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Abstract

After the Higgs discovery, the Large Hadron Collider (LHC) did not find any evidence of new physics.
Despite the Standard Model (SM) being “the” theory for the elementary particles, there are still many
unanswered questions that give a strong motivation for beyond the SM (BSM) theories. A particle
candidate for dark matter (DM) is one such motivation, as its existence is beyond any doubt from various
cosmological and astrophysical observations. In its pursuit, many theories have been proposed for DM
origin, the most popular till date being the freeze-out mechanism, featuring Weakly Interacting Massive
Particle (WIMP). Although WIMP can explain the observed DM relic density well, it fails to fit the
direct detection constraints. This motivates the need for alternatives, featuring the non-WIMP cases.

This thesis focuses on three such non-WIMP scenarios having interesting implications in the DM dy-
namics and collider probes. In the first part, we discuss two multipartite WIMP scenarios of electroweak
scale DM mass. Here, the interplay of stable DM components of different spins and isospins success-
fully evade the direct detection constraint, which is otherwise not possible in similar single component
WIMP models. In the context of collider probe, we show that as a contrast with traditional cut-based
MET analysis strategies in the literature, which was initially developed for SUSY analysis, a hard MET
cut at low DM mass is not required in the non-SUSY models.

The second part includes two chapters. The first one focuses on reviving the very constrained scalar
singlet DM (SDM) model of electroweak scale by extending the dark sector with additional vector-like
dark lepton doublet. This induces DM coannihilation and adds additional channels to pair annihilation
and all these alleviate the severe direct detection constraints on standard SDM. We also discuss the possi-
ble collider probe with multilepton final states and τ -tagging at the LHC using the ROOT based Boosted
Decision Tree (BDT) classifier Toolkit for Multivariate Analysis (TMVA). In the second chapter, we add
an extra vector-like singlet in the dark sector of the previous chapter. This simple extension helps to do
away with ad-hoc addition of new scale of spontaneous symmetry breaking to lift the degeneracy of the
lepton doublet components. Furthermore, the mixing between the same-charge dark leptons become a
key factor to distinguish between the dark leptons of different isospins, which has not been discussed
much in the literature. We discuss how the mixing leaves a positive impact on various search prospects
of DM such as indirect detection and collider probe. The proper choice of final states in the LHC feature
this mixing effect substantially and a significance study is done for future luminosities.

In the third part, we discuss a minimalistic BSM scenario which identifies different areas of the
parameter region for electroweak scale DM mass, where DM relic density is controlled by either non-
thermal (freeze-in) or thermal (freeze-out) DM dynamics or their admixture. For suitable parameters, it
gives a quantitative estimate of the limiting case where the transition between the above regimes takes
place. As a natural consequence of the model arrangement, one or more long-lived particles (LLP)
are produced. The DM dynamics often dictates the LLP characteristics and the signatures substantially
change from one case to another leading to exotic signatures such as cascade decays of LLPs and kinked
charged tracks. The model also features right-handed neutrinos which account for neutrino mass through
Type-I seesaw mechanism, that requires it to be long-lived as well. The search prospects for such neutral
LLP giving displaced vertex signatures is also discussed for the LHC and future detectors.
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Chapter 1
Introduction

Contents
1.1 Dark Matter: Theory and Phenomenology . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

In this introductory chapter, we intend to set the premise of this thesis: dark matter studies as a window
to beyond the Standard Model particle physics. The context of dark matter theory in cosmology and
particle physics will be discussed, along with due stress on the phenomenology and the experimental
probes.

1.1 Dark Matter: Theory and Phenomenology

The existence of dark matter (DM) in the Universe is one of the most significant open problems in
cosmology, particle physics and astrophysics. The first observation of DM dates back to 1933, when
Zwicky, in his article [224] studied the motion of the galaxies in the Coma cluster. To account for the
discrepancy of mass deficit in his observations, he proposed a non-luminous and non-baryonic compo-
nent and named it as dark matter. Subsequently, there have been several observational pieces of evidence
of DM. We enumerate these in the following subsection.

1.1.1 Evidence of Dark Matter

‚ Rotation Curve of Spiral Galaxies
One of the most convincing pieces of evidence for the existence of DM comes from the phenomena of
flatness of rotation curves in the spiral galaxies. Since 1940, there have been observations of anomalies
in rotational velocity of the spiral galaxies, mostly in the outer regions. Observed rotation curves usually
show that the central part of the galaxy rotates like a rigid body, i.e., vprq9 r and then after reaching a
maximum value, the velocity saturates.

This is contrary to the classical theories, where it is expected that the velocity towards the outer regions
of the galaxy should decrease with the radius. If for simplicity, one considers the spherical distribution
of matter in the galaxy, then according to Newtonian dynamics, one should expect that the rotational
velocity of an object on a stable orbit with radius r from the centre of a galaxy should be,

vprq9
c
Mprq
r

where Mprq “ 4π
rş
0

ρpaqa2 is the mass of matter having density ρpaq inside the sphere of radius r. So,

outside the visible disk, M should be constant and v9 1{?r.

1TH-2426_156121030



2 Chapter 1. Introduction

Contrary to this, the actual observation of the flat behaviour of the velocity, i.e., vprq » constant
suggests the existence of a dark halo outside the visible disk with Mprq9 r and ρprq9 1{r2. Also, this
further indicates that a large part of the mass is present in the outer part of the galaxy beyond the visible
disk. Such measurement of the rotation curves was first made by Ford and Rubin in 1978 [208].

‚ Bullet Clusters

Bullet cluster is formed after the collision of two clusters of galaxies. The concentration of mass in the
cluster is determined using the effect of gravitational lensing, where light from distant objects bends
around the gravitating matter in the cluster. It is found that most of the ordinary visible matter in the
cluster is separate from the mater responsible for observed gravitational lensing, signifying that nearly
all of the matter in the cluster is non-visible, i.e., dark.

‚ Anisotropies in CMB

The amount of DM in the Universe can be extracted from the analysis of the Cosmic Microwave Back-
ground Radiation (CMB). CMB is known to be isotropic with temperature variation closely similar to
black body radiation of temperature T “ 2.728 K, but it consists of tiny temperature fluctuations called
anisotropy. The variations of temperature of CMB can be expressed as the sum of spherical harmonic
Ylm, with the power spectrum against the angular momentum representing various information about the
constituent of the Universe. Experiments like WMAP [183], PLANCK [16] and COBE [52] measure
the height of the Doppler peaks in CMB power spectrum and the latest PLANCK data estimates that the
Universe consists of only around 4.9% of visible baryonic matter while about 26.8% is non-baryonic
dark matter and the rest 68.3% is dark energy.

1.1.2 Dark Matter from Particle Physics Perspective

Although the exact nature of DM is not known till now, there have been many studies proposing DM
candidates over a huge mass range from 10´22 eV (fuzzy dark matter) to 1048 GeV (primordial black
hole). DM as an elementary particle is also one of the most popular hypotheses explored so far. To fit
the bill as an ideal particle DM candidate, the following properties as known from the observations need
to be fulfilled [182]

‚ Stability : DM should not decay to any visible particle, so it should be stable over the age of the
Universe.

‚ Charge neutrality : DM should be dark, i.e., should not interact with photons. So it must be charge
neutral.

‚ Weakly interacting : Apart from gravitational interaction, DM only has a very weak interaction with
the visible matter.

‚ Massive : DM particles must be massive so that they contribute substantially to the energy density of
the Universe, leading to structure formation.

‚ Non-baryonic : The baryonic matter which is massive and small is mostly gas and dust. Both of
these things, especially when hot, are easily observable. Therefore, DM is traditionally hypothesized as
non-baryonic and having no strong interaction.

Based on the above properties, a broad classification of DM candidates exist

‚ Cold dark matter : Cold dark matter (CDM) signifies non-relativistic DM particles. Due to their
relatively slow velocity at the matter-radiation decoupling time in the early Universe, it is assumed that
CDM formed galactic structure in a bottom-up approach which agrees with the experimental evidence.
Candidates for CDM include WIMPs (Weakly Interacting Massive Particle), axions, MACHOs (Massive
Astrophysical Compact Halo Object) (although non-baryonic) etc.

TH-2426_156121030



1.1. Dark Matter: Theory and Phenomenology 3

‚ Hot dark matter : Hot dark matter (HDM) consists of relativistic particles. The primary candidate
for HDM is the neutrino. However, HDM theory does not account for the galactic structure formation
observed in the Universe. Therefore, any pure HDM model of the Universe is ruled out. In the literature,
HDM is discussed in the context of Mixed Dark Matter models, where the bulk of the dark matter is
cold, but a tiny fraction is hot.

WIMPs and beyond : WIMPs are an example of non-baryonic CDM candidate. They interact with
visible matter only via the weak interaction. For a stable WIMP of electroweak scale, i.e., GeV-TeV scale
mass, the weak scale cross-section (xσvy „ 10´26cm3s´1) of DM-visible matter interaction produces
the right relic density consistent with the observations. This is known as the WIMP miracle. WIMP
miracle provides a model independent interpretation of DM at the weak scale. WIMP includes neutralino
[129, 147], gravitino [80], which appear in the weak scale supersymmetric (SUSY) models. Examples
of a few non-SUSY WIMP candidates are scalar singlet DM [196], inert doublet CP even scalar[188],
fermionic singlet DM [180], vector boson DM (VBDM)[133].

WIMPs are one of the most popular DM candidates in the electroweak scale DM phenomenology
[207]. However, WIMPs are severely constrained by the latest experimental searches. This leads to
proposing non-WIMP DM candidates. We will elaborate this in the following subsections.

1.1.3 Possible Theories of Dark Matter Evolution

Thermal Freeze-Out of Single-Component WIMP

Dark matter candidates are categorized according to whether they are produced as “thermal” or “non-
thermal” relics. According to the theory of thermal relics, the early Universe was initially dense and hot,
and all the particles were in thermal equilibrium. Afterwards, along with expansion, the Universe began
to cool down. When the rate of interaction among DM and other particles in the thermal bath could not
compete with the rate of expansion of the Universe, then the DM particles decoupled from the thermal
bath and the number of DM particles per co-moving volume asymptotically approached a constant. This
is known as “thermal freeze-out” and the co-moving number density came to be known as relic density,
or relic abundance. The standard calculation for the thermal freeze-out of WIMPs is given below [145].

The evolution of the phase space distribution function, fpp, xq is governed by the Boltzmann equa-
tion

Lrf s “ Crf s (1.1)

where L denotes the Liouville operator and C is the collision operator, representing the interactions of
the particle species considered.

Quantitatively, the evolution of thermal DM particle of number density n interacting with the parti-
cles in a thermal bath is given by the Boltzmann equation

dn

dt
` 3Hn “ ´xσvy pn2 ´ n2

eqq (1.2)

where t is time, H is the Hubble constant, (H ” 9a{a, where a is the scale factor of the Universe). σ
is the cross-section for DM pair annihilation, v is the relative speed of annihilating DM particle and
xσvy denotes the thermal averaged annihilation cross section, signifying an average over the thermal
distribution of momenta of DM particles. Also, the spin average should be average over the initial states
and sum over the final states. neq denotes equilibrium number density. In the non-relativistic limit and
the Maxwell-Boltzmann approximation, it is given by the relation

neq “ g

ˆ
mT

2π

˙3{2

e´m{T (1.3)

TH-2426_156121030



4 Chapter 1. Introduction

where g is the degree of freedom of DM species, m is DM mass and T is the temperature of the thermal
bath. Furthermore, it is assumed for simplicity that DM can only annihilate and be created in pairs and
that there is no particle-antiparticle asymmetry, i.e., nDM “ nĘDM “ n.

Now, the thermal relic density (Ω) is determined by solving Boltzmann equation numerically. For
this, we introduce the variables

Y ” n

s
, Yeq ” neq

s

where s denotes the entropy density given by s “ 2π2g˚T
3{45, g˚ is given by the number of relativistic

degrees of freedom. From the conservation of entropy per co-moving volume, one obtains

9n` 3Hn “ s 9Y , s 9Y “ ´xσvy s2
`
Y 2 ´ Y 2

eq

˘

Also, we obtain the following expression on further substituting x ” m{T
dY

dx
“ ´xσvy s

Hx

`
Y 2 ´ Y 2

eq

˘
(1.4)

xσvy can also be written in the form of non-relativistic expansion in powers of v2

σv “ a` bv2 `Opv4q » a` 6
b

x
(1.5)

where a, b are constants. For s-wave annihilation, a gives the dominant contribution to the annihilation
of WIMPS. If s-wave contribution is suppressed, b is described by the p-wave contribution.

The above approximation leads to the following relation in terms of the variable ∆ “ Y ´ Yeq
∆1 “ ´Y 1eq ´ fpxq∆ p2Yeq `∆q (1.6)

where prime denotes d
dx and fpxq “ a

πg˚{45mMPl pa ` 6b{xqx´2. In order to analytically solve
Eq. (1.6), the variable xF “ m{TF is introduced, where TF is known as the freeze-out temperature.
Therefore, we obtain the solution of Eq. (1.6) for two extreme cases x ! xF and x " xF as

∆ “ ´ Y 1eq
2fpxqYeq for x ! xF

∆1 “ ´fpxq∆2 for x " xF

Integrating the above equation between xF and 8 and assuming ∆xF " ∆8, we obtain the following
relation

Y ´1
8 “

c
πg˚
45

mMPl x
´1
F pa` 3b{xF q (1.7)

where MPl is the (non-reduced) Planck mass and the expression for the relic density is given by

Ωh2 “ ρX{ρc (1.8)

where ρX “ mXn “ mXs0Y8, s0 is denoted by the present entropy density of the Universe, given by
s0 “ 2π2g˚T

3
0 {45. ρc is the critical energy density of the present Universe, given by ρc “ 3H2

0{8πG.
Substituting the values, one can obtain

Ωh2 « 1.07ˆ 109 GeV´1

MPl

xF?
g˚

1

pa` 3b{xF q

TH-2426_156121030



1.1. Dark Matter: Theory and Phenomenology 5

where h is the reduced Hubble parameter (“ H0{100 km s´1 Mpc´1) and a, b are expressed in GeV´2.
xF can be calculated by the iterative solution of the equation

xF “ ln

«
cpc` 2q

c
45

8

g

2π3

mMPlpa` 6b{xF q
g

1{2
˚ x

1{2
F

ff
(1.9)

where c is a constant of order one and is determined by matching the late-time and early-time solutions.
From Eq. (1.9), the relic density can also be approximately evaluated as

Ωh2 « 3ˆ 10´27 cm3s´1

xσvy (1.10)

In any BSM model accounting for the observed DM relic density, usually, the stability of DM is
ensured with the help of symmetry transformation, in which the visible sector particles are invariant,
whereas the dark particles undergo a non-trivial transformation. In many models, there is more than one
particle belonging to this sector (the dark sector), with the lightest one as the DM particle [207].

Coannihilation: An Exception in Thermal Freeze-out

In coannihilation, one or more dark sector particles have a very small mass split between themselves and
the DM. In that case, the standard relic calculation fails [148].

For a generic coannihilation framework, let us consider N particles Xipi “ 1, ¨ ¨ ¨ , Nq with masses
mi and internal degrees of freedom gi. Also, it is assumed that m1 ď m2 ď ¨ ¨ ¨ ď mN´1 ď mN and
the lightest particle is protected against decay due to some underlying symmetry. If the lightest particle
is denoted by Xi, then the Boltzmann equation becomes

dn

dt
“ ´3Hn´

Nÿ

i,j“1

xσijvijy
´
ninj ´ neqi neqj

¯
(1.11)

where n is the number density of DM and n “ řN
i“1 ni. This is because the decay rate of the dark

sector particles except DM is much faster than the age of the Universe. The coannihilation cross-section
is given by

σij “
ÿ

X

σpXiXj Ñ XSM q (1.12)

Also, the expression for the relative particle velocity is given by

vij “
b
ppi.pjq2 ´m2

im
2
j

EiEj
(1.13)

where pi and Ei are the four-momentum and energy of the particle i respectively. The thermal average
xσij vijy is defined as

xσij vijy “
ş
d3pi d

3pj fi fj σij vijş
d3pi d3pj fi fj

(1.14)

where fi are distribution functions in the MB distribution. Since the scattering rate of the dark sector
particles off particles the thermal bath is much faster than their annihilation rate, we obtain

dn

dt
“ ´3Hn´ xσeffvy pn2 ´ n2

eqq (1.15)

where xσeffvy “ ř
ij xσij vijy neqi

neq
neqj
neq . It is further convenient to write

neqi
neq

“ gip1`∆iq3{2e´x∆i

geff

TH-2426_156121030
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where ∆i “ pmi ´mDM q{mDM and geff “ řN
i“1 gip1`∆iq3{2e´x∆i .

To summarize the above, in coannihilation, the efficient interaction rate within the dark sector main-
tains the chemical equilibrium between the DM and heavier dark particles. The dark sector decouples
from the SM much before the decoupling within the dark sector occurs. The heavier dark particles de-
cay into DM and when this decay rate falls below the expansion rate of the Universe, DM abundance
saturates.

Other Exceptions in Thermal Freeze-out

‚ Annihilation near a pole : The annihilation cross-section of a DM particle X through exchange of
the intermediate particle of mass Mex is given by [148, 195]

σv “ αD αV s

ps´M2
exq2 `M2

ex Γ2
ex

where αD, αV corresponds to the coupling of the exchange particle to the dark sector (D) and the visible
sector (V) respectively. Γex is the total width of the exchange particle and s “ 4m2

X
1´v2{4

.

On further defining the following quantities,

r “
ˆ

2mX

Mex

˙2

, ε “
ˆ

Γex
Mex

˙2

one obtains

σv “ αD αV
M2
ex

r
1´v2{4”

1´ r
1´v2{4

ı2 ` ε
(1.16)

To calculate the relic abundance, the annihilation cross-section needs to be thermally averaged. The
standard prescription is to Taylor expand to the first order in v2. But, for small ε in Eq. (1.16), the
expansion in v2 breaks down near the pole and the standard freeze-out calculation fails.

There are different ways to address this problem. The standard method is to numerically calculate the
thermal averaged cross-section from the mean of σv in the CM frame (~p1 “ ´~p2)

Taking the nonrelativistic approximation, one can obtain

xσvy “ xσvynum “
ş
p2 xσvy e´p2{mT dpş
p2 e´p2{mT dp

“ x3{2

2
?
π

8ż

0

v2 xσvy e´xv2{4 dv

‚ Forbidden Freeze-out : This exception holds when 2mX À m1`m2, where mX is the DM particle
andm1, m2 are two SM particles. The annihilation channelXX Ñ 1 2 is forbidden in zero temperature,
but in the early Universe when the temperature at the decoupling time T » mX{25 is sufficient for s to
reach the threshold m1 `m2, then these channels are allowed. If the annihilation products are not too
heavy, then these “forbidden” annihilations can dominate the total DM annihilation cross-section [106,
148, 195].

Thermal Freeze-Out of Multi-Component WIMP

In multi-component DM (MCDM) models [87, 223], there are more than one stable dark sectors with
the possibility of interaction between each other. The number density of DM is determined by solving
the coupled Boltzmann equation in such cases. As a typical example of a minimalistic multi-component
set-up, let us consider two stable DM candidates X1 and X2 (mX2 ě mX1) belonging to dark sectors 1
and 2 respectively. Ideally, one should consider all types of number changing processes such as
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i) Annihilation : X1 X1 Ñ SM SM , X2 X2 Ñ SM SM

ii) Semi-annihilation : X1 X1 Ñ X1 SM , X2 X2 Ñ X2 SM

iii) Conversion : X2 X2 Ñ X1 X1

On assuming the chemical equilibrium between X1, X2, the coupled Boltzmann equation becomes

dnX1

dt
` 3HnX1 “´ xσvyX1X1ÑSM SM

`
n2
X1
´ n2

X1eq

˘` xσvyX2X2ÑX1X1

˜
n2
X2
´ n2

X2eq

n2
X1eq

n2
X1

¸
;

(1.17)

dnX2

dt
` 3HnX2 “´ xσvyX2X2ÑSM SM

`
n2
X2
´ n2

X2eq

˘´ xσvyX2X2ÑX1X1

˜
n2
X2
´ n2

X2eq

n2
X1eq

n2
X1

¸
.

(1.18)

where ni, i “ X1, X2, denotes the number density of DM particles and their equilibrium number den-
sities are expressed as nieq respectively. Solving for the Eqs. (1.17) and (1.18), one can obtain the relic
density contributions from each of the DM candidates of the form

Ωih
2 “ 2.755ˆ 108 mi

GeV
YipT0q , i “ X1, X2 , (1.19)

where Yi “ ni{s, is the yield of DM candidate obtained at present temperature of Universe T0 and s is
the entropy density of the Universe. The total DM relic density is then obtained by adding individual
relic density of both the candidates, i.e.,

ΩDMh2 “ ΩX1h2 ` ΩX2h2 , (1.20)

Therefore, as a brief interpretation of the above expressions, an interacting MCDM framework has an
efficient DM-DM conversion, which maintains the chemical equilibrium between the DM components.
The individual components decouple from the SM much before the dark sector decoupling occurs. The
heavier DM particle undergoes pair conversion into a pair of lighter DM and when this conversion rate
falls below the expansion rate of the Universe, the total DM abundance saturates.

