parameters are as follows:

• Unitarity
The unitarity bound from infinite scattering limit is given by [740],

|λiH | ≤ 8π, |λi| < 4π . (7.14)

• 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 themodel is given
by [610],

|λiH | ≤ 4π, |λi| < π . (7.15)
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• Vacuum stability
The necessary conditions required to stabilise the potential are,

λH > 0, λi > 0, λiH + 2
√
λiλH > 0 . (7.16)

The maximal allowed value of the cubic parameters µ3,4 is approximately equal to
µ3 = 2

√
λ1mΦ1 , µ4 = 2

√
λ2mΦ2 [575, 613, 741, 742]. However, we take the cubic

coupling up to twice the lightest DM mass for simplicity.

• Higgs invisible decay width
The most sensitive limits on Bh→inv are obtained from VBF searches at

√
s = 13 TeV

LHC, excluding Bh→inv < 0.18 (0.10) observed (expected) at 95% C.L using 138 fb−1
of CMS data [495], and Bh→inv < 0.15 (0.10) using 139 fb−1 of ATLAS data [496].

7.4.2 Single component DM
In the potential given by Eq . (7.13), we havewritten all possible terms are respecting
theZ3 symmetry. Note that the termΦ1Φ2 can bewritten since bothΦ1 andΦ2 rotate
under the same Z3, which is not present in Z3 ⊗ Z ′3 [585]. But, the presence of this
term gives us a non-diagonal mass term unless we choose µ2

12 = −λ12Hv2/2.
By default, the Lagrangian describes a complex scalar singlet DM, stable under

Z3 symmetry, which has been studied in different contexts [737, 743]. Here we re-
cap this scenario with the trending bounds on DM available from direct and indi-
rect searches. Here, we have takenΦ1 as our DM, butΦ2 is equally possible, and DM
phenomenology remains unaltered. The relic density of DM is governed by its anni-
hilation channels. Additionally, we can have co-annihilation and semi-annihilation
contribution in presence of heavy DS particle. This new degrees of freedom gives
more allowed parameter space compared to the only oneZ3 symmetric DM scenario
[611, 613]. As we focus on GeV scale DM, n → 2 (n > 2) depletion processes are
always subdominant to 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 sizeable portal
couplings: (λ12H , λ3, µ2). The key free parameters that govern DM analysis are,

{mΦi , λj, µj, λiH , λ12H , λ12, λ
′
12} . (7.17)

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.

• BEQ and Relic density
The Boltzmann equation (BEQ) in this case is relevant to the total yield, YΦ =

∑
i

Yi =

YΦ1 +YΦ∗
1
+YΦ2 +YΦ∗

2
including the complex conjugate fields and heavier dark sector

fields as the heavier ones decay to DM, and is given by [306, 585, 724–726, 744],

dYΦ
dx

= − s

x H(x)

[
⟨σv⟩effSM(Y 2

Φ − Y eq2

Φ ) +
1

2
⟨σv⟩effsemi(Y

2
Φ − YΦY

eq
Φ )

]
; (7.18)

where,

⟨σv⟩effSM =
∑
i,j

⟨σv⟩i j→SM SM

neq
i n

eq
j

(neq
Φ )2

, ⟨σv⟩effsemi =
∑
i,j,k

⟨σv⟩i j→ k SM

neq
i n

eq
j

(neq
Φ )2

,
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and
neq
Φ =

∑
i

neq
i = neqΦ1

+ neqΦ∗
1
+ neqΦ2

+ neqΦ∗
2
.

We can also express the effective semi-annihilation cross-section as,

⟨σv⟩effSM =

[∑
i

gim
2
iK2

(mi

T

)]−2∑
i,j

⟨σv⟩ij→SM SM gigj m
2
im

2
jK2

(mi

T

)
K2

(mj

T

)
,(7.19)

where gi denotes internal degrees of freedom and K2 denotes Bessel function of
second kind. We have numerically solved the BEQ, Eq . (7.18), and verified it us-
ing micrOMEGAs [587] after importing the Z3 symmetric model using FeynRules
[699]. 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 . 7.1.

In Fig . 7.1a, we show the relic under abundance in terms of DM mass and Ωh2.
The darkrainbow color bar shows the variation of λ1H . With the presence of Higgs-
mediated s−channel diagrams, Higgs resonance drop is observed at mΦ1 ∼ mh/2.
The presence of a semi-annihilation process, ΦiΦj → Φkh provides another dip
near mΦ1 ∼ mh. DM relic density decreases with larger portal and cubic couplings
through annihilation, co-annihilation and semi-annihilation. When we move away
from Higgs mass regime, the relic density decreases due to less (semi) annihilation
contribution and requires larger λ1H coupling. The shape of the parameter space is
otherwise very typical to single component scalar DM model connected via Higgs
portal. Semi-annihilation and co-annihilation contribution moves the whole spec-
trum downwards towards smaller relic density and allows smaller values of λ1H .

• Direct detection limit fromWIMP-nucleon inelastic scattering
The relic density allowed parameter space is further constrained by non-observation
of DM in direct search, resulting in a lower bound on DM nucleon scattering cross
section from direct detection experiments like, XENONnT [358] and LUX-ZEPLIN
[514] etc,. The self-annihilation and semi-annihilation of this Z3 WIMP are also
constrained by the Fermi-LAT [519], CTA [707], and H.E.S.S. [706] data.

The DM-nuclei scattering is governed mainly by the Higgs portal interaction
termΦ1Φ

∗
1(H

†H). For complex scalar DM, the spin-independent DM-nucleon inelas-
tic scattering cross-section is an observed quantity in direct detection experiments,

σSI
Φ1

=
µ2
nm

2
n

4πv2m2
Φ1

f 2
n

m4
h

λ2hΦ1Φ∗
1
, (7.20)

where µn =
mnmΦ1

mn+mΦ1
, λhΦ1Φ∗

1
= λ1Hv, and other parameters have usual meaning.

Eq . (7.20) show that the spin-independent scattering cross-section depends on the
DMmass (mΦ1) and Higgs portal coupling (λ1H). So, to satisfy direct search bound,
we wish to decrease λ1H and adjust other parameters to satisfy relic density, where
co-annihilation and semi-annihilation play a major role.

In Fig . 7.1b, we have shown the relic density allowed parameter space in mΦ1 −
σSI
Φ1

plane and color bar represents the mass splitting between Φ1 and Φ2, which
characterises co-annihilation contribution to relic density. Parameters kept fixed are
mentioned in the figure inset.
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(a) (b)

(c) (d)

Figure 7.1: Relic density allowed parameter space of the single component DM model with two scalars transforming under
the sameZ3 symmetry, confronting direct and indirect search limits. Fig . 7.1a shows relic under abundant (ΩΦ1

h2 ≤ 0.1212)
parameter space in mΦ1

− ΩΦ1
h2 plane where the darkrainbow color bar shows the variation of the Higgs portal coupling

(λ1H) with DM (Φ1) mass. Fig . 7.1b shows relic allowed parameter space in mΦ1
− σSI

Φ1
plane and the darkrainbow color

bar here shows DM mass splitting with the co-annihilating partner Φ2, i.e, ∆m = mΦ2
− mΦ1

. The light blue and olive
green colored lines represent the XENONnT and LZ-2022 bound. Fig . 7.1c shows the relic density allowed parameter space
inmΦ1

− ⟨σv⟩Φ1Φ
∗
1→bb plane and darkrainbow color bar shows the variation of σSI

Φ1
in unit of cm2. Thick grey and dashed

green lines portray Fermi-LAT observation and projected limit, respectively. Fig . 7.1d shows relic density allowed region in
mΦ1

−⟨σv⟩Φ1Φ1→Φ∗
1h

plane and the darkrainbow color bar represents the spin-independent inelastic scattering cross-section
(σSI

Φ1
) variation. The thick green, thick grey, and dashed blue lines represent the upper bound of the DM semi-annihilation

from H.E.S.S, Fermi-LAT and CTA, respectively.

We see that no relic density allowed points are seen at resonance region, or in the
semi-annihilation region, they correspond to under abundant region. This is simply
due to the range of λ1H chosen for the scan, as it requires much smaller values to sat-
isfy relic, due to enhancement in effective annihilation cross-section in these regions.
If the DMmass is adequately large and away from theHiggsmass region, then semi-
annihilation is small and we need smaller ∆m which enhances co-annihilation. In
Fig . 7.1b, some region of the parameter space above the Higgs mass regime is ex-
cluded by the recent XENONnT and LZ-2022 bound 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 il-
lustrated here is particular for this benchmark, and one can get more relic density-
allowed regions depending on the values of the parameters kept fixed.

• Indirect detection limit on the self-annihilation of WIMP
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
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on DM self-annihilation from Fermi collaboration, six years of observation using 15
dwarf spheroidal galaxies (dSphs) [519] and a projected sensitivity for 45 dSphs and
15 years of observation [520]. The thick grey and dashed green line in Fig . 7.1c rep-
resents the observed andprojected limit fromFermi-LAT.At the same time, the grey-
shaded region is excluded by the observed Fermi-LAT limit on DM self-annihilation
into bottom pairs.

The indirect detection limit on the thermal average DM (Φ1) self-annihilation to
the bottom pair is evaluated at the DM freeze-out point, TFO

Φ1
∼ mΦ1/25, which de-

pends on the DMmass (mΦ1) andHiggs portal coupling (λ1H). The thermal average
cross-section, ⟨σv⟩Φ1Φ∗

1→bb
, is nearly constant belowmh/2 region, but, maximumnear

Higgs resonance. Near Higgs mass, semi-annihilation helps decrease the λ1H cou-
pling. TheDMmass region, near and below theHiggs resonance, ismostly excluded
for the specific choice of the benchmark point and allowed above the resonance re-
gion. To see the corresponding DD cross section, see the darkrainbow color bar in
Fig . 7.1c.

• Indirect detection limit on the semi-annihilation of WIMP
Recently, the gamma-ray observation from Fermi-LAT, H.E.S.S [706] telescope, and
also CTA [707] put an upper limit on the DM (Φ1) semi-annihilation. The presence
of cubic interaction in Z3 symmetric WIMP provides semi-annihilation channel via
⟨σv⟩Φ1Φ1→Φ∗

1h
and is evaluated at the freeze-out point of Φ1. This cross-section de-

pends on mΦ1 , mΦ2 , λ1H , λ12H , µ2, and µ3. In Fig . 7.1d, we show the relic density
allowed parameter space mΦ1 − ⟨σv⟩IDΦ1Φ1→Φ∗

1h
plane. The color bar shows variation

with respect to DD cross-section. We see that for the chosen values of the param-
eters, relic density allowed points lie below the existing limits. Like other plots,
absence of points near Higgs resonance and 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 co-annihilation and self annihilation processes through the presence of
additional complex scalar Φ2, transforming under the same symmetry [611]. .

7.4.3 Two component DM
Eq . (7.12) describes the extension of SM containing two complex scalar fields that
transformdifferently under a singleZ3 symmetry. Interaction terms depend on their
transformation charges, see Table 7.3 for details. Such interaction terms in-between
Φ1 andΦ2, like,Φ2

1Φ
∗
2 orΦ2

2Φ
∗
1 etc., open up the decay of the heavier component 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 Φ1Φ2|H|2 leads to the decay
of heavier component to lighter one plus SM at tree level. A mass hierarchy like
mΦ2 > mΦ1 +mh can stop such on-shell decay, however, off-shell Higgs decay to di-
photon or di-gluon is always permitted for non-degeneratemasses of the dark sector
particles. Considering 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 Φ1 and Φ2. 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 isn’t unique. However, after sacrificing all of these parameters, the two-loop
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decay (see Fig . F.2) is still possible. To restrict the two-loop decay, different other
parameters can be chosen to be small, giving rise to different kinds of scenarios, as
shown in Table 7.3. The red colored terms in Table 7.3 can be sacrificed to obtain the
second long lived DM component. In the appendix, we have also given an estimate
of 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 Z3 model, the possibility of
q1 ̸= q2, q1 + q2 ̸= N do not arise. Therefore, one has to sacrifice some couplings to
make both components stable. Depending on the choice of the couplings required to

Scenarios Interaction terms of two DMs: Φ1 and Φ2 under Z3 symmetry

q1 = 1, q2 = 2 or q1 = 2, q2 = 1

A |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ2H

†H, Φ2
1Φ

2
2, |Φ1Φ2|2, Φ2

2Φ
∗
1, Φ

2
1Φ
∗
2, Φ1Φ2(|Φ1|2 + |Φ2|2)

B |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ2H

†H, Φ2
1Φ

2
2, |Φ1Φ2|2, Φ2

2Φ
∗
1, Φ

2
1Φ
∗
2, Φ1Φ2(|Φ1|2 + |Φ2|2)

C |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ2H

†H, Φ2
1Φ

2
2, |Φ1Φ2|2, Φ2

2Φ
∗
1, Φ

2
1Φ
∗
2, Φ1Φ2(|Φ1|2 + |Φ2|2)

q1 = q2 = 1, 2

D |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ

∗
2H
†H, (Φ1Φ

∗
2)

2, |Φ1Φ2|2, Φ2
2Φ1, Φ

2
1Φ2, Φ1Φ

∗
2(|Φ1|2 + |Φ2|2)

E |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ

∗
2H
†H, (Φ1Φ

∗
2)

2, |Φ1Φ2|2, Φ2
2Φ1, Φ

2
1Φ2, Φ1Φ

∗
2(|Φ1|2 + |Φ2|2)

F |Φ1|2H†H, |Φ2|2H†H, Φ3
1, Φ

3
2, |Φ1|4, |Φ2|4, Φ1Φ

∗
2H
†H, (Φ1Φ

∗
2)

2, |Φ1Φ2|2, Φ2
2Φ1, Φ

2
1Φ2, Φ1Φ

∗
2(|Φ1|2 + |Φ2|2)

Table 7.3: Terms having two dark sector scalar fields transforming under discrete symmetry Z3. Red color terms are the
minimum number of terms to be sacrificed to stop the tree and loop-level decays of the heavier particle.

stabilize the heavier DM component, six possibilities emerge as shown in Table 7.3.
The absence of red colored terms indicate the presence of a new discrete symmetry,
as mentioned before. For example, scenario A andD correspond toZ3⊗Z ′3 scenario.
Similarly, scenario B and C turns out to be Z6 symmetry with q1 = 4, q2 = 5 or
q1 = 2, q2 = 1 and q1 = 5, q2 = 4 or q1 = 1, q2 = 2, respectively. Scenario E
and F falls under Z6 with q1 = 4, q2 = 1 or q1 = 2, q2 = 5 and q1 = 1, q2 = 4 or
q1 = 5, q2 = 2, respectively. Let us recall that when we can have q1 ̸= q2, q1+ q2 ̸= N ,
we can stabilise both the components kinematically.

Further, if we want one of the components to be pFIMP, we have to choose the
corresponding portal coupling feeble, but DM-DM interaction sizeable. 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.

Scenario-A

From Table 7.3, we see that this particular scenario arises via tiny couplings associ-
ated with Φ1Φ2H

†H, Φ2
1Φ

2
2, Φ

2
2Φ
∗
1, Φ

2
1Φ
∗
2, Φ1Φ2|Φ1|2, Φ1Φ2|Φ2|2 interaction terms, to
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give rise to one LLP and one stable DM. This is then equivalent to Z3 ⊗Z ′3 scenario
[585]. But, in the twoWIMP case, limited parameter space is left for future direct de-
tection. However, WIMP-pFIMP possibility enhances the allowed parameter space,
as discussed below.

Tomake the LLP (Φ2) pFIMP,we further needλ2H to be very tiny, seeAppendix F.1
to know the range of couplings. Then the available parameters, that could be utilised
in WIMP-pFIMP phenomenology, are,

{mΦ1 , mΦ2 , λ1, λ2, λ1H , λ12, µ3, and µ4} . (7.21)

• Relic density
The total relic abundance for thisWIMP-pFIMP set-up, comes fromΦ1 asWIMP and
Φ2 as pFIMP, to stipulate to,

ΩDMh
2 = 2.744× 108

∑
i=1,2

mΦiYi[x∞] , (7.22)

whereYi = ni/s, ni is number density, and s is the entropydensity. TheDMyield (Yi)
is calculated by solving coupled BEQ for Φ1 and Φ2 numerically using micrOmega.
The self-annihilation, semi-annihilation, conversion and semi-conversion are themain
number-changing processes that contribute to the DM relic. It is worthy recalling
that after stabilisation of the heavy component, there is no co-annihilation contribu-
tion.

• Direct detection limits on WIMP and pFIMP
The WIMP is weakly coupled to the visible sector via the Higgs portal interaction
and can scatter with the detector nuclei. The effective WIMP-nucleon inelastic scat-
tering cross section at zero transfer momentum limit (q2h = t → 0) turns out to be,
see Fig . 7.2a,

σeff
Φ1

=
ΩΦ1h

2

ΩΦ1h
2 + ΩΦ2h

2

µ2
nm

2
n

4πv2m2
Φ1

f 2
n

m4
h

|λhΦ1Φ∗
1
|2 . (7.23)

In the above, µn =
mnmΦ1

mn+mΦ1
where mn is the nucleon mass, fn = 2

9
+ 7

9

∑
u,d,s

fnTq with

f
p(n)
Tu

= 0.018 (0.013), f
p(n)
Td

= 0.027 (0.040), and fp(n)Ts
= 0.037 (0.037) [745].

The direct detection of pFIMP is possible only by the WIMP loop-mediated pen-
guin and vertex correction diagrams, see Fig . 7.2f. The effective spin-independent
pFIMP-nucleon (Φ2 − N) inelastic scattering cross-section at zero transfer momen-
tum (q2h = t→ 0) limit is given by,

σeff
Φ2

=
ΩΦ2h

2

ΩΦ1h
2 + ΩΦ2h

2

µ2
nm

2
n

4πv2m2
Φ2

f 2
n

m4
h

|Γtotal
hΦ2Φ∗

2
|2t→0 , (7.24)

where, µn =
mnmΦ2

mn+mΦ2
and Γtotal

hΦ2Φ∗
2
= Γ7.2f

hΦ2Φ∗
2
. One can easily calculate,

Γ7.2f
hΦ2Φ∗

2

(
q2h
)
= −iλrelichΦ2Φ∗

2
− i

λΦ1Φ∗
1Φ2Φ∗

2
λhΦ1Φ∗

1

16π2

1∫
0

dx ln

[
m2

Φ1
− x(1− x)4m2

Φ2

m2
Φ1

− x(1− x)q2h

]
,

(7.25)
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Figure 7.2: Top: Figs . 7.2a and 7.2b represent Feynman diagrams corresponding to the direct and indirect detection of WIMP
(Φ1) respectively. Figs . 7.2c to 7.2e correspond to WIMP semi-annihilation processes contributing to its indirect search. Bot-
tom: Fig . 7.2f shows pFIMP direct search, and Figs . 7.2g to 7.2j represent processes that contribute to indirect detection of
pFIMP (Φ2).

where, qh is transfermomentumassociatedwithHiggs, λΦ1Φ∗
1Φ2Φ∗

2
= −iλ12, andλhΦ1Φ∗

1
=

−iλ1Hv.Using Section 7.4.3, we impose the presently available direct detection con-
straint from LUX-ZEPLIN, XENONnT, and PandaX-xT experiments on the relic den-
sity allowed parameter space of the model. Figs . 7.3a and 7.3b, shows the relic den-
sity allowed parameter space in mΦ1 − σeff

Φ1
plane (corresponding to WIMP) while

the darkrainbow color bar represents the DMmass difference and λ1H respectively.
Here, we have takenµ3 = 2mΦ1 andµ4 = 2mΦ2 , which aremost useful parameters for
DM semi-annihilation. The Higgs resonance (mΦ1 ∼ mh/2) and semi-annihilation
(mΦ1 ∼ mh) of WIMP help it to acquire under abundance, while the total relic is
adjusted by the pFIMP, and relax the λ1H to come under the present DD bound.
Beyond the Higgs resonance or semi-annihilation regime, cross-section decreases
and relic density increases, which is adjusted by enhancing the portal coupling λ1H ,
respecting DD bound.

Figs . 7.3c and 7.3d represent DM relic density allowed parameter space inmΦ2 −
σeff
Φ2

plane corresponding to pFIMP. The spin-independent scattering cross-section,
σeff
Φ2

depends on the total loop amplitude (Γtotal
hΦ2Φ∗

2
), which is function ofλ12, λ1H , andµ1

couplings, and theydecidewhichprocess in Fig . 7.2f dominantly contribute to pFIMP
direct search cross-section. Notably, σeff

Φ2
also depends on the mass splitting∆m and

pFIMP relic density ΩΦ2h
2, which is small for large conversion rate. The different

thick (dashed) colored lines correspond to existing (projected) bounds from the dif-
ferent experimentsmentioned in the figure inset. Essentially the part of relic density
allowed parameter space with λ1H ≳ 0.5 is under conflict with DD limits.
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Figure 7.3: In Figs . 7.3a to 7.3d, we have shown the relic density allowed parameter space of the two component WIMP-
pFIMP set up, onmΦ1

− σeff
Φ1

(top panel) andmΦ2
− σeff

Φ2
planes (bottom panel). We have taken λ′12 = λ3 = λ4 = 10−20

and µ1 = µ2 = 10−15 GeV to stabilise Φ2, and choose λ2H = 10−12 to make Φ2 a pFIMP. Other parameters kept fixed or
varied are shown in the figure heading and inset.

• Indirect detection limits on WIMP and pFIMP
The limit on DM self-annihilation into bb, W+W−, ZZ and tt is obtained from the
data of Fermi collaboration from 6 years of observation of 15 dwarf spheroidal galax-
ies (dSphs) [519]. They also provide projected sensitivity for 45 dSphs of 16 years of
observation [520]. Various gamma-ray observations fromFermi-LAT [519], H.E.S.S.
[706] andCherenkovTelescopeArray (CTA) [707] put a boundonDMsemi-annihilation
Φi Φi → Φ∗i h. We will calculate both the self and semi-annihilation rates in this two
component WIMP-pFIMP set up and apply the bounds to find allowed parameter
space that can be probed further.

The effective WIMP (Φ1) self and semi-annihilation cross-section are given by,

⟨σv⟩eff
Φ1Φ∗

1→bb
=

(
ΩΦ1h

2

ΩΦ1h
2 + ΩΦ2h

2

)2

⟨σv⟩Φ1Φ∗
1→bb

. (7.26)

and

⟨σv⟩effΦ1Φ1→Φ∗
1h

=

(
ΩΦ1h

2

ΩΦ1h
2 + ΩΦ2h

2

)
⟨σv⟩Φ1Φ1→Φ∗

1h
. (7.27)

In Eqs . (7.26) and (7.27), the thermal average of self and semi-annihilation cross-
sections are evaluated at the WIMP freeze-out point, TFO

Φ1
∼ mΦ1/25 and plotted

in mΦ1 − ⟨σv⟩eff
Φ1Φ∗

1→bb
plane in Figs . 7.4a and 7.4b, respectively. The darkrainbow
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color bar shows the spin-independent direct detection cross-section of pFIMP in
cm2 unit. The effective self and semi-annihilation cross-section of WIMP depend on
λ1H , WIMP mass and also on the effective WIMP contribution to the total DM relic.
Fermi-LAT observation and projection data are shown by thick grey and dashed
green lines, respectively. We see that most of the parameter space probed here obey
the limit.

(a) (b)

(c) (d)

Figure 7.4: Figs . 7.4a and 7.4c show the relic allowed parameter spacemΦ1
− ⟨σv⟩eff

Φ1Φ
∗
1→bb

andmΦ2
− ⟨σv⟩eff

Φ2Φ
∗
2→bb

plane,
respectively for WIMP and pFIMP while Figs . 7.4b and 7.4d corresponds to WIMP and pFIMP semi-annihilation. We have
taken λ′12 = λ3 = λ4 = 10−20 and µ1 = µ2 = 10−15GeV to stabilise the heavier DM and λ2H = 10−12 to become Φ2 as
pFIMP.

pFIMP Φ2 connects with the visible sector via WIMP loop-mediated interaction,
as shown in Figs . 7.2g to 7.2j. These diagrams are subdominant to the tree-level
processes. The effective self-annihilation cross-section of pFIMP (Φ2) is given by,

⟨σv⟩eff
Φ2Φ∗

2→bb
=

(
ΩΦ2h

2

ΩΦ1h
2 + ΩΦ2h

2

)2

⟨σv⟩Φ2Φ∗
2→bb

, (7.28)

and the pFIMP semi-annihilation cross-section is given by,

⟨σv⟩effΦ2Φ2→Φ∗
2h

=

(
ΩΦ2h

2

ΩΦ1h
2 + ΩΦ2h

2

)
⟨σv⟩Φ2Φ2→Φ∗

2h
. (7.29)

The dominant self-annihilation ofΦ2 to SMpair comes fromdiagramFig . 7.2g, while
others are suppressed due to tiny couplings assumed for the stability of Φ2. We
also need to remove the divergence contribution from the vertex correction diagram
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Fig . 7.2g. We take q2h = 4m2
Φ2

as our renormalisation scale [305]. Then, we have
calculated the thermal average annihilation cross-section at the pFIMP freeze-out
point TFO

Φ2
∼ mΦ2/25.

Figs . 7.4c and 7.4d show the relic density allowed parameter space in mΦ2 −
⟨σv⟩eff

Φ2Φ∗
2→bb

andmΦ2 − ⟨σv⟩effΦ2Φ2→Φ∗
2h

planes, respectively. The pFIMP effective semi-
annihilation cross-section is written in Eq . (7.29) and is proportional to the λ1H , λ12,
andµ4 couplings. Among these three, λ1H andλ12 contribute to the pFIMPDDcross-
section. With larger λ1H , both the self-annihilation and direct detection cross-section
of pFIMP increases, which is also reflected in Fig . 7.4c. Finally, we constrain the
parameter space by imposing the Fermi-LAT observation and projection bound in
mΦ2−⟨σv⟩eff

Φ2Φ∗
2→bb

plane and the color bar represents the variation of effective pFIMP
direct detection cross-section. The pFIMP semi-annihilation is also mediated via
WIMP loop, see Figs . 7.2h to 7.2j. We have used the bound onDM semi-annihilation
fromH.E.S.S (green), Fermi-LAT (grey), and CTA (dashed red) in Fig . 7.4d. These
constraints exclude some regions, which are also excluded by the presently available
DD bounds.