Non-Thermal Dark Matter

‚ Freeze-in : Non-thermal DM [54, 154] has a characteristically different thermal history than WIMPs.
It is assumed that in the early Universe, DM has a negligible abundance and has a very feeble interaction
with the particles in the thermal bath so that it is decoupled from the thermal plasma. DM number
density changes as DM is gradually produced from the decay or scattering of the particles in the thermal
bath. When the temperature of the Universe drops below the DM mass (if DM is heavier than the bath
particles) or the mass of the decaying thermal bath particle (if DM is lighter than the decaying bath
particle), the DM abundance saturates, or “freezes-in” with a yield that increases with the interaction
strength of DM with the thermal bath. Typically, the interaction strength required to get the right relic
density by freeze-in is orders of magnitude smaller than that of WIMP.

Non-thermal production can occur from both decay and scattering of the bath particles. For simplicity
of calculation, we only discuss the decay production in the next chapters of this thesis. The standard
calculation, in that case, is given below [154]

Let us consider a Feebly Interacting Massive Particle (FIMP)X with a negligible coupling with the bath
particles A and B in the early Universe. mA ą mB `mX , and the freeze-in mechanism predominantly
occurs through the decay AÑ B `X .
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8 Chapter 1. Introduction

The Boltzmann equation can be written as

9nX ` 3HnX “
ż
dΠXdΠAdΠBp2πq4δ4ppX ` pB ´ pAq

ˆ “|M |2AÑB`XfAp1˘ fBqp1˘ fXq ´ |M |2B`XÑAfBfXp1˘ fAq
‰

(1.21)

where dΠ “ d3pi{p2πq32Ei are phase space elements, fi is the phase space density of the ith particle.

It is assumed that the initial X abundance is negligible. Therefore, fX “ 0 and the second term of
Eq. (1.21) can be neglected.

Approximating p1 ˘ fBq « 1 and defining the number density of the ith particle, ni “ gi
2π3

ş
d3pfi,

Eq. (1.21) can be rewritten as

9nX ` 3HnX « 2gA

ż
dΠAΓAmAfA « gA

ż
d3pAfAΓA
p2πq3γA (1.22)

where γA “ EA{mA and ΓA is the partial width of AÑ B `X decay.

Assuming kinetic equilibrium for the bath particles, fA can be approximated as fA “ peEA{T ˘ 1q´1 «
e´EA{T .

Conversion of integral over momentum space into an integral over energy, the Eq. becomes

9nX ` 3HnX « gA

ż 8

mA

mAΓA
2π2

pE2
A ´m2

Aq1{2e´EA{TdEA

“ gAm
2
AΓA

2π2
TK1pmA{T q (1.23)

where K1 is the modified Bessel function.

Using approximations 9T ” ´HT , one can solve for the yield Y ” n{S

YX «
ż Tmax
Tmin

gAm
2
AΓA

2π2

K1pmA{T q
SH

(1.24)

where S “ 2π2gS˚T
3{45 and H “ 1.66

a
gρ˚T

2{MPl. g
S,ρ
˚ are the effective degrees of freedom of the

bath particles at the freeze-in scale, i.e., T „ mA for the entropy and the energy density respectively.

Substituting x ” m{T and appropriately considering the reheating temperature, the final yield becomes

YX « 135gA

8π3p1.66qgS˚
a
gρ˚

ˆ
MPlΓA
m2
A

˙
(1.25)

and the relic density expression becomes

ΩXh
2 « 1.09ˆ 1027gA

gS˚
a
gρ˚

mXΓA
m2
A

(1.26)

In the above calculation, it is assumed that the decaying particle is always in equilibrium with thermal
plasma. In principle, it can also freeze-out at some point of time in the history of the Universe and
then undergo a late decay to produce the FIMP DM. These are discussed in [154]. However, this is not
relevant to our study which we have discussed in details in this thesis later on.

‚ Other out-of-equilibrium phenomena : Assumption of chemical equilibrium (CE) in the context of
the dark sector particles can change the evolution of DM number density substantially. This critically
depends on the interaction between DM and SM as well as within the dark sector or among more than
one dark sectors. As an easy example of this, [172] shows a schematic picture on how the dominant
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DM number changing processes vary on changing these interaction strengths from very small (super-
WIMP regime) to large enough value within perturbative limits (thermal freeze-out regime). When the
interaction within the dark sector drops below the limit where CE is no longer possible to maintain, then
one needs to solve the full Boltzmann Eq. taking into account all the possible conversion processes,
i.e., forward as well as inverse decay and scattering processes. These out-of-equilibrium phenomena,
such as co-scattering [115], mediator-driven annihilation [66, 172] etc. often lead to additional feasible
regions in DM phenomenology compared to WIMP or FIMP limit and can be an interesting handle for
collider probe of the dark mediators [138, 172, 179] as well. Also, since for such phases, the interac-
tion strength is not so feeble as in the FIMP regime, the collider probe(e.g.: exotic long-lived particle
signatures [179]) becomes more interesting than FIMP probe.

1.1.4 Detection Prospects of Dark Matter

The strategies for the detection of dark matter can be as follows-

Direct Detection

Direct detection experiments attempt to observe DM particles as they pass through the Earth. Even
though DM is expected to have a very scarce interaction, its density in the galactic halo of the milky way
should be sufficiently large so that scattering processes with nuclei occur occasionally.

WIMPs can scatter with ordinary matter through DM SM Ñ DM SM interactions. These scat-
terings can be elastic, inelastic, spin-independent or spin-dependent. [53, 55, 136]

In the elastic scattering experiments, WIMP scattering off the nucleus of the target material is mea-
sured in the form of the recoil energy spectrum in the low background, sensitive detectors. These exper-
iments measure the event rate, i.e., the number of events per unit time per unit mass of detector material
as a function of energy deposited in the detector.

In inelastic scattering [55], contrary to the above case, the nuclear recoil is not measured in the
target. Several possibilities are considered in this context, such as ionization of the target when WIMP
interacts with the bound target electrons. Alternatively, WIMP can excite the target nuclei as well. As
an observable signature of these phenomena, the recoil is followed by an immediate ( nanosecond later)
photon emission.

In this thesis, we will discuss the results from the elastic scattering experiments in the context of
our studies. In such experiments, the differential event rate for a target consisting of Ni nuclei and
corresponding to the recoil energy ER is given by [225]

dR

dER
“ Ni

ρDM
mDM

ż

vąvmin
d3vfp~v ` ~vEptqqdσ

i
DM

dER
pv,ERq (1.27)

where v “ |~v| is the speed of the particle in the lab frame, fp~v ` ~vEptqq is the velocity dispersion in the
Earth’s frame, vmin is the minimum speed of DM particles and σiDM is the scattering cross-section of
DM particles off the nuclei.

The recoil energy is given by

ER “ m2
rv

2p1´ cos θq
mi

where θ is the scattering angle in the CM frame and mr is the reduced mass of the nucleus-DM system.
The spin dependence in the expression for the differential cross-section comes through the DM-

nuclei coupling. Axial-vector interaction [55, 116, 186] is an example of spin-dependent interaction,
where the scattering cross-section is proportional to JpJ ` 1q due to coupling to the spin-content of a
nucleon. On the other hand, in spin-independent interaction, the cross-section increases with the mass
of the target nuclei. Therefore, for heavy atoms, the spin-independent scattering dominates over the
spin-dependent counterpart. Scalar interaction is an example of spin-independent scattering.
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On assuming the standard spin-dependent and spin-independent interactions, one obtains the time-
integrated differential cross-section as

dσiDM
dER

pv,ERq “ mi

2m2
rv

2

`
σSI0 F 2

SIpERq ` σSD0 F 2
SDpERq

˘

where F 2pERq are nuclear form factors and σ0 is the cross-sections in the limit of zero momentum
transfer.

The total event rate integrated over the recoil energy above a detector dependent threshold can be
compared with the upper limits from different direct search experiments. In this way, recent direct
detection experiments such as LUX [209], PANDA-II [112], XENON-1T [29] etc. constrain the upper
limit of DM-nucleon scattering cross-section as a function of WIMP mass around the electroweak scale,
i.e., from a few GeV up to the TeV scale.

As an interesting note, MCDM models leave interesting signatures in the direct detection spectra.
MCDM models with large mass splitting between the DM components can give a kink in the recoil
spectra for DM-nuclei elastic scattering [61, 122, 160]. However, we will not explore much details of
this feature in this thesis.

Indirect detection

Indirect detection experiments attempt to observe the products of DM DM Ñ SM SM annihilation
which take place in regions of high matter density in the Universe. The annihilation products travel to
the Earth without getting much affected and include high energy γ-rays, neutrinos, positrons, muons
etc. which have a characteristic energy spectrum. These can be observed with many ground-based and
space-based telescopes [53, 55, 136].

The flux of DM annihilation products is proportional to the number of annihilations per unit volume,
per unit time, i.e., 9 σv n2prq ” σv ρ2prq{m2

DM , where mDM is DM mass, σv is the annihilation
cross section multiplied by the velocity, nprq and ρprq are the DM number density and mass density
respectively and r is the distance from the galactic centre.

Taking into account all the factors, the observed flux detected by the experiments is given by

Φipψ,Eq “ σv
dNi

dE

1

4πm2
DM

ż

line of sight
ds ρ2prps, ψqq (1.28)

where the index i denotes the secondary particles observed and the coordinate s runs along the line of
sight, in a direction making an angle, ψ, from the galactic centre. dNidE denotes the rate of annihilation of
secondary particles, denoted by i.

For WIMP mass around the electroweak scale, the final states for annihilation can include bb̄, µ`µ´,
τ`τ´, W`W´ etc. One can constrain the thermally averaged annihilation cross-section for annihila-
tion into different final states by experimentally measuring the flux. Experiments such as HESS [13],
FERMI-LAT [20] etc, puts the bound on the upper limit of xσvy as a function of WIMP mass.

Collider Signatures

Particle colliders can be a probe for DM as well. DM is produced at the colliders through SM SM Ñ
tSMu ` EmissT , where EmissT ” DM DM ` ν and tSMu denotes one or more visible SM particles.
It is assumed that DM escapes the detector without interacting and leaves the missing energy signature
along with the visible signal from the SM final states. These visible signals manifest in the collider as
leptonic or jet final states as well as mono-X signatures [216], where X can be a photon, gluon, W or
Z coming out of initial state radiation (ISR).

In the case where DM is the only particle in the dark sector of the particle spectrum, the most
prominent signature is the mono-X . On the other hand, if the dark sector has additional particles,
which can be produced through gauge interaction (or through interaction with Higgs boson), their decay
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can give rise to interesting signals beyond mono-X. Depending on the decay of the dark sector particles
leading to DM and light SM particles in the final state, two characteristically different collider signatures
are obtained

‚ Prompt Decay Signatures: A few typical examples of the prompt decay signatures in DM models
can be [225]

1. The transverse momentum imbalance in an event due to the presence of DM particles produced
together with one or more SM particle,

2. a bump in the dijet or dilepton invariant mass distributions,

3. an excess in the dijet angular distribution, produced by a DM mediator like Higgs or Z mediator.

There have been numerous searches at the LHC for probing DM signals as a smoking gun for BSM
physics. One can refer to these review particles for an overview [24, 82, 135, 173, 198].

‚ Delayed Decay Signatures: Unlike the prompt decay signature where usually WIMPs can be probed,
the delayed decay signatures are very useful to probe non-thermal DM [49], compressed DM scenarios
[73] etc. For these signatures, the decaying dark sector particle has a much larger decay length than
the SM particles, so that they decay within the detector volume at a considerable distance away from
the interaction point or even escape the detector. These class of particles are therefore known as the
long-lived particles [185]. Although there can be many possibilities of the entire class of these exotic
signatures, the recent searches in the LHC focus on the following signatures [45, 139, 185]

1. Heavy Stable Charged Particles (HSCP): When the decay length of a charged metastable particle
becomes larger than the dimension of the detector, the particle escapes without decaying in the
detector, but forms a track in the Inner Detector (ID). If the particle is reasonably heavier than a
proton, its speed β will be significantly lower than that of any track-forming SM particle of the
same momentum. One way to detect this is via specific ionisation. The average ionisation energy
loss per unit distance travelled by a charged particle in the material of specific density, xdEdx y, has a
functional dependence on β given by the Bethe-Bloch formula [225]. This shows that slower the
charged particle, larger is the specific ionisation. Silicon-based and gaseous tracking detectors are
typically used to measure this charge deposition associated with a hit.

2. Disappearing Tracks (DT): These signatures arise when a charged LLP lives long enough to travel
deep into the ID but decays at some point within it into a visible and another invisible particle. To
be precise, the track of the incoming LLP seems to disappear midway through the ID when the
charged decay product is too soft to be reconstructed. Since DT are necessarily short and have few
hits, their momentum-measurement resolution is poorer than that of the HSCP tracks.

3. Displaced Vertex (DV): These signatures arise when a neutral LLP undergoes a long decay into a
pair of leptons or jets. Since the DM in the final state always gives missing energy, the momenta
of the visible displaced decay products do not point to the interaction point.

Since no signal for DM has been yet observed in the LHC so far, limits are set on masses, couplings,
and cross-sections.

Collider phenomenology of DM models is essential to identify and characterize the properties of the
DM candidates. Even if direct detection measurements discover dark matter particles, their ability to
probe their properties is quite limited. On the other hand, colliders like LHC are capable of probing the
detailed properties at high precision. This would also lead to model discriminations once the discovery
is made.

TH-2426_156121030



12 Chapter 1. Introduction

1.2 Thesis objective

With all the necessary introduction to phenomenology and search prospect of particle DM of electroweak
scale, in this thesis, we explore various non-WIMP possibilities. The motivation behind non-WIMP
phenomenology comes from the failure of standard WIMP in providing a suitable DM candidate. As
described earlier, direct search experiments give the exclusion limit on the upper bound of DM-SM
interaction. With the recent data and future predictions from such experiments, the allowed upper bound
is gradually touching the neutrino floor, thus eliminating the prospect of standard WIMP models to
account for the observed DM relic density. The search prospect of these models also become very
limited because of the restricted DM-SM coupling, which is the only means of interaction for DM with
SM. As a solution to this crisis, here we propose several non-WIMP scenarios

1. Multi-component DM : In multi-component DM models, the interplay of different DM compo-
nents can successfully evade the difficulties faced by single component DM scenarios. Compared
to standard WIMPs, DM-DM conversion is possible in MCDM, which can change DM number
density without contributing to the direct detection cross-section. In search of such minimalistic
setups accounting for a few GeV up to TeV mass range, we show that one needs to consider a two-
component setup with an extended dark sector (contains more than one dark particles) in at least
one of the components. Such enlarged dark sector often gives rise to rich collider phenomenology
[51, 63, 151, 205]. We discuss two works on DM components of different spin and isospin in this
context, with the indication of possibilities of collider probes.

2. Coannihilating DM : As discussed previously, the standard formalism of WIMP freeze-out is
significantly modified if one considers almost degenerate dark sector particles, inducing coannihi-
lation. Relic density achieved by coannihilation relaxes the parameter space in such scenarios, be-
cause coannihilation changes DM number density, but keeps the DM-SM interaction unchanged.
Also, the compressed dark sector can be an interesting handle in the collider probe [73, 111]. On
a slight change in parameters in such models, DM number changing channels can substantially
vary and this, in turn, affects the collider phenomenology as well. We address such scenario in
two works and show how dark leptons can lift the restrictions on scalar singlet WIMP and give
rise to interesting DM production channels in the collider.

3. Non-thermal DM : We focus on the freeze-in of DM, where, as already explained above, the
DM production is entirely different than the freeze-out of WIMP. But in minimalistic models, one
can go from the non-thermal to the thermal regime with a proper variation of DM-SM as well as
DM-DM interaction [172]. We propose a scenario where DM relic density can be achieved by
freeze-in and freeze-out mechanisms, albeit in separate areas of parameter region. We also give a
quantitative estimate of the limiting case where the transition between the thermal and non-thermal
regime takes place. As a natural consequence of the model arrangement, one or more long-lived
particles are produced, which have a delayed decay in the colliders, unlike any SM particle. These
exotic phenomena have good potential to become the smoking gun for BSM physics at LHC soon
enough [49].

We organize the thesis in three parts, each discussing one of the above non-WIMP scenarios. The
chapters under each part discuss the separate papers. In the concluding part, we present the summary
and highlights of the thesis. We highlight the significance and the impact of the included works in the
context of frontier research in DM studies and particle physics phenomenology at large.
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In this part, we take up the possibility of multi-component DM scenario as a viable possibility where
the current experimental bounds eliminate the parameter space of the conventional WIMP paradigm.
Instead of a single DM candidate, as is the case for the conventional WIMPs, here we consider two
WIMP DM candidates with possibilities of interaction between them. The interplay between the two
DM candidates here is the key point of the two studies presented here. This is because this interaction is
entirely independent of the coupling with the visible sector, and thus, through this coupling, relic density
can be successfully explained despite keeping direct detection bounds below the observed limit. In the
two chapters included here, we discuss minimal setups which feature the co-existence of two species
of different spins and isospins as the two DM candidates. Detection prospect for such setups is also
discussed, along with the limitations of the current search strategies and the possibilities of improvement
in the near future with better sensitivity.

One of the DM components which is common in both the studies is the inert scalar doublet. The
theory of this model is already discussed in Chapter 1. DM phenomenology of IDM has been elaborately
studied in the literature [18, 33, 47, 76–78, 86, 88, 102, 104, 152, 188–190, 192–194, 204]. Apart from
the dark matter phenomenology, collider searches from IDM are also performed extensively [25, 27, 33,
119, 146, 153, 157, 175, 197, 205]. IDM can provide a low mass dark matter candidate with mass smaller
than 130 GeV and a high mass regime above 500 GeV [18, 204]. In the region in between, the inert
dark matter is found to be underabundant due to the large annihilation into gauge bosons. However, this
can be resolved if one assumes that dark matter is multicomponent in nature. Different multicomponent
dark matter models including both thermal and non-thermal dark matter candidates have been explored
in the literature [17, 28, 31, 56, 59, 61, 64, 65, 68, 71, 72, 93, 99, 126, 160, 177, 199, 201, 202, 222]. In
multicomponent dark matter models one of the candidates shares a fraction of total DM relic abundance
and the other candidate provides the required amount of relic density in order to satisfy the total DM
relic density observed by Planck [16].
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Chapter 2
Interplay of scalar and fermionic components
in a multicomponent dark matter scenario
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2.1 Motivation

In this chapter, we discuss a new scenario with one scalar and one fermionic DM particle coexisting to
fulfil the relic density conditions, at the same time evading the direct detection possibilities so far. The
key to our new proposal is the realization of the fact that the annihilation cross section has to be enhanced
beyond what is provided by the Higgs portal interactions (which are constrained by the direct detection
experiments), at the same time with a handle on the cross section provided by a tuneable coupling, unlike
the case of annihilations enabled by the gauge couplings. This, in the proposed scenario, is achieved
through the presence of a newly introduced fermionic field, which, along with the standard leptons share
a Yukawa coupling with the dark-scalar doublet field. We shall show, that for sufficiently large ranges of
the relevant Yukawa coupling and the mass of the new fermion, which are the two new parameters here,
it is possible to have the desired relic density for the dark matter candidate. These new fermions should
carry the same Z2 charge as that of the scalar DM, and therefore are required to be heavier than the DM
itself. Thus, DM candidates with larger than about 100 GeV mass, require large values of the Yukawa
couplings to compensate for the scaling down of the cross section with the correspondingly larger Z2-
odd fermions, which mediate the annihilations. Thus, it is still desirable to have non-singlet scalar fields
to provide DM candidates. In addition to supporting to obtain the required relic density, the presence
of such fermionic partners (considered here as electrically charged) provide a new handle to explore
this scenario in collider experiments. However, the gauge mediated annihilations overkill the DM, as in
the cases available in the literature. The presence of a fermionic partner and the additional channels of
annihilation only worsen the situation. The introduction of another DM candidate not only salvages the
situation but in a beautifully interlinked coexistence, provide sufficient relic density in a very large range
of masses of both the DM candidates. We demonstrate this in the proposed model through the addition of
a gauge singlet fermion field, stable under a differentZ12 symmetry. The fermionic DM interacts with the
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18 Chapter 2. Interplay of scalar and fermionic components in a multicomponent dark matter scenario

SM particles through a singlet scalar portal, enabled by mixing of this neutral scalar with the SM Higgs
field, leading to a natural way to explain direct detection limits through the smallness of the mixing
without requiring fine-tuning of the parameters of the Lagrangian. The same portal coupling allows
interaction with the scalar dark matter candidate field. Such portal interaction between the two dark
matter fields enables the conversion of one type of dark matter to the other. In kinematically allowed
phase space regions having a mass hierarchy with the fermionic dark matter heavier than the scalar
one, a favourable condition arises with the help of such conversion processes. Specifically, this allows
annihilation of the otherwise over-abundant fermionic DM to inject the otherwise under-abundant scalar
DM to provide together with the desired relic density. This minimal two-component scalar-fermion dark
matter scenario provides interesting additional features as a bonus, some of which are detailed in the rest
of this chapter.

2.2 Model

The framework of the proposed model has the same gauge group as that of the SM. The particle content
of the SM along with the Higgs doublet (Φ1) is extended with the addition of a scalar doublet Φ2 having
hypercharge `1, two vector-like fermion singlets, χ and ψ with hypercharges ´2 and 0, respectively,
and a singlet scalar field φ, with zero hypercharge. The new doublet field, Φ2 and charged singlet
fermion χ are considered odd under a discrete Z2 symmetry, while all other fields are considered even
under this transformation. Similarly, the neutral singlet fermion ψ is taken to be odd under another Z12
symmetry, while all other fields are considered even under this.

Φ1 Φ2 χL, χR ψL, ψR φ

Y `1 `1 ´2 0 0

Z2 ` ´ ´ ` `
Z
1
2 ` ` ` ´ `

Table 2.1: Relevant fields and their charges. Electromagnetic charges are given by Q “ t3 ` Y {2.

With the above Z2 ˆ Z12 discrete symmetry and the SM gauge symmetry, the new physics interaction
part of the Lagrangian is given by

L ĄpDµΦ2q: pDµΦ2q ` sχiγµD1µχ` sψiγµBµψ ´Mχ sχχ´Mψ
sψψ

´ `
y1

sLΦ2χR ` h.c.
˘´ y2 sχχφ´ y3

sψψφ´ V (2.1)

with the covariant derivatives Dµ “ Bµ` igτ ¨Wµ` ig1pY {2qBµ and D1µ “ Bµ` ig1pY {2qBµ, where
g and g1 are the corresponding gauge couplings and Y is the hypercharge. L denotes the SM lepton
doublet field. The scalar potential is given by

V “µ2
1Φ:1Φ1 ` µ2

2Φ:2Φ2 ` λ1pΦ:1Φ1q2 ` λ2pΦ:2Φ2q2 ` λ3pΦ:1Φ1qpΦ:2Φ2q
` λ4|Φ:1Φ2|2 ` 1

2

”
λ5pΦ:1Φ2q2 ` h.c

ı
` µ2

3 φ
:φ` λ6pφ:φq2

` 1

2

”
µ4 φpΦ:1Φ1q ` µ5 φpΦ:2Φ2q ` h.c

ı
` 1

2

“
µ6 φ

3 ` µ3
7 φ` µ8 pφ:φqφ` h.c

‰

` λ7pφ:φqpΦ:1Φ1q ` λ8pφ:φqpΦ:2Φ2q. (2.2)

With the standard Higgs field developing a vacuum expectation value (vev), v “ 246 GeV, leading to
the electroweak symmetry breaking (EWSB), the scalar fields may be expressed in the unitary gauge as

Φ1 “
¨
˝ 0

v`h?
2

˛
‚ , Φ2 “

¨
˝ H`

H0`i A0?
2

˛
‚ , φ “ 1?

2
phs ` i Asq . (2.3)
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To keep the Z2 symmetry intact, we disallow Φ2 from developing a vev by setting µ2
2 ě 0. Similarly, it

is arranged so that φ does not generate a vev. The physical spectrum now has two charged scalars, H˘,
one neutral scalar H0 and a neutral pseudoscalar A0 coming from Φ2, with the lightest of H0 and A0

becoming a dark matter candidate. We confine to the case of MH0 ăMA0 . On the other hand, h and hs
mix to generate the two physical scalar bosons; the observed 125 GeV Higgs boson and another scalar
boson denoted here by H and HS , respectively. This mixing is parametrised with an angle α as

¨
˝H

HS

˛
‚“

¨
˝ cosα sinα

´ sinα cosα

˛
‚
¨
˝ h

hs

˛
‚ . (2.4)

The physical scalar masses are related to the quartic coupling λ1 and the vev through the relation

M2
HS
´M2

AS
`M2

H “ 2λ1v
2. (2.5)

Considering λ1 to be positive for the stability of the potential leads to the tree-level mass relation

M2
HS
`M2

H ąM2
AS
. (2.6)

Mixing with the SM Higgs field allows the scalar component of the singlet field HS to decay to the
SM particles, thus allowing its mass to be practically unrestricted. On the other hand, the pseudoscalar
component, As directly couples only to the new fermions and the inert Higgs field, and thus to allow
tree-level decay its mass is required to be larger than twice the mass of the lightest dark matter candidate.
The mass spectrum of the inert doublet field is not affected by other interactions, with the masses related
to the parameters of the potential as in the pure IDM case given by [188]

M2
H˘ “µ2

2 `
λ3

2
v2

M2
H0
“M2

H˘ `
1

2
pλ4 ` λ5q v2

M2
A0
“M2

H˘ `
1

2
pλ4 ´ λ5q v2.

(2.7)

Besides, as explained in the introduction, the new scenario necessitates two additional charged leptons,
and a neutral fermion ψ in the physical spectrum. The mass hierarchy of Mχ˘ ąMH0 is maintained to
allow the decay of Z2 odd fermion, χ˘, whereas ψ, the fermionic component of the dark matter is made
stable with the Z12 symmetry. Apart from the mass relations in Eq. (2.7) above, the condition

µ3
7 “ ´

µ4

2
v2 (2.8)

is set to remove the linear term after the EWSB. This along with setting µ2
3, µ6, µ8, λ6 and λ7 to be

positive definite makes sure that φ does not develop a non-zero vev. In our analysis, we have traded the
parameter µ2

3 for the physical mass, MAS , which are related through

µ2
3 “M2

AS
´ λ7v

2

2
. (2.9)

In our choice of parameters, we have made sure that µ2
3 ě 0, as required. We list the vertices and the

corresponding Feynman rules relevant to the new degrees of freedom in Fig. 2.1. Further, we define

λL “ 1

2
pλ3 ` λ4 ` λ5q (2.10)

as the combination of the couplings that are relevant to Higgs portal interaction of the scalar dark matter
candidate involved in the direct detection experiments as well as the annihilation processes. Coming to
the experimental constraints, LEP limits of

pMH0 `MA0 , 2MH`q ąMZ ; and MH0 `MH` ąMW (2.11)
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i y3?
2
sinα

ψ

H

sψ

i y3?
2
cosα

ψ

HS

sψ

´ iµ5?
2
sinα ´ 2iλLv cosα

H0

H

H0

´ iµ5?
2
cosα ` 2iλLv sinα

H0

HS

H0

i y1?
2

H0

χ`

τ`

Figure 2.1: Feynman rules relevant to the annihilation of the DM candidates.

are obtained from non-observation of the decay of Z and W to the inert Higgs bosons. The precision
electroweak measurements are sensitive to the mass splitting between the charged Higgs boson and the
neutral ones, with the IDM contribution to the T -parameter given by

TIDM “ 1.08

v2
pMH˘ ´MH0qpMH˘ ´MA0q . (2.12)

The current experimental bound on the value of T “ 0.08 ˘ 0.12 [225] can be accommodated with at
least one of the light neutral Higgs bosons having mass close to that of the charged Higgs boson.

DM DM

N N

H/HS

Figure 2.2: Schematic diagram showing the scattering of DM with nucleus considered in the direct detection experiments.

The direct detection depends on the elastic scattering of the dark matter candidate with the neutron
and proton in the nucleus, which is mediated by the scalar bosons in our case, as shown in Fig. 2.2.
This does not, therefore, distinguish whether the dark matter is a fermion or a scalar particle. While
the scalar dark matter candidate has a direct coupling with the SM doublet field, the fermionic dark
matter interacts with the visible sector only by the mixing between the new scalar field introduced and
the standard Higgs boson. The scattering cross section of the scalar DM is dictated by the coupling
λL in the IDM sector, and the newly introduced trilinear coupling µ5 between φ and the inert doublet
field Φ2. The process is mediated by H and HS with the former case coupling to H0 with appropriate
combination of λLv cosα and µ5 sinα, and the latter case with combination of λLv sinα and µ5 cosα,
as could be read from Fig. 2.1. The relevant spin-independent cross sections are given by

σH0NÑH0N “
f2
N M4

N

16πpMH0 `MN q2
˜
λH
M2
H

cosα´ λHS
M2
HS

sinα

¸2

,

σψNÑψN “ f2
N M4

N

16πpMψ `MN q2
˜
gH
M2
H

cosα´ gHS
M2
HS

sinα

¸2

, (2.13)
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where

λH “´ 1?
2

´
µ5 sinα´ 2

?
2 λLv cosα

¯
,

λHS “´
1?
2

´
µ5 cosα` 2

?
2 λLv sinα

¯
,

gH “ y3?
2

sinα,

gHS “
y3?

2
cosα , (2.14)

and, fN is the nuclear form factor. Notice that in the absence of mixing (sinα “ 0), σH0NÑH0N is
reduced to the usual case in the pure IDM [47]. Further, σψNÑψN is proportional to psinα cosαq2,
reminding us that ψ interacts with the visible sector owing entirely to the mixing of φ with the doublet
Higgs field.

The scattering cross-section of the DM components H0 and ψ off the nucleon are sensitive to the
couplings of the mediators with the DM, as well as the quarks in the nucleon. Also, the cross-section
depends on the masses of DM and the mediators. For H0 and ψ, the mediator couplings with DM are
given in Eq. (2.14), whereas the mediator couplings with SM quarks are included in the cross-section
expressions (Eq. (2.13)) in the form of the nuclear form factors and the mixing angles. Ultimately, apart
from the DM mass, mediator mass (MHS ) and the mixing angle, the DM-nucleon cross-sections are
sensitive to µ5 and λL for H0, as well as y3 for ψ. The interplay of these parameters are shown in
Fig. 2.3.

μ5= 1000 GeV , λL = 0.001

μ5= 1000 GeV , λL = 0.0001

μ5 = 1000 GeV , λL = 0.00001

μ5 = 500 GeV, λL = 0.001

μ5 = 500 GeV, λL = 0.0001

μ5 = 500 GeV, λL = 0.00001

100 500 1000
1.×10 -48

1.×10 -47

1.×10 -46

1.×10 -45

1.×10 -44

MH0
(GeV )

σ
S
I
(c
m

2
)

y3= 4.0 , MHS
= 2000 GeV

y3 = 4.0, MHS
= 300 GeV

y3 = 3.0, MHS
= 2000 GeV

y3 = 3.0 , MHS
= 300 GeV

100 500 1000

5.×10 -47

1.×10 -46

5.×10 -46

1.×10 -45

Mψ (GeV )

σ
S
I
(c
m

2
)

Figure 2.3: σSI vs MDM for different couplings and mediator mass relevant to direction detection processes. The black
dotted lines represent the current XENON IT bound [29].

To find the viable parameter values, we compare the direct detection cross section obtained using
MICROMEGAS [50] with the XENON1T [29] bounds. In Fig. 2.3 (left) we plot the cross section
for H0-nucleon scattering against MH0 for two different values of µ5 “ 500 GeV and 1000 GeV,
with three different values of λL “ 10´3, 10´4, 10´5 in each case. As seen, the sensitivity of λL is
insignificant for sizable µ5. While we have presented our results in Fig. 2.3 for slightly larger values
of µ5, a similar pattern is seen in the case of smaller values (µ5 „ 100 GeV) as well. Dependence on
MHS is not presented, however, we have checked that it is not very significant. Notice that µ5 ď 500
GeV is compatible with MH0 ě 65 GeV, and µ5 ď 1000 GeV is compatible with MH0 ě 100 GeV.
While considering the limits, we have not included the contribution of the other dark matter candidate,
ψ, which means the scaling factor in pΩi{Ωtotqσi [161] for the ith DM component in multicomponent
scenario is taken as 1. Moving on to the case of ψ (again, in the absence of H0), cross section of ψ-
nucleon scattering is plotted against Mψ for different values of the ψψφ coupling y3 in Fig. 2.3 (right).
Here again the mediators are H and HS . However, the couplings are rather straight forward, unlike the
previous case of H0-nucleon scattering, with the cross section proportional to py3 sin 2αq2 irrespective
the case with H or HS as the propagator, as clear from Eq. (2.13) and discussion there. We have
considered a fixed value of α “ 0.0045 and varied y3 to see the effect of the coupling. Apart from the
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22 Chapter 2. Interplay of scalar and fermionic components in a multicomponent dark matter scenario

coupling, the process depends strongly onMHS , the mediator mass. As can be seen from Fig. 2.3 (right),
y3 “ 4 is allowed for the above value of mixing, and a rather heavy HS with MHS “ 2 TeV. Lighter HS

leads to more relaxed limit on the coupling, contrary to the naive expectation. This could be attributed to
the destructive interference between the contributions from HS mediation and H mediation. With these
observations, we proceed to see the effect on the dark matter relic density.

In order to understand the compatibility of the model with the observations of relic density given by
Ωh2 “ 0.1198˘ 0.0012 [16], where h denotes the Hubble parameter normalised to 100 km s´1Mpc´1,
we perform a relic density computation using the MICROMEGAS package, scanning over the theoret-
ically available parameter space regions. We consider two distinct scenarios with (i) MH0 ď MH{2
and (ii) MH0 ą MH{2. In the former case, the invisible decay of the Higgs boson to DM pairs will
put restrictions on the couplings. Here, λL is the relevant coupling for H Ñ H0H0 process, although,
through the H-HS mixing, this channel is also influenced by the trilinear coupling, µ5 and the mixing
angle, α. Considering the fermionic component of the DM, notice that the only interaction of ψ to other
particles is facilitated by the singlet scalar field φ. Through mixing with the SM Higgs field, this leads
to ψψH coupling of y3 sinα. The present LHC bound on H Ñ invisible decay width is restricted
to about 20% [21], leading to a constraint on y3 ď 0.02 for the maximum allowed α „ 0.33. In our
analysis, in the region MH0 ď MH{2 and Mψ ď MH{2, we have discussed two scenarios. One with
λL “ µ5 “ y3 “ 0 as the most conservative approach, so that the invisible decay of H to the dark
matter particles is disallowed, and the second case in which we relax this with non-zero values of these
couplings, which are compatible with the present experimental limit on the invisible decay of Higgs
boson. However, in the first case setting y3 to be zero whenever Mψ ď MH{2 results in an overabun-
dance of ψ and consequently ruling out these mass ranges for ψ. Therefore, in those discussions we
shall considerMψ ąMH{2. Finally, the Yukawa coupling y1 between the SM leptons and dark fermion
χ with the inert scalar field, when allowed for the first two generations may induce larger than desired
pg ´ 2q for electron and muon. Besides, the presence of non-diagonal couplings can induce undesired
lepton-flavour-violating processes like µ Ñ eγ. To avoid such effects, we consider the couplings to be
diagonal and χ that couples to the first two generations to be very heavy, along with suitably chosen
small values of the corresponding couplings. Therefore, in our further discussion we consider only the
third generation coupling to be present, leading to χτH0 interaction. As is clear from the discussion
below, this coupling and the corresponding interaction makes significant impact only in the light H0

case, i.e., 45 GeV ďMH0 ď 80 GeV. Before embarking on our numerical analysis, we shall look at the
details of the above scenarios.

2.2.1 Scenario 1 : MH0 ďMH{2
Keeping all other scalar masses larger than its mass,H0 annihilates into the SM leptons and light quarks,
mediated through H and HS in the s-channel, and through the newly introduced heavy fermion, χ in
the t-channel. Notice that, in the absence of χ the annihilation is enabled through the s-channel process,
H0H0 Ñ pH, HSq Ñ f sf , where f is the SM fermion. The cross section of this process is proportional
to ˜

λH
M2
H

cosα´ λHS
M2
HS

sinα

¸2

,

the same coupling factor appearing in the direct detection cross section in Eq. (2.13), and, therefore,
stringently constrained. In that case, the cross section is not sufficient to bring down the relic density
to the observed value. Thus, the presence of an additional scalar singlet does not help improve the
situation. The presence of χ, however, changes the scenario by adding to the cross section a t-channel
process H0H0 Ñ ττ , mediated by χ. The corresponding Feynman diagram is given in Fig. 2.4a), and
the cross section is given in Eq. (2.A.1).

This additional cross section can be tuned with the help of the unrestricted H0χτ Yukawa coupling
y1 to get the required relic density. On the other hand, for large values of y1 the annihilation of H0

can make it underabundant. With Mψ ą MH0 , the contribution to relic density from the H0, denoted
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by Ω1h2, is independent of Mψ itself, except for a small dependence on the conversion process ψψ Ñ
H0H0. This additional creation of H0 is controlled by the trilinear and quartic couplings µ5 and λL,
the mass of HS , and the Yukawa coupling, y3, as is clear from the Feynman diagram in Fig. 2.4b). The
cross section for this process is given in Eq. (2.A.2). Setting λL “ µ5 “ 0 to avoid invisible decay ofH ,
as stated above, makes this channel irrelevant. In addition to Ω1h2, the total relic density (Ωtoth

2) has
the fermionic component, Ω2h2, so that Ωtoth

2 “ Ω1h2 ` Ω2h2. Note that Ω2h2 is controlled by the ψ
annihilation into the SM states. Before the gauge boson annihilation channels open up for ψ atMψ „ 80
GeV, the fermionic component Ω2h2 is larger than the allowed relic density, unless the other annihilation
channel ψψ Ñ ff , where f denotes the SM fermions, is sizable. This latter process, mediated by the
singlet component of H and HS depends on the combination of y3 sin 2α through the pψψH, ffHq
pair of interactions (see Fig. 2.1) in the H mediated case, and through pψψHS , ffHSq pair in the
HS mediated case. The Feynman diagram for this process is given in Fig. 2.4c), and cross section in
Eq. (2.A.5). On the other hand, for Mψ ě 80 GeV, the ψψ Ñ V V , where V “ W, Z, the channel
allows a considerable reduction in Ω2h

2, opening large parameter space region compatible with the
current measurements. The cross section for these processes is given in Eqs. (2.A.3) and (2.A.4). While
these processes are also suppressed by the Higgs mixing, these are much more significant compared to
the f sf annihilation channel with

σψ sψÑV V
σψ sψÑf sf

“ 1

x NC

M4
V

4M2
ψm

2
f

βV
β3
f

˜
3´ 4M2

ψ

M2
V

` 16M4
ψ

M4
V

¸
, (2.15)

where x “ 8 for V “ W and x “ 16 for V “ Z, and the color factor, NC “ 1 for leptons and
NC “ 3 for quarks. As these gauge annihilation channels are s-channel processes mediated by H and
HS , the allowed parameter region is expected to be around the resonant condition MHS „ 2Mψ. Away
from this region, for Mψ ě MHS , the possibility of ψ annihilation is controlled by the ψψ Ñ HSHS

process. While the H{HS mediated s-channel depends on the trilinear couplings µ6 and µ8, the more
important t-channel (see Fig. 2.7b) for the Feynman diagram) depends on the Yukawa coupling y3. The
cross section for this process is given in Eq. (2.A.6). There is also a less relevant ψψ Ñ HH possibility,
which, however, is proportional to py3 sinαq2.

aq

τ`

χ

τ´H0

H0
bq

ψ

sψ

H{HS

H0

H0

cq

ψ

sψ

H{HS

f ,V

f ,V

Figure 2.4: Feynman Diagram showing (a) the t-channel annihilation channel of H0, (b) the conversion of ψ to the scalar DM
candidate and (c) the annihilation of ψ into SM final states, where V “W, Z

Interplay of the DM components: Note that, the individual components should be in an underabundant
state so that the total relic density is within the desired bound. A situation that warrant particular at-
tention is the case of MH{2 ă Mψ ă 80 GeV. Here, the annihilation of ψ is decided mainly by two
processes leading to ff and H0H0 final states. Also, when Mχ ă Mψ it is possible to have a pair of
ψ annihilating into a pair of χ. Feynman diagram for this process is given in Fig. 2.7a), and the corre-
sponding cross section is given in Eq. (2.A.8). Since the conversion channel depends on the couplings
which are constrained by the direct detection experiments and the invisible Higgs decay bounds, the
presence of χ is necessary to have the combined relic density in the allowed limit. For non-zero values
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24 Chapter 2. Interplay of scalar and fermionic components in a multicomponent dark matter scenario

of λL, µ5 and y3, the only substantial change is in Ω2h
2, which could now be reduced to within the

observed bound even for Mψ ăMV due to the additional H and HS mediated channels.

2.2.2 Scenario 2: MH0 ąMH{2
In this region λL and µ5 are relatively unconstrained, opening up possibilities beyond what is discussed
in Scenario 1 with MH0 ď MH{2. This along with the fact that H0 can be lighter than ψ makes the
Boltzmann’s equations for each of these species interdependent. Thus, Ω1h2 would now depend not
only on the mass and couplings of ψ but also on its number density. The process ψψ Ñ H0H0 is now
relevant to both Ω1h2 and Ω2h2, dictated by µ5, λL, y3 and the mixing angle α. It may be noted, that
with the only inert scalar present, a substantial region of parameter space with 80 À MH0 À 500 GeV
is underabundant due to the large annihilation into the gauge bosons. Now with the presence of ψ and
the possibilities mentioned above, it opens up a large window of DM mass region accessible.