In summary, the two component DM scenario of typeA after stabilising the heav-
ier component by adjusting coupling parameters behaves like Z3⊗Z ′3 scenario. Ad-
ditionally, when the heavier DM component behaves like pFIMP having tiny portal
interaction, the under abundant parameter space of WIMP is adequately utilised
by the second component and enhance the allowed parameter space. Having the
second component as pFIMP reduces the DD and ID bounds as they are primarily
governed by loop mediated interactions and allows one to exploit larger parame-
ter space compared to the WIMP-WIMP case [585]. Both DMs are allowed within
GeV to TeV range, where semi-annihilation and conversion play crucial roles for
yielding correct DM relic density.

Scenario-B

In scenario B (Table 7.3), the absence of Φ3
2 helps in the stabilisation of the heavier

particle. This parameter doesn’t have any significance in WIMP-pFIMP set up. But
the presence of Φ2

1Φ
2
2 and Φ2

2Φ
∗
1 terms has an important role in the semi-annihilation

of Φ2 for the WIMP-WIMP scenario. They open up many conversion and semi-
conversion channels, shown in Fig . F.4, which are absent in scenario A or WIMP-
WIMP set up under Z3 ⊗ Z ′3 model. We will do a similar kind of analysis to un-
derstand the benefits, such as the scenario A. We study both (I) WIMP−WIMP
(λ2H ̸= 0), and (II) WIMP-pFIMP (λ2H → 0) cases below.

•WIMP-WIMP
In 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: (I) one is near Higgs resonance,
and another in the higher mass regime, mDM ≳ 1 TeV, or (II) both DM masses are
far above the Higgs resonance. In scenario B, the presence Φ3

1 term opens up semi-
annihilation channels, which brings more relic and DD-allowed parameter space.

However, in two-component complex scalar WIMP scenario as in here, Φ2 semi-
annihilation is inefficient due to the feeble Φ3

2, but opens the door for conversion,
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semi-conversion channels via Φ2
1Φ

2
2 and Φ2

2Φ
∗
1 terms. Along with the standard DM-

DM conversion via |Φ1|2|Φ2|2 term, we then have Φ1 semi-annihilation (Φ1Φ1 →
Φ∗1h) due to Φ3

1 and Φ2 mediated DM-DM conversion Figs . F.4h and F.4k, and semi-
conversion (Φ2Φ2 → Φ∗1h) Figs . F.4m and F.4n in due to the presence of Φ2Φ∗1 term,
all of which help in acquiring correct relic, without perturbing DD or ID searches.
The Φ1 − Φ2 conversion can also be possible via Higgs mediation and Φ2 media-
tion 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 semi-conversion of Φ2Φ2 → Φ∗1h is more effective near the Higgs mass
regime. These processes help to relax the Higgs portal coupling, but keep ade-
quate depletion via conversion processes and save the DM components from DD
constraints. In Fig . 7.5, we have shown the relic density allowed parameter space

(a) (b)

(c) (d)

Figure 7.5: Figs . 7.5b and 7.5c shows the relic density allowed parameter space for two-component WIMP in category B
(Table 7.3) inmΦ1

− σeff
Φ1

, andmΦ2
− σeff

Φ2
planes respectively. Figs . 7.5a and 7.5d show the relic allowed parameter space in

mΦ1
−mΦ2

plane, where darkrainbow color depicts variation in ΩΦ1
h2 and λ12 respectively. The couplings (µ2, µ4, λ3, λ4)

are taken adequately small (∼ 10−20) to stabilise the heavier DM component. The grey-shaded region is excluded from the
heavier particle stability. In Fig . 7.5d green star points depict the case where both DM components obey the stringent limit
on spin-independent DM-nucleon scattering cross section from LZ-2022.

and incorporated possible direct detection bounds. Fig . 7.5a represents the relic al-
lowed parameter space inmΦ1 −mΦ2 plane, while the darkrainbow color bar shows
the variation of percentage contribution ofΦ1 in the total relic. IfmΦ1 > mΦ2 , thenΦ1

relic is subdominant due to conversion of Φ1 to Φ2 decrease the Φ1 number density
but Φ2 number density is enhanced simultaneously. Around the Higgs resonance
and semi-annihilation region, the conversion effect could be ignored, and equal con-
tribution arises; see green color points in Fig . 7.5a. Figs . 7.5b and 7.5c represents the
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relic allowed point in mΦ1 − σeff
Φ1

and mΦ2 − σeff
Φ2

plane, respectively. In Fig . 7.5b, we
see two kinks,mΦ1 around theHiggs resonance andHiggs-mass region, where semi-
annihilation process is more effective because of the presence of Φ3

1 term. Beyond
theHiggsmass, semi-annihilation and also self-annihilation cross-section decreases,
which can be adjusted by λ1H , and λ12, but λ1H is strongly restricted by DD. On the
contrary, as the trilinear coupling of Φ2 is very tiny to keep it stable, there is no kink
due to semi-annihilation near Higgs mass in Fig . 7.5c. So, with larger mass, the
decrease in cross-section is adjusted by the enhancement of λ2H . Although semi-
annihilation of Φ2 is not active in absence of Φ3

2 term, but semi-conversion channels
are there due to Φ2

2Φ
∗
1 terms, which help to relax the λ2H coupling. In Fig . 7.5d, we

show the effect of conversion inmΦ1 −mΦ2 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 . 7.5. Indirect search limits are less stringent
than DD and do not alter the allowed parameter space.

•WIMP-pFIMP
In scenario-B (Table 7.3), we have identified Φ2 as pFIMP by choosing λ2H ∼ 10−12,
so that it doesn’t have a direct SM connection, however sizeable λ12 keeps it in ther-
mal bath via interaction with Φ1.

Φ2 Φ2

N N

Φ2

Φ1 Φ1

h

(a)

Φ2 Φ2

N N

h

Φ1 Φ1

(b)

Φ2

Φ2

b

b

Φ2

Φ1

Φ1

h

(c)

Φ2

Φ2

b

b

h
Φ1

Φ1

(d)

Figure 7.6: Figs . 7.6a and 7.6b, Figs . 7.6c and 7.6d represent the Feynman diagrams related to the direct and indirect detection
of pFIMP (Φ2), respectively.

The relic density in WIMP-pFIMP limit is calculated by solving cBEQ, using
micrOMEGAs [587]; for relevant Feynman diagrams related to annihilation, semi-
annihilation and conversion channels, see Fig . F.4. TheWIMP and pFIMP relic den-
sity allowed parameter spaces are shown in Figs . 7.7 and 7.8. As before, the di-
rect and indirect detection of WIMP is possible through the Higgs portal λ1H , but
the pFIMP detection is only possible via the WIMP loop-mediated diagrams, see
Fig . 7.6. The loop divergences have been taken care of using the on-shell renormal-
isation scheme, while the renormalization scale is chosen at ∼ 4m2

Φ2
.

Fig . 7.7 show the WIMP and pFIMP relic density allowed parameter space in
mΦ1−σeff

Φ1
,mΦ2−σeff

Φ2
planes, and the color bar shows the variation of different relevant

parameters as mentioned in 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 semi-annihilation region is also available. One important point to note that we
can also have ∼ 500 GeV WIMP mass, where the mass splitting |∆m| can go up
to 100 GeV, see Fig . 7.7c. This is unlike 5 GeV mass splitting for two real scalar
WIMP-pFIMP DM scenario [305]. The reason for this is the presence of additional
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(a) (b)
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Figure 7.7: Figs . 7.7a to 7.7d show the relic density allowed parameter space inmΦ1
−σeff

Φ1
andmΦ2

−σeff
Φ2

plane, respectively.
The couplings (µ2, µ4, λ3, λ4) are taken adequately small to stabilise the heavier DM Φ2 so that it falls in category B of two
component DM (Table 7.3). The darkrainbow color bar show the variation of ∆m (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.

semi-conversion channel Φ2Φ2 → Φ∗1h (Fig . F.4m) here, which is strongly active
whenmΦ1 ∼ mh. Fig . 7.7d show the relic density allowed parameter space inmΦ2

−
σeff
Φ2
, and the color bar show the variation of WIMP-Higgs portal coupling (λ1H).

The pFIMP-nucleon cross-section is directly proportional to (µ1, λ12, λ1H), depends
on the WIMP and pFIMP masses via loop factor, and on the effective relic density
contribution. Due to 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 . 7.7c.

Fig . 7.8 shows indirect detection limit on the DM self-annihilation and semi-
annihilation in the relic-allowed parameter space of the WIMP-pFIMP set up. The
Fermi-LAT,H.E.S.S andCTAput limits on the annihilation ofWIMP and pFIMP into
bb. Figs . 7.8a and 7.8c show the relic allowed parameter space inmΦ1 − ⟨σv⟩eff

Φ1Φ∗
1→bb

andmΦ2−⟨σv⟩eff
Φ2Φ∗

2→bb
plane, while the color bar show the variation of−Log10σ

eff
Φ1

and
−Log10σ

eff
Φ2

respectively. For both the plots, near Higgs resonance, some points are
disallowed by the Fermi-LATdata. Semi-annihilation bounds from indirect searches
are not applicable to pFIMP due to the absence of the Φ3

2 term. Fig . 7.8d show relic
density allowed pointsmΦ1−mΦ2 planewhere the grey shaded region is excluded by
the DM decay kinematics. The relic and DD allowed points, denoted by green stars
lie in the vicinity of mass degenerate line. This is in contrast to the WIMP-WIMP
situation described before (see Fig . 7.5d).
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(a) (b)

(c) (d)

Figure 7.8: Figs . 7.8a and 7.8c represent indirect detection limit on the self-annihilation of WIMP and pFIMP into → bb
channel in the relic density allowed parameter space. Fig . 7.8b shows the indirect observational constraints on the WIMP
semi-annihilation. In Fig . 7.8d, we show the relic density allowed parameter space in mΦ1

−mΦ2
plane where WIMP and

pFIMP DD allowed points are indicated by green star. The thick and dashed lines correspond to the observed and projected
limits of the experiments as mentioned in the figure(s).

7.5 Summary

Themotivation of our study is to find the possible multicomponent DM frameworks
when SM is extended with more than one scalar fields, 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 systemat-
ically. The heavier component usually have decay terms to DM and to SM. In our
paper, we show that the stabilisation of the heavier component depend strictly on
the charges of the dark fields under symmetry transformation. For example, when-
ever, under ZN symmetry, q1 ̸= q2, q1 + q2 ̸= N , the heavier component decays only
to dark sector particle, thus allowing it to be stabilized by imposing simple kinemat-
ical constraint. However, if the above condition on dark sector particle charges is
not obeyed, then heavier component can decay to DM and SM both. Such decays
at tree level, one loop and two loop level can only be stopped when we make some
couplings vanishingly small. After that the scenario either resembles to ZN ⊗ Z ′N
case, or q1 ̸= q2, q1 + q2 ̸= N ′ case of a ZN ′ group, where N ′ > N . We have explic-
itly demonstrated all the possibilities for having two DM components in Z2, Z3 and
Z4 symmetric cases. We should note here that as there is no choice pertaining to
q1 ̸= q2, q1 + q2 ̸= N for Z2 and Z3 symmetric cases; forcing to compromise some of
the couplings of these models to make the heavier DM component stable.
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We specifically elaborate the phenomenology associated to 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 stabilising the heav-
ier component. Like one can have Z3 ⊗ Z ′3 or Z6 with {q1, q2} = {2, 5}, {4, 1} etc.
They also provide different phenomenological implications. In this chapter, we have
discussed two such examples. Conversion, semi conversion and semi-annihilations
are some of the key processes that dictate the allowed parameter space of the two
component DM model and their compatibility with DD/ID searches. Note that af-
ter the heavy particle becomes a stable DM candidate, co-annihilation process stops
contributing. This reduces allowed parameter space of the model, particularly to
comply with non-observation of DM in DD/ID experiments.

Further, the two DM components can be WIMP or pFIMP depending on the
strength of the corresponding Higgs portal couplings. Both WIMP-WIMP case, and
WIMP-pFIMP cases are illustrated here andwe show thatWIMP-pFIMP case enjoys
a larger parameter space as the pFIMP detection relies on loop level WIMP medi-
ated interactions. There is another interesting feature that comes out of the specific
WIMP-pFIMP analysis in Z3 symmetry that here pFIMP not only relies on conver-
sion with WIMP to thermalise, but also semi-conversion plays a crucial role for the
same, which makes a crucial distinction that one can choose a large mass splitting
between WIMP and pFIMP unlike the Z2 case with two real scalars [305]. This in
turn can help distinguishing WIMP and pFIMP in direct search and collider search
experiments via a kink or a double humpmissing energy distribution, which is oth-
erwise difficult with smaller mass splitting.
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The observable cosmos exhibits sizable baryon asymmetry, small active neutrino
masses, and the presence of dark matter (DM). To address these phenomena to-
gether, we propose a two component DM scenario in an extension of Scotogenic
model, imposing Z2 ⊗ Z ′2 symmetry. The electroweak sphaleron process converts
the YB−L yield, generated through the Leptogenesis mechanism, into the baryon
asymmetry (Y∆B) at Tsph ∼ 131.7 GeV, the sphalerons decoupling temperature. In
this framework, the CP asymmetry as well as the radiative neutrinomass generation
explicitly involve the two DM particles, thus establishing a correlation between the
baryon asymmetry, DM and observed active neutrino masses. We study in details
the allowed parameter space available after considering all the constraints from the
three phenomena as well as from the collider search limits, and outline the region
which could potentially be tested in futureDMdetection experiments throughdirect
or indirect detection searches, lepton flavor-violating decays, etc. The discussion in
this chapter is based on Ref . [746].
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8.1 Introduction

In this work, we propose a two-component DMmodel where both DMs are directly
responsible for the baryon asymmetry production in the universe while being con-
sistent with the neutrino oscillation data. To the best of our knowledge, this is at-
tempted for the first time. Although there are efforts where DM particle generates
the CP asymmetry by entering into the one-loop diagrams [180, 747], or co-genesis
with two component DM [748], but the DM parameter space mostly remains inde-
pendent of the leptogenesis. In the proposed model, the same DM coupling that
generates diagrams for the CP asymmetry also determines the DM relic density and
thus are correlated. The particle content of our model is an extension of the min-
imal scotogenic model that includes two inert doublets, two right-handed neutri-
nos (RHNs), and a real scalar. The low-scale leptogenesis requires the introduction
of two new interaction vertices, along with the minimal scotogenic vertex, which
doesn’t affect neutrino mass generation, giving rise to RHN mass relaxation. These
new vertices can contain DMs after ensuring the particles’ stability by appropriate
Z2⊗Z ′2 symmetry assignments. A similar scenario was studied in [749, 750], where
the CP asymmetry is generated by introducing a real scalar particle (not a DM) in
type-I seesaw model. Additionally, few more studies [751–753] known as N2 lep-
togenesis, assumes the decay of heavy RHN (mN2 > mN1) relevant for asymmetry
generation, but without direct involvement of DM. However, in our framework, the
asymmetry generated by the tree and 1-loop decays of the lightest RHN, contain two
DMs, which are the lightest stable particles under each discrete symmetriesZ2⊗Z ′2.
By this choice, we were also able to prohibit the lepton number violating (LNV)
decays involving the SM Higgs and only allow the symmetry singlet terms. For
simplicity, we assume that all the model parameters are real, except for the Yukawa
couplings related to the tree-level LNV decay to explain the observed BAU. In this
way, the asymmetry generation directly involves the masses of two DMs and the
couplings associated with interaction with DMs, which are also responsible for the
DManalysis. Therefore, the BAU satisfied points are constrained by theDMbounds.
Apart, the radiative diagrams for neutrino mass generation also have a strong con-
nection with the DM, thus connecting all the three phenomena together.

There is also a phenomenological advantage for the presence of two DMs in this
model. In an inert doublet model, the DM is tightly constrained and can’t produce
the correct relic density unless the DM mass is around the Higgs mass or approx-
imately 600 GeV. Introducing an additional DM component shares the remaining
relic density and enhances the allowed parameter space via DM-DM conversion.

The chapter is organized as follows. In Section 8.2, we provide a general discus-
sion of the model and its motivations. In Section 8.3, we explore the collider and
lepton flavor constraints on the model parameters. The thermal leptogenesis and
dark matter phenomenology, including DM relic density and direct (indirect) de-
tection prospects, are discussed in detail in Sections 8.4 and 8.5, respectively. Finally,
we summarize and conclude in Section 8.6. Several appendices provide the details
of the relevant calculations.
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8.2 The Model and motivations

The minimal scotogenic model [134], proposed to generate neutrino mass at one
loop level, successfully addresses the BAU and DM in the universe. The one-loop
neutrinomass generation relaxes the constraints coming from the neutrinomasses to
Leptogenesis. The well-known Davidson Ibarra (DI) bound lowers down to around
mN1

∼ 10TeV [180, 753, 754] frommN1
∼ 1010 GeV in the type-I seesawmodel [755].

However, with two right-handed neutrinos, the scale of Leptogenesis again pushes
to mN2

≳ 1010 GeV [180, 751]. Depending on the lightest Z2 odd state, the lightest
neutral component of the inert doublet or the lightest right-handed neutrino can
be a DM candidate in the scotogenic model. In the case of the scalar DM scenario,
three RHNs participate in Leptogenesis. In such a case leptogenesis is possible at the
TeV scale independent of DMparameters. In the case of the fermionic DM scenario,
twoRHNs participate in leptogenesis and the observed asymmetry can be generated
aroundmN2

∼ 1010 GeV . With twoRHNs responsible for CP asymmetry generation,
the lightest RHN N1, being DM only enters the leptogenesis scenario by scattering
washouts [751]. The scattering washouts are insignificant compared to the huge
washout from the inverse decay of N2. Therefore the leptogenesis parameter space
remains independent of DMparameter space. In thiswork, we propose an extension
of the scotogenic model where a DM particle directly generates the CP asymmetry
in LNV decays. A two-component DM scenario naturally emerges in the model.

We extend the SM with two copies of RHNs (N1,2), two scalar inert doublets
(η1,2), and a real singlet scalar (ϕ). All the SM fields are even under an imposed
Z2⊗Z ′2 symmetrywhile the newfields transform non-trivially as shown in Table 8.1.
The neutrinos get mass by the scotogenic mechanism [134] as shown in Fig . G.2
of Appendix G.2. We keep the right-handed neutrinos Ni to be heavier than the
doublet scalars ηi and the singlet scalar ϕ. A net lepton asymmetry can be generated
from the out-of-equilibrium decay of the lightest RHN (N1 −→ lαη1 ). Due to the
imposed Z2 ⊗ Z ′2 symmetry the singlet scalar enters the vertex correction diagram
generating the requiredCP asymmetry. The additionalZ2 symmetry naturally leads
to a two-component DM scenario. Under these circumstances, the lightest of the
inert doublets could be a viable WIMP due to its gauge portal interaction. At the
same time, the singlet scalar ϕ can be any DM, depending on the strength of its
Higgs portal interaction and its interaction rate with theWIMP. Finally, we could get
a WIMP-WIMP [300], WIMP-FIMP [301], WIMP-pFIMP [305–307], etc. However,
this chapter focuses solely on the WIMP-WIMP scenario.

Fields SU(3)c ⊗ SU(2)L ⊗ U(1)Y Z2 Z ′2
N1 (1,1,0) -1 1

N2 (1,1,0) 1 -1

η1 (1,2,1/2) -1 1

η2 (1,2,1/2) 1 -1

ϕ (1,1,0) -1 -1

Table 8.1: Particle content of the extended model and their corresponding charges.
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L = LSM +
1

2
|∂µϕ|2 +

∑
k=1,2

(
iNk /∂Nk + |Dµηk|2

)
+ LY uk − V . (8.1)

Here the Lagrangian LY uk contain the Yukawa couplings as well as the Majorana
mass term for the RHNs and is given by,

LY uk = −
∑
i=1,2

(
hiiαLαη̃iNi + h.c

)
− 1

2

∑
i=1,2

mNiN
c
iNi. (8.2)

The scalar potential V is given by

V =µ2
ηi

(
η†i ηi

)
+

1

4
λij

∣∣∣η†i ηj + η†jηi

∣∣∣2 + 1

2
µ2
ϕϕ

2 +
1

4!
λϕϕ

4 + λiiH
(
H†ηi

) (
η†iH

)
+λ′iiH

(
η†i ηi

) (
H†H

)
+

1

2

[
λ′′iiH

(
η†iH

)(
η†iH

)
+ h.c.

]
+

1

2
λϕHϕ

2
(
H†H

)
+
1

2
λiiϕ

(
η†i ηi

)
ϕ2 +

1

2

∑
i ̸=j

(
yijϕN c

iNjϕ+ µijϕη
†
i ηjϕ+ h.c.

)
. (8.3)

where, we assumed real yijϕ and inert doublets (ηjs) has the following forms,

ηj =
1√
2

 √
2η+j

η0Rj + iη0Ij

 . (8.4)

After the electroweak symmetry breaking, the masses of the physical scalars would
be,

m2
ϕ = µ2

ϕ +
1

2
λϕHv

2 , (8.5)

m2
η+i

1 = µ2
ηi
+ λ′iiHv

2 , (8.6)

m2
η0Ri

= m2
η+i

+
1

2
(λiiH + λ′′iiH) v

2 , (8.7)

m2
η0Ii

= m2
η+i

+
1

2
(λiiH − λ′′iiH) v

2 . (8.8)

8.3 Constraints on model parameters

8.3.1 Collider constraints
LHC and LEP experiments put constraints on the decay of SM gauge bosons [462,
463, 756]. One such constraint on the model appears from Z −→ ηRηI requiring
mZ < mηR +mηI .

ΓZ→invisible <


506± 13 MeV (ATLAS) ,

523± 16 MeV (CMS) ,

498± 17MeV (L3) .

(8.9)

1µ2
ηi > 0 =⇒ m2

η+i
> λ′iiHv

2 required for the stability of inert doublets.
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In the parameter spacemh/2 > mηR ,mηI the constraints from the Higgs invisible de-
cay is applied. The observed (expected) upper limit on the invisible branching frac-
tion of the Higgs boson corresponds to an integrated luminosity of 138 fb−1, at 95%
confidence level [460, 461] with total decay width of 125.1 GeV Higgs is 3.2+2.8

−2.2 MeV
[757],

Bh→invisible <

{
0.107 (0.077) (ATLAS) ,

0.15 (0.08) (CMS) .
(8.10)

This constrain our model parameters (λiiH +λ′iiH ±λ′′iiH), λϕH to be less than around
10−3 in the regime mηR ,mηI ,mϕ < mh/2. Additionally LEP precision data rule a
parameter spacemηR < 80 GeV ,mηI < 100 GeV andmηI−mηR > 8 GeV [758]. From
LHC and LEP, [759–761], the charge scalar mass is constrained andmη±j

> 90 GeV .

8.3.2 Lepton Flavor constraints
The MEG II experiment, which searches for the decay µ+ → e+γ, reports that no
excess of events over the expected background has been observed, yielding an upper
limit on the branching ratio [225, 762],

B(µ+ → e+γ) < 3.1× 10−13 (90% C.L.) , (8.11)

The branching fraction corresponds to ℓα → ℓβγ is given by [763–766],

ℓα

Nj

η−j

η−j

γ

ℓβ

ℓα

η−j

Nj

ℓβ

γ

ℓβ

ℓα

ℓα

Nj

η−j

γ

ℓβ

Figure 8.1: 1-loop Feynman diagrams related to ℓα → ℓβγ.

B(ℓα → ℓβγ) =
3(4π)3αem

4G2
F

|FD|2 BR(ℓα → ℓβνανβ) , (8.12)

where αem andGF are the electromagnetic fine structure and Fermi constant, respec-
tively. For SM leptonic decay branching, ℓα → ℓβνανβ , see [18]. FD is the dipole form
factor, given by,

FD =
2∑
i=1

h∗iiβhiiα

2(4π)2
1

m2
η+i

G(xi) , (8.13)

where, xi =
m2
Ni

m2
η+i

and G(x) = 1− 6x+ 3x2 + 2x3 − 6x2 log x

6(1− x)4
.

During our analysis, we consistently account for this limit. Since the required
Yukawa couplings are very small (|hiiα| ∼ 10−5), we don’t need to be concerned
about this limit. However, other limits, such as µ→ eee, would bemore suppressed,
as the same couplings contribute to these processes.
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8.4 Thermal Leptogensis analysis
In the minimal scotogenic model, a net lepton asymmetry can be generated from
the decay of the lightest right-handed neutrino. The Yukawa coupling involved in
Leptogenesis is subjected to satisfy the light neutrino data through the Casas-Ibarra
(CI) parametrization [767, 768]. The Yukawa couplings are determined by the scalar
quartic coupling λ′′iiH and the active and right-handed neutrino masses [180]. While
for three right-handed neutrinos, the Yukawa couplings of the lightest right-handed
neutrino can bemade small by fixing the lightest active neutrinomass, we don’t have
such a choice with two right-handed neutrinos [751]. With two right-handed neu-
trinos, the Yukawa couplings of the lightest right-handed neutrino are always large,
resulting in strong washouts of the lepton asymmetry. In Fig . 8.2 we show the de-
cay parameterKN1

= ΓN1
/H(z = 1)with mass of the lightest right handed neutrino

(mN1
). The left panel plot of Fig . 8.2 show the decay parameter with two RHNs

in the minimal scotogenic model is always greater than one, while the right panel
corresponds to our model. This suggests that we are always in a strong washout
region. Due to the strong washouts, the scale of Leptogenesis is pushed beyond
mN1

∼ 109 GeV. This lower bound for a vanilla leptogenesis mechanism is known
as the Davidson Ibarra (DI) bound [755]. In the case of the minimal scotogenic
model, the DI bound can be found in [180]. The singlet DM enters the one loop ver-
tex correction diagram ofN1 −→ lαη1 in this model. Althoughwe still are in a strong
washout region with only two RHNs (see right panel of Fig . 8.2), we now have a
coupling in the leptogenesis loop free from the neutrino mass generation. One can
sufficiently enhance the asymmetry parameter εN1

by fixing the yijϕ. The DI bound
for the minimal scotogenic model is no longer applicable in this case.

Figure 8.2: We have used {mN1
> µη2

+mϕ, λ
′
iiH = 0.01, mη0

I1

= 0.5 TeV , mϕ = 0.4 TeV , mη0
I2

= mη0
I1

+mϕ +

1 GeV , µ12ϕ = mϕ, y12ϕ = 1, mN2
= 3mN1

, m
η+i

= mη0
Ii

+ 3 GeV, mη0
Ri

= (m2
η0
Ii

+ λ′′iiHv
2)1/2, a = 0.1, b = 0.3} to

calculate the decay parameter,KN1
.

We calculate the CP asymmetry (εN1
) parameter arising from the decay N1 −→

lαη1 in Appendix G.3. In Fig . 8.3, we show the variation of the asymmetry param-
eter through the dark rainbow color bar εN1

in mN1
− λ′′iiH plane. On the left panel

plot of the Fig . 8.3, asymmetry parameter εN1 is plotted for the minimal scotogenic
model while, on the right panel plot, it is shown for the extended model. In the
left panel plot, it can be seen that there exists a correlation of the asymmetry pa-
rameter with the quartic coupling λ′′iiH as well as mN1 . With the decrease in λiiH
the Yukawa couplings h11α increases increasing asymmetry parameter εN1

. How-
ever, one can not decrease the λ′′iiH to arbitrarily small values, as it would increase
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Figure 8.3: Scanplot for the asymmetry parameter inmN1
−λ′′iiH plane. For the left panel plot, the other important parameters

are mentioned in the figure inset (for 2 RHN and one inert). The figure on the right corresponds to our model and uses the
same parameters as those in Fig . 8.2.

the washouts leading to a strong washout of the generated asymmetry. With the
increase in the masses of the RHNs, the corresponding Yukawa couplings increase,
increasing the asymmetry parameter. On the right panel plot, it is seen that the cor-
relation of the asymmetry parameter εN1

with λ′′iiH vanishes. The dependence of εN1

on λ′′iiH is through the Yukawa coupling hiiα, by the Casas Ibarra parameterization
given in Eq . (G.18). Due to the presence of the Yukawa coupling y12ϕ and µ12ϕ in
the vertex correction diagram, the dependence of the asymmetry parameter on the
Yukawa couplings h11α vanishes.

In this model, we found that the asymmetry parameter εN1
is independent of the

scalar couplings λ11H , unlike the minimal scotogenic model. Required kinematics
for Leptogenesis:

mN1
> µη2 +mϕ , µη2 > µη1 +mϕ , mN2

> mN1
+mϕ . (8.14)

The relevant coupled Boltzmann Equations for Leptogenesis is written as,
dYN1

dz
=−DN1

(
YN1

− YN1,0

)
− s

H(z)z

(
Y 2
N1

− Y 2
N1,0

) [
⟨σv⟩N1N1−→ϕϕ + ⟨σv⟩N1N1−→η1η

†
1
+ ⟨σv⟩N1N1−→ℓαℓβ

]
,

− s

H(z)z

(
YN1

− YN1,0

) [
Yϕ,0⟨σv⟩N1ϕ−→lαη

†
2
+ Yη1,0⟨σv⟩N1η1−→lαVµ

+ YN2,0⟨σv⟩N1N2−→η1η
†
2

]
,

dYB−L
dz

=− εN1
DN1

(
YN1

− YN1,0

)
−WIDYB−L − s

H(z)z
YB−L

2 ∑
i=1,2

Yηi,0⟨σv⟩lαη†i−→lβηi

+2Yl,0
∑
i=1,2

r2ηi⟨σv⟩η†i η†i−→lαlβ
+ Yl,0

∑
i̸=j

rNi
rϕ⟨σv⟩Niϕ−→lαη

†
j
+ Yl,0

∑
i=1,2

rNi
rηi⟨σv⟩ηiNi−→lαVµ

 .
(8.15)

The Boltzmann equations are written in terms of the dimensionless variable z =
mN1

/T, ith particle co-moving number density Yi and equilibrium number density
Yi,0 = Y eq

i . Here DN1
andWID are the decay and inverse decay terms for N1 defined

as

DN1
= KN1

z
κ1(z)

κ2(z)
, (8.16)

WID =
1

4
KN1

z3κ1(z) , (8.17)

where KN1
= ΓN1

/H(z = 1) is known as the decay parameter and κi’s are the mod-
ified Bessel functions of second kind. ⟨σv⟩AB−→CD represents the thermal averaged
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cross-section for a given process A + B −→ C + D. Here rj = Yj,0/Yl,0. The detailed
derivation of neutrino mass and asymmetry parameters (εN1

) is available in the Ap-
pendix G.2 and G.3, respectively. The relevant Feynman diagrams corresponding to
the leptogenesis scenarios are shown in Fig . G.1.

Figure 8.4: The left figure corresponds to the initial condition YN1 = Yeq
N1

, while for the right figure YN1
∼ 10−20. The

horizontal and vertical gray dashed lines indicate Y obs
∆B and Tsph, respectively. The other solid and dashed lines represent the

variation of parameters with z = mN1
/T, as indicated in the figure’s inset. The masses of the real and charged components

of the inert doublet are defined asm
η0
R

i

= m
η0
Ii

+ 2 andm
η+i

= m
η0
Ii

+ 3, respectively.

In Fig . 8.4, we have represented the solution of cBEQ (Eq . (8.15)), yielding the
YB−L and YN1

evaluation with z. In Leptogenesis, the observed baryon asymmetry
is generated by the sphaleron process, where the sphaleron freeze-out occurs at Tsph,
transform YB−L asymmetry to the Y∆B asymmetry. We solve it for two benchmark
points in the left and right panel of Fig . 8.4. The blue and green solid lines depict
the evolution of |YB−L| and YN1

, respectively, while the dark red and black dashed
lines represent Yeq

N1
and H/H(z = 1), respectively. The figures in the bottom panel

illustrate how the decay and inverse decay rates vary with z. The intersection ofDN1

and WID with H/H(z = 1), decide the asymmetry production and washout. At the
first and second intersections, both are becoming in and out-equilibrium processes.
Although the rates are equal at equilibrium, the production and washout are also
influenced byYN1

andYB−L, leading to fascinating dynamics. In the bottompanel of
Fig . 8.4, we have not shown the scattering rate relevant for asymmetry evaluation,
as they are less significant compared to the decay (DN1

) and inverse decay (WID).
However, some scattering processes significantly impact the number density of N1

keeping it near its equilibrium abundance, reducing the asymmetry.
In Fig . 8.4, we show two plots representing two different scenarios: the left plot

assumes thatN1 is initially in equilibrium,while the right plot considers a casewhere
N1 is not in equilibrium and starts from a very small initial abundance. In the left
panel of Fig . 8.4,N1 is initially in equilibrium so the decay (N1 → lη1) and the inverse

182TH-3680_196121009



Chapter 8: Two-component Dark Matter and particle-antiparticle asymmetry

decay (lη1 → N1) rates are almost close to each other at high temperature, z ≲ 9.
Because of this, at high temperatures, the produced asymmetry is washed out and
the remaining asymmetry is negligible, |YB−L| ≲ 10−14. But, when the temperature
falls below mN1

, the inverse decay rate would start to fall and finally go below the
Hubble rate. During this time (9 < z < 20), the decay will become dominant and
the produced asymmetry will survive due to the gradual decrease in strength of
the inverse decay washout. The gradual increase in asymmetry will not continue
indefinitely. It will stop when Yeq

N1
falls to a very small value due to the decays and

can no longer produce asymmetry at low temperatures (z ≳ 20) and it freezes in. A
similar explanation applies to the right panel plots in Fig . 8.4 when z ≳ 2. However,
below it i.e . z ≲ 2 the asymmetry is generated through the out-of-equilibrium decay
ofN1 and stronglywashed outwhen it comes into thermal equilibrium. Once it does,
it mimics the behavior seen in the left panel plot.

Since numerous parameters play a significant role in Leptogenesis, we are fixing
some at specific values and expressing others in terms of {m

η0I1
, mϕ, mN1

, y12ϕ, µ12ϕ}:

mN2
= 3mN1

, mη0Ri
= mη0Ii

+ 2 GeV, m
η+i

= mη0Ii
+ 3 GeV, a = 1, b = 0.4 ,

mϕ < µ12ϕ < 2mϕ, λ
′
11H = λ′22H = 0.1, mη0I2

= mη0I1
+mϕ + 1 GeV, mN1

> mη0I2
+mϕ .

(8.18)

The choice of a, b is not unique, and the dependency is shown in Fig . G.4 for a
sample benchmark.

Figure 8.5: In this figure, the dark rainbow-colored points represent the RHN mass mN1
. All of these points respect the

observed baryon asymmetry (Y obs
∆B ≃ 8.75+0.23

−0.23 × 10−11) and account for the correct active neutrino masses.

In Fig . 8.5 we show the points in m
η0I1

− y12ϕµ12ϕ plane that satisfies the neu-
trino mass and baryon asymmetry while respecting the current LEP constraints on
the charged scalar. Since the free couplings y12ϕ and µ12ϕ both positively contribute
to the asymmetry parameter εN1

we keep y12ϕµ12ϕ in the y-axis. The dimension-
full coupling µ12ϕ is defined as a function of mϕ and is varied within the range,
1 < µ12ϕ/mϕ < 2. The different values ofmN1

are shown as a rainbow color bar. From
Fig . 8.5 it is seen that there exist a positive correlation between mN1

and y12ϕµ12ϕ.
In Eq . (G.36), it is clear that, the asymmetry parameter εN1

decreases with the in-
crease inmN1

and increases with the enhancement of η1 (≡ m2
η0I1
/m2

N1
). Therefore it

is required to increase the free couplings y12ϕµ12ϕ to generate sufficient asymmetry.
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Hence a larger value of mN1
require larger y12ϕµ12ϕ to satisfy the observed baryon

asymmetry. Similarly, in Fig . 8.5 it is seen that the points satisfying the observed
asymmetry have a negative gradient with mη0I1

. It is also due to the dependency of
εN1

on η1. For a fixedmN1
, with the increase inm

η0I1
the asymmetry parameter εN1

in-
creases. To compensate for this, we need smaller values of y12ϕµ12ϕ. Before conclud-

BM m
η0I1

[ GeV] mϕ [ GeV] mN1
[TeV ] µ12ϕ [GeV] y12ϕ

I 232.37 656.80 6.388 1037.20 2.555

II 786.91 124.31 3.670 222.43 2.603

III 355.11 365.58 2.205 384.67 2.608

IV 340.88 467.62 5.932 598.88 2.688

V 130.78 618.41 3.661 1220.52 3.001

Table 8.2: The sample benchmark (BM)points are giving the observed baryon asymmetry after addressing the active neutrino
masses, while other parameters are considered following the Eq . (8.18).

ing this section, we have illustrated several points, in Table 8.2, that meet the con-
straints on active neutrino masses and the observed baryon asymmetry. However,
the LFV constraints are not applicable in this context, as the asymmetry-respecting
parameter |hiiα| is effectively negligible.

8.5 Dark Matter analysis
The lightest particle under a discrete symmetry is stable and becomes a DM. In Ta-
ble 8.1, we have define the particles charges under Z2 ⊗ Z ′2 symmetry. We have
chosen the η0I1 (CP-odd part of inert doublet η1) and ϕ (real scalar singlet) as our
DMs by considering other parameter masses larger than these two. The required
kinematics for the stabilisation of DMs (η0I1 , ϕ):

mη0I2
> mη0I1

+mϕ , mN2
> mη0I2

,mη0Ri
> mη0Ii

, mη+i
> mη0Ii

, mN1
> mη0I1

. (8.19)

The heavier dark sector particles contribute to relics through co-annihilation chan-
nels. In this two-component real scalar DM scenario, both DMs interact with the
visible sector via gauge and Higgs portal interactions. In Eq . (8.3), we see that two
inert doublets have gauge portal interactions, bywhich η0I1 is in thermal equilibrium,
and the lightest one acts as a viable thermal dark matter candidate. In contrast, ϕ
interacts with the visible sector only via the Higgs portal interactions. It’s also cou-
pled to the inert doublets through η†1η2ϕ and η†i ηiϕ

2 terms. Interestingly, the mass
coupling associated with η†1η2ϕ is also contributed in baryon asymmetry along with
DM masses m

η0I1
and mϕ. However, Depending on the value of λϕH , two scenarios
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arise: (i) WIMP-WIMP, for λϕH ∼ 0.1, and (ii) WIMP-pFIMP, for λϕH ∼ 10−12, with
dark matter masses in theGeV −TeV range. In this chapter, we exclusively focus on
the WIMP-WIMP scenario; and we leave the alternate possibilities for future works.

In a two-component DM scenario, the relic density of DM is calculated by solv-
ing the coupled Boltzmann Equation (cBEQ). For simplicity, we can neglect some
of the processes that are ineffective in DM freezeout. RHNs (Ni) masses (∼ TeV )
are quite larger than DMs masses, necessary to account for both the correct baryon
asymmetry and neutrino masses. So, (Ni)s remained out of thermal equilibrium
and couldn’t participate in DM freezeout, which occurs at TFO is smaller than the
sphaleron decoupling temperature, Tsph where the YB−L is transferred into Y∆B. Fi-
nally, the coupled Boltzmann equations are written as,

dYη1
dz

= − s

H

(
mη1

mN1

z

)(
mη1

mN1

)
z

[(
Y 2
η1 − Y 2

η1,0

)
⟨σv⟩effη1η1−→SM SM +

(
Y 2
η1 − Y 2

ϕ

Y 2
η1,0

Y 2
ϕ,0

)
⟨σv⟩effη1η1−→ϕϕ

]
,

dYϕ
dz

= − s

H

(
mϕ

mN1

z

)(
mϕ

mN1

)
z

[(
Y 2
ϕ − Y 2

ϕ,0

)
⟨σv⟩ϕϕ−→SM SM +

(
Y 2
ϕ − Y 2

η1

Y 2
ϕ,0

Y 2
η1,0

)
⟨σv⟩effϕϕ−→η1η1

]
.

(8.20)

where Yi,0 = Y eq
i , z = mN1

/T, ⟨σv⟩eff denoted the effective annihilation cross sec-
tion because of the co-annihilating particles, which eventually decay into the DM
[647, 769] and other parameters carried their usual meaning. We have solved the
cBEQusingMicrOMEGAs-6.0 [513], and the results are presented in the subsequent
sections. Although different cosmological and astrophysical observations confirm
the existence of DM, its detection still has not been confirmed. We will also discuss
its possible detection prospects via direct and indirect searches in the below sections.

Before delving into the discussion on DM detection, let us simplify the model
by reducing the number of free parameters. To reduce the model parameters we fix
the parameters {m

η0I1
, mϕ, µ12ϕ, λ11ϕ, λ

′
11H} at specific values and express others in

terms them:

|hiiℓ| = 7.2× 10−6 (a = 0, b = 0.175), λij = 1, λ22ϕ = λ11ϕ ,

y12ϕ = 1, 0 < µ12ϕ < 2mϕ, λ
′
22H = 1, mη0I2

= mη0I1
+mϕ + 1 GeV,

mN1 = 2mη0I2
,mN2 = 3mN1 , mη0Ri

= mη0Ii
+ 5 GeV, m

η+i
= mη0Ii

+ 5 GeV .

(8.21)

8.5.1 Direct detection limits

Themost sensiblemethod to detect a thermalDM is by observing theDM-nuclear/electron
scattering rate through inelastic scattering with SM particles in direct detection ex-
periments. The unobservedDMdirect detection signal, fromdifferent underground
experiments likeXENON1T [578], XENONnT [358], LUX-ZEPLIN [514], DARWIN/XLZD
(projected) [518], PandaX-xT (projected) [516], puts an upper limit on the DM-
nucleon scattering cross-section. There is a lower limit obtained from the coherent
elastic neutrino-nucleus scatterings, known as neutrino-fog, where the discrimina-
tion of DM signal from neutrino background is challenging [770].

Here, the direct detection of η0I1 and ϕ is possible via the Higgs mediated dia-
grams shown in Fig . 8.6. In a two-component scalar DM setup, the effective spin-
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η0I1 η0I1

N N

h

(a)

ϕ ϕ

N N

h

(b)

Figure 8.6: Feynman diagrams correspond to the direct detection of η0I1 (left) and ϕ (right).

independent DM-nucleon scattering cross section is written as [300],

σeff
Nη0I1

=
Ωη0I1

Ωη0I1
+ Ωϕ

σSI
Nη0I1

, and σeff
Nϕ =

Ωϕ

Ωη0I1
+ Ωϕ

σSI
Nϕ . (8.22)

In Fig . 8.7, we have represented the relic allowedparameter space inmη0I1
−σeff

Nη0I1
(left

panel) and mϕ − σeff
Nϕ plane (right panel). In one inert doublet scenario [771–773],

the CP-odd scalar DM also acts as DM, the relic parameter space between∼ mh and
600 GeV , is purely under abundant. However, this rangewould be changed depend-
ing on the mass difference between the charged and neutral CP-even scalar. Here,
in the presence of a second inert doublet, more co-annihilation will add up and be-
comemore underabundant. It’s possible to evolve to the correct relic in the presence
of another DM (ϕ) that has shared the remaining relic. Because of these, all plots in
Fig . 8.7 are filled with color points in between 25 GeV to 700 GeV. Following the
Eq . (8.21), we have shown the variation of relic and DD with ∆m, λϕH, λ

′
11H, µ12ϕ.

The coupling associated with hϕϕ and hη0I1η
0
I1
is strongly constrained by the present

observed SI DD constraint. So, It would be better to keep off the process containing
these vertices in DM freeze-out by choosing sufficient small coupling so that DMs
remain in DD allowed. In this scenario, the DM-DM conversion plays a crucial role
in relic, especially in an underabundant regime of η0I1 . The gray-shaded regions in
Fig . 8.7 are excluded by the present SI direct detection experiments, while the strin-
gent set by LUX-ZEPLIN experiments. The dashed lines correspond to the future
projection limits set by PandaX-xT and XLZD experiments. As we said, in the mid-
dle region is the total relic allowed shared by two DMs, and extreme regions are
overabundant regimes. However, the lower and upper mass of η0I1 depends on the
mass difference between the charged and neutral scalar of η1.The rainbow color bar
represents the variation of ∆m (top), µ12ϕ (middle), and %Ωih

2 (bottom).
In Figs . 8.7a and 8.7b, we have shown the role of∆m coupling in the relic-allowed

parameter space. The (effective) conversion processes, η†i ηi → ϕϕ, helps to ϕ come
under relic as λϕH is small constrained by DD. For this, mϕ > mη0I1

regime is fitted
with relic otherwise in the opposite hierarchy ϕ becomes overabundant. The con-
version rate depends on the ratio of the equilibrium number density of both DMs,
which causes the small mass hierarchy (∆m ≲ 10) to be needed for more conver-
sion of ϕ to η0I1 . This has been clearly visible in the top panel figures. Another fac-
tor in conversion is the coupling µ12ϕ. Although it has a proportional dependency
on the conversion rate, simultaneously, it enhanced the effective annihilation cross-
section and became more underabundant. For this reason, the parameter space in
Figs . 8.7c and 8.7d show mixed color points, which mostly depend on ∆m. Finally,
in Figs . 8.7e and 8.7f, we show the effective contribution of DMs in total relic, de-
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(a) (b)

(c) (d)

(e) (f)

Figure 8.7: Figs . 8.7a, 8.7c, 8.7e and 8.7b, 8.7d, 8.7f, represents the relic allowed parameter space in mη0
I1

− σeff
Nη0I1

and

mϕ − σeff
Nϕ plane, respectively. The rainbow colorbar represents the variation of µ12ϕ, ∆m = m

η0
I1

− mϕ, and %Ωih
2 =

Ωih
2

(∑
i
Ωih

2

)−1

100, where i = η0I1 and ϕ, has mentioned above the colorbar. The observed SI DD limit excludes the

grey-shaded regions from XENON1T, XENONnT, and LUX-ZEPLIN, while the dashed lines correspond to projected limits
from PandaX-xT and DARWIN/XLZD (200 t y). Light green represents the neutrino floor.

picted by the rainbow color bar. These two figures complement each other while the
extreme regions are η0I1 dominant, and the middle region is dominated by ϕ where
η0I1 is badly underabundant.

187TH-3680_196121009



Chapter 8: Two-component Dark Matter and particle-antiparticle asymmetry

8.5.2 Indirect detection limits
The self-annihilation of DM particles at the galactic core can produce SM particles,
like gamma rays, neutrinos, positrons, etc., which could be possible to detect by
various telescopes and detectors. However, the non-observation of the excess in
these signals, gamma rays (Fermi-LAT), cosmic rays (AMS-02), and neutrinos (Ice-
Cube), etc., allows us to set an upper limit on the DM self-annihilation cross section
guided us for the theoreticalmodels and future searching forDM. In this framework,

h

η0I1

η0I1

b

b

(a)

h

ϕ

ϕ

b

b

(b)

Figure 8.8: The Feynman diagrams represents the self annihilation of η0I1 and ϕ into b b shown in Figs . 8.8a and 8.8b, respec-
tively.

we have estimated the self-annihilation of η0I1 and ϕ, is possible via the Higgs medi-
ated diagrams shown in Fig . 8.8, into the bottom pair as it gives the most stringent
constraint for DM annihilation set by Fermi-LAT observation. More interestingly, In
a two-component scalar DM setup, the effective DM self-annihilation cross-sections
are written as [300],

⟨σv⟩eff
ϕ ϕ→b b

=
Ω2
ϕ

(Ωη0I1
+ Ωϕ)

2
⟨σv⟩

ϕ ϕ→b b
, (8.23)

⟨σv⟩eff
η0I1

η0I1
→b b

=
Ω2
η0I1

(Ωη0I1
+ Ωϕ)

2
⟨σv⟩

η0I1
η0I1
→b b

, (8.24)

where the cross-section is calculated at the WIMP freeze-out temperature, TFO ∼
mDM/25. The annihilation cross-section, ⟨σv⟩

η0I1
η0I1
→b b

, proportionally depends on
the parametersmη0I1

and λhη0I1η0I1 = (λ11H+λ′11H−λ′′11H)v = (2m2
η0I1

−2m2
η+1
)/v+λ′11Hv,

on the contrary ⟨σv⟩
ϕϕ→b b

depends on the mϕ and λhϕϕ = λϕHv. In Fig . 8.9, we
have shown the variation of these parameters through the rainbow colorbar. In all
plots, the gray regions are excluded by the upper limit on the DM annihilation to the
bottom pair from Fermi-LAT, and this is stringent compared to other indirect obser-
vations. In case of η0I1 , with the enhancement of λ′1H the ⟨σv⟩

η0I1
η0I1
→b b

is increased
which depicted in Fig . 8.9a. If the DMmassmη0I1

∼ mh/2, some points are excluded
by Fermi-LAT due to the Higgs resonance enhancement in the cross-section, and
the same explanation is also valid for the second DM ϕ which has been illustrated
in Fig . 8.9b. Belowmh/2, the cross-section gradually decreases, and some points go
inside the Fermi-LAT exclusion regime. As these couplings are also involved in SI
direct detection of η0I1 and ϕ, so its decrement also decreases the DD cross-sections,
as we see in Figs . 8.9c and 8.9d. Here, the gradual decrement of both DD and ID
cross-section with the vertex factor λhη0I1η0I1 and λhϕϕ, is portrayed by the transition
of color gradient from blue to red.
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(a) (b)

(c) (d)

Figure 8.9: Figures are shown the Indirect detection limit on relic allowed parameter space inmi − ⟨σv⟩eff
i i→b b

plane, where
i = η0I1 , and ϕ. The grey-shaded regions are excluded from the recent Fermi-LAT limit on the DM annihilation bottom pair.
In this scan, we have taken: µ12ϕ ≤ 2mϕ and λ11ϕ ≤ 1.0. The rainbow color shows the variation of the respective parameters
mentioned above in the color bar.

Here, we connect three frameworks, (i) Neutrino mass: {mη0Rk
,m

η0Ik
,mNk

, hkkα},
(ii)Baryon asymmetry: {m

η0Rk
,m

η0Ik
,m

η+k
,mNk

,mϕ, y12ϕ, µ12ϕ, hkkα}, and (iii)DMrelic
density and its detection possibilities: {m

η0Rk
,m

η0Ik
,mη+k

,mϕ, λϕH , λ
′
kkH , µ12ϕ, λmn, λkkϕ}

in a one plane, where, {k,m, n = 1, 2}. RHNs are much heavier than DMs, and it
doesn’t play any role in the DM relic. All of these are directly connected by com-
mon parameters {m

η0Rk
,m

η0Ik
}. So, by fine-tuning other parameters, we can adjust

the corresponding observed observables. If we start from neutrino mass is adjusted
by {m

η0Rk
,m

η0Ik
,mNk

, hkkα} while along with these values fine-tuning the remaining
terms, {mη+k

,mNk
,mϕ, y12ϕ, µ12ϕ}, get observed BAU. Lastly, the DM relic is adjusted

by {λϕH , λ′kkH , λmn, λkkϕ} while λϕH is directly connected with DD and ID of DM.
After all of these three constraints, the unobserved Lepton flavor-violating decays
(ℓα → ℓβγ) put an upper limit on hkkα, it isn’t applicable in our scenario. Only strong
limits on charged scalar mass from LEP observation put a lower limit ∼ 90 GeV .