Indirect search limits: The parameters which are sensitive to couplings of both DM components to SM
are supressed to very low values

`
λL „ O p10´4q, sinα „ O p10´4q˘ in order to evade direct search

constraints and highlight the effect of DM-DM conversion in the relic density. This makes the indirect
search prospects insignificant. However, the scalar DM component, being inert doublet DM, has gauge
interactions which is not suppressed. We discussed this in Section 3.5 and showed that xσvy is below the
bounds from Fermi-LAT and HESS for couplings„ 2 orders of magnitude larger than what is discussed
here.

2.3 Numerical Results

We now come to our numerical results in this section. The quartic couplings, λ2 and λ6 involve
four-point self-interactions and therefore do not influence the relic density computations. Similarly,
λ7, µ4, µ6 and µ8 would influence the annihilation through s-channel into singlet scalar or the SM
Higgs boson mediated by these same scalar fields. λ8, which can involve in the H0H0 annihilation to
the singlet scalars through a four-point interaction on the other hand will not have much influence on
the analysis. We have, therefore, fixed λ2 “ λ6 “ λ7 “ λ8 “ 0.1, and µ4 “ µ6 “ µ8 “ 100 GeV in
our study. This leaves the Yukawa couplings, y1, y2, y3, the quartic coupling combination λL, and the
trilinear coupling between the scalar singlet and the inert doublet, µ5, apart from the relevant masses,
which we consider as independent parameters in our numerical analysis.

2.3.1 Scenario 1: MH0 ďMH{2
As discussed in Section 2.2.1, in Case 1 we set λL “ 0 and µ5 “ 0 and Mψ ą MH

2 in this scenario and
in Case 2 we consider non zero values of these parameters compatible with both invisible Higgs decay
width and direct detection bounds. Considering the LEP constraint, we keep MH0 ą 45 GeV. Other
parameters are considered as given in Table 2.2. This choice corresponds to the quartic couplings of
the Lagrangian in the ranges, λ1 “ p0.26, 0.56q, λ4 “ p0.262, 0.335q, λ5 “ p´0.377,´0.297q, λ3 “
p0.036, 0.042q.

In the case of IDM Higgs bosons, LEP rules out the region whereMH0 ă 80 GeV,MA0 ă 100 GeV
and MA0 ´MH0 ą 8 GeV, since it would lead to visible di-lepton or di-jet signals [192]. At the same
time, mass splitting below 8 GeV does not support relic bound [51]. We have checked that the situation
does not change in the present model. Further, LEP-II constrainsMH˘ ą 70 GeV from non-observation
of e`e´ Ñ H`H´ production [203]. The Electroweak Precision Measurements (EWPM) require
product of the mass splittings, pMH` ´MA0qpMH` ´MH0q to be small [189]. These considerations
have led to deciding MA0 to be larger than 100 GeV for the range of MH0 considered here, keeping
MH` close to MA0 . At the same time, MA0 ą 180 GeV in this set up would correspond to |λ4,5| ą 1.
We, therefore, set a mass splitting of MA0 ´MH0 “ 60 GeV as our conservative choice. The choice

TH-2426_156121030



2.3. Numerical Results 25

MH0 45 ďMH0 ď 63

MA0 MH0 ` 60

MH˘ MH0 ` 65

MAS 121 ďMAS ď 500

MHS MAS ,MAS ` 50

Mχ (75, 130, 200)

y1, y2, y3 0 ď yi ď 3

µ4, µ6, µ8 100

λ2, λ6, λ7, λ8 0.1

α 0.0045

Case 1 Case 2

65 ďMψ ď 1000 Mψ 10 ďMψ ď 1000

0 λL 0.0001

0 µ5 100

Table 2.2: Parameters considered for the DM relic density study in scenario 1. All mass parameters are in GeV.

of MAs ą 2MH0 is made to allow tree-level decay of As. As indicated by Eq. (2.5) we shall keep the
mass splitting between that of HS and As small enough to keep λ1 small. At the same time, to keep λ1

positive all through the parameter region, we make the conservative choice of MHS ąMAs .

45 50 55 60 65
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Figure 2.5: Region of y1´MH0 plane compatible with total relic density within the allowed range for selected values of Mχ.
Other variables are varied as per Table 2.2 for Case 1.

With the above choice of parameters, micrOMEGAs is used to perform a random scan to compute
the relic density to find compatible regions. With λL “ 0 “ µ5 disabling all the H and HS mediated
processes, the cross section is dominated by the χ mediated processes discussed in the previous section.
The compatible regions in y1 ´MH0 plane for three different illustrative choices of Mχ is presented in
Fig. 2.5. As expected, heavier mediator requires larger coupling for the same level of the cross section
to satisfy the bounds. The other candidate for dark matter, ψ couples directly only to the singlet scalar
field, φ, as elaborated in the previous section. Thus, its annihilation process is mediated by HS , whose
major component is φ, and the observed 125 GeV resonance ofH having a small admixture of φ enabled
by the nonzero mixing angle, α. The number density of otherwise overabundant ψ is reduced with the
opening of the gauge annihilation channel with Mψ ě MW as clear from the top-right inset of Fig. 2.6
in the Ω2h2 vs Mψ plot. For Case 2 in Table 2.2 of parameter choice where λL and µ5 are non-zero, the
only visible change in the results is shown in the top left-inset. Here Ω2h2 is reduced to the observed
bound from overabundance even for Mψ ă MW , thanks to the additional annihilation of ψ into SM
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26 Chapter 2. Interplay of scalar and fermionic components in a multicomponent dark matter scenario

leptons and H0 now made possible with the non-zero couplings. Since all these channels are H and HS

mediated, we also see the s-channel resonance effect at Mψ “MH{2 in this plot. HS dependence in the

Figure 2.6: Ω2h2 vs Mψ for the parameter region considered in Table 2.2. Blue points are a subset satisfying the total relic
density Ωtoth

2 within the allowed range. Small mass region is enlarged for clarity : Top-left inset: for parameter region Case
2, Top-right inset: for parameter region Case 1 in Table 2.2

relic density calculations come through its mediation of ψ annihilation processes as well as annihilation
of ψ pairs intoHS pairs. Thus the resonant enhancement of the cross section indicate that the compatible
region has MHS „ 2Mψ, as clear in Fig. 2.7. When the full range of Mψ is considered, the annihilation
channels of ψψ Ñ HSHS , HH, χ

˘χ¯ open up. The mass relation betweenMψ andMHS is no longer
linear due to these new channels, leading to the scattered points in the high mass range starting from 125
GeV. Notice that ψψ Ñ HSHS t-channel process and ψψ Ñ χχ process have negligible dependence
on the mixing angle α, whereas for all other processes sinα appears in combination with y3. Thus, in
most situations, a change in α is compensated by a corresponding change in y3.
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Figure 2.7: (Right): Regions of MHS ´Mψ with Ωtoth
2 within the allowed relic density range. Inset: Low mass region

is enlarged for clarity. The blue points correspond to Ω2h2 alone within the experimental bound. (Left): Feynman diagrams
showing the relevant annihilation channels.

For Mψ ě Mχ the s-channel ψ annihilating into χ process is mediated by the singlet scalar and
is proportional to the product of the Yukawa couplings, y2 ¨ y3. In Fig. 2.8 regions on y3 ´Mψ plane
compatible with the total relic density bound is shown for Mχ “ 100 GeV, 150 GeV and 200 GeV, in
each case for two different choices of y2 values. Mψ “Mχ threshold is seen in all the cases considered.
Further, for small values of Mχ, the contribution from Ω1h2 to the relic density is negligible, as the
χ mediated t-channel cross section being large washes it out, minimising the spread in the allowed
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region. However, for Mχ “ 200 GeV and above, Ω1h2 has a non-negligible contribution, as clearly
indicated in the larger area of allowed regions. The dependence on y2 compared to y3 is somewhat
trivial as mentioned above. Points with different y2 values shown unambiguously bring out the role of
the ψψ Ñ χχ process. The split lines in the case of smaller y2 values are due to the effects of other
processes like ψ pair annihilating into the singlet scalars.

Figure 2.8: Regions of y3 ´Mψ plane compatible with Ωtoth
2 satisfying the experimental bounds, for specific values of y2

and Mχ.

2.3.2 Scenario 2: MH{2 ďMH0

Mψ 65 ďMψ ď 1000

MH0 65 ďMH0 ď 1000

MA0 MH0 ` p20, 60, 1q
MH˘ MH0 ` p20, 65, 1q
MAS 131 ďMAS ď 1000

MHS MAS ` 50

Mχ 1200

y1, y2, y3 0 ď yi ď 3

λL 0.0001

µ5 (0, 100, 200, 500)

µ4, µ6, µ8 100

λ2, λ6, λ7, λ8 0.1

α 0.0045

Table 2.3: Parameters considered for the DM relic density study in scenario 2. All mass parameters are in GeV.

With non-zero values of λL and µ5, corresponding to the couplings of ψψφ and H0H0φ, respec-
tively, the process ψψ Ñ H0H0 mediated by φ (Fig. 2.4b)) makes the interaction between the two dark
matter components more relevant. The set of coupled Boltzmann’s equations make Ω1h2 dependent
directly on Ω2h2 and vice versa. The value of HH0H0 coupling is kept at λL “ 10´4, to respect the
direct detection limit. Four different illustrative values including zero are considered for µ5.

The first row of Fig. 2.9 shows the variation of Ω1h2 vs MH0 for specific choice of µ5. In the case
of Ω1h2 with µ5 “ 0 dark matter annihilating into SM particles alone is possible, like in the pure IDM
case. Consequently, for MH0 ěMW the annihilation cross section controlled by gauge coupling leaves
H0 underabundant. However, with non-zero value of µ5 in the region Mψ ěMH0 , ψψ Ñ H0H0 boosts
up the relic density. This is illustrated in the top-middle plot of Fig. 2.9. For very large µ5, increase
in annihilation cross section reduces the relic density below the observed limit, making the model less
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Figure 2.9: In Top Row Ω1h2 as a function ofMH0 (GeV) and in Middle Row Ω2h2 as a function ofMψ (GeV) for illustrative
values of µ5(GeV), indicating the importance of the conversion channel (ψψ Ñ H0H0). The total number of points generated
are the same in all the cases. Third Row shows selected points from the corresponding plots in the top and middle rows
compatible with Ωtoth

2 within the observed bound. Red points correspond to Ω1h2 vs. MH0 , while blue points correspond to
Ω2h2 vs. Mψ .

compatible as indicated in the top-right plot of Fig. 2.9. Second row of Fig. 2.9 shows the variation
of Ω2h2 vs. Mψ. In this case, ψ is overabundant until the gauge boson annihilation channels open up
around Mψ „ MW when µ5 is set to zero, as shown in the left plot. On the other hand, with µ5 ‰ 0,
the additional channels including the annihilation into H0H0, A0A0 and H`H´ bring down the relic
density to acceptable levels for Mψ ďMW as well.
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Figure 2.10: Correlation between Ω1h2 and Ω2h2 for points satisfying total relic density bound for illustrative values of µ5.
Two different mass splitting of ∆MA0´H0 “ 1 GeV (right) and 20 GeV (left) of the IDM neutral Higgs bosons show the
importance of co-annihilation channels.

Fig. 2.10 shows the correlation between Ω1h2 and Ω2h2 at a mass splitting ∆MH0´A0=1 GeV
(right) and 20 GeV (left) for a mass range of 500 ď MDM ď 1000 GeV. When the mass splitting is
small (of the order of 1 GeV), co-annihilation between the inert scalars counters the gauge suppression
and increases the scalar relic density substantially. In this case, the effect of µ5 is negligible as seen from
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2.4. Search prospects at the colliders 29

Fig. 2.10 (right). On the other hand, for a larger mass splitting, when the co-annihilation is suppressed,
one may achieve significant contribution from Ω1h2 for a suitably chosen value of µ5. We find that the
best-case scenario corresponds to a value of µ5 „ 300 GeV. Hence in the multicomponent scenario, the
contribution from Ω1h2 is boosted up compared to the single component case, thanks to the conversion
from the fermionic component. We would like to reiterate the advantage of the multicomponent case
considered here, which deviate from the purely IDM like scenario, where this mass range of DM is
available only for a closely degenerate case of MH0 „MA0 .
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Figure 2.11: Regions of y3 ´Mψ plane compatible with
the relic density bound for specific choices of µ5 values,
indicating the strong presence of the conversion channel
ψψ Ñ H0H0 in the resonant region with MHS “ 2Mψ .
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Figure 2.12: y3 vs Mψ for fixed MHS and Mχ values,
showing the presence of the annihilation channelψψ Ñ χχ
and the resonant behaviour with MHS “ 2Mψ .

Presenting the correlation betweenMψ and the Yukawa coupling y3 between ψψHS Fig. 2.11 shows
that higher value of µ5 corresponds to lower y3 for a fixed value of Mψ, implying that ψψ Ñ H0H0 is
a dominant channel as per relic density consideration. Remember that µ5 corresponds to the HSH0H0

interaction. To maintain the cross section at a certain value to follow the relic bound, higher µ5 will
correspond to lower y3 and vice versa. All points here satisfy the total relic density bound. Notice that
we have considered the resonance conditionMHS “ 2Mψ, whileMψ varies in the full range of Scenario
2, bringing in the relevant s-channel annihilation of ψ mediated by HS .

In the large Mψ region, the DM annihilation into χ pair opens up adding further possibilities. The
ψψ Ñ χχ is an s-channel process mediated via HS . Thus, the couplings y2 and y3 along with the
masses of HS , χ and ψ decide the cross section. Fig. 2.12 shows the allowed regions of y3 ´Mψ plane
for specifically chosen values of the Yukawa coupling y2 and the masses Mχ and MHS , which is set to
y2 “ 0.5. The threshold is seen as Mψ „ Mχ, which is set to 1100 GeV here. Further, the depression
around the resonant condition of MHS “ 2Mψ is seen, as expected in the s-channel process. Since in
this region, the mass splitting between H0 and A0 is kept at 10 GeV, Ω1h2 is always small, hence the
dominant contribution in Ωtoth

2 comes from Ω2h2.

2.4 Search prospects at the colliders

Since the additional DM component interacts with the SM only through the Higgs portal, there is no
scope to distinguish this scenario from other model consisting of another DM particle of different spin
interacting similarly (as discussed in the next chapter). However, some distinguishing features may be
worth looking for. In the minimal scenario, the extra dark fermion must require a singlet scalar S as a
portal to SM, as discussed in this chapter. But for another DM particle of different spin as discussed in
the next chapter for vector case, this is not required. Therefore, for the extra fermion case, there is Higgs
as well as Higgs-like scalar portal whereas for the other case, only the Higgs portal exists. At the LHC,
the DM signal might be difficult to probe owing to the electroweak nature of the new physics sector, and
hence the production of them through quark or gluon intiated processes being suppressed. However, at
the ILC, one can probe via e`e´ Ñ ZHpSq channel as shown in the diagram below. Because of the
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30 Chapter 2. Interplay of scalar and fermionic components in a multicomponent dark matter scenario

presence (absence) of e`e´ Ñ ZS channel for extra fermion (vector) dark matter in the dilepton+MET
or dijet+MET signal processes, one can distinguish the two models from the peak and tail positions of
suitable distributions. This can be relevant for dark matter of mass ą 100 GeV, because, DD limits
allow the Higgs portal coupling of order „ O p10´2q, which make the cross-sections significant in the
resonance region where mS ą 2mDM , mS being the extra scalar mass.

e´

e`

Z

Z sf

f

H{S

DM

DM

Figure 2.13: Possible production channel of DM at the ILC

2.5 Summary

The scalar-fermionic multipartite scenarios discussed in the literature have the DM candidates as gauge
singlets and consequently highly constrained by the direct detection experiments and relic density limits.
In these scenarios, the direct detection prefers small portal couplings, which consequently provide much
smaller cross section than required to contain the overabundance of the dark matter relic density. On
the other hand, the gauge non-singlet scalar dark matter models like the IDM overkills the dark matter
leading to underabundance except when they are close to a TeV of mass. We have demonstrated that
the presence of a fermionic partner (denoted as χ) to the inert scalar would alleviate these difficulties,
opening up the low mass regions as well. Along this line, we present a novel scenario with the possibility
of scalar and fermionic dark matter coexisting, compatible with all the experimental bounds including
the relic density measurements, the direct detection limits and the collider constraints. We consider the
presence of a gauge singlet fermion interacting with the visible sector through Higgs portal couplings,
along with the gauge doublet scalar dark matter. A wide range of parameter space(10 GeV - 2 TeV) for
dark matter mass is considered and the possible signatures are analyzed. We find that the entire mass
range is compatible with the relic density and direct detection bounds. The dark matter particles interact
among themselves opening possibilities of conversion from one type to the other leading to interesting
phenomenology and compensate for the underabundance of the individual relic density of H0 in the
otherwise not compatible range of 80 GeV À MH0 À 500 GeV. For the entire mass range of the inert
scalar H0, the fermionic dark matter candidate ψ contributes to the observed relic density starting from
a few GeV to the TeV range. The lepton portal annihilation channels contribute to the relic density of
H0, denoted by Ω1h2, without adding to the direct detection cross-section, being a t-channel processes
mediated by the fermionic partner χ. Hence keeping λL fixed at an admissible low value at par with
the direct detection limits, the lepton portal couplings and mass of χ can be adjusted to get the correct
relic density for H0. Owing to the conversion of fermionic dark matter pair into a scalar dark matter
pair substantial contribution of Ω1h2 in the total relic density is possible. The fermionic component can
suffice for the deficit in the total relic density as well. On the other hand, for large rate of the annihilation
of H0 into SM through the Higgs portal channels, Ω1h2 could become very small. In such scenarios, the
fermionic component dominates the scene with the dark matter scenario effectively becoming a single-
component case. In the large mass region (500 GeV - 2 TeV) typical IDM contributes substantially
to the relic density for very low mass splitting between the inert scalars, thanks to the now relevant
co-annihilation channels. However, the effect of co-annihilation is negligible with larger mass splitting

TH-2426_156121030



2.A. Expressions for Cross sections 31

making it non-compatible with the relic density measurements. In the model discussed here, fermionic
to scalar dark matter conversion permits even a larger mass splitting to produce the correct relic density.

Finally, we expect that the model can bring in interesting collider phenomenology with the fermionic
partner, χ of the inert scalar doublet changing the production and decay patterns of the IDM charged
scalars in the mass range that could be probed at LHC. We defer a detailed collider study for future
work.

Appendix

2.A Expressions for Cross sections

Cross section for H0H0 Ñ τ`τ´, neglecting the τ mass, is given by

σH0H0Ñτ`τ´ “
1

16πs2

1

β2
H0

tmaxż

tmin

|M2
H0
| dt (2.A.1)

where tmin “ ´ps{4q p1` βH0q2, tmax “ ´ps{4q p1´ βH0q2 with βH0 “
b

1´ 4M2
H0
{s, and the

square of the invariant amplitude,

|M2
H0
| “ y4

1

4

“
M4
H0
` tps´M2

H0
q ` t2‰

"
2

pu´M2
χqpt´M2

χq
´ 1

pu´M2
χq2

´ 1

pt´M2
χq2

*
.

The fermionic dark matter ψ can annihilate into the scalar dark matter H0 when kinematically favoured.
Such conversion are relevant in situations where H0 is underabundant, as in Scenario 2 discussed in
Section 2.2.2.

σψ sψÑH0H0
“ y2

3

128π

βψβH0

s

#
λ2
H sin2 α

p1´ τHq2 ` ω2
H

` λ2
HS

cos2 α

p1´ τHS q2 ` ω2
HS

`λHSλH sin 2α
p1´ τHS qp1´ τHq ` ωHωHS

rp1´ τHq2 ` ω2
Hsrp1´ τHS q2 ` ω2

HS
s

+
(2.A.2)

where λH “ pµ5{
?

2q sinα ´ 2λLv cosα, λHS “ pµ5{
?

2q cosα ` 2λLv sinα, τi “ M2
i {s, ωi “

ΓiMi{s and βi “
b

1´ 4m2
i {s.

The cross sections for ψ pair annihilation into SM particles relevant to discussion in Section 2.2.2
are given below.