In Fig . 8.10, we have shown the relic density of DM, neutrino mass, baryon
asymmetry satisfied, and DD, ID, and flavor violating decays allowed parameter
space in mη0I1

− mϕ plane. However, the analysis followed the methodology out-
lined in Eq . (8.21). The red points in the left panel represent the parameter space
allowed by the DM relic density, while the blue points correspond to regions con-
sistent with both the relic density and DD constraints. Here, we have used the strin-
gent exclusion limit from recently observed SI DM-nucleon scattering cross-sections
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Figure 8.10: The red points represent the total relic density satisfied by both DM candidates. The blue points correspond
to the total relic density satisfied and allowed by the DD constraint from the LZ-2022 experiment for both DMs. Lastly, the
rainbow color points indicate the regions where the relic density, DD, ID provided by Fermi-LAT, and LEP limits on charged
scalars mass are satisfied by both DM candidates. The color bar shows the baryon asymmetry, Y∆B(zsph), corresponding to
each point, while Y obs

∆B indicated by cyan line on the legendbar.

provided by the LUX-ZEPLIN experiment. A real scalar singlet DM (under only
one inert doublet model) results in an underabundant relic density in the range
mh/2 < mDM < 500 GeV, which is here compensated by partner DM ϕ. Here, we
restrict the DMmass ratio up to three for simplicity, but it could be relaxable, which
has already been discussed in the above sections. The self-annihilation of ϕ into SM
particles is possible only via the Higgs portal interactions, and its freeze-out point
depends on the λϕH, which DD also constrains. However, it could be relaxed in the
presence of the DM-DM conversion processes, which help to become underabun-
dant and left for future detection, as we see in the left figure.

The right figure in Fig . 8.10, we show the variation of the baryon asymmetry in
mη0I1

− mϕ plane, while all points respect the DM relic density and neutrino mass,
and DD, ID and LEP constraint on charged scalar mass. The Fermi-LAT recent
observation puts an upper limit on the DM annihilation to bottom pairs, which
are less effective compared to DD constrained. Due to this, the allowed parameter
space remains unaltered after imposing ID constraints. However, the parameters
hkkα, y12ϕ, mN1

, mN2
is responsible for Leptogenesis and related to active neutrino

mass generation, but does not have any role in DM relic or its detections due to its
heaviness. Using this freedom, we calculated the yield of baryon asymmetry (Y∆B).
The rainbow color bar shows the variation of Y∆B while the green line on the color
bar represents the observed baryon asymmetry (Yobs

∆B). But, still, the mass depen-
dency of DMs is present via the decay ofN1 (→ ℓα η1) in the asymmetry parameter,
which is reflected in the plot. With the increase in the mass of η0I1 , the mN1

(as de-
scribed by Eq . (8.21)) also increases, leading to an increase in ΓN1

, which in turn
increases the asymmetry. Finally, we have implemented the LEP constrained on the
charged scalar mass (mη+1

), which is ∼ 90 GeV .

8.6 Summary
The simplest scenario that addresses neutrino mass generation and BAU is type-
I seesaw model, where the right-handed neutrinos (RHNs) need to be heavy, ∼
1010 TeV to satisfy the active neutrino masses and baryon asymmetry within the
observed limit. On the contrary, the WIMP (mass ∼ GeV ) freeze out occurs much
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later. So, having a separateDMcandidate added to such a frameworkwon’t correlate
all the phenomena together. The simplest way to connect them is to consider the
scotogenicmodel, whereDM freeze-out and leptogenesis could happen nearly at the
same scale, and the masses of RHNs get down to ∼ TeV scale. However, the BAU
and DM phenomena are not directly coupled in such a framework. Our primary
focus was to find out a model setup with minimal particle content that not only
addresses all of them together, but also provides an inter dependence, so that the
prediction in one sector affects the other.

We find out that an extension of scotogenic model that includes two RHNs, two
inert doublets, and one real scalar, stabilised appropriately underZ2⊗Z ′2 symmetry
with two real scalar DM components, does the job, establishing a novel connection
between the DM phenomenology and the matter-antimatter asymmetry. The asym-
metry generation in leptogenesis strongly depends on the DMmasses and coupling
with the RHNs through the vertex correction of N1 decays into ℓη1. On the other
hand, neutrino mass generation strongly depends on the inert doublet masses and
hkkα couplings, which also play a significant role in leptogenesis. Due to the pres-
ence ofNℓη vertex, the radiative lepton flavor violating decay becomes possible, but
the limit from MEG-II is less sensitive for the parameter space relevant for us. As
the LEP experiments already put a stringent lower limit on the singly charged scalar
∼ 90 GeV , excludes some of our parameter space.

Operationally, we perform all the detailed calculations to arrive at our final re-
sults. We have solved the cBEQofYN1

andYB−L numerically for some chosen bench-
mark points that address the correct active neutrino mass limits. We also provide a
scan plot inmη0I1

− (y12ϕ×µ12ϕ) plane, where the points are explaining the observed
baryon asymmetry and neutrino masses simultaneously. We do the DM calcula-
tion via solving coupled BEQs as well as scanning it via micrOmegas. The mass
hierarchy between DM components plays a crucial role in leptogenesis, as both the
DMs are considered as on-shell particles in the 1-loop vertex correction calculation.
The parameters {mη0I1

, mϕ, µ12ϕ} relevant for Leptogenesis, also turns crucial for
DM phenomenology. In the minimal scotogenic model, with one inert doublet, the
relic density allowed parameter space is very restrictive, depends on the mass split-
ting between the charged and neutral components of the inert doublet, and most
of the parameter space accessible to collider observation is under-abundant due to
the presence of gauge portal interactions. Here, on the contrary, in the presence of
two DM components, the parameter space available for both leptogenesis and DM
constraints, is enhanced, allowing a future detection of the charged component of
the inert doublet in the collider, indicating to a specific parameter space relevant for
DM, leptogenesis and neutrino mass generation. A summary plot also indicates the
future detectability of DM in the Direct and Indirect searches after addressing the
relevant constraints.
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Chapter 9
Summary and Future prospects

The thesis studies DM sector of the universe, which is motivated from several
astrophysical and cosmological experiments, but still awaiting a discovery signal.
We consider particles having different spins, masses and genesis (like WIMP, FIMP
or SIMP) to co-exist and consist the dark sector. The thesis mainly aims to elabo-
rate upon the cosmological and phenomenological consequences of such scenarios,
which mainly stems from the interaction between the DM components. We show
that DM detectability is also crucially governed by such cases, which may show up
in upcoming sensitivities of direct, indirect or collider search experiments. We also
try to connect to other motivations of physics beyond the SM, like neutrino masses,
matter-anti matter asymmetry of the universe etc.

The thesis begins with an introduction to SM of particle physics, and some of
the compelling issues which makes us believe that there exists physics beyond the
SM. We then study in details DM phenomenology. We particularly highlight differ-
ent manifestations like WIMP, SIMP and FIMP type DM, from the perspective of a
simple model extensions via scalar singlet, but choosing the couplings in a judicious
way to render different limits of the sameDM.We elaborate thereafter DMdetection
prospects in direct, indirect and collider searches.

The main projects that consists the thesis starts from Chapter 3. Here we pro-
pose a two-component vector-scalar (WIMP-WIMP) model to show that the com-
bined event rate differs from that of a single-component DM and exhibits a distinct
kink, when one of the DM is light and the other is heavy. The challenge was to find
a parameter space where such curvature is seen after satisfying the cosmological,
theoretical and phenomenological constraints. To the best of our knowledge, this
was done for the first time in literature. Excepting DM mass, other model parame-
ters related to DM number densities and DM-nucleus scattering cross-sections, also
play a significant role in the visibility of the curvature. The analysis also shows that
distinguishability of such two component framework from a single component one
is restricted to a particular region of the parameter space and limited to a class of
models.

In Chapter 4, we go beyond WIMP-WIMP to WIMP-FIMP combination. We
study the same scalar vector model as studied in the previous chapter, but the vector
boson DM becomes FIMP here. We highlight the distinction in the available param-
eter space of the model for DM freeze-in or freeze-out before and after Electroweak
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Symmetry Breaking (EWSB). If the relic density saturates before EWSB, we find that
DMmasses should be heavy≳ 4 TeV . However, this constraint gets relaxed for DM
freeze in or freeze out after EWSB. The detection of FIMP is usually challenging,
but we show that its presence can be inferred indirectly through direct and indirect
searches of thermal DM partner in both pre- and post- EWSB epochs.

In Chapter 5, we study the case when the interaction between WIMP and FIMP
is not feeble; so that the FIMP reaches thermal equilibrium and freezes out. We
study the dynamics of such particles in model independent way and see that there
are some generic features that can be attributed. We therefore classify such parti-
cles as a new kind of DM called pseudo-FIMP (pFIMP). pFIMPs don’t have a direct
SM connection, therefore its detection could be possible via the thermal DM loop.
The fate of pFIMP heavily depends on the partner DM and the interaction between
them. We study the simplest WIMP-pFIMP model with two real scalar DMs sta-
bilised under Z2 ⊗ Z ′2 symmetry. pFIMPs can also arise in presence of a SIMP type
DM. We have also demonstrated it by replacing a real scalar with a complex scalar
DM (stable under Z3), which resembles a SIMP DM.

The detection prospect of pFIMP is illustrated next in Chapter 6, where we draw
all possible WIMP loops for scalar, fermion and vector boson. We then study a
vector-like fermionic WIMP and a real scalar pFIMP setup, assuming the Higgs
portal coupling to be very feeble. The key finding of this model is that above the
LEP exclusion limit ( 103 GeV ), both WIMP and pFIMP are accessible for direct
and indirect searches, while obeying the existing limits. Here, pFIMP detection is
dominantly governed by the penguin loop of fermionic DM, and UV divergence is
handled using on-shell renormalization scheme. In the subsequent section of this
chapter, we illustrate another example of WIMP-pFIMP setup consisting of real and
complex scalar DM. Additionally, we introduce a vector-like charged lepton, which
couples only to right-handed charged leptons, so that WIMP can participate in both
lepton-flavor-violating and lepton-flavor-conserving processes, so that some of the
parameter space is excluded by LFV (µ→ eγ) decay constraints. We further analyze
missing energy plus opposite-sign lepton (electron andmuon) and di-tau signals at
an e+e− collider (ILC) for points allowed by cosmological, theoretical and collider
limits. We demonstrate a 5σ discovery potential in di-lepton and di-tau searches.

In Chapter 7, we study how one can achieve two stable DM components with a
single discrete symmetry ZN , with two complex scalar fields. We study the differ-
ent kinematic conditions so that the heavier component becomes long lived. This
gives rise to several possibilities. For Z2 symmetry, preventing the decay of heavier
particle to the lighter one (or lighter particles plus SMs) leads to Z2 ⊗ Z ′2 model.
However, for Z3 symmetry, it can yield Z3 ⊗ Z ′3 scenario, as well as situations like
q1 ̸= q2, with q1 + q2 ̸= N when q1,2 are the charges for DM and both are stable, and
phenomenologically distinguishable from the Z3 ⊗Z ′3 scenario.

InChapter 8, wehave showna connection betweenneutrinomass,matter-antimatter
asymmetry, and dark matter (DM). This connection has been established in a sco-
togenic model consisting of two inert doublets, two right-handed neutrinos, and a
real scalar field, having two DM components. For an appropriate choice of the dark
sector particle charges under the Z2 ⊗ Z ′2 symmetry, the lepton number-violating
one-loop decays involve both DMs and the couplings that generate lepton asym-
metry, are also relevant for DM relic density. In this way, the three phenomena are
correlated to each other and provides a larger accessible parameter space than the
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minimal scotogenic scenario.
In summary, the thesis explores several interesting cosmological andphenomeno-

logical features thatmulticomponent DM frameworks can provide. In particular, we
highlight the detectability of such models. However, we see that the distinction of
two component set ups from one component case is often limited. The issues that
the thesis couldn’t touch upon are the possibilities of first-order phase transition and
resulting gravitational wave signal, and its potential to distinguish single andmulti-
partite dark sector. Apart we also wish to study DMproduction using non-standard
cosmology, and its potential distinguishability from the standard case, the possibil-
ity of multicomponent DMs having different temperatures, the possibility of axion
DM coexisting with others etc. The question of DM discovery is making the particle
physicists anxious and the author hopes that it will soon be achieved, so that new
era opens up in exploring early universe cosmology and physics beyond the SM.
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Appendix A
Boltzmann Equation for Dark Matter

For a significant portion of its early history, the universe’s constituents existed in
thermal equilibrium, making an equilibrium-based description a robust approxi-
mation. However, several critical phenomena mark significant departures from this
equilibrium, including neutrino decoupling, the decoupling of the CMBR, primor-
dial nucleosynthesis, and, withinmore speculative frameworks, inflation, baryogen-
esis, and the decoupling of relic WIMPs, among others. As previously emphasized,
in the absence of such departures from thermal equilibrium, the current state of the
universe would be entirely determined by its present temperature. These deviations
from equilibrium have given rise to several significant relics, such as the light ele-
ments, the neutrino background, the net baryon asymmetry, relicWIMPs, and other
cosmologically relevant features.

A fundamental criterion to determinewhether a particle species remains coupled
or becomes decoupled is the comparison between its interaction rate, Γ, and the
expansion rate of the universe,H:

Γ ≳ H (Coupled) ,

Γ ≲ H (Decoupled) ,
(A.1)

whereΓ represents the interaction rate per particle for the reaction(s) responsible for
maintaining the species in thermal equilibrium, while the units of Γ are expressed as
time−1. To accurately address the phenomenon of decoupling, onemust analyze the
microscopic evolution of the particle’s phase-space distribution function, denoted
f(pµ, xµ). This evolution is governed by the Boltzmann equation, expressed as:

L̂[f ] = C[f ], (A.2)

where f = f(p⃗, x⃗, t) represents the phase-space density to be determined, L̂ is the
Liouville operator, describing the temporal evolution of the phase-space density,
and C is the collision operator, which accounts for the net gain or loss of particles
within a phase-space volume per unit time.

In the non-relativistic regime, the Liouville operator can be interpreted as a total
time derivative, expressed as:

L̂NR =
d

dt
+
dx⃗

dt
· ∇⃗x +

dv⃗

dt
· ∇⃗v =

d

dt
+ v⃗ · ∇⃗x +

F⃗

m
· ∇⃗v , (A.3)
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where v⃗ is the velocity, F⃗ represents the force, andm is the particle’s mass.
In the relativistic framework, the covariant form of the Liouville operator is given

by:

L̂cov = pα
∂

∂xα
− Γαβγp

βpγ
∂

∂pα
, (A.4)

where gravitational effects are encapsulated by the affine connection Γαβγ . In the
context of the Friedmann Robertson Walker (FRW) cosmological model, the phase-
space density is assumed to be spatially homogeneous and isotropic. Consequently,
f(x⃗, p⃗, t) simplifies to f(|p⃗|, t) or, equivalently, f(E, t), where E denotes the particle
energy. The FRWmetric possesses the following non-zero Christoffel symbols:

Γ0
ij = δij ȧa , Γi0j = Γij0 = δij

ȧ

a
,

where δij is the Kronecker delta with i, j = {1, 2, 3}, a(t) is the scale factor, and ȧ
represents its time derivative. Employing these coefficients, the Liouville operator
simplifies as follows:

L̂[f ] = E
∂f

∂t
− Γi0jp

0pj
∂f

∂pi
− Γij0p

jp0
∂f

∂pi
− Γ0

ijp
ipj

∂f

∂p0

= E
∂f

∂t
− δija ȧp

ipj
∂f

∂E

= E
∂f

∂t
− ȧ

a
|p⃗|2 ∂f

∂E
.

(A.5)

Here, E denotes the energy of the particle, p⃗ is the spatial momentum,|p|2 = pipig
ii

encapsulates the squared magnitude of the spatial momentum and gii represents
the components of the inverse metric.

Here, we focus on particle number densities, specifically by integrating over mo-
menta in the phase-space distribution, alongwith the energy and pressure densities.
The equilibrium number, energy, and pressure density are defined as follows:

ni(t) =
1

(2π)3

∫
d3pi fi(Ei, t) , (A.6)

ρi(t) =
1

(2π)3

∫
d3pi Ei fi(Ei, t) , (A.7)

Pi(t) =
1

(2π)3

∫
d3pi

|pi|2

3Ei
fi(Ei, t) , (A.8)

where ni, ρi, Pi are the number density, energy density, and pressure of a dilute
weakly interacting gas of particles with internal degrees of freedom gi written in
terms of its phase space distribution function f(|p|).

The Fermi-Dirac (FD), Bose-Einstein (BE), and Maxwell Boltzmann (MB) dis-
tributions are given by,

f(p) ∼ ge−(E−µ)/T [MB] ,

f(p) ∼ g
(
e(E−µ)/T + 1

)−1
[FD] ,

f(p) ∼ g
(
e(E−µ)/T − 1

)−1
[BE] .

(A.9)
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As at the equilibrium, particle numbers are conserved, so the chemical potential (µ)
must be vanishes. We can redefine our phase space density is likely: f = ge−µ/Tf eq ≡
n

neq
f eq [MB] (see A.6), where

f eq = ge−E/T [MB] ,

f eq = g
(
eE/T − 1

)−1
[BE] ,

f eq = g
(
eE/T + 1

)−1
[FD] .

(A.10)

Now, the energy density is defined as,

ρi = gi

∫
d3pi
(2π)3

Eie
−(Ei−µi)/T =

ni
ni,0(T )

ρi,0(T ) . (A.11)

where,

ni,0(T ) =
T

2π2
gim

2
iK2 (mi/T ) , (A.12)

ρi,0(T ) =

∫
d3pi
(2π)3

Eif
eq
i =

gim
3
i

2π2/T

[
K3 (mi/T )−

T

mi

K2 (mi/T )

]
. (A.13)

Using the recursion relation of modified Bessel function of second kind order n:

Kn−1(x)−Kn+1(x) = −2
n

x
Kn(x) , (A.14)

and Eq . (A.13) becomes,

ρi,0(T ) =
gim

3
i

2π2β′

[
K1 (mi/T ) +

3

(mi/T )
K2 (mi/T )

]
, (A.15)

and similarly,

Pi =
n1

ni,0(T )
Pi,0(T ) , (A.16)

Pi,0(T ) =
∫

d3pi
(2π)3

|pi|2

3Ei
f eqi =

1

3
ρi,0(T )−

gim
3
i

6π2/T
K1 (mi/T ) ≡ Tni,0(T ) . (A.17)

Species Type Number Density (Equilibrium) Energy Density (Equilibrium)

Non-relativistic(T ≪ mi) ni,0 = gi

(
miT

2π

)3/2

e−(mi−µi)/T ρi,0 = ni,0mi

Ultra-relativistic(T ≫ mi, µi) ni,0 =
ζ(3)

π2
giT

3

1 (bosons)
3

4
(fermions)

ρi,0 =
π2

30
giT

4

1 (bosons)
7

8
(fermions)

where ζ(3) =
∑∞

n=1 n
−3 ≃ 1.2026 is the Riemann zeta function of order 3, ni,0 is the

equilibrium number density, ρi,0 is the equilibrium energy density, gi represents the
degeneracy factor,mi is the particle mass, and T is the bath temperature. For a sys-
tem comprising multiple particle species in thermal equilibrium, where the species
i exhibit a thermal distribution characterized by temperature Ti, the total energy
density can be expressed to a high degree of precision as:

ρtot =
π2

30
g∗(T )T

4 . (A.18)
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Appendix A: Boltzmann Equation for Dark Matter

Here, g∗(T ) represents the effective number of relativistic (effectively massless) de-
grees of freedom at temperature T . It is given by:

g∗(T ) =
∑

b∈bosons

gb

(
Tb
T

)4

+
7

8

∑
f∈fermions

gf

(
Tf
T

)4

, (A.19)

where gb and gf denote the intrinsic degrees of freedom for bosons and fermions,
respectively, while Tb and Tf are their associated temperatures relative to the ref-
erence temperature T . During the radiation-dominated (RD) era, where the scale
factor evolves as a(t) ∝

√
t, the Hubble parameter can be expressed as:

H2 =
8πGN

3
ρtot =

8πGN

3

π2

30
g∗(T )T

4 ≃
(
1.66

√
g∗(T )

T 2

mPl

)2

. (A.20)

Here, GN = 6.6743× 10−11m3kg−3s−2 is the Newtonian constant of gravitation, and
mPl ≃ 1.221× 1019 denotes the Planck mass (≡ 1/

√
GN).

Let us rewrite the Eq . (A.2) in accordance with the preceding expressions:∫
L̂[f ]g

d3p

(2π)3
=

∫
Ĉ[f ]g

d3p

(2π)3

=⇒ g

(2π)3

∫ [
∂f

∂t
− ȧ

a

|p⃗|2

E

∂f

∂E

]
d3p =

g

(2π)3

∫
Ĉ[f ]

d3p

E

=⇒ ∂

∂t

[
g

∫
d3p

(2π)3
f

]
− g

(2π)3
ȧ

a

[
4π

∫
p3df

]
=

g

(2π)3

∫
Ĉ[f ]

d3p

E

=⇒ dn

dt
+

g

(2π)3
ȧ

a

[
4π

∫
3p2dp f

]
=

g

(2π)3

∫
Ĉ[f ]

d3p

E

=⇒ dn

dt
+ 3Hn =

g

(2π)3

∫
Ĉ[f ]

d3p

E
, (A.21)

where H = ȧ/a denotes the Hubble rate.
In general collision term for the process ψ+ a+ b+ ...↔ i+ j + ..., where we are

focussing on the evaluation of ψ, on is given by [62, 774],

gψ
(2π)3

∫
Ĉ[fψ]

d3pψ
Eψ

= −
∫
dΠψdΠadΠb...dΠidΠj...(2π)

4δ4(pψ + pa + pb...− pi − pj...)
[
|M|2ψ+a+b+...→i+j+...

fψfafb...(1± fi)(1± fj)...− |M|2i+j+...←ψ+a+b+...fifj...(1± fψ)(1± fa)(1± fb)...
]
,

(A.22)

where fi, fj, ..., fa, fb, ... are the phase space densities of species i, j, ..., a, b, ...; fψ is
the phase space density of ψ; (+) applies to bosons; (−) applies to fermions; and

dΠi ≡
1

(2π)3
d3pi
2Ei

. (A.23)

In Eq . (A.22), the four-dimensional Dirac delta function ensures the conservation
of energy and three-momentum. The squared matrix element, |M|2i+j+···→ψ+a+b+···,
corresponding to the process i+j+ · · · → ψ+a+b+ · · ·, is averaged over the spins of
the initial and final states. Additionally, it incorporates the appropriate symmetry
factors to account for indistinguishable particles in either the initial or final states.
To simplify Eq . (A.22), we employ two well-justified approximations:
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• T (or CP) Invariance: We assume time-reversal (or charge-parity) invariance,
which implies the equality of matrix elements for forward and reverse pro-
cesses, |M|2i+j+···→ψ+a+b+... = |M|2ψ+a+b+···→i+j+... ≡ |M|2.

• Maxwell-Boltzmann Statistics: We approximate the distribution functions of
all species using MB statistics instead of FD for fermions and BE for bosons.
In the absence of Bose-Einstein condensation or Fermi degeneracy, the factors
associated with quantum effects, 1 ± f , can be approximated as 1, and the
distribution functions take the form fi(Ei) = exp[−(Ei − µi)/T ] for all species
in kinetic equilibrium.

Under these two assumptions, the BEQ can be expressed in the familiar form using
Eq . (A.21) and Eq . (A.22):

ṅψ + 3Hnψ = −
∫
dΠψdΠa...dΠidΠj ...(2π)

4|M|2δ4 (pψ + pa...− pi − pj ...) [fψfa...− fifj ...] .

(A.24)

The significance of the individual terms is evident: the term 3Hnψ represents the
dilution effect resulting from the expansion of the universe, while the right-hand
side of Eq . (A.24) captures the contributions of interactions that modify the number
density of ψ-particles. In the absence of such interactions, the solution to Eq . (A.24)
is nψ ∝ a−3. It is usually useful to scale out the effect of the expansion of the universe;
it is often advantageous to evaluate the evolution of the particle number within a
moving volume. This approach involves utilizing the entropy density (s) with ṡ =

−3Hs, and defining the dimensionless variable called as yield Yψ ≡ nψ
s
. Now, the

BEQ is written in terms of yield:

dnψ
dt

+ 3Hnψ = s
dYψ
dt

. (A.25)

Moreover, because the interaction term typically exhibits an explicit dependence on
temperature rather than time, it is advantageous to define an alternative indepen-
dent variable x =

m

T
, wherem represents a convenientmass scale, commonly chosen

as the mass of the particle under consideration, here is mψ. During the radiation-
dominated epoch, x and t are related by t = 1/(2H) and dt = dx/x. Incorporating all
these ingredients, Eq . (A.22) simplifies to describe the ψ a→ i j process as follows:

dYψ
dx

=− 1

sHx

∫
dΠψdΠadΠidΠj(2π)

4|M|2δ4(pψ + pa − pi − pj) [fψfa − fifj ] . (A.26)

If we assume i, j particles are in equilibrium, just for simplicity, then fifj = f eq
i f

eq
j =

f eq
ψ f

eq
a using energy conservation,Eψ+Ea = Ei+Ej . Furthermore, for non-equilibrium

particle fψ,a = f eq
ψ,ae

−µψ,a/T which can easily be simplified to nψ,a = neq
ψ,ae

−µψ,a/T .
Therefore, the last distribution factor in Eq . (A.26) will be,

[fψfa − fifj] =
f eq
ψ f

eq
a

ni,0nj,0

[
nψna − nψ,0na,0

]
, (A.27)

Finally, the BEQ is written as,

dYψ
dx

= − s

Hx
⟨σψ a→i jvrel⟩

[
YψYa − Yψ,0Ya,0

]
. (A.28)
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In the above equation, the thermal averaged annihilation cross-section times velocity
is given by,

⟨σv⟩ψ a→i j =

∫
(σvrel)e

−Eψ/T e−Ea/Td3pψd
3pa∫

e−Eψ/T e−Ea/Td3pψd3pa
. (A.29)

After doing a fewmathematical steps, we get the relative velocity, (v) betweenψ and
a, in terms of Mandelstam variable s as, v2rel = s2

[s−(mψ+ma)2][s−(mψ−ma)2]
(s+m2

ψ−m2
a)

2(s−m2
ψ+m

2
a)

2 . However,
the denominator and numerator part of Eq . (A.29) are given by,∫ ∫

e−Eψ/T e−Ea/Td3pψd
3pa =

(
4πm2

ψTK2

(mψ

T

))(
4πm2

aTK2

(ma

T

))
, (A.30)

and∫ ∫
(σvrel)e

−Eψ/T e−Ea/Td3pψd
3pa

= 2π2T

∫ ∞
smin

σ(s)
(
s− (mψ +ma)

2
) (
s− (mψ −ma)

2
)1/2

K1

(√
s

T

)
ds , (A.31)

where the lower limit of the integration over s is smin = max
[
(mψ +ma)

2 , (mi +mj)
2].

In the above equations, we have used Kn is the modified Bessel function of the sec-
ond kind nth order, has the following form:

Kn(t) =

√
π

Γ

(
n+

1

2

) ( t
2

)n ∫ ∞
1

e−tx
(
x2 − 1

)n−1
2 dx; Re(n) > −1

2
, Re(t) > 0 .

(A.32)

Finally, solving the Eq . (A.28), we can find out the present time abundance of the ψ
species using the the relic density formula, Ωψ =

ρψ
ρc

. The present entropy density is

2893/cm3 and ρc ∼ 1.054×10−5h2 GeV/cm3 [7]. Therefore, the present ψ abundance
is given by,

Ωψh
2 ≃ 2.744× 108mψYψ|x→∞ . (A.33)

In this context, we have presented the single-particle BEQ in Eq . (A.28). However,
it is straightforward to derive the BEQs for the evaluation of the two-particle num-
ber density following this approach. In equilibrium, using the detailed balanced
condition, we can write:

⟨σv⟩ψ a→i jnψ,0na,0 = ⟨σv⟩ψ a→i jni,0nj,0 . (A.34)

This expression is usually very useful when writing the n-component coupled BEQ,
although, in this thesis, we have only focused on the 2-component coupled BEQ.
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Direct Search for WIMP-WIMP model

B.1 Feynman diagrams for DM relic density

X

X

SM

SM

hi

hiX

hiX

X

hiX

hiX

X

X

X

hi

hi

hi

ϕ

ϕ

SM

SM

ϕ

hiϕ

hiϕ

ϕ

hiϕ

hiϕ

ϕ

ϕ

hi

hi

ϕ

ϕ

X

X

hi

Figure B.1: Feynman diagrams relevant for DM annihilation: ϕ ϕ → SM SM and X X → SM SM, where SM ∈
{hi, quarks, leptons, W±, Z}, and i = 1, 2. The bottompanel Feynmandiagram shows theDM-DMconversion: ϕϕ→ XX.

In the two component DM model, constructed of a VBDM (X) and a scalar sin-
glet (ϕ) in thermal bath as described in Section 3.2, their annihilation cross-sections
to the SM particles and conversion amongst themselves crucially decide the relic
densities of the individual components. The Feynman graphs are shown in Fig . B.1.
The individual relic densities also dictate the effective direct and indirect search
cross-sections.

B.2 Thermal equilibrium for h2

The key assumption in solving the cBEQ for obtaining ϕ and X relic densities, is
that during DM freeze-out, h2 remains in chemical and kinetic equilibrium, i.e.,

201TH-3680_196121009



Appendix B:Direct Search for WIMP-WIMP model

10-1 100 101 102 103
10-12

10-6

100

106

1012

10-1 100 101 102 103
10-12

10-6

100

106

1012

Figure B.2: ⟨Γ⟩/H versus bath temperature T plotted for h2. The dashed, dot-dashed, and thick color lines show the in-
teraction rate of h2 for decay, scattering, and the combined decay plus scattering processes, respectively. The parameters
kept constant are: gX = 10−2, sinϑ = 10−3, λϕS = 10−1, λϕH = 10−2, while for left : {mϕ = 50 GeV, and mX =
10 GeV}, and for right : {mϕ = 100 GeV, and, mX = 5 GeV}, with four distinct colors representing different values of
mh2

.

nh2(T ) = nh2,0(T ), and shares the same thermal bath temperature. The kinetic and
chemical equilibria are maintained via scattering with relativistic SM fermions and
annihilation and decay to the light SM fermions, respectively. The results are shown
in Fig . B.2, where ⟨Γ⟩/H is plotted against bath temperature (T) for some allowed
parameters of the model to show that in all cases including decay and scattering, h2
remains in thermal bath.
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Appendix C
Freeze-In/Out before and after EWSB

C.1 Decoupling of the bath particle decaying to FIMP
In our analysis, we have seen that s→ XX (bEWSB) and h2 → XX (aEWSB) plays
a major role for X yield (ΩX) when kinematically accessible with ms ≳ 2mX or
mh2 ≳ 2mX . However, it is important to note that the decay can occur when s(h2)
is in thermal bath and also after it decouples from the bath. The contribution to X
yield after the decoupling is referred to as ‘late decay’. The late decay is taken care
of in the FIMP BEQ via an additional interaction as shown in Eq . (4.35). The same
is shown for freeze-in production of X aEWSB in Eq . (4.42). This additional term
stems from a cBEQ involving s and X , where s freezes-out and X freezes-in. The
relevant cBEQs are given by:

dYs
dx

=− 0.264MPlms

x2
gs∗√
gρ∗

[
Y 2
s − (Y eq

s )2
]  ∑

i=H,ϕ,X

⟨σss→ii v⟩+
⟨Γs→XX⟩

Y eq
s

2π2

45
gs∗

(ms

x

)3
 ;

dYX
dx

=
45MPl Γs→XX
1.67× 2π4m2

s

K1[x]x
3

gs∗
√
gρ∗

+
0.264MPlms

x2
gs∗√
gρ∗

[
Y 2
s − (Y eq

s )2
] ⟨Γs→XX⟩

Y eq
s

2π2

45
gs∗

(ms

x

)3 ;
(C.1)

where x = ms/T . As shown in Fig . 4.7e, the late decay contribution essentially
comes from the freeze-out yield of s(h2). The freeze-out yield of s, in turn depends
on the annihilation cross-sections of s via the channels as shown in Feynman graphs
in Fig . 4.6. The cross-sections at the threshold (denoted by σ0) where center of mass
energy (s) is just enough for the production process to occur are given below :

σ0
ss→HH†|s=4m2

s
=

λ2HS
8πg4Xm

7
s

√
m2
s −m2

H

(
g4Xm

4
s − 2g2Xm

2
sm

2
XλHS +m4

Xλ
2
HS

)
,

σ0
ss→ϕϕ|s=4m2

s
=

λ2ϕS
16πg4Xm

7
s

√
m2
s −m2

ϕ

(
−2g2Xm

2
sm

2
XλϕS + g4Xm

4
s +m4

Xλ
2
ϕS

)
, (C.2)

σ0
ss→XX |s=4m2

s
=

g4X
4πm7

s

√
m2
s −m2

X

(
−20m2

sm
2
X + 11m4

s + 12m4
X

)
.

Note that the annihilation cross-section at threshold has the most dominant contri-
bution for freeze out. The expressions for cross-sections of h2 decoupling is pretty
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similar, involves additionally the mixing angle (sin θ) between the SM isodoublet
and singlet.

C.2 Higgs mass and constraints
The scalar potential bEWSB (in terms ofmH ,ms,mϕ) is given by,

V (H, s, ϕ)

∣∣∣∣
bEWSB

= (µ2
H +

1

2
λHSv

2
s)︸ ︷︷ ︸

m2
H

(H†H) + λH(H
†H)2 +

1

2
(µ2

ϕ +
1

2
λϕSv

2
s)︸ ︷︷ ︸

m2
ϕ

ϕ2 +
1

4!
λϕϕ

4

+
1

2
(µ2

S + 3λSv
2
s)︸ ︷︷ ︸

m2
s

s2 +
1

4
λSs

4 + λSvss
3 +

1

2
λϕH(ϕ

2H†H) + λHSvs(sH
†H)

+
1

2
λϕSvs(sϕ

2) +
1

2
λHS(s

2H†H) +
1

4
λϕS(s

2ϕ2) + (λSv
3
s − µ2

Svs)s

+ (
1

4
λSv

4
s −

1

2
µ2
Sv

2
s).

(C.3)

The potential aEWSB can be written (in terms ofmH ,ms,mϕ) as:

V (h, s, ϕ)

∣∣∣∣
aEWSB

=
1

2
m2
H(v+ h)2 +

1

4
λH(v+ h)4 +

1

2
m2
ϕϕ

2 +
1

4!
λϕϕ

4

+
1

2
m2
ss

2 +
1

4
λSs

4 + λSvss
3 +

1

4
λϕHϕ

2(v+ h)2 +
1

2
λHSvs(v + h)2s

+
1

2
λϕSvsϕ

2s+
1

4
λHS(v+ h)2s2 +

1

4
λϕSϕ

2s2 + (λSv
3
s − µ2

Svs)s

+ (
1

4
λSv

4
s −

1

2
µ2
Sv

2
s).

(C.4)

Following above, there is a mixing between h, s fields aEWSB. The mass matrix
M in the basis {h, s, ϕ} can be written as,

M2 =


m2
H + 3λHv

2 λHSvvs 0

λHSvvs m2
s +

1
2
λHSv

2 0

0 0 m2
ϕ +

1
2
λϕHv

2

 . (C.5)

Upon diagonalisation, the mass eigenvalues of the matrix are given by,

2m2
h1,2

= m2
H +m2

s + 3λHv
2 +

1

2
λHSv

2 ∓
√
(m2

s +
1

2
λHSv2 −m2

H − 3λHv2)2 + 4λ2HSv
2v2s ;

m2
ϕ = m2

ϕ +
1

2
λϕHv

2.

(C.6)

The physical eigenstates are given by

h1 = cos θ h− sin θ s ,

h2 = sin θ h+ cos θ s ; (C.7)
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where the mixing angle can be written as,

tan 2θ =
2λHSvvs

m2
s +

1
2
λHSv2 −m2

H − 3λHv2
. (C.8)

The mixing is restricted by LHC data as | sin[θ]| ≲ 0.3 (see text). Now, h1 is identi-
fied with SMHiggs so thatmh1 = 125.1GeV and h2 is assumed to be another neutral
scalar, which is dominantly a singlet and can be heavy or light. Whenms < 2mX , im-
material to whether the freeze-in or freeze-out occurs bEWSB, h, smixing as stated
above occurs and results in a SM Higgs as observed currently. So, even in bEWSB
epoch, mH ,ms needs to be chosen in such a way that we obtain correct Higgs mass
and respect the mixing angle limit. This is what we have done for the scans done
in the DM analysis. The correct choices of parameters {mH ,ms, λHS, vs} is indicated
in Fig . C.1, which shows the correlation betweenmH −ms bEWSB allowed by these
mass constraints for fixed values of other couplings.

Here, we would also like to point out to a caveat that whenms ≳ 2mX and FIMP
freezes-in before EWSB by in-equilibrium decay and late decay of s, due to complete
depletion of s before EWSB, mixing does not arise after EWSB (sin θ ∼ 0) and there-
fore we only obtain one physical scalar h1 with mass mh1 = 125.1 GeV. Then the
relation betweenmH bEWSB andmh1 aEWSB is simply given by

m2
h1

= m2
H + 3λHv

2, m2
H =

1

2
m2
h1
. (C.9)

The scalar potential can be written only in terms of h1, h2, θ is given by

V (h1, h2, ϕ)

∣∣∣∣
aEWSB

=
µ2
H

2
(v+ h1 cos θ + h2 sin θ)

2 +
λH
4
(v+ h1 cos θ + h2 sin θ)

4 +
µ2
ϕ

2
ϕ2

+
λϕ
4!
ϕ4 +

µ2
S

2
(vs − h1 sin θ + h2 cos θ)

2 +
λS
4
(vs − h1 sin θ + h2 cos θ)

4

+
λϕH
4
ϕ2(v+ h1 cos θ + h2 sin θ)

2 +
λϕS
4
ϕ2(vs − h1 sin θ + h2 cos θ)

2

+
λHS
4

(v+ h1 cos θ + h2 sin θ)
2(vs − h1 sin θ + h2 cos θ)

2 .

(C.10)

Using the extremisation condition of the potential

(
∂V (h1, h2, ϕ)

∂h1

)
,

(
∂V (h1, h2, ϕ)

∂h2

) ∣∣∣∣
h1,2,ϕ=0

= 0 (C.11)

we obtain the following conditions,

v cos θ
(
λHSv

2
s + 2µ2

H + 2λHv
2
)
− vs sin θ

(
v2λHS + 2λSv

2
s + 2µ2

S

)
= 0 ,

v sin θ
(
λHSv

2
s + 2µ2

H + 2λHv
2
)
+ vs cos θ(v

2λHS + 2λSv
2
s + 2µ2

S) = 0 .
(C.12)
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(a) (b) (c)

(d) (e) (f)

Figure C.1: Allowed parameter space inmH −ms plane constrained by the requirement of obtaining 125.1 GeV SM Higgs
after EWSB. | sin[θ]| ≲ 0.3 and 0 < λH ≤ 4π. FIMP mass (mX) is varied in TeV scale in Figs . C.1d to C.1f.

∂2Vscalar
∂h21

∣∣∣∣
h1,2=ϕ=0

=m2
h1

= (3v2λH +
1

2
v2sλHS + µ2

H) cos
2 θ − vvsλHS sin 2θ

+ (3v2sλS +
1

2
v2λHS + µ2

S) sin
2 θ ,

∂2Vscalar
∂ϕ2

∣∣∣∣
h1,2=ϕ=0

=m2
ϕ =

1

2

(
2µ2

ϕ + λϕSv
2
s + v2λϕH

)
,

∂2Vscalar
∂h22

∣∣∣∣
h1,2=ϕ=0

=m2
h2

= (3v2λH +
1

2
v2sλHS + µ2

H) sin
2 θ + vvsλHS sin 2θ

+ (3v2sλS +
1

2
v2λHS + µ2

S) cos
2 θ .

(C.13)

After mixing, off-diagonal mass terms of physical fields h1 and h2 are absent; then
∂2Vscalar/∂h1∂h2 = 0 gives us,

cos 2θ vvsλHS +
1

2
sin 2θ

[
3(v2λH − v2sλS) +

1

2
λHS(v

2
s − v2)− (µ2

S − µ2
H)

]
=0 .

(C.14)
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Finally, the expressions ofmixing angle (θ) and internal parameters (µH , µϕ, µS, λH , λS, λHS)
in terms of the external parameters are given by:

µ2
H = −(λHv

2 +
1

2
λHSv

2
s),

µ2
ϕ = m2

ϕ −
1

2
λϕSv

2
s −

1

2
λϕHv

2,

µ2
S = −(λSv

2
s +

1

2
λHSv

2),

vs =
mX

gX
,

λH =
1

2v2
(
m2
h1
cos2 θ +m2

h2
sin2 θ

)
,

λS =
1

2v2s

(
m2
h2
cos2 θ +m2

h1
sin2 θ

)
,

λHS =
sin 2θ

2vsv

(
m2
h2

−m2
h1

)
.

(C.15)

C.3 Invisible decay width of Higgs
In Higgs portal scenarios, where DM couples to SMHiggs, Higgs boson can always
decay to a pair of DMparticles when kinematically accessible, contributing to invisi-
ble Higgs decay width. In our model, the possible invisible decay channels of Higgs
include h1 → ϕϕ, h1 → XX, h1 → h2h2 with decay widths are given by:

Γh1→ϕϕ =
(λϕSmX sin θ − λϕHgXv cos θ)

2

32πg2Xm
2
h1

(m2
h1

− 4m2
ϕ)

1/2Θ(mh1 − 2mϕ)

Γh1→XX =
g2X sin2 θ

32πm2
h1
m2
X

(m2
h1

− 4m2
X)

1/2(m4
h1

− 4m2
h1
m2
X + 12m4

X)Θ(mh1 − 2mX)

Γh1→h2h2 =
(mX sin θ − vgX cos θ)2

32πv2m2
h1
m2
X

sin2 θ cos2 θ(m2
h1

+ 2m2
h2
)2(m2

h1
− 4m2

h2
)1/2Θ(mh1 − 2mh2)

(C.16)

The expression for the Higgs invisible decay branching ratio is,

Γh1→inv =
Γh1→ϕϕ + Γh1→XX + Γh1→h2h2

ΓSM
h1

+ Γh1→ϕϕ + Γh1→XX + Γh1→h2h2
. (C.17)

Invisible Higgs decay widths and branching ratio is heavily restricted by the ob-
served Higgs data at LHC as mentioned in Eq . (E.1) and therefore, we do not scan
the parameter space that comes within.

C.4 Direct Search possibilities
In this two component WIMP-FIMP DM model, FIMP X coupling to SM Higgs
(H) (via s) λHS is very small in order to facilitate non-thermal production. There-
fore, FIMP-nucleon cross-section is negligible. In case of WIMP ϕ, it can talk to SM
through the portals λϕH and λϕS , given themixing between s−h present after EWSB,
where the physical states become h1 and h2, out of which h1 is assumed as SMHiggs,
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and h2 is dominantly a singlet as explained in Appendix C.2. The Feynman graph
for direct search cross-section is shown in Fig . C.2. The relative dominance of the
mediators h1, h2 in the DM-nucleon scattering cross-section depends on the mass of
new scalar h2, which can be either heavy or light.

ϕ ϕ

N N

h1,2

N N

Figure C.2: Feynman diagrams for the direct detection of WIMP DM ϕ.

The spin-independent scattering cross section of ϕ-Nucleon, mediated by both
the physical scalars after mixing, is given by,

σSI
nϕ

=
Ωϕ

Ωϕ + ΩX

f 2
Nµ

2
nm

2
n

4πv2m2
ϕ

(
cos θ

λh1ϕϕ
m2
h1

+ sin θ
λh2ϕϕ
m2
h2

)2

, (C.18)

where fN = 0.308±0.018 [775] represents the form factor of nucleon and µn =
mnmϕ
mn+mϕ

stands for the reduced mass and n stands for nucleon. Also note that the maximum
direct search cross-section forϕ is folded by the fraction of relic density thatϕpossess
in the total DM relic density in a two component framework given by Ωϕ

Ωϕ+ΩX
. The

expressions of λh1ϕϕ and λh2ϕϕ in terms of our model parameters are given by

λh1ϕϕ = −v cos θλϕH +
mX

gX
sin θλϕS ,

λh2ϕϕ = −v sin θλϕH − mX

gX
cos θλϕS. (C.19)

In our analysis, the h2 mediation in the direct detection cross-section is sup-
pressed by small mixing angle. Also, there will be some propagator suppression
due to h2 which is assumed heavier than the SM Higgs. It is to be noted that if
sin θ ∼ 0, ie, mixing is absent, Eq . (C.18) boils down to the typical scalar singlet
direct detection cross-section, mediated by SMHiggs. The constraint on the mixing
is propagated to constraining λHS , as per Eq . (C.15), and importantly affects both
WIMP and FIMP under abundance. The SI direct search limit from XENON1T is
mentioned in Section 4.4.2.

We further note that even if freeze-out occurs before EWSB, one can have direct
search possibility as described above. Even the FIMP under abundant region gets
constrained by direct search bound due to the presence of λϕS in both the cases. Only
when s decay completes before EWSB, it does not mix with h aEWSB and then FIMP
has absolutely no connection to SM and no constraints from direct search.
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Appendix D
Pseudo-FIMP: construction and
solution of coupled BEQ

D.1 Semi-analytic solution of the cBEQ for WIMP-pFIMP
scenario

A two-component WIMP-pFIMP framework is governed by a coupledBoltzmann equa-
tions (cBEQ),

dY1
dx

=−
2π2Mpl

45× 1.67

gs⋆√
gρ⋆

µ12
x2

[
⟨σv⟩11→SM

(
Y 2
1 − Y eq2

1

)
+ ⟨σv⟩11→22

(
Y 2
1 − Y eq2

1

Y eq2

2

Y 2
2

)]
,

dY2
dx

=
2Mpl

1.67×
√
gρ⋆

x

µ212
⟨ΓSM→22⟩(Y eq

SM − Y 2
2

Y eq2

2

Y eq
SM) +

4π2Mpl

45× 1.67

gs⋆√
gρ⋆

µ12
x2[

⟨σv⟩SM→22

(
Y eq2

SM − Y 2
2

Y eq2

2

Y eq2

SM

)
+ ⟨σv⟩11→22

(
Y 2
1 − Y eq2

1

Y eq2

2

Y 2
2

)]
.

(D.1)

We elaborate upon the semi analytical solution of the cBEQ as in Eq . (D.1) in
WIMP-pFIMP limit, for both the hierarchies:

• Case-I: WIMPmass > pFIMPmass (i.e. m1 > m2).

• Case-II: WIMPmass < pFIMPmass (i.e. m1 < m2).

The methodology follows the procedure in [597].

Case-I (m1 > m2)
In WIMP-pFIMP limit, we neglect the pFIMP production from the visible sector as the
pFIMP coupling with SM is very small, compared to the conversion cross-section.
So, in the following we consider, ΓSM→22 = ⟨σv⟩SM→22 = 0. For notational ease,
let us also use, ⟨σv⟩11→SM = σ1, ⟨σv⟩11→22 = σ12, ⟨σv⟩22→11 = σ21, [(2π2

√
gρ⋆)/(45 ×

1.66)]Mpl = nf withPlanckmassMpl = 1.22×1019 GeV.Recall that σ12 = σ21 (n
eq
2 /n

eq
1 )2.
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With above, the cBEQ in terms of bath temperature (T ) becomes,

dY1
dT

= nf

[
σ1

(
Y 2
1 − Y eq2

1

)
+ σ12

(
Y 2
1 − Y eq2

1

Y eq2

2

Y 2
2

)]
,

dY2
dT

= −2nf

[
σ12

(
Y 2
1 − Y

eq2
1

Y
eq2
2

Y 2
2

)]
.

(D.2)

The equilibrium yield is given by Maxwell-Boltzmann distribution,

Y eq
i (T ) = 0.145

g

gs⋆

(mi

T

)3/2
exp

(
−mi

T

)
= AiT

−3/2e−mi/T with Ai = 0.145
g

gs⋆
m

3/2
i .

Defining Y eq2

1

(
σ1

σ1+σ12
+ σ12

σ1+σ12

Y 2
2

Y eq
2

2

)
= yeq

2

1 , Eq . (D.2) becomes,

dY1
dT

= nf (σ1 + σ12)
(
Y 2
1 − yeq

2

1

)
,

dY2
dT

= −2nf

[
σ12

(
Y 2
1 − Y

eq2
1

Y
eq2
2

Y 2
2

)]
.

(D.3)

In order to solve the cBEQ analytically, it would be convenient to divide this whole
scenario in three regions on the bath temperature: Region A: T ≫ Tfi , Region B:
T ≃ Tfi and Region C: T ≪ Tfi where Tfi denotes the freeze-out temperature of
both species i = 1, 2. Let use consider the difference of DM yield from equilibrium
yield as∆1 = Y1− yeq1 and∆2 = Y2−Y eq

2 . Using these relations, Eq . (D.3) becomes,

d∆1

dT
+
dyeq1
dT

= nf (σ1 + σ12)
(
∆2

1 + 2∆1y
eq
1

)
,

d∆2

dT
+
dY eq

2

dT
= −2nfσ12

[
(∆1 + yeq1 )2 − Y eq2

1

Y eq2

2

(∆2 + Y eq
2 )2

]
.

(D.4)

• Region A:
For T ≫ Tfi , d∆idT

is negligible and Eq . (D.4) becomes,

dyeq1
dT

= nf (σ1 + σ12)
(
∆2

1 + 2∆1y
eq
1

)
, (D.5)

dY eq
2

dT
= −2nfσ12

[
(∆1 + yeq1 )2 − Y eq2

1

Y eq2

2

(∆2 + Y eq
2 )2

]
. (D.6)

• Region B:
Let us suppose Tf2 > Tf1 , then both Eq . (D.5) and Eq . (D.6) hold at Tf2 , but only
Eq . (D.5) holds at Tf1 as pFIMP already freezes out at Tf1 . In the vicinity of T ≃ Tf ,
we may further assume ∆1(Tf1) = c1y

eq
1 (Tf1) and ∆2(Tf2) = c2Y

eq
2 (Tf2) [62], where

ci’s are unknown constants whose values are determined bymatching the analytical
result with the numerical one. Substituting in Eq . (D.5) and Eq . (D.6), we get,

yeq
′

1 (Tf1) ≈ nf (σ1 + σ12) c1(c1 + 2)yeq
2

1 (Tf1) , (D.7)

2nf (σ1 + σ12)σ12

[
(c2 + 1)2 Y eq2

1 (Tf2)− yeq
2

1 (Tf2)
]
≈ (σ1 + σ12)Y

eq′

2 (Tf2) + 2σ12y
eq′

1 (Tf2) .(D.8)
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In the above,

Y eq′

i (T ) =

(
− 3

2T
+
mi

T 2

)
Y eq
i (T ) , (D.9)

yeq
2

1 (Tf2) = Y eq2

1 (Tf2)

(
σ1

σ1 + σ12
+

σ12
σ1 + σ12

(c2 + 1)2
)
, (D.10)

yeq
2

1 (Tf1) = Y eq2

1 (Tf1)

(
σ1

σ1 + σ12
+ (c2 + 1)2

σ12
σ1 + σ12

Y eq2

2 (Tf2)

Y eq2

2 (Tf1)

)
, (D.11)

yeq
′

1 (Tf2) =
Y eq2

1 (Tf2)

yeq1 (Tf2)

[(
− 3

2Tf2
+
m1

T 2
f2

)(
σ1

σ1 + σ12
+

σ12
σ1 + σ12

(c2 + 1)2
)

−

(
− 3

2Tf2
+
m2

T 2
f2

)
σ12

σ1 + σ12
c2 (c2 + 1)

]
, (D.12)

yeq
′

1 (Tf1) =
Y eq2

1 (Tf1)

yeq1 (Tf1)

[(
− 3

2Tf1
+
m1

T 2
f1

)
σ1

σ1 + σ12
+

σ12
σ1 + σ12

(c2 + 1)2
m1 −m2

T 2
f1

(
Tf1
Tf2

)3

e
−2 m2

Tf2 e
2
m2
Tf1

]
.