σψ sψÑWW “ y2
3

64π

m4
W

v2

βψβW
s

„
3´ s

M2
W

` s2

4M4
W


sin2 2α

#
pτH ´ τHS q2 ` pωH ´ ωHS q2

rp1´ τHq2 ` ω2
Hsrp1´ τHS q2 ` ω2

HS
s

+
,

(2.A.3)

σψ sψÑZZ “
y2

3

128π

m4
Z

v2

βψβZ
s

„
3´ s

M2
Z

` s2

4M4
Z


sin2 2α

#
pτH ´ τHS q2 ` pωH ´ ωHS q2

rp1´ τHq2 ` ω2
Hsrp1´ τHS q2 ` ω2

HS
s

+
,

(2.A.4)

σψ sψÑf sf “NC
y2

3

8π

m2
f

v2

βψβ
3
f

s
sin2 2α

#
pτH ´ τHS q2 ` pωH ´ ωHS q2

rp1´ τHq2 ` ω2
Hsrp1´ τHS q2 ` ω2

HS
s

+
, (2.A.5)

where NC “ 1 for leptons and 3 for quarks.
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Cross section for ψ pair annihilating into HS pair is given by

σψ sψÑHSHS “
1

16πs2

1

β2
ψ

tmaxż

tmin

|M2
HS
| dt (2.A.6)

where tmin “ ´ps{4qpβHS ` βψq2, tmax “ ´ps{4qpβHS ´ βψq2 and the invariant amplitude square is

|M2
HS
| “ y4

3 cos4 α

8

«
M4
HS
` 2M2

HS
pM2

ψ ´ tq ´ p4M2
ψ ´ s´ tqp3M2

ψ ` tq
pt´M2

ψqpu´M2
ψq

´ t
2 ` ps´ 2M2

HS
qt´M2

ψps´ 7t` 6M2
HS
q `M4

HS
` 8M4

ψ

pt´M2
ψq2

ff
(2.A.7)

Cross section for ψ annihilating into a pair of χ is

σψ sψÑχ`χ´ “
y2

3y
2
2

64πs
βψβ

3
χ

#
sin4 α

p1´ τHq2 ` ω2
H

` cos4 α

p1´ τHS q2 ` ω2
HS

`2 sin2 α cos2 α
ωHωHS ` p1´ τHq2p1´ τHS q2

rp1´ τHq2 ` ω2
Hsrp1´ τHS q2 ` ω2

HS
s

+
(2.A.8)
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Probing multicomponent extension of inert
doublet model with a vector dark matter
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3.1 Motivation

In this chapter, we consider another vector boson DM candidate in addition to the existing IDM. While
the IDM is odd under a discrete Z2 symmetry, the added vector boson is also considered to be odd under
another Z12 symmetry making both the candidates stable. There are other possible ways to stabilise
the vector such as the inclusion of a dark Up1qD symmetry [17, 181]. Such scenarios include an extra
scalar field that mixes with the SM Higgs boson after symmetry breaking and provides a stable vector
boson dark matter. Here, we consider a minimal scenario avoiding such mixings and stable vector DM
is achieved only by introducing a Z2 symmetry. We have observed that in certain conditions it is even
possible to boost the relic density contribution from inert doublet dark matter. This multicomponent
scenario, therefore, provides a window to explore the inert dark matter in the mass range 130-500 GeV.
Besides, the inclusion of a vector dark matter candidate enriches the dark sector. In this work, we
present the phenomenology of the proposed multi-component dark matter model and test the viability
of the model by constraining the model parameter space from different theoretical and experimental
bounds. We investigate the possibility whether the relic density of inert dark matter candidate can be
enhanced significantly in the intermediate regime of inert doublet mass „130-500 GeV. The proposed
multi-component dark matter model further opens up a new window of IDM to be tested in the LHC for
possible signatures and promising outcomes.
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3.2 Model

In the present work, we consider a multi-component dark matter model by including an additional vector
boson to the Inert Doublet Model (IDM) of dark matter. The inert doublet is considered to be odd
under a Z2 which ensures that it does not acquire any vacuum expectation value (vev) after spontaneous
symmetry breaking. Also, particles in the Standard Model (SM) are even under this Z2 which forbids
the decay of the lightest inert particle. Therefore, the lightest inert particle can serve as a dark matter
(DM) candidate. Similarly, we impose another discrete Z12 symmetry upon the vector boson X which
can also be a feasible DM candidate in our model. We denote the SM Higgs doublet asH while the inert
Higgs doublet is Φ. The total Lagrangian of our study is as follows

L “|DµH|2 ` |DµΦ|2 ´ VIDM ` LH{Φ,X ` LX ` LYuk ` L���Higgs
SM , (3.2.1)

where L���Higgs
SM is the SM Lagrangian sans the Higgs part, LYuk is the SM Yukawa interaction Lagrangian.

LX is the vector DM sector which is given by

LX “ ´1

4
XµνXµν ` 1

2
M2
XXµX

µ ` 1

4
λXpXµX

µq2 , (3.2.2)

the interaction term, LH{Φ,X between the scalar fields H,Φ and the dark vector boson, X is1

LH{Φ,X “ λHXpXµXµqpH:Hq ` λΦXpXµXµqpΦ:Φq ; (3.2.3)

and finally, the well-known IDM potential

VIDM “m2
11pH:Hq `m2

22pΦ:Φq ` λ1pH:Hq2 ` λ2pΦ:Φq2 ` λ3pH:HqpΦ:Φq
` λ4pH:ΦqpΦ:Hq ` λ5

2

“pH:Φq2 ` h.c
‰
, (3.2.4)

where all the couplings λi, i “ 1 ´ 5 are assumed to be real and also m2
11 ă 0 so that spontaneous

symmetry breaking (SSB) occurs. After SSB the SM Higgs doublet receives a vev v “ 246 GeV and the
doublet fields are denoted as

H “
¨
˝ 0

1?
2
pv ` hq

˛
‚ , Φ “

¨
˝ H`

1?
2
pH0 ` iA0q

˛
‚ . (3.2.5)

Masses of different physical scalar including SM Higgs and inert particles and the vector boson X of
the dark sector are given as follows

m2
h “ 2λ1v

2

m2
H˘ “m2

22 ` λ3
v2

2

m2
H0
“m2

22 ` pλ3 ` λ4 ` λ5qv
2

2

m2
A0
“m2

22 ` pλ3 ` λ4 ´ λ5qv
2

2
m2
X “M2

X ` λHXv2 .

(3.2.6)

1
pXµXµqpH

:Hq and H2Φ2 terms may contribute to the Higgs effective potential. The new physics contribution to the
Higgs thermal mass is dependent on λL, λS p“ pλ3 ` λ4 ´ λ5q{2q and λ3 in the IDM sector and λHX in the X sector. With
these parameters, it may be possible to obtain a strongly first order phase transition, as shown in [74, 95]. However, this is not
relevant to our discussion. Without affecting the phenomenology, one can set λHX “ 0 and therefore eliminate the effect of
dark vector boson in the Higgs effective potential.

TH-2426_156121030



3.3. Constraints and bounds 35

In the above Eq. (3.2.6), mh refers to mass of SM Higgs boson (h) mh “ 125.09 GeV [225]. As
mentioned, even after SSB the dark Z2 (Z12) symmetry of inert doublet (vector boson X) remains intact
and the lightest scalarH0 of the IDM2 along withX provides a scenario for multicomponent dark matter.

Before we present the discussions on the phenomenology of multicomponent dark matter model, we
first mention some important theoretical and experimental bounds to be taken into account in the next
section.

3.3 Constraints and bounds

Vacuum Stability: In order to stabilise the Higgs vacuum following conditions must be satisfied [176]

λ1, λ2 ą 0 , λ3 ` 2
a
λ1λ2 ą 0 ,

λ3 ` λ4 ´ |λ5| ` 2
a
λ1λ2 ą 0 .

(3.3.1)

Perturbativity: Quartic interactions at tree level at high energy provides bound on the eigenvalues |Λi|
of quartic couplings which must obey the relation |Λi| ď 4π.

LEP: LEP [225] provides bound from the decay width measurement of Z boson which is given as

mH0 `mA0 ą mZ ,

mH˘ ą 80 GeV.
(3.3.2)

Relic Density: In the present model we have two feasible dark matter candidatesH0 andX . Since both
the candidates contribute to the dark matter relic density obtained from Planck [16] experiment, one
must satisfy the following relation

ΩDMh2 “ 0.1199˘0.0027 “ ΩH0h2 ` ΩXh2 , (3.3.3)

where h denotes the Hubble parameter (100 km s´1 Mpc´1) and relic density of inert doublet (vector
dark matter) is given as ΩH0h2 (ΩXh2).

Direct Detection Experiments: Apart from satisfying the conditions from dark matter relic density,
both the dark matter candidates must agree with present direct detection bounds from different dark
matter search experiments as well. In this work, we constrain the model parameter space with the latest
direct detection limits obtained from XENON1T [29].

Indirect Detection Experiments: DM is further constrained from the observations of diffused γ-rays
from the Galactic Centre (GC) and dwarf spheroidal galaxies (dSphs) where DM density appears to be
large. Experiments such as Fermi-LAT [20] and H.E.S.S [13] has put constraints on the upper limit of
velocity averaged scattering cross sections for various channels which can contribute to the observed
photon flux. Here we obeyed constraints on the model parameter space emanating from the observations
of the latest Fermi-LAT data [20].

Searches at LHC: The DM searches at the LHC has been performed in various hadronic as well as
leptonic channels. Here we will follow the dilepton + missing energy (2`` {ET ) searches for our present
study. Usually, such experimental searches were conducted in the context of Supersymmetric (SUSY)
theories. Since our study does not include SUSY, we will follow the outcome of those searches with
some care.

3.4 Formalism for Dark Matter Analysis

Before we begin our analysis of the multi-component dark matter scenario, we briefly mention the
calculations of relic density and direct detection measurements in the present model.

2We consider λ5 ă 0.
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3.4.1 Relic density of dark matter candidates

Since the present model deals with two dark matter candidates which also interact with themselves, we
have to solve for the coupled Boltzmann equation. Relic density for each of the dark matter candidate is
obtained by solving these coupled equations which are written as

dnH0

dt
` 3HnH0 “´ xσvyH0H0ÑSMSM

`
n2
H0
´ n2

H0eq

˘` xσvyXXÑH0H0

˜
n2
X ´

n2
Xeq

n2
H0eq

n2
H0

¸
;

(3.4.1)

dnX
dt

` 3HnX “´ xσvyXXÑSMSM

`
n2
X ´ n2

Xeq

˘´ xσvyXXÑH0H0

˜
n2
X ´

n2
Xeq

n2
H0eq

n2
H0

¸
.

(3.4.2)

where mX ą mH0 . Similarly, for mH0 ą mX ,

dnH0

dt
` 3HnH0 “´ xσvyH0H0ÑSMSM

`
n2
H0
´ n2

H0eq

˘´ xσvyH0H0ÑXX

˜
n2
H0
´ n2

H0eq

n2
Xeq

n2
X

¸
;

(3.4.3)

dnX
dt

` 3HnX “´ xσvyXXÑSMSM

`
n2
X ´ n2

Xeq

˘` xσvyH0H0ÑXX

˜
n2
H0
´ n2

H0eq

n2
Xeq

n2
X

¸
.

(3.4.4)

In the above Eqs. (3.4.1) and (3.4.2), ni, i “ X,H0, denotes the number density of dark matter particles
and their equilibrium number densities are expressed as nieq respectively. Annihilation cross section
of dark matter candidates into SM are given as xσvyiiÑSMSM while the same between themselves
are denoted by the xσvyXXÑH0H0 (xσvyH0H0ÑXX ) for mX ą mH0 (mH0 ą mX ). Solving for the
Eqs. (3.4.1) and (3.4.2) (or Eqs. (3.4.3) and (3.4.4) depending on the masses of mH0 and mX ), one can
obtain the relic density contributions from each of the dark matter candidates of the form

Ωih
2 “ 2.755ˆ 108 mi

GeV
YipT0q , i “ H0, X , (3.4.5)

where Yi “ ni{s, is the yield of dark matter candidate obtained at a present temperature of Universe
T0 and s is the entropy density of the Universe. The total DM relic density is then obtained by adding
individual relic densities of both the candidates as mentioned in Eq. (3.3.3). It is to be noted that the an-
nihilation cross section xσvyXXÑH0H0 (xσvyH0H0ÑXX ) depends on the coupling between dark sector
particles and therefore the coupling λΦX plays a significant role in the dark matter phenomenology.

3.4.2 Direct detection of DM candidates

Dark matter direct search experiments like LUX, XENON1T etc. search for direct interactions of dark
matter with detector nuclei. Dark matter candidate can undergo elastic scattering with detector nuclei
and recoil energy will be transferred which can be measured at the detector. However, no such event has
been recorded yet which provides a stringent limit on dark matter direct detection cross section. In the
present model, both of dark matter candidatesH0 andX can undergo spin-independent elastic scattering
with the detector nuclei. Since, the model involves two dark matter candidates, the final direct detection
cross section for each dark matter will be scaled by a factor ri “ Ωih

2{ΩDMh2, i “ H0, X . Bounds
from direct detection of dark matter will constrain the model parameters. It is to be noted that coupling
λΦX has no contribution to the direct detection measurements. The spin-independent direct detection
cross section for the scalar dark matter H0 is given as

σSI
H0
“ rH0

λ2
L

16π

1

m4
h

f2 m4
N

pmH0 `mN q2 , (3.4.6)
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where λL “ pλ3 ` λ4 ` λ5q{2 and mN denotes the mass of the nucleon. In the above expression of
Eq. (3.4.6) the contributions from nuclear matrix elements are given by the factor f „ 0.3 [19, 47].
Similarly, the spin-independent direct detection cross section for the vector dark matter candidate X is
expressed as

σSI
X “ rX

λ2
HX

16π

1

m4
h

f2 m4
N

pmX `mN q2 , (3.4.7)

We constrain the model parameter space using the most stringent direct detection bounds obtained
from XENON1T [29].

3.5 Observations and results

Before we present the discussions on our model with multi-component dark matter, we summarise the
main parameters in the model. The model is implemented in FeynRules [23] and the relic density
computation is performed using micrOMEGAS [50] package scanning over the available parameter
space. As mentioned previously, the model has two dark matter candidates, the lightest inert doublet
particle H0 and the vector boson X . The parameters from the inert doublet that contribute to relic
density and direct detection measurements are well known

λL, mH0 , mA0 , mH˘ .

Similarly, the parameters that contribute to DM phenomenology of the vector boson are

λHX , mX .

Apart from these above-mentioned parameters, there is another coupling λΦX which can contribute to
the annihilation among the dark sector particles. It is to be noted that even for the coupling λΦX “
0, the above annihilation can occur through Higgs mediated diagrams. However, such contributions
are significant only near the Higgs resonance and become small when we consider the mass of dark
matter candidates away from Higgs resonance. Also, the strong bound from dark matter direct detection
severely constrains the couplings λL and λHX reducing the effects of dark sector annihilation. On
the other hand, the four-point coupling λΦX is a completely independent parameter which does not
contribute to dark matter direct detection but can contribute to relic density of DM particles. In this
work, our primary aim is to study how the 2 Ø 2 annihilation between dark sector particles H0 and X
affects the multi-component dark matter scenario. To this end, we consider the intermediate regimes of
dark matter masses in our work

100 GeV ď mH0 ,mX ď 500 GeV . (3.5.1)

It is to be noted that for the case of the inert doublet, co-annihilation effects can be significant if mass
splitting between the scalarH0, A0 and the charged particleH˘ is small. In fact, for a pure inert doublet
dark matter, relic density is negligible for large mass splitting. In this work, we present our results for
two values of mass splitting ∆m “ 10 GeV and 25 GeV where ∆m “ mA0 ´ mH0 (in GeV) and
mH˘ “ mA0 ` 0.1 GeV3. The coupling λL and λHX should not be large in order to satisfy direct
detection bounds and we set them to be equal, λL “ λHX “ 0.01. In this way, we restrict other model
parameters and use the coupling λΦX as a variable, the new parameter to determine the allowed regions
in this framework.

To begin with, we first consider a simplified case setting λL “ λHX “ 0 and changing λΦX from a
very small value to 0.14. We denote the relic density of inert dark matter H0 as ΩH0h2 and that of the
vector DM candidate as ΩXh2 (as expressed in Eq. (3.3.3)).

3mH˘ ´mA0 “ 0.1 GeV is maintained throughout the analysis for all the different cases considered in the work.
4It is to be noted that since we have already set the coupling λHX “ 0, we cannot use λΦX “ 0 when solving the coupled

Boltzmann equation. Hence we considered a very small λΦX „ 10´15 such that it reproduces the nature of IDM.
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Figure 3.5.1: ΩH0h2 vs mH0 for ∆m“ 10 GeV.
Only the quartic interactions in X X Ñ H0H0

and quartic gauge interactions in H0H0 Ñ

SM SM are considered.
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Figure 3.5.2: ΩH0h2 vs mH0 for ∆m“ 10 GeV.
All the possible interactions (both quartic and
Higgs mediated) in H0H0 Ñ SM SM and
X X Ñ H0 H0 are taken into account.

In Fig. 3.5.1 we show the variation of ΩH0h2 against mH0 for the chosen values of couplings λΦX

for λL “ λHX “ 0. With this consideration, only the gauge interactions of inert dark matter will
survive and there will be H0H0 Ø XX annihilation due to quartic coupling λΦX only. Moreover, with
λL “ λHX “ 0, there will not be any direct detection signatures of both the dark matter candidates. We
set the mass difference ∆m “ mA´mH0 “ 10 GeV and mX “ 200 GeV. From Fig. 3.5.1, we observe
that for λΦX “ 0.01, the relic density ΩH0h2 of H0 changes drastically from the case with λΦX “
10´15, where H0 can annihilate only to SM gauge bosons for the region of mass mH0 ď 200 GeV and
afterwards follows the same pattern of IDM (λΦX “ 10´15). The increase in H0 relic density happens
till mH0 „ mX and it falls sharply as mH0 ě mX when H0H0 Ñ XX annihilation channel opens.
Apart from that there exists another small peak around mH0 „ 190 GeV as new annihilation channels
A0A0, H

`H´ Ñ XX appear before H0H0 Ñ XX annihilation. Comparing the plots in Fig. 3.5.1
for the case λΦX “ 10´15 with λΦX “ 0.01, we conclude that the enhancement in the relic density is
due to the production of H0 particles from annihilationsXX Ñ H0H0. However, with increasing λΦX ,
this situation changes. With increase in λΦx, the annihilation xσvyXXÑH0H0 also increases. However,
this results in a reduction of nX number density and rise in nH0 number density. As a result, the
overall contribution of the second term in Eq. (3.4.1) decreases which is clearly observed in Fig. 3.5.1.
Therefore, relic density of H0 (as well as enhancement in relic density) decreases with increasing λΦX

coupling in the region mH0 ă mX „ 200 GeV and tends to decrease further in the higher mass range
mH0 ą mX governed by Eq. (3.4.3).

A discussion is in order regarding whether inert doublet itself can obtain total DM relic abundance
assisted by the vector boson. Looking into Fig. 3.5.1 one may think that it is possible as for λΦX “ 0.01,
relic density of IDM is overabundant. However, it is to be noted that this is the case for λL “ 0.
An interesting feature of IDM that distinguishes it from ordinary scalar DM is the very strong gauge
interactions. As a result, even with λL “ 0 and no conversion into vector particle via direct interaction
(λΦX “ 0) and Higgs portal (since λHX , λL “ 0), for mH0 ě mW,Z we have large annihilation into
gauge bosons and DM relic density is very low following the green plot shown in Fig. 3.5.1. Now if
we consider a pure IDM case with λL ‰ 0, λHX “ λΦX “ 0, with new annihilation channels into
SM particles relic density of IDM will decrease further. However, in the Higgs portal DM case, since
there is no direct interaction with the gauge sector, the annihilation of DM depends only on Higgs
portal coupling and with an increase in the coupling, relic density decreases. Since in IDM, the gauge
interaction dominates for mH0 ą mW,Z a small value of λL “ 0.01 will not affect the relic abundance
very much but for a higher value of λL “ 0.1, the relic density can be even smaller due to more
annihilations. Also, larger λL values will eliminate most of the parameter space (for low mass IDM
mH0 ă 500 GeV) due to large direct detection cross section. However, in the presence of the vector
DM candidate, it is possible to enhance the IDM relic density from conversion mechanism with new
production channels XX Ñ H0H0 as discussed in Fig. 3.5.1. Now, we will discuss a case of general
IDM with λL ‰ 0 and try to investigate to what extent the relic density of IDM can be enhanced in the
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general situation.
We now consider a more realistic picture than what is shown in Fig. 3.5.1, with all possible channels

of inert dark matter annihilation into consideration by taking λL ‰ 0. For this, we demonstrate our
results with fixed Yukawa couplings λL, λHX “ 0.01 with ∆m “ 10 GeV and mX “ 200 GeV for
four values of λΦX “ 10´15, 0.01, 0.05, 0.1.5 We show the variation in relic density of inert scalar
dark matter H0 with mass mH0 in Fig. 3.5.2. From Fig. 3.5.2 we observe that for λΦX “ 10´15, the
results for inert scalar dark matter are identical to the usual inert dark matter model. However, situations
change as the mixing λΦX becomes large and a prominent resonance appears near the mass of mX and
relic density enhances as mH0 approaches mX . Plots with different λΦX “ 0.01, 0.05, 0.1 follow the
similar pattern in appearing in Fig. 3.5.1. However, due to the presence of new annihilation channels
of H0 (as λL “ 0.01), the enhancement in ΩH0h2 is reduced for the mass range mH0 ď mX when
compared with Fig. 3.5.1. For the regime, mH0 ď mX , inert scalar particles are being produced via
the annihilation of X particles which compensates the annihilation of H0H0 into W`W´. Therefore
although H0 particles are being annihilated they are also produced at a larger rate which enhances their
relic density contribution from IDM. It is to be noted that although there is a new production channel
XX Ñ H0H0 through Higgs, its contribution is not significant and suppressed due to direct production
depending on coupling λΦX . The inert scalar relic density then decreases with increasing mass mH0 ą
mX and this effect becomes large for larger values of λΦX . This indicates that for the region of mass
mH0 ą mX , H0H0 Ñ XX annihilation becomes large and as a result relic density of IDM candidate
reduces considerably. The most interesting feature is the resonance region where IDM relic density is
enhanced within the 100-500 GeV regime depending on the mass of mX (which is required to be in
the intermediate-mass regime as well) when compared with the normal single component IDM scenario
equivalent to the case λΦX “ 10´15. As seen in Fig. 3.5.2, relic density of inert dark matter candidate
H0 is ΩH0h2 „ 0.032 for mH0 “ 200 GeV with λΦX “ 0.01 which is much larger than ΩH0h2 “
7.8 ˆ 10´3 when compared with the usual single component IDM case (for λΦX “ 10´15 shown in
Fig. 3.5.1). Moreover, the same order of relic density is achieved at massmH0 „ 500 GeV in the normal
inert doublet. We also observe that increasing λΦX also reduces DM relic density ΩH0h2 by increasing
contribution of H0H0 Ø XX channel which then starts to dominate over inert doublet annihilations
in Boltzmann equation following the same pattern obtained in Fig. 3.5.1. Therefore, one can have a
significant contribution from inert DM candidate in the present scenario even within the mass range
130-500 GeV.
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Figure 3.5.3: ΩH0h2 vs mH0 for λΦX “ 0.1 as a
function of mX .
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Figure 3.5.4: ΩXh2 vs mX for different values of
mH0 and λΦX .