(D.13)

Eq . (D.7) and Eq . (D.8) can be written further as,

yeq
′

1 (Tf1) = nf (σ1 + σ12) c1(c1 + 2)yeq
2

1 (Tf1) , (D.14)

P T
−1/2
f2

= 2σ12QTf2e
m1
Tf2 + (σ1 + σ12)

(
−3

2
+ m2

Tf2

)(
m2

m1

)3/2
e
2
m1
Tf2 e

− m2
Tf2 ; (D.15)

where,

P = 2A1nfσ1σ12c2 (c2 + 2) , (D.16)

Q =

[(
− 3

2Tf2
+
m1

T 2
f2

)(
σ1

σ1 + σ12
+

σ12
σ1 + σ12

(c2 + 1)2
)
−

(
− 3

2Tf2
+
m2

T 2
f2

)
σ12

σ1 + σ12
c2 (c2 + 1)

]

×
[

σ1
σ1 + σ12

+
σ12

σ1 + σ12
(c2 + 1)2

]−1/2
. (D.17)

Eq . (D.14) and Eq . (D.15) are transcendental equations, analytical solutions are
difficult to obtain, but using numerical method it is possible to extract the values of
freeze-out temperature Tf1 and Tf2 , which we did.

• Region C:

When T ≪ Tfi , then, Y
eq
i , Y eq′

i and Y eq
2

1

Y eq
2

2

are exponentially suppressed, so, ∆i ≫ Y eq
i

and Eq . (D.4) becomes,

d∆1

dT
≈ nf (σ1 + σ12)∆

2
1 , (D.18)

d∆2

dT
≈ −2nfσ12∆

2
1 . (D.19)
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After solving the differential equations between Tfi to T with ∆i(T ) ≫ ∆i(Tfi), we
get,

∆1(T ) ≈
[

1

∆1(Tf1)
+ nf (σ1 + σ12) (Tf1 − T )

]−1
, (D.20)

∆2(T ) ≈∆2(Tf2)− 2nfσ12(T − Tf2)
[( 1

∆1(Tf1)
+ nf (σ1 + σ12)(Tf1 − T )

)
(

1

∆1(Tf1)
+ nf (σ1 + σ12)(Tf1 − Tf2)

)]−1
. (D.21)

Following, ∆1(Tf1) ≈ c1y
eq
1 (Tf1), ∆2(Tf2) ≈ c2Y

eq
2 (Tf2), at T = TCMB = 2.35 ×

10−13GeV, the DM yields are,

∆1(TCMB) ≈ Y1(TCMB) ≈
(

1

∆1(Tf1)
+ nf (Tf1 − TCMB)(σ1 + σ12)

)−1
, (D.22)

∆2(TCMB) ≈ Y2(TCMB) ≈ ∆2(Tf2) + 2nfσ12

∫ Tf2

TCMB

∆2
1(T ) dT . (D.23)

Using the analytical approximate solutions, relic density as a function of conver-

Figure D.1: Analytic solution of the cBEQ (represented by thick line) and numerical solution (represented by points) of
Eq. (D.1) for pFIMP-WIMP case is shown as a function of conversion cross-section. The unknown constants are chosen as
c1 = 2 and c2 = 7. The vertical dot-dashed line is corresponding to σ12 = σ1.

sion cross-section for both WIMP and pFIMP have been shown in Fig . D.1. They show
reasonably good agreement, the tiny mismatch with numeric result at low and high
conversion region is only due to the entropy d.o.f (gs∗) and matter d.o.f (gρ∗) which
depends on temperature (specifically T ≲ 5 GeV) but for simplicity we have ne-
glected this temperature dependence and chosen a fixed value of gρ∗ = gs∗ ≃ 75 for
the semi analytical solution.

In the similar way it is easy to evaluate the present DM relic for the inverse
mass hierarchy (m1 < m2) where one necessary input is Tf1 > Tf2 and ∆2(Tf2) =

c2y
eq
2 (Tf2) with yeq2 = Y1

Y eq2

Y eq1
. The transition of FIMP into a pFIMP depends not only
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Figure D.2: In-equilibrium (Γ > H) (green shade) and out-of-equilibrium (Γ < H) (yellow shade) possibilities for pFIMP.
Green line corresponds to Γ(T) = H(T) and red star corresponds to T = TRH. Both mass hierarchies m1 > m2 (left),
m2 > m1 (right) are plotted.

on the temperature but also on the interaction rate. This can be understood, just
by analysing the relation between interaction rate (Γ) and Hubble expansion rate
(H). Fig . D.2 depicts it for both mass hierarchies: m1 > m2 (left),m2 > m1 (right).
Γ ≃ H has been represented by the green curve. The red star points correspond
to Γ(T ∼ TRH) = H(T ∼ TRH) in both the figures. In our model-independent analy-
sis, we have neglected the temperature dependence of the conversion cross-section,
which may alter the high temperature behaviour of the plot.

D.2 Dynamics of the pFIMP in presence of a SIMP
The pFIMP behaviour could also be achieved in presence of SIMP [254]whenDM-DM
conversion is sufficiently large (∼ weak scale). The cBEQ for pFIMP-SIMP scenario
can be written as:
dYw
dx

=
2 s

x H(x)

[1
s

(
Y eq
SM − Y eq

SM

Y 2
w

Y eq2
w

)
⟨Γ⟩SM→w w +

(
Y eq2

SM − Y eq2

SM

Y 2
w

Y eq2
w

)
⟨σv⟩SM SM→w w

+
(
Y 2
s − Y eq2

s

Y 2
w

Y eq2
w

)
⟨σv⟩s s→w w

]
, (D.24)

dYs
dx

= − s

x H(x)

[ (
Y 2
s − Y eq2

s

)
⟨σv⟩s s→SM SM + s

(
Y 3
s − Y 2

s Y
eq
s

)
⟨σv2⟩3s→2s

+

(
Y 2
s − Y eq2

s

Y 2
w

Y eq2
w

)
⟨σv⟩s s→w w

]
. (D.25)

In the above subscripts s denote SIMP andw denote pFIMP, µ = 1/
(

1
mw

+ 1
ms

)−1
, x =

µ/T, H(x) = 1.67
√
gρ∗µ2x−2M−1pl , s=

2π2

45
gs∗
(
µ
x

)3
, ⟨σv⟩w w→s s = ⟨σv⟩s s→w w (Y eq

s /Y eq
w )2,

Y eq
i = 45

4π4
gi
gs∗

(
mi
µ
x
)2
K2

(
mi
µ
x
)
. For simplicity we only have taken 3DM → 2DM de-

pletion process for SIMP, but (nDM → 2DM with n > 3) can also be taken to show
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the same effect. We solve the cBEQwith increasing order of conversion cross-section
to show the change from FIMP to pFIMP case in Fig . D.3 for both mass hierarchies
mw > ms (left panel) and mw < ms (right panel). The features remain very similar
to pFIMP-WIMP scenario.

(a) (b)

Figure D.3: DM yield with x = µ/T in pFIMP-SIMP case for fixed DM masses and conversion cross-sections, where the
black solid (dashed) curves denote equilibrium distribution for SIMP (pFIMP) corresponding to (a)ms > mw and (b)ms <
mw. For all the plots ⟨σv⟩s s→SM SM = 10−10GeV−2, ⟨Γ⟩SM→w w = 10−23GeV−1, ⟨σv⟩SM SM→w w = 10−32GeV−2

and mSM = 10 GeV have been assumed.

D.3 Solution to cBEQ for two component scalarDMmodel

(a) (b)

Figure D.4: Variation of relic density with λ12 for the the two component scalar DMmodel, where ϕ1 is WIMP and ϕ2 is pFIMP
formϕ1

> mϕ2
(a) andmϕ1

< mϕ2
(b). See figure insets and headings for other parameters kept fixed for the plot.

In Fig . D.4, we show the relic density of the DM components ϕ1, ϕ2 for a two
component scalar DM scenario, as a function of the DM-DM interaction coupling
λ12. Both the hierarchies mϕ1 > mϕ2 (a) and mϕ1 < mϕ2 (b) are shown. We see
a spectacularly similar feature to that of model independent analysis presented in
fig. 1 of the main text, showing that the generic properties assigned to pFIMP are
generically valid.
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ϕ2ϕ2

h

+

ϕ2ϕ2
ϕ1ϕ1

h +

ϕ2ϕ2

h

Figure D.5: The Feynman diagrams for pFIMP (ϕ2) to interact with SM via Higgs. Sum of these tree (left), 1-loop (middle)
and counter (right) diagram gives the total renormalized λhϕ2ϕ2

coupling at 1-loop level.

D.4 Direct search prospect of pFIMP via WIMP loop
We will now provide the details of direct search prospect of the pFIMP (ϕ2) in the
two component scalar singlet model. The renormalized amplitude is given by (see
Fig . D.5),

Γhϕ2ϕ2 = Γtree
hϕ2ϕ2

+ Γ1−loop
hϕ2ϕ2

+ Γcounter
hϕ2ϕ2

,

= −iλhϕ2ϕ2 + Γ1−loop
hϕ2ϕ2

− iδλhϕ2ϕ2 . (D.26)

Here,

Γ1−loop
hϕ2ϕ2

(qh) =
1

2
µ4−d (−iλϕ1ϕ1ϕ2ϕ2) (−iλhϕ1ϕ1)

∫
ddk

(2π)d
i

k2 −m2
ϕ1

i

(k − qh)2 −m2
ϕ1

.(D.27)

The transfer momentum qh is momentum transfer from initial to final state particles
and 1/2 is the symmetry factor due to the scalar loop. The dimension regularization
parameter µ (mass scale) is introduced to keep couplings dimensionless in d = 4−2ϵ
dimension when ϵ→ 0+. Now the 1-loop amplitude in Eq . (D.27) becomes,

Γ1−loop
hϕ2ϕ2

(
q2h
)
=

1

2
(−iλϕ1ϕ1ϕ2ϕ2) (−iλhϕ1ϕ1)

−i
16π2

∫ 1

0
dx

(
4πµ2

∆

)ϵ
Γ (ϵ) where, ∆ = m2

ϕ1 − x(1− x)q2h ,

=
1

2
(−iλϕ1ϕ1ϕ2ϕ2) (−iλhϕ1ϕ1)

−i
16π2

∫ 1

0
dx

(
1

ϵ
− γE + ln

[
4πµ2

]
− ln [∆]

)
,

=
1

2
(−iλϕ1ϕ1ϕ2ϕ2) (−iλhϕ1ϕ1)

−i
16π2

∫ 1

0
dx

(
1

ϵ
− γE + ln

[
4πµ2

]
− ln

[
m2
ϕ1 − x(1− x)q2h

])
.

(D.28)

There is an ambiguity of choosing the renormalisation scale, its unknown es-
sentially. The direct search cross-section depends on the choice. For, q2h → 0, the
cross-section is vanishingly small [308], however if we choose q2h = 4m2

ϕ2
, a scale rel-

evant for the pFIMP production, the contribution is substantial [745]. So we choose
q2h = 4m2

ϕ2
as the renormalization condition setting point and calculate the counter

term which removes the divergence from 1-loop amplitude Γ1−loop
hϕ2ϕ2

to yield,

Γtotal
hϕ2ϕ2

(
q2h
)
= − iλrelichϕ2ϕ2

− i

32π2
(λϕ1ϕ1ϕ2ϕ2λhϕ1ϕ1)

∫ 1

0

dx ln

[
m2
ϕ1

− x(1− x)4m2
ϕ2

m2
ϕ1

− x(1− x)q2h

]
.

(D.29)

Therefore, usingEq . (D.29) the effective spin-independentDM-nucleondirect-detection
cross-section in zero transfer momentum (q2h = t→ 0) limit turns out to be,

σSI
ϕ2eff

=
Ωϕ2h

2

Ωϕ1h
2 + Ωϕ2h

2

µ2
nm

2
n

4πv2m2
ϕ2

f 2
n

m4
h

|Γtotal
hϕ2ϕ2

|2t→0 . (D.30)
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Figure D.6: Contour plot inmϕ1
−mϕ2

plane to represent the absolute 1-loop amplitude |Γtotal
hϕ2ϕ2

|t→0 for some chosen values
of λ1H and λ12 as mentioned in the figure heading.

In the above, µn =
mnmϕ2
mn+mϕ2

where mn is the nucleon mass, fn = 2
9
+ 7

9

∑
u,d,s

fnTq with

f
p(n)
Tu

= 0.018(0.013), f
p(n)
Td

= 0.027(0.040), and f
p(n)
Ts

= 0.037(0.037) [745]. We use
Eq . (D.30) for pFIMP direct search cross-section while scanning the parameter space
as shown in the main text.

D.5 The semi-analytical solution of a SIMP
The Boltzmann equation for the number density ns of the SIMP type DM (s),

ṅs + 3Hns = −
(
n3
s − n2

sn
eq
s

)
⟨σv2⟩3→2 −

(
n2
s − neq2

s

)
⟨σv⟩ann . (D.31)

As the necessity condition for SIMP is Γ3→2 ≳ Γann so we can safely neglect the
⟨σv⟩ann term, and the BEQ becomes.

dYs
dx

= −nf
x5
(
Y 3
s − Y 2

s Y
eq
s

)
, (D.32)

where x = ms/T , nf =
s2x4

H(x)
⟨σv2⟩3→2 with s and H(x) are entropy density and

Hubble parameter, respectively. The equilibrium yield of SIMP is given byMaxwell-
Boltzmann distribution, as during freeze out SIMP is in the non-relativistic regime,
Y eq
s = 0.145(gs/g

s
⋆)x

3/2e−x = A x3/2e−x where A = 0.145(gs/g
s
⋆). Another impor-

tant assumption is that the entropy and matter degrees of freedom are nearly equal
during SIMP freezes out (xFO ∼ 25) and constant gs⋆ ≃ gρ⋆ ∼ 10.

To solve the BEQ analytically, it would be convenient to divide thewhole scenario
into three different regions on value of x: Region I: x≪ xFO,Region II: x ≃ xFO and
Region III: x≫ xFO. Let us define the difference of SIMP yield from its equilibrium
yield as ∆ = Ys − Y eq

s and Eq . (D.32) becomes,

dY eq
s

dx
+
d∆

dx
= −nf

x5
∆(∆ + Y eq

s )2 . (D.33)
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• Region I

For x≪ xFO,
d∆

dx
is negligible and Eq . (D.33) becomes,

dY eq
s

dx
= −nf

x5
∆(∆ + Y eq

s )2 . (D.34)

• Region II
In the vicinity of x ≃ xFO, we may further assume ∆ = c Y eq

s (xFO) where c is
unknown constants whose values are determined by matching the analytical
result with the numerical one. Substituting in Eq . (D.34), we get

dY eq
s

dx

∣∣∣∣
x=xFO

= − nf
x5FO

c (c+ 1)2 Y eq3

s (xFO) . (D.35)

After simplification, we get,

x2FOe
2xFO − 3

2
xFOe

2xFO = nf A
2 c (c+ 1)2︸ ︷︷ ︸

P

. (D.36)

The solution of Eq . (D.36) gives us the freeze out point of SIMP is,

xFO ≈ ln
√
P − ln ln

√
P . (D.37)

• Region III

When x≫ xFO, then, Y eq
s and dY

eq
s

dx
are exponentially suppressed, so,∆ ≫ Y eq

s

and Eq . (D.33) becomes,

d∆

dx
= −nf

x5
∆3 . (D.38)

After solving the differential equation between xFO to x with ∆(x) ≫ ∆(xFO),
we get,

∆(x) =

[
1

∆(xFO)2
− nf

2

(
1

x4
− 1

x4FO

)]−1
2
. (D.39)

Following ∆(xFO) ≈ cY eq
s (xFO) at x = xCMB = ms/TCMB, the SIMP yields is

Ys(xCMB) ≈ ∆(xCMB) ≈
[

1

∆(xFO)2
− nf

2

(
1

x4CMB

− 1

x4FO

)]−1
2
. (D.40)

D.6 Possible Feynmandiagrams related toDMphenomenol-
ogy

We have calculated the squared matrix amplitude for non-relativistic DMs using
FeynCalc [776] and CalcHEP [777].
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(a) (b)

Figure D.7: A comparison plot analytic vs numeric solution of BEQ where we have considered gs⋆ = gρ⋆ = 10.75, gs = 2 (for
complex scalar) and have chosen c(c+ 1)2 = 4.5.
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Figure D.8: Self annihilation via Φ(p1)Φ(p2)Φ(p3)→ Φ(p4)Φ∗(p5) process.

|MD.8|2 =
9µ2

3

4m8
Φ

(
4λΦm

2
Φ + 9µ2

3

)2
. (D.41)

and

⟨σv2⟩ΦΦΦ→ΦΦ∗ =
1

64πm3
Φ

(
K1(mΦ/T )

K2(mΦ/T )

)3 √
5

6
|MΦΦΦ→ΦΦ∗|2 . (D.42)

|MD.9|2 =
µ2
3

64m8
Φ

(
117µ2

3 − 148λΦm
2
Φ

)2
. (D.43)

and

⟨σv2⟩ΦΦ∗Φ∗→ΦΦ =
1

64πm3
Φ

(
K1(mΦ/T )

K2(mΦ/T )

)3 √
5

6
|MΦΦ∗Φ∗→ΦΦ|2 . (D.44)
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Figure D.9: Self-annihilation of SIMP via ΦΦ∗Φ∗ → ΦΦ process.
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Figure D.10: Conversion of SIMP to pFIMP via ΦΦ∗ → ϕϕ process.

D.7 Dark Matter self-interaction
In single component complex scalar SIMP scenario, The effective DM self-scattering
cross-section over mass is written as [262],

σself
mDM

=
1

mΦ

(
Ω2

Φ

Ω2
DM

σΦΦ→ΦΦ +
Ω2

Φ∗

Ω2
DM

σΦ∗Φ∗→Φ∗Φ∗ +
ΩΦ

ΩDM

ΩΦ∗

ΩDM

σΦΦ∗→ΦΦ∗

)
. (D.45)

In the multicomponent scenario, we take DM mass as effective mDM weighted by
effective relic contribution for a particular DM and the analytic expression could be
written as [302],

σself
mDM

=

(
ΩΦ

ΩDM

)2
1

mΦ

(σΦΦ→ΦΦ + σΦ∗Φ∗→Φ∗Φ∗ + σΦΦ∗→ΦΦ∗ + σΦΦ∗→ϕϕ)

+

(
Ωϕ

ΩDM

)2
1

mϕ

σϕϕ→ϕϕ +
ΩΦ

ΩDM

Ωϕ

ΩDM

2

mΦ +mϕ

(σϕΦ→ϕΦ + σϕΦ∗→ϕΦ∗) .

(D.46)

where,

σΦΦ→ΦΦ =
1

16π(mΦ +mΦ)2
(
|MΦΦ→ΦΦ|2 + |MΦ∗Φ∗→Φ∗Φ∗|2

)
, (D.47)

σΦΦ∗→ΦΦ∗ =
1

16π(mΦ +mΦ∗)2
|MΦΦ∗→ΦΦ∗ |2 , (D.48)
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Figure D.11: Dark matter self scattering

σΦΦ∗→ϕϕ =
1

16π(mΦ +mΦ∗)2
|MΦΦ∗→ϕϕ|2 , (D.49)

σϕϕ→ϕϕ =
1

16π(mϕ +mϕ)2
|Mϕϕ→ϕϕ|2 , (D.50)

σϕΦ→ϕΦ =
1

16π(mϕ +mΦ)2
(
|MϕΦ→ϕΦ|2 + |MϕΦ∗→ϕΦ∗ |2

)
, (D.51)

with,

|MΦΦ→ΦΦ|2 =
(m2

h(3µ
2
3 + 4λΦm

2
Φ)− 2λ2ΦHv

2m2
Φ)

2

2m4
Φm

4
h

, (D.52)

|MΦΦ∗→ΦΦ∗|2 = (m2
h(4m

2
Φ −m2

h)(9µ
2
3 − 4λΦm

2
Φ)− 2λ2ΦHv

2m2
Φ(m

2
h − 2m2

Φ))
2

m4
Φm

4
h(m

2
h − 4m2

Φ)
2

,

(D.53)

|MΦΦ∗→ϕϕ|2 =
(4λΦϕm

2
Φ − λΦϕm

2
h + λΦHλϕHv

2)
2

2(m2
h − 4m2

Φ)
2

, (D.54)

|MΦϕ→Φϕ|2 =
(λΦϕ ((mΦ −mϕ)

2 −m2
h)− λΦHλϕHv

2)
2

((mΦ −mϕ)2 −m2
h)

2 , (D.55)

|Mϕϕ→ϕϕ|2 =
(
λϕ(m

4
h − 4m2

hm
2
ϕ) + λ2ϕH(8m

2
ϕ − 3m2

h)v
2
)2

2m4
h(m

2
h − 4m2

ϕ)
2

. (D.56)

and ΩΦ = Ωs/2, ΩDM = Ωs + Ωϕ.
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D.8 DM Kinetic equilibriation

Φ

f

Φ

f

h

Figure D.12: The Feynman diagram represent the DM (Φ) and SM fermions (f) scattering.

We already discussed that the kinetic equilibrium of SIMP with SM is achieved
after considering an appropriate choice of portal coupling. Only relativistic fermions
are available during SIMP freezes-out, and contributing to kinetic decoupling con-
dition is written regarding DM-SM scattering, Fig . D.12, rate as,

2
∑
f

ΓΦf→Φ→f = 2
∑
f

⟨σv⟩Φf→Φfn
eq
f (T ) ≳ H(T ) . (D.57)

where,

⟨σv⟩Φf→Φf =

∫∞
(mΦ+mf )2

σΦf→ΦfK1

(√
s
T

)√
s− (mΦ −mf )2 (s− (mΦ +mf )

2) ds

8Tm2
Φm

2
fK2

(
mΦ

T

)
K2

(mf
T

) .

(D.58)

and two factors come fromSM fermion and anti-fermion contribution. Fig . D.13 rep-

10-2 [10-3]

10-1 [10-3]

100 [10-3]

10-2 [10-2]

10-1 [10-2]

100 [10-2]

10-2 [10-1]

10-1 [10-1]

100 [10-1]

10-2 100 102 104 106
10-6

10-3

100

103

106

Figure D.13: The evaluation of DM (Φ)-fermion elastic scattering rate with temperature. The different color lines represent
the differentmΦ masses in the GeV unit, and coupling is mentioned in the figure inset.

resents the evolution of DM-SM elastic scattering rate with the SM bath temperature
(T ). Our work focuses on sub-MeV DMs and suitable choice of λΦH ∼ 0.1, without
affecting DM relic, to achieve kinetic equilibrium between DM and SM bath.

The kinetic equilibriation, with thermal bath, of Φ ensures the pFIMP (ϕ) kinetic
equilibriation also because of the presence of strong self-interaction among them-
selves. For this reason, there is no necessity to do similar kinds of analysis for ϕ.
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E.1 Higgs and Z Invisible decay widths
The observed (expected) upper limit on the invisible branching fraction of theHiggs
boson at 95% confidence level [495, 496] having the total decay width of 125.1 GeV
Higgs given by 3.2+2.8

−2.2 MeV [757] is,

Bh→invisible <

{
0.145(0.103) (ATLAS) .

0.18(0.10) (CMS) .
(E.1)

In this model, the invisible branching ratio comes from Higgs decay to both WIMP
and pFIMP given by,

Γh→ϕϕ =
L2
h

32πmh

(
1− 4

m2
ϕ

m2
h

)1/2

Θ[mh − 2mϕ] , (E.2)

Γh→χ1χ1
=

sin4 2θ

32πv2
mh(mχ1 −mχ2)

2

(
1− 4

m2
χ1

m2
h

)3/2

Θ[mh − 2mχ1 ] . (E.3)

In the above, Lh is 1-loop corrected h → ϕϕ vertex as elaborated later. The recent
Invisible decay width bound on the Z-boson comes from various experiments like
[463, 671],

ΓZ→invisible <


523± 16 MeV (CMS) .

503± 16 MeV (LEPComb.) .

498± 17MeV (L3) .

(E.4)

Invisible Z boson decay can have contributions from both WIMP and pFIMP, given
by,

ΓZ→ϕϕ =
L2
ZmZ

16π

(
1− 4

m2
ϕ

m2
Z

)3/2

Θ[mZ − 2mϕ] , (E.5)

ΓZ→χ1χ1
=
m3
Z sin

4 θ sin4 θw
12πv2

(
1 + 2

m2
χ1

m2
Z

)(
1− 4

m2
χ1

m2
Z

)1/2

Θ[mZ − 2mχ1 ] . (E.6)

Here LZ is 1-loop corrected Z → ϕϕ vertex. The explicit expressions for Lh and LZ
will be given in Appendix E.3. If DM masses are below mh/2(mZ/2), it is severely
constrained by the invisible Higgs and Z decay constraints.
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E.2 BEQ with coannihilation in WIMP-pFIMP frame-
work

Let us consider, ni dark sector particles have the same Z2 symmetry, massesmi (m1

being the mass of DM), and internal d.o.f gi. The evolution of the number density
ni of particle i can be written as,

ṅi + 3Hni = −
∑
j

⟨σv⟩ij→SM

(
ninj − neq

i n
eq
j

)
. (E.7)

Since all the dark sector particles with i > 1, will eventually decay to the stable DM
candidate after their respective freeze-outs, the total DM density will be result of
the combined yield of all the dark sector particles. Therefore, its final abundance
(n) can be described by the sum of the density of all the dark sector particles that
transform under the same Z2 symmetry,

n =
∑
i

ni . (E.8)

Corresponding evolution equation for n can be written as follows [643, 647],

ṅ = −3Hn−
∑
i,j

⟨σv⟩ij→SM

(
ninj − neq

i n
eq
j

)
. (E.9)

In the above, we have assumed that ni dark sector particles are initially in thermal
bath with SM and neq

i denotes the equilibrium number density. Using ni
n

=
neq
i

neq ,
Eq . (E.9) becomes,

ṅ+ 3Hn = −
∑
ij

⟨σv⟩ij→SM

(
neq
i

n

neq
neq
j

n

neq
− neq

i n
eq
j

)
= −⟨σv⟩effSM

(
n2 − neq2

)
,

(E.10)

where,

⟨σv⟩eff =
∑
i,j

⟨σv⟩ij
neq
i n

eq
j

n2
eq

and neq =
∑
i

neq
i . (E.11)

Following Eq . (E.11), it is straightforward to calculate the ⟨σv⟩eff for all possible
channels relevant for our case as in Eqs . (6.20) and (6.21),

⟨Γ⟩effψ2→χ1ϕ =
∑
i

⟨Γ⟩ψ2→iϕ . (E.12)

⟨σv⟩eff
χ1ψ2→hϕ

=

[∑
i

gim
2
iK2

(mi

T

)]−1∑
i

⟨σv⟩iψ2→hϕ
gim

2
iK2

(mi

T

)
. (E.13)

⟨σv⟩effϕ =

[∑
i

gim
2
iK2

(mi

T

)]−2∑
i,j

2⟨σv⟩ij→ϕϕgigjm2
im

2
jK2

(mi

T

)
K2

(mj

T

)
. (E.14)

⟨σv⟩effψ2
=

[∑
i

gim
2
iK2

(mi

T

)]−2∑
i,j

2⟨σv⟩ij→ψ2ψ2
gigjm

2
im

2
jK2

(mi

T

)
K2

(mj

T

)
. (E.15)

⟨σv⟩effSM =

[∑
i

gim
2
iK2

(mi

T

)]−2∑
i,j

2⟨σv⟩ij→SM SM gigjm
2
im

2
jK2

(mi

T

)
K2

(mj

T

)
. (E.16)
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Figure E.1: Tree-level, one-loop and counter-term interaction vertex for the hϕϕ interaction vertex where {i, j = 1, 2}[27, 29].

E.3 Relevant fermion loop calculations for direct search

We consider first the three-point vertex and its one-loop contribution for the ϕϕh in-
teraction, which plays crucial role in the direct detection of the pFIMP. The one-loop
amplitude can be written as a sum of three contributions, the tree level amplitude,
one loop and counterterm,

Lh = −iλhϕϕ +
∑
i,j=1,2

Γ1−loop
ij + δλij . (E.17)

Here we have assumed that at tree level λϕH is very small. The one-loop diagram
contributing to hϕϕ vertex is shown in the middle of Fig . E.1, and the amplitude is
given by,

Γ1−loop
ij =

∫
d4k

(2π)4
(−1)Tr

[
(−iλϕψ2χj

)i(/k +mψ2
)[

k2 −m2
ψ2

+ iϵ
] (−iλϕψ2χi

)i(/p2 + /k +mχi
)[

(p2 + k)2 −m2
χi

+ iϵ
] (−iλhχiχj

)i(/p4 + /k +mχj
)[

(p4 + k)2 −m2
χj

+ iϵ
] ]

,

= −4

∫
d4k

(2π)4
mχi

mχj
mψ2

+mψ2
(m2

ϕ − t
2 ) + (mχi

+mχj
+mψ2

)k2 + (mψ2
+mχj

)k.p2 + (mψ2
+mχi

)k.p4[
k2 −m2

ψ2
+ iϵ

] [
(k + p2)2 −m2

χi
+ iϵ

] [
(k + p4)2 −m2

χj
+ iϵ

]
× λhχiχj

λϕψ2χj
λϕψ2χi

. (E.18)

Using, l = k + yp2 + zp4,

∆ij = (y + z)(y + z − 1)m2
ϕ − tyz + xm2

ψ2
+ ym2

χi + zm2
χj ,

δmij = mψ2

(
mχimχj +m2

ϕ(1− y − z)2 − t

2
(1− y − z + 2yz)

)
+m2

ϕ(mχi +mχj )(y + z)(y + z − 1)+

t

2
mχiy(1− 2z) +

t

2
mχjz(1− 2y) , and cij = mψ2 +mχi +mχj .

Therefore,

Γ1−loop
ij = −8λhχiχj

λϕψ2χj
λϕψ2χi

∫
d4l

(2π)4

∫ 1

0

dx dy dz
δmij + cij l

2

(l2 −∆ij + iϵ)3
δ(x+ y + z − 1)

= 8iλhχiχj
λϕψ2χj

λϕψ2χi

∫ 1

0

dx dy dz

[
δmij

32π2

Γ(1 + ϵ)

∆1+ϵ
ij

(
4πµ2

)ϵ − cij
32π2

(2− ϵ)
Γ(ϵ)

∆ϵ
ij

(
4πµ2

)ϵ]
δ(x+ y + z − 1) ,

(E.19)

In the above, µ is the dimension regularization parameter (basically a mass scale)
introduced to keep λ dimensionless and d = 4 − 2ϵ, in the limit ϵ → 0+. At ϵ → 0+
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limit we have the following expansions,

Γ(ϵ) ≃ 1

ϵ
− γE +O(ϵ),

1

∆ϵ
≃ 1− ϵ

2
ln∆2 +O(ϵ),

µϵ ≃ 1 +
ϵ

2
lnµ2 +O(ϵ) .

(E.20)

Where γE ≈ 0.5772156649 is the Euler-Mascheroni constant. Note that, we have
multiplied Eq . (E.19) by a factor of 2, because of the antiparticles in the loop, which
also contributes equally. Then,

Γ1−loop
ij =

i

2π2
λhχiχjλϕψ2χjλϕψ2χi

∫ 1

0
dx dy dz

[
δmij

∆ij
− 2cij

(
1

ϵ
− γE + ln[4π]− 1

2
+ ln

µ2

∆ij

)
+O(ϵ)

]
δ(x+ y + z − 1) . (E.21)

Here, we are using the on-shell renormalization scheme to remove the divergence
from

∑
i,j

Γ1−loop
ij by calculating the total counter term

∑
i,j

δλij fromHiggsmediated anni-

hilation amplitude
∑
i,j

Γ′1−loopij ≡
∑
i,j

Γ1−loop
ij (p4 → −p4), andwe are choosing DM relic

density observation scale as the physical renormalization scale, i.e. q2h = (p2+p4)
2 =

4m2
ϕ [305] to cancel the pole in the Eq . (E.21),

∑
i,j

δλij = −
∑
i,j

Γ′1−loopij

∣∣∣∣
q2h→4m2

ϕ

. (E.22)

The total amplitude at ϵ→ 0 and t→ 0 then becomes,

Lh = −iλhϕϕ +
∑
i,j

Γ1−loop
ij

∣∣∣∣
t→0

−
∑
i,j

Γ′1−loopij

∣∣∣∣
q2h→4m2

ϕ

. (E.23)

with,

λhχ2χ2 =
Y1√
2
sin 2θ ,

λhχ1χ1 = − Y1√
2
sin 2θ ,

λϕψ2χ2
= λϕψ2χ2

= Y2 sin θ ,

λϕψ2χ1
= λϕψ2χ1

= −Y2 cos θ ,

λhχ1χ2 = λhχ2χ1 = − Y1√
2
cos 2θ .

In Fig . E.2, we show the variation of Higgs-mediated loop amplitude Lh in color
bar in the ∆m− Y2 plane.
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Appendix E:Pseudo-FIMP detection via WIMP loop

Figure E.2: One-loop amplitude for the Higgs-mediated process.

ϕ ϕ

q2 q4

q2 + p

χi

q4 + p

χj

q4 − q2 Z

p

ψ2

Figure E.3: One-loop Feynman diagrams contributing to the Zϕϕ interaction term, where {i, j = 1, 2}.

Next we calculate the one-loop contribution of the Z-mediated diagram, see
Fig . E.3, for the pFIMP-nucleon direct search cross-section.

Lijµ = (−1)

∫
d4p

(2π)4
Tr

[
(−iλϕψ2χj

)i(/p+mψ2)[
p2 −m2

ψ2
+ iϵ

] (−iλϕψ2χi
)i(/q2 + /p+mχi

)[
(q2 + p)2 −m2

χi
+ iϵ

] (−iγµλZχiχj
)i(/q4 + /p+mχj

)[
(q4 + p)2 −m2

χj
+ iϵ

] ]
,

= −4λϕψ2χjλϕψ2χiλZχiχj

∫
d4p

(2π)4

[
(mψ2mχj + p.p+ p.q4)q2µ + (mψ2mχi + p.p+ p.q2)q4µ[

p2 −m2
ψ2

+ iϵ
] [
(q2 + p)2 −m2

χi
+ iϵ

] [
(q4 + p)2 −m2

χj
+ iϵ

]
+

(mχimχj +mψ2mχi +mψ2mχj + p.p− q2.q4)pµ[
p2 −m2

ψ2
+ iϵ

] [
(q2 + p)2 −m2

χi
+ iϵ

] [
(q4 + p)2 −m2

χj
+ iϵ

]] .
(E.24)

Using Feynman parametrization l = p+ yq2 + zq4, we define,

∆ij =(y + z)(y + z − 1)m2
ϕ − tyz + xm2

ψ2
+ ym2

χi
+ zm2

χj
, (E.25)

δmij
µ =

[
mψ2mχj − (mψ2mχj +mψ2mχi +mχimχj)y + tyz(y − 1)−m2

ϕ(z + (y − 1)(y + z)2)
]
q2µ+[

mψ2mχi − (mψ2mχi +mψ2mχj +mχimχj)z + tyz(z − 1)−m2
ϕ(y + (z − 1)(y + z)2)

]
q4µ ,

(E.26)
cµ =(1− y)q2µ + (1− z)q4µ , (E.27)
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Appendix E:Pseudo-FIMP detection via WIMP loop

and using the dimensional regularisation method, we can write,

Lijµ = −8λϕψ2χjλϕψ2χiλZχiχj

∫ 1

0
dx dy dz

∫
d4l

(2π)4
δmij

µ + cµl
2 − 2yqα2 lαlµ − 2zqβ4 lβlµ

[l2 −∆ij + iϵ]3
δ(x+ y + z − 1)

=
i

4π2
λϕψ2χjλϕψ2χiλZχiχj

∫ 1

0
dx dy dz

[
δmij

µ

∆ij
− (2cµ − yq2µ − zq4µ)

(
1

ϵ
− γE + ln[4πµ2]− ln∆ij

)
+ cµ +O(ϵ)

]
δ(x+ y + z − 1) , (E.28)

where,
λϕψ2χ1

= λϕψ2χ1
= −Y2 cos θ,

λϕψ2χ2
= λϕψ2χ2

= Y2 sin θ,

λZχ1χ1 =
g

2 cos θw
sin2 θ =

mZ

v
sin2 θ,

λZχ2χ2 =
g

2 cos θw
cos2 θ =

mZ

v
cos2 θ,

λZχ1χ2 = λZχ2χ1 =
g

2 cos θw
sin θ cos θ =

mZ

v
sin θ cos θ .

In a similar way to the Higgs mediated diagram, here also a factor 2 is multiplied
in Eq . (E.28) for the anti-particles in the loop and the total amplitude becomes,

LZµ = 2
∑
i,j=1,2

Lijµ ,

=
i

2π2

∑
i,j=1,2

λϕψ2χjλϕψ2χiλZχiχj

∫ 1

0
dx dy dz

[
δmij

µ

∆ij

− (2cµ − yq2µ − zq4µ)

(
1

ϵ
− γE + ln[4πµ2]− ln∆ij

)
+ cµ +O(ϵ)

]
δ(x+ y + z − 1) ,

=
ϵ→0

i

2π2

∑
i,j=1,2

λϕψ2χjλϕψ2χiλZχiχj

∫ 1

0
dx dy dz

[
δmij

µ

∆ij
+ (2cµ − yq2µ − zq4µ) ln∆

ij

]
δ(x+ y + z − 1) ,

−−−−−−→
mχ1=mχ2

0 .

−−−−−−→
mχ1 ̸=mχ2

LZ(q2µ + q4µ) .

We have cross-checked our analytical solution with Package-X [778] and FeynCalc
[779]. In Fig . E.4, the color bar represents the variation of Z-mediated loop ampli-
tude LZ in ∆m− Y2 plane.

E.4 Direct detection cross-section of pFIMP andWIMP
After the amplitude, we calculate the cross-section here. The Feynman diagrams for
DM ϕ scattering off a nucleon at tree-level and one-loop level are shown in Fig . 6.10.
For the Higgs mediator, the tree-level contribution is negligible because of tiny hϕϕ
coupling that we have assumed, justifiably, in the pFIMP scenario. The dominant
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Appendix E:Pseudo-FIMP detection via WIMP loop

Figure E.4: One-loop amplitude for the Z-mediated process.

Higgs-mediated contribution therefore comes from one-loop diagram. The two in-
teraction vertices involved in the loop-induced Higgs-mediated process are Lhhϕϕ
and mq

v
hqq̄, the effective Lagrangian at the parton level can be written as,

Lheff = Lh
mq

v

1

m2
h

qq̄ϕϕ = fhq qq̄ϕϕ. (E.29)

Thematrix element for a scatteringNϕ→ Nϕ via Higgs-mediation, whereN stands
for nucleon, is the following:

iMh
Nϕ = αhN

[
uN(q3)uN(q1)

]
, (E.30)

where αhN is the effective DM-nucleon coupling and the relation with quark level
coupling is,

αhN
mN

=
∑

q=u,d,s

fNTq
fh
q

mq

+
2

27
(1−

∑
q=u,d,s

fNTq)
∑
q=c,b,t

fh
q

mq

. (E.31)

The nuclear form-factors are defined by [1, 780] ,

⟨N |mqqq|N⟩ ≡ mNf
N
Tq⟨N |N⟩(q = u, d, s) . (E.32)

The matrix element squared for the Higgs mediated process then turns out to be,

Nucleon fNTu fNTd fNTs fNTG fNTc fNTb fNTt

Proton 0.018(5) 0.027(7) 0.037(17) 0.917(19) 0.078(2) 0.072(2) 0.069(1)

Neutron 0.013(3) 0.040(10) 0.037(17) 0.910(20) 0.078(2) 0.071(2) 0.068(2)

Table E.1: Values of the Nuclear form factors fNTq,G
.

|Mh
Nϕ|2 =

1

2

∑
all spin

|Mh
Nϕ|2 = 4m2

N |αhN |2 . (E.33)

228TH-3680_196121009



Appendix E:Pseudo-FIMP detection via WIMP loop

The effective Lagrangian for Z mediator direct search process can be written as,

LZeff = q̄

[
g

cos θW
γµ

1

2

(
cqV − cqAγ

5
)]
q
LZ
m2
Z

ϕ(q2µ + q4ν )ϕ , (SI + SD)

→ mZ

v
cqV

LZ
m2
Z

q̄γµqϕ(q2µ + q4µ)ϕ , (SI)

=
cqV
v

LZ
mZ

q̄γµqϕ(q2µ + q4µ)ϕ ,

= bZq q̄γ
µqϕ(q2µ + q4µ)ϕ . (E.34)

The matrix element for Z-mediated pFIMP-nucleon scattering Nϕ → Nϕ is as
follows assuming Let, LZ

µ = LZ(q2µ + q4µ),

iMZ
Nϕ = bZN

[
uN(q3)γ

µuN(q1)

]
(q2µ + q4µ) . (E.35)

Here bZN is the DM − nucleon effective coupling. As the sea-quarks and the gluons
do not contribute to the vector current, only valence quark contributions add up
due to the conservation of the vector current, which gives us bp = 2bu + bd and
bn = bu+2bd. So the effective DM-nucleon couplings can be recast in terms of quark
level couplings as [781],

bZp = 2bZu + bZd ,

bZn = bZu + 2bZd ; where b
Z
q =

cqV
v

LZ
mZ

.
(E.36)

The matrix element squared turns out to be,

|MZ
Nϕ|2 =

|bZN |2

2
Tr
[
(/q3 +mN)γ

µ(/q1 +mN)γ
ν
]
(q2µ + q4µ)(q2ν + q4ν ) , (E.37)

= 4|bZN |24m2
ϕm

2
N as initially the nucleus is in rest, q1 ∼ {mN , 0⃗} .

The Z and Higgs mediated cross-term is,

|MZ
Nϕ|†|Mh

Nϕ| =
1

2

∑
all spin

[
bZN (uN(q3)γ

µuN(q1)) (q2µ + q4µ)
]† [

αhN (uN(q3)uN(q1))
]
,

= 2mNb
Z†

N α
h
N4mϕmN , as initially the nucleus is in rest, q1 ∼ {mN , 0⃗}

= 8m2
Nmϕb

Z†

N α
h
N . (E.38)

In a similar way,

|MZ
Nϕ||Mh

Nϕ|† =
1

2

∑
all spin

[
bZN (uN(q3)γ

µuN(q1)) (q2µ + q4µ)
] [
αhN (uN(q3)uN(q1))

]†
,

= 8m2
Nmϕb

Z
Nα

h†

N . (E.39)
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Appendix E:Pseudo-FIMP detection via WIMP loop

The spin-independent pFIMP−nucleon scattering cross-section in the non-relativistic
limit, assuming the initial nucleon is at rest, is given by [782],

σϕN =
1

4mϕmN |w − vN |

∫
d3q3

(2π)32mN

d3q4
(2π)32mϕ

|MZ
Nϕ +Mh

Nϕ|2(2π)
4δ4(q1 + q2 − q3 − q4)

=

∫ |MZ
Nϕ +Mh

Nϕ|2

4π2(4mϕmN)2|w − vN |
d3q3 d

3q4δ(E1 + E2 − E3 − E4)δ
3(q⃗1 + q⃗2 − q⃗3 − q⃗4) .

(E.40)

From energy conservation,

2µϕN q⃗2.q⃗3 = mϕ|q⃗3|2 ,
|q⃗3| = 2µϕNw cos θ , (E.41)

where w, vN are the initial velocities of DM and nucleus. We have assumed that in
Lab-frame, the nucleus initially is at rest, |v⃗N | = 0, so the relative velocity between
DM and nucleus becomes w. The angle between q⃗2 and q⃗3 is θ. Then Eq . (E.40)
becomes,

σϕN =

∫ |MZ
Nϕ +Mh

Nϕ|2

4π2(4mϕmN)2w
(π|q⃗3|d cos θ d|q⃗3|2) d3q4δ(E1 + E2 − E3 − E4)δ

3(q⃗2 − q⃗3 − q⃗4) ,

=
µ2
ϕN

4πm2
ϕ

∣∣∣αhN + 2mϕb
Z†

N

∣∣∣2 . (E.42)

Let us now turn toWIMP direct search cross-section. The Feynman diagrams corre-
sponding toWIMPDMχ1 scattering off a nucleon at tree level are shown in Fig . 6.22.
The two relevant interaction vertices for Higgs mediated interaction are λhχ1χ1

hχ1χ1

and mq
v
hqq̄. Effective Lagrangian for spin-independent direct search process can be

written as,

Lheff =
mq

v

1

m2
h

λhχ1χ1
qq̄χ1χ1 = F h

q qq̄χ1χ1 , (E.43)

where λhχ1χ1
= − Y1√

2
sin 2θ in our model. The matrix element for a scatteringNχ1 →

Nχ1 via Higgs mediation (N stands for nucleon) is the following:

iMh
Nχ1

= βhN

[
uN(q3)uN(q1)

][
uχ1(q4)uχ1(q2)

]
, (E.44)

where βhN is the DM-nucleon coupling, related to the quark level coupling F h
q fol-

lowing Eq . (E.31). The amplitude squared is,

|Mh
Nχ1

|2 = 1

4

∑
spin

|Mh
Nχ1

|2 = 16m2
χ1
m2
N |βhN |2 . (E.45)

For Z mediator, only the vector term contributes to SI cross-section and the effective
Lagrangian is,

LZeff =
mZ

v

1

m2
Z

λZχ1χ1
qγµ

(
cqV − cqAγ

5
)
qχ1γµχ1 (SI + SD)

→ mZ

v

cqV
m2
Z

λZχ1χ1
qγµqχ1γµχ1 (SI)

= Bqχ1γ
µχ1q̄γµq , (E.46)
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where, λZχ1χ1
= mZ

v
sin2 θ.

The matrix element for Nχ1 → Nχ1 scattering via Z mediation is,

iMZ
Nχ1

= BZ
N

[
uN (q3)γ

µuN (q1)

][
uχ1(q4)γµuχ1(q2)

]
, (E.47)

where BZ
N is the DM-nucleon coupling is related to the quark level coupling Bq

ollowed by the Eq . (E.36). Finally the amplitude squared for Z-mediation is,

|MZ
Nχ1

|2 = 1

4

∑
spin

|MZ
Nχ1

|2 = 16m2
χ1
m2
N |BZ

N |2 . (E.48)

In a two-component framework, the effective spin-independent χ1N scattering cross
section becomes, [324, 783],

σSI
χ1Neff

=
Ωχ1

Ωχ1 + Ωϕ

µ2
χ1N

π

∣∣βhN +BZ
N

∣∣2 , (E.49)

where µχ1N = mχ1mN/(mχ1 +mN) is the WIMP-nucleon reduced mass, withmN ∼
0.939 GeV. The Z mediated direct search for the WIMP provides a stringent con-
straint on the WIMP parameter space reducing the singlet-doublet mixing angle
significantly.
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Appendix F
Stability of two DM components in
ZN symmetry

F.1 HeavyDMstability criteria from twoand three body
decays

The two-body decay width in the rest frame of the decaying particle (A0),A0(m0) →
A1(m1) A2(m2) (Fig . F.1a), is given by [679],

ΓA0→A1 A2 =
1

64π2m0

√√√√[1− (m1 +m2

m0

)2
][

1−
(
m1 −m2

m0

)2
]∫

|M|2dΩ . (F.1)

Let us consider a process like A0(m0) → A1(m1) A2(m2) A3(m3)where three par-
ticles can be produced by three different kinds of processes as shown in fig. F.1. The

A0

A1

A2

(a)

A0

A1

A2

A3

(b)

A0

A1

A2

A3
B

(c)

A0

A1

A2

A3
B∗

(d)

Figure F.1: Fig. F.1a show the two-body decay when m0 >
2∑
i=1

mi. The rest of the figures show the possible three-body

decay: four-point (F.1b), off-shell B (F.1c), on-shell B (F.1d).

three-body decay width in the rest frame of the decaying particle (A0) is given by
[757],

ΓA0→A1A2..An = Sk
1

2m0

(
n∏
i=1

∫
d3p′i

(2π)32E ′i

)
(2π)4δ4(p−

n∑
i=1

p′i)|M|2A0→A1A2..An
, (F.2)

Sk = 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 [784],
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ΓA0→A1 A2 A3 = Sk
1

(2π)3
1

32m3
0

∫
dm2

12

∫
dm2

23 |M|2A0→A1 A2 A3
, (F.3)

where,

m2
23|max = (E∗2 + E∗3)

2 −
(√

E∗2
2 −m2

2 −
√
E∗3

2 −m2
3

)2

, (F.4)

m2
23|min = (E∗2 + E∗3)

2 −
(√

E∗2
2 −m2

2 +

√
E∗3

2 −m2
3

)2

, (F.5)

m2
12|max = (m0 −m3)

2 andm2
12|min = (m1 +m2)

2 , (F.6)
E∗2 = (m2

12 −m2
1 +m2

2)/2m12 and E
∗
3 = (m2

0 −m2
12 −m2

3)/2m12 . (F.7)

First alternative way

ΓA0→A1 A2 A3 =
1

(2π)3
1

8m0

∫ Emax
1

Emin
1

dE1

∫ Emax
2

Emin
2

dE2|M|2A0→A1 A2 A3
, (F.8)

where the minimum and maximum energy of the particles in the CM frame are
[302, 784],

Emin
2 =

1

2m2
23

[
(m0 − E1)m

2
23 −

√
(E2

1 −m2
1)λ(m

2
23,m

2
2,m

2
3)

]
, (F.9)

Emax
2 =

1

2m2
23

[
(m0 − E1)m

2
23 +

√
(E2

1 −m2
1)λ(m

2
23,m

2
2,m

2
3)

]
; (F.10)

with

m2
23 = m2

0 +m2
1 − 2m0E1 , (F.11)

λ(a, b, c) ≡ a2 + b2 + c2 − 2ab− 2bc− 2ca , (F.12)

Emin
1 = m1 , Emax

1 =
1

2m0

(
m2

0 +m2
1 − 4m2

2

)
. (F.13)

and λ is the Källén function.

Second alternative way [784, 785]

dΓA0→A1 A2 A3 =
1

64m3
0

1

(2π)3

√
λ(m2

0,m
2
1, q

2)λ(q2,m2
2,m

2
3)

q2
dq2d cos θ∗|M|2A0→A1 A2 A3

.

(F.14)

where, q = p0 − p1, q2min = (m2 +m3)
2, q2max = (m0 −m1)

2.
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ϕ2

h

ϕ1

(a)

ϕ2

h

ϕ1

ϕ1

ϕ1

(b)

ϕ2

h

ϕ1

ϕ2

ϕ2

(c)

ϕ2

ϕ1,2
h

ϕ1

ϕ1

(d)

Figure F.2: Figs . F.2a to F.2c and Fig . F.2d are corresponding to the tree and 1-loop level decays of ϕ2 to ϕ1 plus on-shell
Higgs, under the assumptionmϕ2

> mϕ1
, respectively. However, the Higgs off-shell decay to di-photon or di-gluon would

always be there for two non-degenerate DMs.

Tree and loop level decay of the heavy DMwith Z2 symmetry
The presence of theHiggs portal interaction for ϕ1 and ϕ2, as described in Eq . (7.11),
allows the heavier particle 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 pho-
tons or gluons. The decay of the heavier particle in a non-degenerate scenario im-
poses stringent constraints on the associated couplings, implying that themass hier-
archy is not limited to just the Higgs mass. Fig . F.2 illustrates the decay of the heav-
ier 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 signifi-
cantly 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 ϕ2 → ϕ1h decay. We don’t delve into the details of the compli-
cated loop calculation; instead, we provide an approximate estimate of the coupling
required to stabilise the heavier DM particle. The vertex factor corresponding to the
tree-level decay process, shown in Fig . F.2a, is λϕ1ϕ2Hv. We aim to determine the
stringent limit on this coupling such that the decay time of the heavier particle, τϕ2 ,
exceeds the age of the universe: τuniv = 6.4 × 1041GeV−1. the decay time for the
tree-level ϕ2 → ϕ1h process is

τ−1ϕ2
=
λ2ϕ1ϕ2Hv

2

16πmϕ2

√√√√[1− (mϕ1 +mh

mϕ2

)2
][

1−
(
mϕ1 −mh

mϕ2

)2
]
. (F.15)

The tree-level decay shown in Fig . F.2a 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 1-loop decay is also possible. However, we disregard diagrams involving
the hϕ1ϕ2 vertex in 1-loop decay, as thesewould be suppressed compared to the tree-
level decay. The relevant decay diagrams are shown in Figs . F.2b to F.2d. 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/(16π2). 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 1-loop decays. However, the presence of UV
divergences in the loop diagrams adds complexity to this process, whichwe have not
explored in detail here. Instead, we focus on finding the appropriate combination
of mϕ1 , mϕ2 , λϕ1ϕ2H , λ112, and λ122 that stabilises ϕ2, ensuring that τϕ2 > τuniv, while
keeping the other parameters within a weak ordering regime.
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Tree and loop level decay of the heavy DMwith Z3 symmetry
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Figure F.3: Fig . F.3a, is the Feynman diagram corresponding to the tree level decay: Φ2 → Φ1 h. After ignoring the diagrams
involves hΦ1Φ2 vertex, the remaining Feynman diagrams: Figs . F.3b to F.3o represented the 1-loopmediated decay. After the
appropriate choice, see Table 7.3, of sacrificing coupling associated with the 1-loop decay, and there are still possible 2-loop
decay processes, see Figs . F.3p and F.3q.