In another plot (Fig. 3.5.3) we show the variations of ΩH0h2 for the same range of mH0 with two
different values of mX “ 300 GeV and 500 GeV for λΦX “ 0.1 taking ∆m “ 10 GeV and compare
the results with ∆m “ 25 GeV for same set of parameters. The couplings λL and λHX are kept fixed
at the same value 0.01. We observe that for mX “ 300 GeV, ΩH0h2 increases with mH0 until the
resonance. In this regime, the annihilation XX Ñ H0H0 dominates which enhances ΩH0h2 and a

5As mentioned earlier, for larger values of λL “ 0.1, there will be large annihilations of IDM which will further decrease
the IDM relic density. Moreover, larger λL will also result in large direct detection cross section and reduce low mass IDM
parameter space. Therefore we consider a smaller value of λL “ 0.01. A detailed discussion of λL is presented later.
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sharp fall appears thereafter. Similar behaviour is observed for mX “ 500 GeV. This nature is followed
for both values of ∆m. However, it is to be noted that for the case ∆m “ 10 GeV, ΩH0h2 is larger than
when ∆m “ 25 GeV. This is because, for smaller ∆m, the contribution of co-annihilation channels in
inert doublet is large which can significantly enhance relic density of inert scalar H0. On the other hand
for larger mass splitting, co-annihilation channels are suppressed resulting reduction of relic abundance.
The spread of the peak near mH0 „ mX also depends on the value of mass splitting as clearly observed
in Fig. 3.5.3. The resonances peak in the plots is sharper for ∆m “ 10 GeV and broader for ∆m “
25 GeV. The resonance peak near mH0 „ mX is associated with another small peak which appears
as A0A0 Ø XX and H˘H˘ Ø XX channels open up before H0H0 Ø XX . Therefore, one can
conclude that depending on the mass of vector DM candidate and mass splitting ∆m, H0 can have a
formidable contribution to total DM relic density. However, from both Figs. 3.5.2 and 3, we observe
that although relic abundance of inert dark matter is increased, it cannot alone satisfy the total DM relic
density for dark matter and therefore the vector dark matter also contributes to the total DM relic density.

So far we have discussed how relic abundance of IDM changes with the inclusion of additional
vector dark matter and found that although there is a sizeable enhancement in H0 relic density, we need
contribution from vector DM also. It is to be noted that vector DM can alone satisfy the DM relic density
(see Ref. [39] and references therein). However, it is found that although portal vector DM can explain
DM relic density with λHX „ 0.1, it fails to satisfy direct detection limits for a large range of mass
range up to 1 TeV (see Fig. 19 of Ref. [39]). Therefore, we investigate in this work whether a low mass
vector DM can be achieved to satisfy direct detection limits and also provide the required amount of relic
abundance such that Eq. (3.3.3) is satisfied. If the coupling λHX is increased further, the relic abundance
of pure Higgs portal vector dark matter will fall (as Ωh2 „ 1{xσvy), but it will be ruled out by direct
detection. On the other hand for smaller λHX “ 0.01, direct detection can be recovered but vector DM
becomes overabundant. Hence, it is interesting to study whether, in the two-component framework, relic
density of vector dark matter can be reduced for small λHX .

In Fig. 3.5.4, we present the variation of relic density of vector dark matter with its massmX for two
different values of λΦX “ 0.1, 0.3 and for fixed λL “ λHX “ 0.1 and ∆m “ 10 GeV. With this choice,
we can directly investigate whether we have a region where vector dark matter becomes underabundant
to satisfy the requirements of combined relic density following Eq. (3.3.3). From Fig. 3.5.4, we observe
that for mH0 “ 200 GeV, the relic abundance of vector DM initially starts with a higher value for
mX ď mH0 . An initial drop in relic density occurs when the annihilation channel XX Ñ hh opens for
mX “ mh. However, as mX increases new annihilation channel XX Ñ H0H0 (when mX „ mH0)
opens up and as a result relic density of X decreases. This reduction in relic density depends on the
coupling λΦX . It can be easily observed from Fig. 3.5.4 that for λΦX “ 0.3, annihilation XX Ñ H0H0

is large and relic density of vector DM falls considerably when compared with the case of λΦX “
0.1. Similar nature of the relic density plots is observed for mH0 “ 500 GeV, but in this case, the
relic abundance of vector DM decreases at higher mass mX „ mH0 when the annihilation becomes
kinematically allowed. Therefore, the low mass region of vector dark matter which was ruled out by
direct detection in standard Higgs portal scenario becomes accessible in the two-component framework
and also opens the window for the study of multicomponent dark matter.

Now we present our results for the overall range of parameter space described at the beginning of this
Section. In Fig. 3.5.5 we depict a scatter plot of mH0 against ΩH0h2 for two values of λΦX “ 0.1, 0.3
varying both mH0 and mX from 100-500 GeV with ∆m “ 10 GeV. We have considered the same
values of λL, λHX “ 0.01 as stated earlier. We observe a large spread in relic density ΩH0h2 with mH0 .
We also observe in Fig. 3.5.5 that increasing λΦX results in decrease in the relic density ΩH0h2 which
directly follows the nature of plots in Figs. 3.5.1 and 2. For the chosen ∆m “ 10 GeV, we observe that
the relic density ΩH0h2 attains a maximum 0.1 for mH0 „ 500 GeV for λΦX “ 0.1 and for λΦX “ 0.3
it can reach values up to 0.05. This is due to increase in λΦX which increases the 2 Ø 2 annihilations
between dark sector particles as stated earlier.

In Fig. 3.5.6 we show the variation of mX with ΩXh2 for the same range of parameters. Here we
also observe a similar increase in relic density with mX as obtained for scalar DM candidate. However,
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Figure 3.5.5: ΩH0h2 vs mH0 as a function of
λΦX for ∆m “ 10 GeV.
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Figure 3.5.6: ΩXh2 vs mX as a function of λΦX

for ∆m “ 10 GeV.

a large range of parameter space is ruled out for as ΩXh2 becomes overabundant. A small drop in
ΩXh2 near mX „ mh represents the new annihilation channels XX Ñ hh. Comparing Fig. 3.5.4 with
Fig. 3.5.6, it can be easily observed that region of upper and lower part of the envelope in Fig. 3.5.6
follows directly from Fig. 3.5.4 as the mass mH0 is varied from 100 to 500 GeV. For smaller values of
mX , as shown in Fig. 3.5.4 a drop in ΩXh2 occurs which creates the lower envelope while for higher
values of mX the reduction in relic density appears later creating the upper envelope of the scatter plot.
Similar plots for variations for ΩH0h2 (ΩXh2) against mH0 (mX ) with ∆m “ 25 GeV are shown in
Figs. 3.5.7 and 8. It is interesting to observe that for increased mass splitting between H0 and A0 and
for λΦX “ 0.1, the maximum relic density obtained for the inert DM (ΩH0h2 „ 0.05) is almost half
when compared with Fig. 3.5.5. This is because as we increase the mass splitting, the contributions
from co-annihilation channels will reduce. The plot in Fig. 3.5.7 depicts same nature of Fig. 3.5.5 as we
change λΦX . However, for the vector DM candidate X , there is no such effect and the corresponding
Fig. 3.5.8 remains almost similar to Fig. 3.5.6 with no significant change. Both Figs. 3.5.6 and 8 exactly
follows the nature of Fig. 3.5.4 discussed earlier. Moreover, the choice of ∆m does not affect the relic
density of X as it is related to inert dark matter. However, we will show that although it doesn’t affect
the relic density ΩXh2, mass splitting ∆m can have a significant effect when the total relic density of
the multi-component dark sector is taken into account.
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Figure 3.5.7: ΩH0h2 vs mH0 as a function of
λΦX for ∆m“25 GeV.
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Figure 3.5.8: ΩXh2 vs mX as a function of λΦX

for ∆m “ 25 GeV.

We would like to mention here that a simple scenario for scalar and vector DM without mixing λΦX

is completely different from inert doublet and vector DM. First of all, inert doublet has direct gauge
interaction but singlet scalar DM can interact with gauge boson through Higgs portal only. Also in the
case of singlet scalar DM (S), there is only one conversion channel SS Ø XX (via quartic coupling
λΦX and Higgs mediation). But for inert doublet, there are many other annihilation channels, such as
H0H0, A0A0, H

`H´ Ø XX (the analytical expressions for the annihilation cross section are given in
the Section 3.A), that can affect the result. Furthermore, it also depends on the mass splitting between
H0, A0 etc. Therefore, results with inert doublet and vector DM are substantially different from the study
of singlet scalar + vector DM discussed in Ref. [64]. This can be easily understood from Fig. 3.5.3. In
the present multicomponent DM, depending on mass splitting we have two distinct peaks in Fig. 3.5.3,
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42 Chapter 3. Probing multicomponent extension of inert doublet model with a vector dark matter

small peaks due to A0A0, H
`H´ Ø XX and a large peak due to H0H0 Ø XX . In the case of singlet

+ vector DM, there will be only one such peak only for SS Ø XX as there is no other annihilation
possible.

λΦX = 0.08

λΦX= 0.1

λΦX = 0.15

λΦX = 0.3

100 200 300 400 500
100

200

300

400

500

mH0
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m
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e
V
)

Δm = 10 GeV

Figure 3.5.9: mX vs mH0 for ∆m “ 10 GeV as
a function of λΦX .
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Figure 3.5.10: ΩXh2 vs mX ,ΩH0h2 vs mH0 for
∆m “ 10 GeV.

In Fig. 3.5.9, we present the allowed ranges of dark matter masses in mH0 ´ mX plane for four
values of λΦX “ 0.08, 0.1, 0.15, 0.3 considering λL “ λHX “ 0.01 with ∆m “ 10 GeV. We vary the
masses of dark matter candidates in the range 100 GeV ď mH0,X ď 500 GeV as mentioned in the
beginning of this section and use the condition expressed in Eq. (3.3.3) for total DM relic abundance.
From the plots in Fig. 3.5.9 we observe that apart from the region whenmH0 „ mX , there exists another
regime with mX ą mH0 . However this nature disappears as we increase the coupling λΦX . From the
Fig. 3.5.9, we notice that in case of λΦX “ 0.1, the maximum mass mH0 „ 220 GeV and then it tends
to decrease with increasing mX while mH0 reaches a maximum value about 300 GeV for λΦX “ 0.15.

In order to explain the nature of these plots in Fig. 3.5.10 we present the variation of ΩH0,Xh2 vs
mH0,X for the same set of parameters considered in Fig. 3.5.9. From Fig. 3.5.10, it can be observed that
for λΦX “ 0.1, initially the relic density ΩXh2 tends to decrease with increasingmX . In this regime, the
contribution of inert dark matterH0 as well as the mass ofH0 also increases. This can easily be checked
by adding up the relic density ΩH0h2 with ΩXh2 that provide the required total DM relic abundance.
This corresponds to the regime mX „ mH0 , the lower half of the semicircular arc in Fig. 3.5.9 for
λΦX “ 0.1 that continues till mX „ mH0 „ 220 GeV. For larger values of mX ą 220 GeV, the relic
density ΩXh2 tends to increase while the contribution of H0 in total DM relic decreases which also
results in a reduction of the mass of H0. This regime corresponds to the upper part of the semicircular
allowed region shown in Fig. 3.5.9. This can also be justified by looking into Fig. 3.5.6 where ΩXh2

becomes overabundant near mX „ 380 GeV for λΦX “ 0.1. This indicates that with the increase
in mX , the contribution of the other candidate must be small as ΩXh2 approaches ΩDMh2. Similar
conclusion can be drawn for λΦX “ 0.08, 0.15 from Figs. 3.5.9 and 10. However, with increasing
values of λΦX “ 0.3 such feature disappears as observed in Fig. 3.5.9. We have found that with the
present two component scenario, the relic density contribution of H0 can be enhanced significantly. For
example, in Fig. 3.5.10, the relic density of H0 having mass mH0 “ 400 GeV when calculated for
λΦX “ 0.3 is about ΩH0h2 “ 0.042 with respect to the usual value ΩH0h2 “ 0.0248 without influence
of other DM candidate.

Similar plots are shown in Figs. 3.5.11 and 12 with mass splitting ∆m “ 25 GeV. Figs. 3.5.9
and 11 depict similar nature and as we increase the value λΦX , the relation between mX and mH0

becomes more linear mX „ mH0 . Although Fig. 3.5.11 is almost same as Fig. 3.5.9 when compared
for different values of λΦX , due to the larger mass splitting contribution of ΩH0h2 to total dark matter
relic density is smaller when compared with the case ∆m “ 10 GeV. This is shown in Fig. 3.5.12 and is
obvious as for larger ∆m values contribution in ΩH0h2 from co-annihilation channels are suppressed.
However, still, there is sufficient contribution from the inert dark matter in total DM relic density. It
can be observed that the value of ΩH0h2 “ 0.021, for mH0 “ 500 GeV with ∆m “ 25 GeV when
λΦX “ 0.3. In the absence of the multicomponent scenario, the contribution of inert doublet candidate
becomes ΩH0h2 “ 0.007. Therefore, the extension of the inert doublet with a vector dark matter can
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Figure 3.5.11: mX vs mH0 for ∆m “ 25 GeV
as a function of λΦX .
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Figure 3.5.12: ΩXh2 vs mX ,ΩH0h2 vs mH0 for
∆m “ 25 GeV.

provide a successful multicomponent dark matter scenario where the contribution of the inert candidate
can be enhanced considerably. However such properties are prominent for larger λΦX values and when
mX „ mH0 . For smaller λΦX , the contribution of inert doublet increases up to a certain value satisfying
the relation mX „ mH0 and then decrease with an increase in the mass of mX . In such case, the
inert doublet may have very small relic density (even when mX ě mH0) and most of the DM relic
abundance is obtained from the other candidate X . Overall, from Figs. 3.5.9 and 11 we can conclude
thatmH0 ď mX region inmH0 vsmX plane is allowed in the present multicomponent model depending
on the choice of λΦX .

Direct and Indirect detection of DM candidates: As mentioned earlier, from the study of vector dark
matter [30], it is observed that although a vector dark matter can satisfy DM relic density with λHX „
0.1 for mX „ 100 ´ 500 GeV, it is ruled out by direct detection limits from XENON1T. For a smaller
value of λHX “ 0.01, it can be easily found that vector dark matter is in agreement with XENON1T limit
for mX ě 140 GeV. However, for portal vector dark matter, relic density will be large as annihilation
cross section becomes small. On the other hand in the two-component scenario, as shown in Fig. 3.5.4
when mX ą mH0 , ΩXh2 decreases due to new annihilation channels into an inert doublet. From
Figs. 3.5.10–12, we also observe that contribution to the total DM relic density from vector dark matter
in the multi-component framework is larger compared to the inert doublet. Therefore, conservatively
assuming ΩXh2 „ ΩDMh2, λHX “ 0.01 allows us to study the low mass vector dark matter with
mX ą 140 GeV which was excluded earlier.

Similar to the case of vector dark matter, the choice of λL “ 0.01 for inert doublet dark matter
is not arbitrary. Different collider searches for inert doublet dark matter also consider the limit on λL
(also known as λ345). Collider study of inert doublet including the direct detection limits from LUX
excludes larger values of λL for mH0 „ 100 GeV and for mH0 “ 500 GeV, maximum allowed value
of λL “ 0.4 [166, 167]. Using the direct detection bound from XENON1T, the allowed limit on λL is
further reduced. From [167] (see Fig. 7 in reference mentioned), it is found that for mH0 „ 100 GeV
λL ď 0.01 and for mH0 “ 500 GeV, λL ď 0.1 is allowed. Therefore, in order to study inert doublet in
the mass range mH0 „ 100´ 500 GeV, we consider a value of λL “ 0.01.

As mentioned in the beginning of this Section 3.5, we considered λL “ λHX “ 0.01 and the direct
detection cross section for both the candidates can be obtained from Eqs. (3.4.6) and (3.4.7). Therefore,
the direct detection cross section is further reduced by the scaling ri, i “ H0, X . We have found that,
with the present choice of λL “ 0.01, the regions plotted for H0 in Figs. 3.5.1–3, 3.5.5, 3.5.7 and 3.5.9–
126 with 100 GeV ď mH0 ď 500 GeV remains within the direct detection cross section limits obtained
from XENON1T [29]. Similarly for λHX “ 0.01 in case of the vector boson dark matter, we find that all
the regions within the mass range 140 GeV ď mX ď 500 GeV plotted in Figs. 3.5.6 and 3.5.8–12 is in
agreement with the XENON1T bound. This limit is obtained by simply assuming rX „ 1 in Eq. (3.4.7)
since in both Figs. 3.5.10 and 12 we observe that for masses mH0,X ď 200 GeV, relic density of IDM

6There will not be any direct detection for Fig. 3.5.1 as λL“λHX “ 0.
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is small with respect to the vector dark matter. Therefore, all the allowed points with mX ă 140 GeV
satisfying Eq. (3.3.3) in Figs. 3.5.9–12 are excluded by XENON1T bound on vector dark matter. This
leaves an allowed parameter space in mH0 ´ mX plane (shown in Figs. 3.5.9 and 11) satisfying the
conditions i) 100 GeV ď mH0 ď 500 GeV, ii) 140 GeV ď mX ď 500 GeV and iii)mH0 ď mX

for fixed λL, λHX ,∆m considering λΦX as the only variable. We use these limits for further studies
involving collider searches for dark matter candidates in the next section. Of course one can avoid
direct detection bound on vector dark matter by assuming a smaller value of λHX , thus consistent with
XENON1T bound. But that would not affect the phenomenology of the model leaving mH0 ď mX

as the only condition to restrain the model parameter space. It is to be noted that the parameter region
discussed here, although safe from XENON-1T limits, can be probed by future DD experiments like
XENONnT or DARWIN [12]. In fact, the low DM mass region („ 100 GeV) can be excluded by
DARWIN data in case of null result. This will further constrain λL and λHX to smaller values. But that
will not affect the results because the study focuses on DM-DM conversion.

Indirect detection Direct detection

mX

[ GeV ]
λHX

xσvyX xσvyFermi-LAT σX σXENON1T

[ cm3/s ] [ cm2 ]

100

0.001 2.28ˆ10´29

3.0ˆ 10´26

3.46ˆ10´48

1.5ˆ 10´46
0.01 2.27ˆ10´27 3.46ˆ10´46

0.02 9.0 ˆ10´27 1.38ˆ10´45

0.03 2.0 ˆ10´26 3.11ˆ10´45

500

0.001 1.25ˆ10´28

1.0ˆ 10´25

1.48ˆ10´49

4.0ˆ 10´46
0.01 1.37ˆ10´26 1.3 ˆ10´47

0.1 9.1 ˆ10´30 1.27ˆ10´45

1.0 5.3 ˆ10´26 3.8 ˆ10´44

Table 3.5.1: Bound on λHX from direct and indirect detection. mH0 “ 100 GeV, λΦX=0.1, λL=0.01.