Similar to the case with Z2 symmetry, there are decay channels for the heavier
DM particle under Z3 symmetry as well. The interactions between the DM particles
and visible sectors, as shown in Eq . (7.13), give rise to tree-level, 1-loop, and 2-
loop decay processes. Let’s analyse these decay processes step by step, assuming
mΦ2 > mΦ1 . However, the decay constraints are equally applicable to the opposite
mass hierarchy.
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Appendix F:Stability of two DM components in ZN symmetry

• The tree-level decay process Φ2 → Φ∗1 + h (see Fig . F.3a) is mediated by the
coupling λ12H . According toAppendix F.1, to ensure τΦ2 > τuniv in the presence
of this tree-level decay, we require λ12H ≲ 4× 10−22.

• If we ignore the diagrams involving the λ12H coupling, we obtain 1-loop decay
diagrams, as shown in Figs . F.3b to F.3o. The associated interaction terms and
their corresponding couplings, whose small values contribute to the stability
of Φ2, present various scenarios, as summarised in Table 7.3.

• In specific cases, there may also be 2-loop decay processes, such as those de-
picted in Figs . F.3p and F.3q. To stabilise Φ2, the couplings associated with
these decays must be minimised, although the constraints will be less strin-
gent than the 1-loop limits due to the suppression factor (16π2)−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, 1-loop,
and 2-loop processes. Calculating the total decaywidth is a highly complicated task,
andwhile the precise limits on the couplingsmay shift slightly with amore accurate
computation, the overall phenomenology remains unchanged.

F.2 Relevant Feynmann diagrams for two-component
DM in Z3 scenario
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Figure F.4: The Feynman diagrams, Figs . F.4a to F.4d, represents the self-annihilation of Φ1 and Φ2 DM where SM =
{Higgs, quark, lepton, W± and Z boson}. The Feynman diagrams, Figs . F.4e to F.4g, Figs . F.4h to F.4l, and Figs . F.4m
and F.4n represent the semi-annihilation, conversion and semi-conversion channels of Φ1 relevant for Scenario-A and B.
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Appendix G
Neutrino mass and CP asymmetry

G.1 Parameters before EWSB

ηi =

η+i
η0i

 ; H =

H+

H0

 ; L =

νℓ
ℓ

 . (G.1)

Dµ = ∂µ + ig
τa

2
W a
µ + ig′Y Bµ = ∂µ +

i

2

gW 3
µ + g′Bµ

√
2gW+

µ
√
2gW−

µ −gW 3
µ + g′Bµ

 . (G.2)

(Dµηi)
†(Dµηi) =∂

µη†i ∂µηi +
1

4

(
η−i η0

∗
i

)gW 3
µ + g′Bµ

√
2gW+

µ
√
2gW−µ −gW 3

µ + g′Bµ

gW 3
µ + g′Bµ

√
2gW+

µ
√
2gW−µ −gW 3

µ + g′Bµ


η+i
η0i

− i

2

(η−i η0
∗
i

)gW 3
µ + g′Bµ

√
2gW+

µ
√
2gW−µ −gW 3

µ + g′Bµ

∂µη+i
∂µη0i

− h.c.


=∂µη†i ∂µηi +

1

4

[
2g2W+

µ W
µ−(η+i η

−
i + η0i η

0∗
i ) + 2

√
2gg′(BµW

µ−η+i η
0∗
i + h.c.)

]
− i

2

[(
gW 3

µ + g′Bµ
) (
∂µη+i

)
η−i +

√
2gW+

µ

(
∂µη0i

)
η−i +

√
2gW−µ

(
∂µη+i

)
η0

∗
i

+
(
g′Bµ − gW 3

µ

) (
∂µη0i

)
η0

∗
i − h.c.

]
+

1

4

[
|g′Bµ + gW 3

µ |2η+i η
−
i + |g′Bµ − gW 3

µ |2η0i η0
∗
i

]
.

(G.3)

LLiγµDµLL + ℓRiγ
µDµℓR

=LLiγµ
(
∂µ + ig

τa

2
W a
µ − i

g′

2
Bµ

)
LL + ℓRiγ

µ
(
∂µ − ig′Bµ

)
ℓR

=
(
νℓL ℓL

)i/∂ − 1

2
γµ

gW 3
µ − g′Bµ

√
2gW+

µ
√
2gW−µ −gW 3

µ − g′Bµ

νℓL
ℓL

+ ℓR
(
i/∂ + γµg′Bµ

)
ℓR

= ℓi/∂ℓ− (gW 3
µ − g′Bµ)νℓ

1

2
γµPLνℓ + ℓγµ

[
1

2
(gW 3

µ + g′Bµ)PL + g′BµPR
]
ℓ− g√

2

(
W+
µ νℓγ

µPLℓ+ h.c.
)
.

(G.4)
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η1

N1 ℓα

N1 ℓα

Figure G.1: The relevant Feynman diagrams for Leptogenesis where i = 1, 2 ; Vµ = Bµ, W 3
µ , W

±
µ [158, 786] and α define

the lepton generation.

G.2 Neutrino mass generation
In this scenario, neutrino mass is generated via a one-loop radiative diagram, as
shown in Fig . G.2. and the 1-loop correction due to this self-energy graph is written

να νcβ

H H

Nk

η0k η0k

να νcβ

η0kR(η
0
kI)

H H

Nk

Figure G.2: Radiative neutrino majorana mass generation where i, j are generation indices and k = 1, 2. The left and right
figures correspond to before and after EWSB, respectively.

as,

uLνα (p)Σαβ(p)u
c
Lνβ

(p) = uLνα (p)
∑
k=1,2

(
Σαβ(p, η

0
kR) + Σαβ(p, η

0
kI)
)
ucLνβ

(p) . (G.5)

−iΣαβ

(
p, η0kR(I)

)
= −Cαk

R(I)

∫
d4l

(2π)4
i

(p− l)2 −m2
η0
kR(I)

i(/l +Mk)

l2 −M2
k

Cβk
R(I) . (G.6)
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Here Cαk
R(I) and C

βk
R(I) are the couplings, given by

Cαk
R(I) =

fR(I)√
2
h∗kkα and Cβk

R(I) =
fR(I)√

2
h∗kkβ , (G.7)

with fR = 1 and fI = i.

Mk
αβ = Σαβ(0, η

0
kR) + Σαβ(0, η

0
kI) . (G.8)

Eq . G.6 is also valid for p = 0, so we set this limit during mass matrix calculation.
The odd power of l should vanish after integration.

Σαβ(0, η
0
kR(I)) = iCαk

R(I)

∫
d4l

(2π)4
1

l2 −m2
η0
kR(I)

(/l +Mk)

l2 −M2
k

Cβk
R(I)

≡ iCαk
R(I)C

βk
R(I)

∫
d4l

(2π)4
1

l2 −m2
η0
kR(I)

Mk

l2 −M2
k

; (G.9)

Mαβ =
∑
k=1,2

Mk
αβ =

∑
k=1,2

Σαβ(0, η
0
kR) + Σαβ(0, η

0
kI) ; (G.10)

Mk
αβ = i

h∗kkαh
∗
kkβMk

2

∫
d4l

(2π)4

(
1(

l2 −m2
η0kR

)
(l2 −M2

k )
− 1(

l2 −m2
η0kI

)
(l2 −M2

k )

)

= h∗kkα

[
Mk

32π2

(
m2
η0kR

m2
η0kR

−M2
k

ln
m2
η0kR

M2
k

−
m2
η0kI

m2
η0kI

−M2
k

ln
m2
η0kI

M2
k

)]
h∗kkβ .

The neutrino mass generated from the diagrams shown in Fig . G.2 is given by

(M)αβ =
2∑
i=1

h∗iiαh
∗
iiβMi

32π2

[
L(m2

ηiR
)− L(m2

ηiI
)
]
, (G.11)

where the function L has the following form

L(m2) =
m2

m2 −M2
i

ln

(
m2

M2
i

)
. (G.12)

Mαβ =
∑
k

h∗kkα(Λkk)
−1h∗kkβ

= h∗11α(Λ11)
−1h∗11β + h∗22α(Λ22)

−1h∗22β

=
(
h∗11α h∗22α

) 1

Λ11

0

0
1

Λ22


h∗11β
h∗22β

 ; (G.13)

M =


h∗111 h∗221

h∗112 h∗222

h∗113 h∗223


 1

Λ11

0

0
1

Λ22


h∗111 h∗112 h∗113

h∗221 h∗222 h∗223

 ≡ h∗Λ−1(h∗)T = h∗Λ−1h† ,

(G.14)
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where

h =


h111 h221

h112 h222

h113 h223

 and Λ−1 =

 1

Λ11

0

0
1

Λ22

 , (G.15)

and

Λii =
4π2

m2
ηRi

−m2
ηIi

ξiMi =
4π2

λ′′iiH
ξi
Mi

v2
. (G.16)

The loop functions ξi are given by

ξi =

(
1

8

M2
i

m2
ηRi

−m2
ηIi

[
L(m2

ηRi
)− L(m2

ηIi
)
])−1

. (G.17)

Now, the light neutrino mass is diagonalized using the usual PMNS matrix U, with
Majorana and Dirac phases, which is determined from neutrino oscillation data and

Mν = diag(m1,m2,m3) = U†MU∗ = U†h∗
√
Λ−1

√
Λ−1h†U∗ ,

M√νM√ν = U†h∗
√
Λ−1

√
Λ−1h†U∗ ,

I = M√ν−1U
†h∗

√
Λ−1

√
Λ−1h†U∗M√ν−1 =

[√
Λ−1h†U∗M√ν−1

]T [√
Λ−1h†U∗M√ν−1

]
≡ RTR .

where R is any 2 × 3 orthogonal matrix. Then, the Yuakawa coupling matrix satis-
fying the neutrino data can be written as,

h = U∗M√νR†
√
Λ (G.18)

where [787],

M√ν =


√
m1 0 0

0
√
m2 0

0 0
√
m3

 and
√
Λ =

√
Λ11 0

0
√
Λ22

 (G.19)

U =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (G.20)

Neutrino oscillation experiments only measure two neutrino mass squared differ-
ences [788, 789].

m1 = 0

m2 =
√
∆m2

21

m3 =
√
∆m2

31

 NO


θ12/

◦ = 33.44, θ23/
◦ = 49.2, θ13/

◦ = 8.57, δCP = 197

∆m2
21 = 7.42× 10−5 eV2

∆m2
31 = 2.517× 10−5 eV2
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m1 =
√

−∆m2
32 −∆m2

21

m2 =
√

−∆m2
32

m3 = 0

 IO


θ12/

◦ = 33.45, θ23/
◦ = 49.3, θ13/

◦ = 8.60, δCP = 282

∆m2
21 = 7.42× 10−5 eV2

∆m2
32 = −2.498× 10−5 eV2

RNO =

0 cos z sin z

0 − sin z cos z

 and RIO =

 cos z sin z 0

− sin z cos z 0


where z = a+ i b and {a, b} are our free parameters. Also, one can find the relations

3∑
α=1

h11αh
∗
11α = Tr(h

′
h†) and

3∑
α=1

h22αh
∗
11α = Tr(h

′′
h†), (G.21)

where

h
′
=


h111 h221

h112 h222

h113 h223


1 0

0 0

 =


h111 0

h112 0

h113 0

 , (G.22)

and

h
′′
=


h111 h221

h112 h222

h113 h223


0 0

1 0

 =


h221 0

h222 0

h223 0

 . (G.23)

G.3 CP-asymmetry calculation
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η1

p

q2

N2

q1

ϕ

q3η2

p1

p2

(b)

Figure G.3: Feynman diagrams corresponds toN1 → ℓαη1 is relevant for Leptogenesis.

The vertex factors for the processes in Fig . G.3 is,

Nj → ℓαηj : − ihjjαPR; (G.24)
N2 → N1ϕ : iy12ϕC

†; η2 → η1ϕ : − iµ12ϕ . (G.25)
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ΓN1→ℓαη1 = ΓN1→ℓαη1 = 2
h11αh

∗
11α

32πm3
N1

(m2
N1

+m2
α −m2

η1
)
√

(m2
N1

−m2
α +m2

η1
)2 − 4m2

η1
m2
N1
.

(G.26)

In the above equation, the factor 2 arises due to the presence of two potential decay
channels, N1 → νη01 and N1 → l−η+1 .

The cross termwhich related toCP asymmetry parameter ε =
2

∫
phase space

Im[MtreeM†
loop]

ΓN1

Ivertex =

∫
d4q2
(2π)4

uα(−ih22αPR)
−i( /q2 +mN2)C

q22 −m2
N2

+ iϵ
(iy12ϕC

†)
ucN1

(−iµ12ϕ)

q23 −m2
η2
+ iϵ

1

q21 −m2
ϕ + iϵ

[
uα(−ih11αPR)u

c
N1

]†
︸ ︷︷ ︸

M†
tree

= (−ih22αy12ϕµ12ϕh
∗
11α)

∫
d4q2
(2π)4

uαPR( /q2 +mN2)

q22 −m2
N2

+ iϵ

ucN1

q23 −m2
η2
+ iϵ

(uTN1
C†PLuα)

q21 −m2
ϕ + iϵ

.

(G.27)

After summing over final spins and averaging over initial spins, we get,

Ivertex = (−ih22αy12ϕµ12ϕh∗11α)
1

2

∫
d4q2
(2π)4

Tr [PR( /q2 +mN2)(−/p+mN1)PL(/p1 +mα)]

(q22 −m2
N2

+ iϵ)(q23 −m2
η2 + iϵ)(q21 −m2

ϕ + iϵ)

= (ih22αy12ϕµ12ϕh
∗
11α)

∫
d4q2
(2π)4

mN2p.p1 −mN1p1.q2
(q22 −m2

N2
+ iϵ)(q23 −m2

η2 + iϵ)(q21 −m2
ϕ + iϵ)

.

(G.28)

To calculate the imaginary part of the amplitude, which is related to the disconti-
nuity of the amplitude, we use the cutting rule to calculate this. The proper cutting
through the propagators associated with momenta q1 and q3. Thus, we make the
replacement,

1

q21 −m2
ϕ + iϵ

−→ −2πiδ(q21 −m2
ϕ)Θ(Eϕ) = −2πiδ((p− q2)

2 −m2
ϕ)Θ(mN1 − EN2) ,

1

q23 −m2
η2
+ iϵ

−→ −2πiδ((p1 − q2)
2 −m2

η2
)Θ(Eη2) ,

where,
2p.p1 = m2

N1
+m2

α −m2
η1
.

p1.q2 = EαEN2−|p1||q2| cos θ and |p1| = |p2| =
1

2mN1

√
(m2

N1
+m2

η1
−m2

α)
2 − 4m2

N1
m2
η1
.

and θ is the angle between p1 and q2. Putting all of these together we obtain (ϵ→ 0),

Disc(I ′

vertex) =
−i
4π2

∫
dEN2d

3q2
mN2p.p1 −mN1(EαEN2 − |p1||q2| cos θ))

q22 −m2
N2

×δ[(p− q2)
2 −m2

ϕ]δ[(p1 − q2)
2 −m2

η2
]Θ(mN1 − EN2)Θ(Eα − EN2) (G.29)

δ[(p−q2)2−m2
ϕ] = δ[E2

N2
−2mN1EN2+m

2
N1
−|q2|2−m2

ϕ] = −
δ[EN2 − (mN1 −

√
|q2|2 +m2

ϕ)]

2
√

|q2|2 +m2
ϕ
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Disc(I
′

vertex) =
i

4π2

∫
|q2|2

2
√
|q2|2 +m2

ϕ

d|q2|dΩ
mN2p.p1 −mN1

[
Eα(mN1 −

√
|q2|2 +m2

ϕ)− |p1||q2| cos θ
]

m2
N1

−m2
N2

+m2
ϕ − 2mN1

√
|q2|2 +m2

ϕ

×δ[m2
α +m2

N1
+m2

ϕ −m2
η2 − 2Eα(mN1

−
√

|q2|2 +m2
ϕ)− 2mN1

√
|q2|2 +m2

ϕ + 2|p1||q2| cos θ]

×Θ[(mN1 −
√
|q2|2 +m2

ϕ)− Eα]
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[
cos θ − 1

2|p1||q2|
(−m2

N1
+m2

η2
−m2

ϕ −m2
α +

√
|p1|2 +m2

α(mN1
−
√
|q2|2 +m2

ϕ) + 2mN1

√
|q2|2 +m2

ϕ)

]
1

2|p1||q2|
,

(G.30)

Disc(I ′
vertex) =

i

8π

∫
|q2|2√

|q2|2 +m2
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mN2mN1Eα − Eαm

2
N1

+ EαmN1

√
|q2|2 +m2

ϕ +mN1 |p1||q2| cos θ

m2
N1

−m2
N2

+m2
ϕ − 2mN1

√
|q2|2 +m2

ϕ

×
δ

[
cos θ −

(−m2
N1

+m2
η2
−m2

ϕ−m
2
α+

√
|p1|2+m2

α(mN1
−
√
|q2|2+m2

ϕ)+2mN1

√
|q2|2+m2

ϕ)

2|p1||q2|

]
d cos θ

|p1||q2|

×Θ[(mN1 −
√

|q2|2 +m2
ϕ)− Eα]

Disc(I ′

vertex) =
−i
8π

∫ A

0

m2
N1
|q0| d|q0|√

|q0|2 +m2
ϕ ×

√
(m2

N1
−m2

α +m2
η1
)2 − 4m2

η1
m2
N1

×

(
mN1

−mη1
+mα −

mN1

mN2

(m2
N1

+m2
α −m2

η1
) +m2

ϕ − 2mN1

√
|q0|2 +m2

ϕ

)
m2
N1

−m2
N2

+m2
ϕ − 2mN1

√
|q0|2 +m2

ϕ

, (G.31)

where the upper limit of the integration

A =

√√√√(mN1
−

(m2
N1

+m2
α −m2

η1
)

2mN1

)2

−m2
ϕ

comes from the theta function Θ(mN1 −
√

|q2|2 +m2
ϕ)− Eα).

Disc(I
′

vertex) = −
mN1

(
(
√
5− 2C + C2 − 4G− 2

√
σ) + (D − r +

√
r G)ln

[1− r + σ − (2−G)

1− r + σ − 2
√
σ

])
2
√
(2−G)2 − 4η1

,

(G.32)

where

C = (η1 − l′), D = (η2 − l′), G = (1− η1 + l′),

η1 =
m2
η1

m2
N1

, η2 =
m2
η2

m2
N1

, σ =
m2
ϕ

m2
N1

, r =
m2
N2

m2
N1

, l′ =
m2
α

m2
N1
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Appendix G: Two-component Dark Matter and particle-antiparticle asymmetry

Now the imaginary part of Im(I ′
vertex) =

1

2i
Disc(I ′

vertex)

Γtotal = Γ + Γ = 2ΓN1→ℓαη1

2-body phase space factor VN1−→η1l = 2
|p1|

8πE2
cm

= 2
|p1|

8πm2
N1

εN1→ℓαη1 = − 4

Γtot

Im(Fvertex)Im(I ′

vertex)VN1→ℓη1 , (G.33)

where Im(Fvertex) is the vertex factor of the loop integration written as

Im(Fvertex) = Im(h22αy12ϕµ12ϕh
∗
11α). (G.34)

Finally the CP asymmetry from N1 decay can be written as εN1 =
3∑

α=1

εN1→ℓαη1

εN1
=

3∑
α=1

Im(Fvertex)

8πMN1

(
(
√

(1− C)2 + 4(1−G)− 2
√
σ) + (D − r +

√
rG)ln

[1− r + σ − (2−G)

1− r + σ − 2
√
σ

])
(h11αh∗11α) G

√
(2−G)2 − 4η1

.

(G.35)

With the approximation l′ → 0 this expression will look like

εN1
=

3∑
α=1

Im(Fvertex)

8πM1

[
(1 + η1)− 2

√
σ +

(
η2 − r + (1− η1)

√
r
)(

ln
[
σ − r − η1

]
− ln

[
1− r + σ − 2

√
σ
])]

(h11αh∗11α)(1− η1)
2

.

(G.36)

Further with additional approximations η1 → 0, η2 → 0 and σ → 0, this expression
will transform to

εN1
=

3∑
α=1

Im(Fvertex)

8π(h11αh∗11α)M1

(
1 + rln

[
1− 1

r

]
−

√
rln
[
1− 1

r

])
. (G.37)

We have verified our asymmetry parameter in the limit mη1,2 → 0 and mϕ → 0,
comparing it with the results from [749], except for a negative sign. In Fig . G.4, we
illustrate the role of the rotation angle z = a + i b in the asymmetry parameter εN1

,
taking into account the active neutrino masses. While a and b are unconstrained by
theoretical or experimental limits, their influence on εN1

remains largely constant,
with typical values around εN1

∼ 10−2.5. However, a notable decrease in εN1
is ob-

served within the yellow-shaded region, where it drops to ≲ 10−4. The maximum
value of εN1

(∼ 10−1) occurs for {a = 1, b = 0.4}. Beyond this point, increasing a
results in periodic variations in εN1

.
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Appendix G: Two-component Dark Matter and particle-antiparticle asymmetry

Figure G.4: This figure illustrates the dependency of the parameters a and b on the asymmetry (εN1
) after accounting

for the constraints imposed by neutrino masses. We are fixing other parameters as: mN1
= 2 TeV, mN2

= 6 TeV,
mϕ = 0.5 TeV, m

η0I1

= 0.4 TeV, m
η0I2

= m
η0I1

+mϕ + 1 GeV, m
η0Rk

= m
η0Ik

+ 2 GeV, m
η+
k

= m
η0Ik

+ 3 GeV,

µ12ϕ = mϕ, y12ϕ = 1, λkkH = 0.01, with k = 1, 2.
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[657] B. Dı́az Sáez, P. Escalona, S. Norero and A. R. Zerwekh, Fermion singlet dark
matter in a pseudoscalar dark matter portal, JHEP 10 (2021) 233 [2105.04255].

[658] A. Reinert and M. W. Winkler, A Precision Search for WIMPs with Charged
Cosmic Rays, JCAP 01 (2018) 055 [1712.00002].

[659] G. Guedes and J. Santiago, New leptons with exotic decays: collider limits and
dark matter complementarity, JHEP 01 (2022) 111 [2107.03429].

[660] S. Bhattacharya, S. Jahedi and J. Wudka, Probing heavy charged fermions at
e+e− collider using the Optimal Observable Technique, 2106.02846.

[661] ATLAS collaboration, Statistical Combination of ATLAS Run 2 Searches for
Charginos and Neutralinos at the LHC, Phys. Rev. Lett. 133 (2024) 031802
[2402.08347].

287TH-3680_196121009

https://doi.org/10.1103/PhysRevD.88.036011
https://doi.org/10.1103/PhysRevD.88.036011
https://arxiv.org/abs/1305.7008
https://doi.org/10.1103/PhysRevD.56.1879
https://doi.org/10.1103/PhysRevD.56.1879
https://arxiv.org/abs/hep-ph/9704361
https://doi.org/10.1088/1475-7516/2021/03/008
https://doi.org/10.1088/1475-7516/2021/03/008
https://arxiv.org/abs/2009.00885
https://doi.org/10.1103/PhysRevD.67.023505
https://doi.org/10.1103/PhysRevD.67.023505
https://arxiv.org/abs/hep-ph/0209266
https://doi.org/10.1103/PhysRevD.66.123502
https://arxiv.org/abs/astro-ph/0207125
https://doi.org/10.22323/1.395.0509
https://arxiv.org/abs/2109.11291
https://doi.org/10.1103/PhysRevD.102.072002
https://doi.org/10.1103/PhysRevD.102.072002
https://arxiv.org/abs/2005.05109
https://doi.org/10.1103/PhysRevLett.129.111101
https://arxiv.org/abs/2207.10471
https://doi.org/10.3847/0004-637X/833/1/3
https://arxiv.org/abs/1607.08006
https://doi.org/10.1088/1475-7516/2023/10/003
https://arxiv.org/abs/2205.12950
https://doi.org/10.1103/PhysRevD.105.062004
https://arxiv.org/abs/2111.09970
https://doi.org/10.1007/JHEP10(2021)233
https://arxiv.org/abs/2105.04255
https://doi.org/10.1088/1475-7516/2018/01/055
https://arxiv.org/abs/1712.00002
https://doi.org/10.1007/JHEP01(2022)111
https://arxiv.org/abs/2107.03429
https://arxiv.org/abs/2106.02846
https://doi.org/10.1103/PhysRevLett.133.031802
https://arxiv.org/abs/2402.08347


[662] ATLAS collaboration, The quest to discover supersymmetry at the ATLAS
experiment, 2403.02455.

[663] CMS collaboration, Combined search for electroweak production of winos, binos,
higgsinos, and sleptons in proton-proton collisions at s=13 TeV, Phys. Rev. D 109
(2024) 112001 [2402.01888].

[664] Y. Bai and J. Berger, Lepton Portal Dark Matter, JHEP 08 (2014) 153
[1402.6696].

[665] PandaX collaboration, Search for lepton portal dark matter in the PandaX-4T
experiment, 2408.14730.
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