The bounds on the upper and lower limit of couplings λL and λHX , obtained from direct and indirect
detection experiments, are given in Tables 3.5.1 and 3.5.2 respectively. It is self-explanatory that our
choice of parameters are consistent with these constraints, with the comment that mX ď 140 GeV is
excluded by direct detection limits, as already mentioned earlier which can also be verified from these
Tables. While direct detection cross sections are purely Higgs mediated for both the DM candidates
and therefore strongly depend on the Higgs portal couplings λL and λHX (see Eqs. (3.4.6) and (3.4.7)
for expression), indirect detection cross sections may not have a similar dependence on the couplings,
because, for H0, the dominant channel is annihilation into gauge pairs, which cannot be controlled
by λL. However, indirect detection channels for X will depend on λHX since it is the only portal
through which it can interact with SM. Note that σH0 rσXs mentioned in the above tables are actually
σH0 SMÑH0 SMˆpΩH0{ΩDMq rσX SMÑX SMˆpΩX{ΩDMqs, similarly, xσvyH0

and xσvyX are obtained
by multiplying the total indirect annihilation cross sections for individual DM DMÑ SM SM multiplied
by the fractions pΩH0{ΩDMq2 and pΩX{ΩDMq2 respectively. The direct detection experimental bound is
obtained from XENON1T [29] and indirect bound is taken from Fermi-LAT data [20]. It is to be noted
that in the mass range 100 GeV ď mX,H0 ď 500 GeV both the dark matter candidates annihilate into
gauge bosons dominantly. The Fermi-LAT limit on the annihilation cross section is on DM annihilating
directly into bsb. Both cross sections xσvyH0

and xσvyX are found to be much smaller to Fermi-LAT
limit and therefore consistent with the bounds from indirect detection since secondary annihilation cross
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Indirect detection Direct detection

mH0

[ GeV ]
λL

xσvyH0
xσvyFermi-LAT σH0 σXENON1T

[ cm3/s ] [ cm2 ]

100

0.001 4.47ˆ10´28

3.0ˆ 10´26

7.2 ˆ10´50

1.5ˆ 10´46
0.01 4.14ˆ10´28 7.2 ˆ10´48

0.1 2.18ˆ10´28 4.13ˆ10´46

1.0 2.24ˆ10´29 8.48ˆ10´45

500

0.001 1.81ˆ10´33

1.0ˆ 10´25

1.25ˆ10´50

4.0ˆ 10´46
0.01 1.7 ˆ10´29 1.23ˆ10´48

0.1 9.1 ˆ10´30 1.0 ˆ10´46

1.0 4.26ˆ10´31 3.83ˆ10´45

Table 3.5.2: Bound on λL from direct and indirect detection. mX “ 600 GeV, λΦX=0.1, λHX=0.01.

section into bsb pair will be even smaller. Upper limits on H0H0 Ñ W`W´ cross section is calculated
in Ref. [140] considering emission of gamma-ray in dwarf galaxies and also anti-proton flux. We found
that the annihilation cross section of H0H0 Ñ W`W´ is smaller in the present multicomponent dark
matter model compared to the observed limits in Ref. [140].

3.6 Dark Matter signatures at the LHC

In this section, we will discuss the issues about the collider signatures of the dark matter specific to
our model. We specifically focus on the dilepton plus missing transverse energy channel (2` ` {ET ,
` “ e, µ) in the present study. We choose at least 2 leading pT leptons in the final states irrespective of
their charge. Among the two DM candidates in our model, the vector DM, X , is produced only in the
association with the SM Higgs boson, h, because it belongs to a separate Z12 symmetry. As we are aware
that the branching ratio of h Ñ 2` is negligible, X does not give any significant signal cross section in
the present LHC environment. Hence the collider signature of the DM here is entirely dictated by H0.
Previously, Refs. [48, 124] studied the DM signature at the LHC for 2` ` {ET channel for IDM alone
whereas Refs. [59] studied the same signature in the context of multiparticle DM model consisting of
IDM plus scalar. In a separate study, the authors of Ref. [119] studied the multilepton channel with more
than 2 leptons in the final state. Here we will not address such channels as the signal cross section will
decrease significantly for them.

For this study, we first generate our model file which can be used in a Monte Carlo event generator.
We build our model file using FeynRules [23]. This model file is then used for generation of events
through MadGraph5 [26]. We further use Pythia 8 [215] for showering, fragmentation and hadronization
to get .HEPMC files. These .HEPMC files are then processed for fast simulation in detector studies through
Delphes [134]. We generate events for the LHC at the CM energy

?
S “ 13 TeV. We used the dynamic

factorisation and renormalisation scale for the signal as well as the background events.
For the generation of parton-level events we apply minimum or maximum cuts on the transverse

momentum pT and rapidities η of light jets, b-jets, leptons, photons and missing transverse momentum
{ET . Also, distance cuts between all possible final objects in the rapidity-azimuthal plane are applied,
with the distance between two objects i and j defined as ∆Rij “

apφi ´ φjq2 ` pηi ´ ηjq2, where φi
and ηi are the azimuthal angle and rapidity of the object i, respectively.

The preliminary selection cuts are:
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• pT ą 10 and |η| ă 5 for all non-b-jets, photons and leptons, and

• ∆Rij ą 0.4 between all possible jets and leptons or photons.

After this, the .LHE files obtained through parton level events are showered with final-state radiation
(FSR) with Pythia 8 where initial state radiation (ISR) and multiple interactions are switched off and
fragmentation/hadronization is allowed.

We studied the following signal processes for the 2`` {ET final state.

Sig1: ppÑ A0H0, with A0 further decaying through the channel, A0 Ñ ```´H0.

Sig2: ppÑ H`H´. H˘ can further decay into at a pair leptons in following three ways:

a) Both the charged Higgs bosons decay as H`pH´q Ñ ``p`´qν`psν`qA0, followed by A0 Ñ
```´H0;

b) Either one of the charged Higgs bosons decays as H`pH´q Ñ ``p`´qν`psν`qA0, followed by
A0 Ñ ```´H0, whereas the other one decaying through H`pH´q Ñ ``p`´qν`psν`qH0.

c) Both the charged Higgs bosons decay as H`pH´q Ñ ``p`´qν`psν`qH0.

Sig3: pp Ñ H˘H0. H˘ can further decay into at a pair leptons as H`pH´q Ñ ``p`´qν`psν`qA0,
followed by A0 Ñ ```´H0

mH0 mA0 mH` mX
λL λHX λΦX ΩH0h

2

[ GeV ]

BP1 150 160 160.1 205 0.01 0.01 0.07 0.01390

IDM 150 160 160.1 205 0.01 0.00468

BP2 100 125 125.1 155 0.01 0.01 0.05 0.00901

IDM 100 125 125.1 155 0.01 0.00197

Table 3.6.1: Viable benchmark points used for collider study.

We neglected any other signal process as they are negligible in comparison to the above-mentioned ones
for our benchmark points given in Table 3.6.1. We have chosen these benchmark points based on the
analysis of the relic density described in the previous sections. In Table 3.6.1 we have also given a
comparison between IDM and our model for the same benchmark points.

The major background at the LHC for the 2`` {ET final state processes are as follows

Bkg1: ppÑ tst, with the top (anti-)quark decaying into the leptonic channel, tpstq Ñ ``p`´qν`psν`qbpsbq.
Bkg2: ppÑW`W´. W˘ further decays via leptonic channel as W`pW´q Ñ ``p`´qν`psν`q.
Bkg3: pp Ñ W˘Zpγ˚q, followed by W`pW´q Ñ ``p`´qν`psν`q, and Z{γ˚ decays into leptonic
channel, Zpγ˚q Ñ ```´.

Bkg4: ppÑ ZZpγ˚q, followed by leptonic decays Z Ñ ν`sν` and Zpγ˚q Ñ ```´.

Table 3.6.2 shows the cross sections of the signal processes for the above-mentioned benchmark points
along with their backgrounds.

As is obvious from Table 3.6.2 that the cross section is greater in the low mass region than the
higher one, we can naïvely assume that the lower mass region holds much more promise in the search
of new BSM signal. In Fig. 3.6.1 we showed the {ET distribution for our benchmark points which
further strengthens our conviction. Please note the difference between the two plots of Fig. 3.6.1. In
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Processes
Cross section [ fb ] Processes Cross section [ fb ]

BP1 BP2 Bkg1 21269.0

Sig1 3.40 9.83 Bkg2 3127.47

Sig2 1.99 4.59 Bkg3 402.68

Sig3 1.26 2.64 Bkg4 272.43

Table 3.6.2: Cross sections of the signals and backgrounds.

Fig. 3.6.1a) we plotted the {ET distribution with each individual background. Here we see that the
signal is almost entirely overshadowed by the background which conforms with previous such studies.
However Fig. 3.6.1b) shows that if we see the signal with the total normalised background we can clearly
distinguish the signals from the backgrounds for a low mass region. Another important point in our study
is that we refrain from a strong {ET cut. Usually, the LHC searches for the dark matter was conducted
in the context of SUSY theories. As a result, a strong {ET cut „ 100 GeV is applied to suppress the
background which washes out the signal entirely in the low {ET region. Here such a strong {ET cut is not
necessary for IDM alone, specifically for the benchmark points of our choice.
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a) Distribution of {ET signal with individual backgrounds.

0 20 40 60 80 100 120
 [GeV]TE

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18T
Ed
σd  σ1

 sig1 BP1  sig1 BP2

 sig2 BP1  sig2 BP2

 sig3 BP1  sig3 BP2

 total bkg

b) Distribution of {ET signal with total background.

Figure 3.6.1: Distribution of {ET for the benchmark points given in Table 3.6.1. The solid histograms belong to the BP2 and
the dashed histograms (with only the peak value in each bin) show that for BP1.

Finally, we can say that a large {ET signal at the LHC where the dark matter can be produced along
with other visible Standard Model particles, be it photons, jets or leptons, as in our case, can provide a
mode of discovery of invisible sector. Although the measurement of {ET relies heavily on the precise
measurement of all the other visible particles in the collision, it is a powerful tool for observing dark
matter. With the proposed upgrade in luminosity coming up, if we succeed in detecting dark matter at
the LHC, it will further complement the searches from cosmic ray experiments and help us solve the
riddle of the Universe.

3.7 Summary

In this chapter, we perform a detailed analysis of a multicomponent dark matter model. We consider a
two-component dark matter model with inert Higgs doublet associated with a vector boson dark matter
both odd under two different discrete symmetries. We explore the intermediate-mass regime of inert
Higgs doublet in the range 100 ´ 500 GeV and observe that in presence of the other DM candidate it
is possible to enhance the relic density of inert dark matter H0 considerably when compared with the
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usual single component inert doublet model. We observe that the allowed mass ranges of inert doublet
and vector dark matter which satisfy total DM relic abundance depend significantly on the coupling
between inert Higgs doublet and vector dark matter λΦX . We scan over a range of mass for both H0

and X in the range 100 GeV ď mH0,X ď 500 GeV for a specific value of λL “ λHX “ 0.01 and
mass splitting ∆m. We show that there exists a large allowed parameter space of the model in mH0 vs
mX plane for different λΦX values satisfying the condition mH0 ď mX . Direct detection limits from
XENON1T further restricts the model parameter space by excluding regions below mX ă 140 GeV.
However, this can be avoided by considering a smaller λHX that satisfies direct detection limits for
mX „ 100 GeV making the total range 100 ď mX ď 500 GeV accessible. But this does not affect
the phenomenology of multicomponent dark matter model. In a similar vein, we have shown that an
allowed parameter space can be obtained in the above mentioned intermediate-mass range which obeys
the indirect detection bound from Fermi-LAT. Since IDM already satisfies relic bound in the region
mH0 ě 550 GeV onwards due to co-annihilation channels which become more effective in this mass
range, we have not shown the effect of our analysis in this mass range here. But we checked the region
for both DM masses up to 2 TeV, the features remain the same - only larger couplings are required in the
higher mass range.

Apart from the phenomenology of the dark sector, we also explore the collider signature of the inert
doublet dark matter. We observe a clear signal in the lower mass region of the new particles of the inert
doublet model. However one should be careful in putting a hard {ET cut. Otherwise, the signal will
completely be washed away. The collider signatures of vector dark matter are not very significant and
have not been pursued in this work. In conclusion, we show that the present model with inert doublet
and a vector boson dark matter can successfully provide a multi-component dark matter scenario.

Appendix

3.A Vector DM annihilation cross sections

In this appendix, we give the analytical expressions of the most important conversion cross sections for
vector DM.

σXXÑH`H´ “ 1

144πsm4
X

b
s´ 4m2

H˘b
s´ 4m2

X

`
12m4

X ´ 4m2
Xs` s2

˘

ˆ
#

4
pλLv2 `m2

H˘ ´m2
H0
q2λ2

HX

ps´m2
hq2

´ 4
pλLv2 `m2

H˘ ´m2
H0
qλHXλΦX

ps´m2
hq

` λ2
ΦX

+
(3.A.1)

σXXÑH0H0 “
1

288πsm4
X

b
s´ 4m2

H0b
s´ 4m2

X

`
12m4

X ´ 4m2
Xs` s2

˘

ˆ
"
λ2
Lλ

2
HXv

4

ps´m2
hq2

´ 2
λLλHXλΦXv

2

ps´m2
hq

` λ2
ΦX

*
(3.A.2)

σXXÑA0A0 “
1

288πsm4
X

b
s´ 4m2

A0b
s´ 4m2

X

`
12m4

X ´ 4m2
Xs` s2

˘

ˆ
#

4
pλLv2 `m2

A0
´m2

H0
q2λ2

HX

ps´m2
hq2

´ 4
pλLv2 `m2

A0
´m2

H0
qλHXλΦX

ps´m2
hq

` λ2
ΦX

+
(3.A.3)

TH-2426_156121030



Part II

Coannihilation of scalar dark matter
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In this part, we focus on a second possibility of reviving the shrunken parameter space of WIMPs
through coannihilation. As already discussed in the Introduction Chapter 1, in the coannihilation phe-
nomena [32, 42, 57, 105, 121, 128, 144, 148, 169, 170, 174, 184], DM annihilates with another nearly
degenerate dark sector particle, and the chemical equilibrium between the annihilating particles ensures
the substantial depletion of DM number density. As the direct detection channels are relevant only for
DM DMÑ qq̄ interactions, the coannihilation works efficiently to keep the bounds from such measure-
ments at bay. In this part, we take up the case of quintessential minimal WIMP paradigm of a scalar
singlet as the DM candidate. Scalar singlet DM by itself is a very constrained model because of tight
direct detection bounds. We discussed two scenarios in the two chapters, the latter being the logical
continuation of the first. Both of these help us in escaping such bound and opening up new possibilities
of both rich phenomenologies in relic density analysis and search prospects in the controlled laboratory
environment.
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Chapter 4
Signatures of leptophilic scalar dark matter
in coannihilation scenario
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4.1 Motivation

In this chapter, we revisit the scenario of the scalar singlet dark matter with a pair of accompanying
dark leptons which form a vectorlike Dirac fermionic doublet. Gauge invariance requires that the two
components be degenerate at tree level and only a small mass splitting of the order of 300 MeV can be
generated by the radiative corrections [81]. One can generate finite mass splitting at tree level in a gauge-
invariant way by increasing the particle content in the model. In this article, we introduce an additional
scalar triplet for this purpose whose vacuum expectation value (VEV) will be responsible for generating
a small but sufficient mass splitting between the dark leptons. This mechanism is used to generate a
finite mass of neutrinos in type-II seesaw models [155]. However, the triplet may or may not play any
role in the phenomenology of the dark matter depending on the values of their masses. We assume them
to be very heavy so that their effect is negligible apart from generating sufficient mass splitting between
the dark leptons which will play an important role in our study. Now, this dark sector doublet couples
with the SM leptonic doublet and the scalar singlet via a novel Yukawa interaction which is less explored
in the literature. There are two distinct interesting features of this model: (i) Since the new dark sector
fermions form a doublet, they will interact with the SM via gauge interaction as well as the new Yukawa
coupling, which, in turn, will give rise to new annihilation channels, and (ii) such a Yukawa structure will
open up new production channels for leptonic final states giving much enhancement in cross sections
to search for dark matter in collider environments like the LHC through the said channel. Depending
on the choice of parameters, here the DM annihilation can have three distinguishable stages, namely,
pair annihilation, coannihilation, and mediator annihilation. Here, it is to be noted that coannihilation
scenarios in WIMPs are mostly studied in the literature in the context of supersymmetric (SUSY) [32,
42, 127, 128] and coloured coannihilating particles [41, 67, 165]. Our model discusses a leptophilic
context, and the coannihilation channels play an important role here due to the gauge interaction in the
dark sector in addition to the new Yukawa coupling. This feature is significantly different from the cases
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explored in the literature where the leptophilic Yukawa structure involves singlet dark sector partners
with the DM candidate [79, 179].

As mentioned above, since the coannihilating partner1 couples to the SM with a gauge as well as
Yukawa coupling, the leptonic search channels get a boost in cross section from it, and it is only logical
to probe the said channel for collider signatures. Moreover, the leptonic channel gives cleaner signals
than the other channels. Still, the collider searches of dark matter are a very challenging prospect.
Note that any leptophilic DM model like ours contributes to the calculation of muon g ´ 2. Very good
agreement between the theoretical calculation and experimental measurements of muon g ´ 2, ∆aµ “
aExp
µ ´ aSM

µ “ 268p63qp43q ˆ 10´11 [225], put a strong constraint on the new Yukawa couplings of
the light SM leptons. However, there is no such bound for the production of τ leptons. Hence, it would
be a good prospect to probe that channel for dark matter signatures in colliders. Our case is similar to
the SUSY theories where stau is the coannihilating partner [105, 121, 128, 144, 169, 170, 174, 184].
In the SUSY scenario, the particle content is much larger than our minimalistic model, leading to more
involved phenomenology. On the other hand, in a minimalistic model like ours, we have more handle to
pinpoint the effects of coannihilation, and it is less probable to be lost amid other effects.

Despite the leptonic channel getting a boost, the cross section can still be smaller. So, to probe
light leptonic channels effectively, one must follow sophisticated techniques to separate signals from the
backgrounds. The multivariate analysis is one such prospect. We perform boosted decision tree (BDT)
response to separate feeble light leptonic signals from the background in an effective manner. On the
other hand, despite further enhancement in cross section, the τ leptons mostly decay into hadronic jets,
resulting in difficulty in their reconstruction. We used τ -tagged jets from the detector simulation with
60% τ -tagging efficiency to perform the BDT response.

4.2 Model

As we described briefly in the previous section, we want a model where the dark sector will consist
of one or more coannihilating partners in addition to the scalar singlet dark matter. So, we consider a
vectorlike Dirac fermionic doublet ΨT “ pψ0, ψ´q and a real scalar singlet φ in addition to the SM
particles. To achieve the stability of the dark sector, both these new fields are odd under Z2 symmetry,
whereas the SM fields are Z2-even. Gauge invariance makes the masses of each field in the fermionic
doublet degenerate. The difference between the masses can come only from radiative corrections which
are of the order of 300 MeV. However, one can introduce extra fields in the model to increase the mass
splitting. That is the reason why we introduce a Z2-even scalar triplet in addition to the SM doublet
scalar. However, this scalar triplet does not affect the phenomenology of dark matter in any way and
serves the only purpose of tuning the mass splitting of new fermions. In Table 4.2.1, the quantum number
assignments of the particles relevant to new interactions are shown.

`L eR H ∆ Ψ φ

SUp2qL 2 1 2 3 2 1

Up1qY ´1{2 ´1 1{2 1 ´1{2 0

Z2 ` ` ` ` ´ ´
Table 4.2.1: Quantum number assignment of the relevant fields in our model. Electromagnetic charges are given by Q “

t3 ` Y .

The real scalar singlet φ which is our DM candidate interacts with the SM via the Higgs-portal. As the
other dark sector particles pψ0, ψ˘q form an SUp2qL doublet, it interacts with the SM through gauge

1Nonobservance of any new fermionic partner state in LEP2 which interacts with the SM leptons via Yukawa-type interac-
tion puts a bound of mψ ą 104 GeV on their masses. However, please note that here the new fermions interact strongly only
with the τ lepton. Since LEP2 τ detection was not very precise, we must take this limit with a pinch of salt.
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bosons. The coannihilating doublet Ψ couples with the SM leptonic doublet `L and the scalar singlet φ
via a Yukawa interaction. This is novel in the sense that the widely used Yukawa structure in any new
physics model consists of a scalar doublet which is the replica of the SM Yukawa interaction. Although
this particular Yukawa structure is less explored in the literature, it fits the bill for all our requirements
for this study. Although, as mentioned previously, the scalar triplet does not play any role in the DM
phenomenology, we write the relevant terms in the Lagrangian nonetheless for the sake of completeness.

Hence, the resulting Lagrangian takes the form

L “LSM ` sΨi {DΨ ´ sΨMΨΨ ` 1

2
pBµφq2 ´

µ2
φ

2
φ2 ´ λφ

4
φ4 ´ λhφ

2
pH:Hqφ2

`trrpDµ∆q:pDµ∆qs ´ µ2
∆trr∆:∆s ´ rµHT iτ2∆:H ` h.c.s

´λ∆prtrp∆:∆qs2 ` trrp∆:∆q2sq ´ λH∆rH:Htrp∆:∆q `H:∆∆:Hs
´λφ∆φ

2trp∆:∆q ´ 1?
2

“
y∆

sΨ c iτ2∆Ψ ` h.c.
‰´ “

yαps̀αLΨqφ` h.c.
‰
, (4.2.1)

where LSM is the SM Lagrangian, MΨ “ mψ0 “ mψ´ is the bare mass term of the new fermionic
doublet, andDµ “ Bµ` igW taW a` ig1 Y Bµ is the covariant derivative. The mass of the scalar singlet

φ is given by m2
φ “ µ2

φ ` λhφ v2{2, where the VEV v “
b
v2
H ` v2

∆ « 246 GeV, vH and v∆ being the
VEVs of the doublet and triplet scalar fields, respectively. The mass splitting between the dark lepton
fields in the doublet comes out to be

δ “ |mψ0 ´mψ` | “ y∆v∆ (4.2.2)

A discussion is in order here on the existing bounds that constrain the model parameters. The
couplings which will play a significant role in the DM dynamics are the Higgs-portal coupling λhφ
and the Yukawa couplings y`, ` “ e, µ, τ . To put the bounds from the direct detection searches at
bay, we have considered λhφ À 10´4, which also takes care of the invisible decay measurement. On
the other hand, the muon g ´ 2 measurement puts a bound on the value of the Yukawa couplings of
light leptons. Although it need not be so stringent, we still take a conservative choice of values at
ye „ yµ À 10´9. This leaves the third-generation Yukawa coupling yτ to be the only one free from
experimental constraints. However, one must note that to keep our model in the perturbative regime, we
must have yτ ď 4π. The measurement of the ρ parameter [225] puts a bound on the value of the triplet
VEV: v∆ „ 3 GeV. So for a safe choice, we have taken the value of the mass splitting δ ď 10 GeV.

4.3 Dark matter phenomenology

4.3.1 Formalism

In the proposed model, DM number changing processes are (i) pair annihilation (φφ Ñ SM SM), (ii)
coannihilation (φψ˘0 Ñ SM SM) and (iii) mediator annihilation (ψ˘0ψ¯0 Ñ SM SM). The choice of
parameters will determine the relative contribution of these processes towards the relic density as we
discuss in the following sections. In agreement with the common assumption of thermal freeze-out, the
dark sector particles are in equilibrium with the thermal bath in the early Universe. At the same time,
they are also in chemical equilibrium with each other, due to substantial interaction strength between
themselves. Keeping all these in mind, one can write the Boltzmann equation as follows [148]

dn

dt
“ ´3H n´ xσeff vy pn2 ´ n2

eqq , (4.3.1)

where n and neq are the DM number density and the equilibrium number density respectively. Now, the
effective velocity averaged annihilation cross section xσeff vy specific to this model can be written as

xσeff vy “ 1

rgφ ` ḡψ0 ` ḡψ˘s2
“
g2
φ xσφφÑSM SMvy ` gφ ḡψ0 xσφψ0ÑSM SMvy ` gφ ḡψ˘ xσφψ˘ÑSM SMvy

`ḡ2
ψ0 xσψ0ψ0ÑSM SMvy ` ḡ2

ψ˘xσψ˘ψ¯ÑSM SMvy ` ḡψ˘ ḡψ0xσψ˘ψ0ÑSM SMvy
‰

(4.3.2)
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where

ḡψ0 “ gψ0 p1`∆m0q3{2 expr´x∆m0s,
ḡψ˘ “ gψ˘ p1`∆mchq3{2 expr´x∆mchs .

(4.3.3)

In the expressions above, gφ “ 1, gψ0 “ gψ˘ “ 2 are the internal degrees of freedom and x “ mφ{T .
∆m’s are dimensionless mass splitting parameters defined as

∆m0 “ pmψ0 ´mφq{mφ ,

∆mch “ pmψ˘ ´mφq{mφ .
(4.3.4)

As previously mentioned, the pair annihilation and coannihilation channels predominantly control
the DM freeze-out. The mass splitting between φ and other dark sector particles and the Yukawa cou-
plings mainly determines the contribution of these processes towards the total DM annihilation cross
section. These mass splittings play a very important role, especially for the coannihilation and mediator-
annihilation processes, as the Boltzmann factor in Eq. (4.3.2) gives rise to a significantly increased
annihilation cross section for small values of ∆m’s.

Before we go into the details of the freeze-out mechanisms, let us discuss the parameters used in the
analysis. Since the mass splitting parameters defined in Eq. (4.3.4) between DM and other dark sector
particles play an important role in freeze-out of φ, we will use them as independent parameters along
with DM mass. As discussed in the previous section, the only important Yukawa coupling here will be
yτ , which couples φ to the third-generation SUp2qL lepton doublet and the new fermionic doublet Ψ . In
summary, we take the following values of the parameters throughout our analysis:

Free parameters: mφ, ∆m0, ∆mch, yτ ,

Fixed parameters: λhφ “ 10´4, ye „ yµ „ 10´9 .
(4.3.5)

4.3.2 Analysis and observations

Relic density

In addition to the Higgs-portal annihilation channels of scalar singlet DM, the present model introduces
a Yukawa interaction between the dark sector particles and SM. Unlike the Higgs-DM quartic coupling
(λhφ), the new Yukawa coupling (yτ ) is unconstrained except for the perturbative limits. This provides
an excellent tool to explain the relic density for a wide parameter space even with negligible λhφ, which,
in turn, alleviates the direct search bounds. We have performed DM analysis using micrOMEGAs [50].

Because of minuscule λhφ, the Higgs-portal annihilation channels have a negligible contribution
towards DM relic density, and, hence, we will focus on the newly introduced channels only. All these
annihilation channels can be broadly classified into three categories:

• pair annihilation (φφÑ SM SM) (Fig. 4.3.1),

• Coannihilation (φψ˘0 Ñ SM SM) (Fig. 4.3.2), and

• Mediator annihilation (ψ˘0ψ¯0 Ñ SM SM) (Fig. 4.3.3).

All these categories can coexist or supersede each other, depending on the choice of parameters. The
coannihilation and mediator annihilation processes become efficient only for small mass splittings be-
tween the DM and the dark sector particles. This is due to the exponential factor sitting in the expression
for the respective xσeff vy [see Eq. (4.3.2)]. Moreover, in this model, the cross sections of these processes
are larger than the DM pair annihilation cross section, which is the precise reason why these processes
significantly reduce DM relic density [75]. In the following analysis, we will see that, over the entire
parameter space, these DM number changing processes supersede the pair annihilation contribution to
the relic density by 1 or 2 orders whenever δm “ mψ˘pmψ0q ´mφ are small.
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Similar to δm’s, the two ∆m’s also account for the strength of the coannihilation and mediator
annihilation channels for two heavier dark sector particles ψ0 and ψ˘. Apart from this, the Yukawa
coupling yτ also plays a significant role. In this context, it is worth noting that, for the pair annihilation
channels in Fig. 4.3.1, the cross section depends on y4

τ , while, for coannihilation channels, it is only a
y2
τ dependence, and the mediator annihilation channels, being mostly gauge mediated, have very little

dependence on yτ .
Since all the above three categories of DM annihilation can coexist in the parameter space, it would

be interesting to identify the limiting cases where the transition from one category to another is per-
ceivable. It is worth mentioning here that the interaction channels between φ and two other dark sector
particles are exactly similar (see Figs. 4.3.1 and 2), so in the degenerate mass limit, mψ0 „ mψ˘ their
contribution will be the same. However, here the extra scalar triplet allows a finite mass difference be-
tween ψ˘ and ψ0. This mass splitting helps to identify the dominant dark lepton in the number-changing
DM coannihilation and mediator annihilation channels.

τ´

ψ`

τ`

ντ

ψ0

sντφ

φ

Figure 4.3.1: Feynman diagrams depicting the pair annihilation channels of φ

ψ0

ψ`
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ψ0
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τ`
τ`

sντ
φ

Zpγq
W`

Figure 4.3.2: Feynman diagrams depicting the coannihilation channels of φ

In Fig. 4.3.4, the transition between the above-mentioned categories is depicted in the yτ vs mφ

plane for some fixed values of δm “ mψ˘pmψ0q ´ mφ. For pair annihilation, xσeff vy has mψ˘ de-
pendence only in the t-channel propagator, but, for coannihilation, mψ˘ appears in the propagator and
the initial state along with the Boltzmann factor [Eq. (4.3.3)]. The functional dependence on the Boltz-
mann factor is even stronger for the mediator annihilation channels, which implies that for small mass
splitting between the dark leptons and φ, mediator annihilation channels will deplete the DM number
density most efficiently. For slightly larger splittings, the coannihilation channels take over. A large
enough value of δm, however, makes the coannihilation processes negligible due to substantially large
Boltzmann suppression, and so the pair annihilation predominantly dictates DM annihilation. This is
clear from Fig. 4.3.4, where the blue line depicts the relic density allowed yτ vs mφ correlation for
the mediator annihilation dominated channels. As required for this feature, mψ˘ ´mφ is small (À 10
GeV). In magenta and red lines, however, coannihilation channels dominate due to comparatively larger
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Figure 4.3.3: Feynman diagrams depicting the mediator annihilation channels
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Figure 4.3.5: ∆m p“ ∆mch “ ∆m0q vs mφ variation for
fixed values of yτ . All points satisfy relic density.

δm. It is to be noted here that mψ0 ´mψ˘ is fixed at 5 GeV in this plot, which implies that φ ´ ψ˘

coannihilation is stronger than the neutral dark lepton counterpart. As the DM-dark lepton splittings in-
crease, for a fixed value of mφ, xσeff vy becomes further Boltzmann suppressed, and, hence, larger yτ is
required to keep it within observed limits. For even larger δm, e.g., green and black lines, coannihilation
contribution becomes more suppressed and pair annihilation becomes dominant. To obtain a sufficient
annihilation cross section for the right relic, this implies a fairly large yτ .

In Fig. 4.3.5, the variation of ∆m (∆mch “ ∆m0 “ ∆m) vs mφ is plotted for all points satisfying
the right relic. In the smaller mφ region, the major share in relic density comes from φψ˘p0q coan-
nihilation channels. Larger values of ∆m cause Boltzmann suppression in xσeff vy, which, in turn, is
compensated by larger values of the coupling, as clearly seen in the plot. However, this feature is more
prominent for smaller values of mφ. This is because, for a fixed ∆m, larger values of mφ imply large
mψ˘p0q ´mφ, which rules out any substantial effect from the coannihilation channels. In fact, for larger
mφ, pair annihilation channels begin to dominate the total annihilation. Propagator suppression causes
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yτ to decrease towards higher mφ, but here the decrease is at a much slower rate than the smaller mφ

regime.
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Figure 4.3.6: Variation of relic density allowed points in yτ
vs ∆m p“ ∆mch “ ∆m0q plane for mφ=100 GeV. The
coupling gradually increases for larger ∆m, compensating
for larger Boltzmann suppression in xσeff vy.
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Figure 4.3.7: Variation of relic density with ∆m p“

∆mch “ ∆m0q in the coannihilation regime for fixed values
yτ and mφ. The black line represents the right relic density
at Ωh2

“ 0.1215.

As mentioned previously, for very small values of ∆m’s, mediator annihilation or the freeze-out
of ψ0 and ψ˘ contributes to the relic density of φ. As observed from Eq. (4.3.2), the dependence on
∆m’s is stronger in the Boltzmann factor of xσeff vy than coannihilation, and this leads to the fact that,
for very small values of ∆m’s, the mediator-driven annihilations almost entirely dominate the total DM
annihilation. It is also worth noting that, being mostly gauge mediated, these channels substantially
contribute to the DM annihilation even for very small values of yτ . For our choice of parameters,
we have observed that mediator annihilation is effective for pmψ˘p0q ´ mφq À 10 GeV, and then the
coannihilation processes take over. This feature is clear from Fig. 4.3.6, where we can see that there
is no relic density allowed yτ for ∆m À 0.1 GeV. Beyond this range, as ∆m increases, the required
coupling also increases gradually to compensate for the Boltzmann suppression. mφ is fixed at 100 GeV.
Contributions from both the dark leptons are equal in the total annihilation cross section of DM since
they are considered degenerate.

In Fig. 4.3.7, the variation of the relic density is plotted with ∆m for some fixed Yukawa couplings
and DM mass. As already argued, for a fixedmφ, larger coupling corresponds to larger ∆m due to Boltz-
mann suppression in xσeff vy as well as larger mass suppression of ψ˘p0q in the t-channel propagator of
the coannihilation channels. This explains the shift along the X axis from the red to the blue line where
mφ is 100 GeV and the Yukawa coupling yτ varies from 0.5 to 1.0. We see the same trend for the cyan
and green lines, but the amount of shift is relatively less, because, in this case, mφ is larger (500 GeV),
which automatically implies a fairly large splitting between m0

ψ{mψ˘ and mφ, and, consequently, the
coannihilation effect is not so prominent. We can argue that, for a fixed value of yτ , larger DM mass
obtains the correct relic density with a relatively smaller ∆m; hence, the red line with mφ=100 GeV
shifts left towards the cyan line with the same yτ but larger mφ = 500 GeV. The same logic applies to
the shift between the blue and the green line. This trend also agrees with Fig. 4.3.5. As expected, very
small values of ∆m give an underabundance for the choice of parameters due to a fairly large increase
in the Boltzmann factor of Eq. (4.3.3).

Now we observe the possibility of coexistence of all the possible annihilation regimes by varying
both ∆m0 and ∆mch along with the DM mass. Fig. 4.3.8 gives a correlation plot between ∆m0 and
∆mch at different values of yτ . For very small values of the coupling, mediator annihilation and coanni-
hilation are dominant over pair-annihilation depending on ∆m, because annihilation cross sections are
proportional to y4

τ while for coannihilation it is only y2
τ and mediator annihilations are mostly gauge me-

diated. The green points, corresponding to yτ “ 0.0, show that one can obtain the correct relic density
only if one of the ∆m’s is fairly small. Mediator annihilation is the only possibility here because some
of the channels in Fig. 4.3.3 are yτ independent. The red shading, on the other hand, corresponding to
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Figure 4.3.8: Correlation between ∆m0 and ∆mch for different values of yτ . mφ varies from 65 GeV to 1 TeV. The three
colours indicate three different couplings and distinguish the regions of parameter space where different DM number-changing
processes dictate the relic density. The shaded region is allowed by the constraint on mass splitting between the dark leptons.

a larger coupling (yτ=1.0), shows some scattered points in the allowed region. This implies that, with
the increase in the coupling, the coannihilation and pair annihilation channels become stronger, and,
to maintain the right relic, the mediator annihilation channels are automatically suppressed. This is an
artefact of the larger ∆m values in the allowed region. The spread even increases for blue points, which
corresponds to even larger yτ “ 2.5. In this region, due to such large coupling, pair annihilation is the
most dominant, and other number-changing processes are suppressed. Therefore, it becomes obvious
that all three possible modes of annihilation can coexist in the present model for a wide parameter space
wheremφ varies from a few GeV up to the TeV scale, and the coupling ranges from 0 to 3. However, the
constraint on mass splitting between the dark leptons excludes the white region in the correlation plot.
The introduction of a scalar triplet to generate the finite mass splitting plays the key role in relaxing the
parameter space here because in the degenerate limit the allowed grey shaded region narrows down to
the line along ∆m0 “ ∆mch. Nevertheless, even with the imposed constraint, the essential feature re-
mains unchanged, where large Yukawa coupling and larger values of ∆m favour pair annihilation while
the smaller values facilitate coannihilation and mediator annihilation.

Direct and indirect detection

Direct search prospect — As known from the direct detection of scalar DM models, DM undergoes
elastic scattering with detector nuclei through Higgs mediation. The spin-independent scattering cross
section in our model is [47]

σSI “
λ2
φh

16πm4
h

f2 m4
N

pmφ `mN q2 (4.3.6)

where the form factor (f„ 0.3) contains all the contributions from the nuclear matrix elements. Through-
out the study, we have fixed the DM-Higgs coupling λφh at 10´4. This keeps σSI 2-4 orders below the
present [29], as well as future [12] experimental bounds. The new physics Yukawa coupling yτ being
leptophilic plays no role in direct searches.

Indirect search prospect — The indirect detection experiments further constrain the DM velocity
averaged cross section for relevant channels contributing to high-energy γ-ray flux in the Universe.
In the context of our model, as far as these possibilities are concerned, due to DM-Higgs coupling
λφh “ 10´4, xσvyγγ and xσvybb̄ contributions will be minuscule. However, the annihilation channels in
Fig. 4.3.1 give rise to xσvyτ`τ´ possibility.

In Fig. 4.3.9, xσvyττ is plotted against mφ for two different values of ∆m’s, whereas yτ is varied in
the colour bar. Both mφ and yτ are varied over the full range. To be specific, some values of yτ
are taken above our conservative choice for the perturbative limits to demonstrate the entire parameter
space. The allowed limit (yτ À 3.0) is up to the green shade, whereas the purple region above is not
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allowed by perturbativity. It is visible from Fig. 4.3.9b) that the large ∆m’s considered here suggest
larger propagator suppression for the relevant channels and, consequently, shift the parameter space
downwards along the Y axis compared to Fig. 4.3.9a).
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Figure 4.3.9: Plots indicating the parameter space and the constraints relevant to indirect detection. The top plot is for
∆m0 “ ∆mch “ 0.3, whereas for the bottom plot ∆m0 “ ∆mch “ 0.8. yτ is varied in the colour bar, and our conservative
choice for the perturbative limit is depicted by the region between red and green. The gray dots represent the latest bounds
from τ`τ´ measurements observed in Fermi-LAT. The black dots represent the relic density allowed region.

The parameter space below the indirect search limits is depicted by the region below the grey dots,
which is the latest experimental bound from Fermi-LAT data[15]. Because of the shift of the parameter
region downwards along the Y axis for larger ∆m’s as explained above, a larger region remains below
the experimental limits for Fig. 4.3.9b), except a small portion towards smaller values of mφ. However,
it is seen that the relic density allowed region, depicted by the black dots, remains safely below the ex-
perimental limits in both the plots. For Fig. 4.3.9a), since the ∆m’s are smaller, the relic density allowed
region remains below the perturbative limits for yτ for a large range of mφ, whereas for Fig. 4.3.9b), a
substantial portion remains above. This feature is also seen in Fig. 4.3.6. There, for a fixed value of DM
mass (mφ = 100 GeV), the relic density allowed points correspond to yτ » 1.0 for ∆m = 0.3, whereas
yτ » 1.7 for ∆m = 0.8.

4.4 Collider signatures

The challenges of discovering dark matter in colliders are manifold. They manifest themselves as miss-
ing energy (EmissT ). Hence, the focus shifts entirely on the characteristics and precise measurements
of associated production of visible particles. The charged multilepton channels are the most suitable
to probe dark matter because of its clean signal, whereas QCD backgrounds overshadow the multijet
channel, and it is very difficult to separate signals from the background. Since ours is a leptophilic
model, these channels bear more significance than the others for our case. Having said so, please note
that muon g ´ 2 constrains the new light leptonic couplings severely, whereas the coupling with the τ
lepton remains unbounded, as we already mentioned previously. Here, we are going to study the collider
signatures of DM though charged multilepton ` EmissT channels. Our analysis will include both light
charged leptons, since they give by far the cleanest signals, as well as τ leptons, as the unbounded cou-
plings give a greater cross section than light leptons, paving the way to better analysis to see the effects
of the new couplings.

Although τ lepton analysis poses more challenges, at the same time it unravels more unique features
that can come in handy in the analysis for any collider like the LHC. The τ lepton is the charged lepton
of the third generation and the heaviest among them. It is even heavier than most of the light quark
mesons. As a result, τ leptons decay hadronically, which sets them apart from all other leptons. Because
of the lepton number conserving weak interactions, the τ final states are always accompanied by one
neutrino in the hadronic final states and two neutrinos in the leptonic final states. Since the neutrinos add
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to the missing energy, the full τ energy cannot be measured. The leptonic decays of the τ are difficult to
distinguish from prompt leptons in a ` ` EmissT final state. Therefore, only the hadronically decaying
τ ’s are suitable for the collider signatures.

We have used FeynRules [23] to generate model files for our model. Events have been generated
using MadGraph5 [26] and showered with Pythia 8 [215]. Finally, the detector simulation has been
performed using Delphes [134]. We use the τ -tagged jets from Delphes and reconstruct them with the
help of FastJet [83] using the anti-kT algorithm. The separation ∆R of two adjacent τ jets is taken to
be 0.4, and the τ -tagging efficiency is taken to be 60%. We carried out our analysis for the LHC at the
CM energy

?
S “ 13 TeV. We used the dynamic factorisation and renormalisation scale for the signal

as well as the background events.
For the generation of parton level events, we apply minimum or maximum cuts on the transverse

momenta pT and rapidities η of light jets, b jets, leptons, photons, and missing transverse momentum.
Also, distance cuts between all possible final objects in the rapidity-azimuthal plane are applied, with
the distance between two objects i and j defined as ∆Rij “

apφi ´ φjq2 ` pηi ´ ηjq2, where φi and
ηi are the azimuthal angle and rapidity of the object i, respectively.

The preliminary selection cuts used in the analysis are

• pT ą 10 GeV and |η| ă 2.5 for all charged light leptons,

• pT ą 20 GeV and |η| ă 5 for all non-b jets, and

• ∆Rij ą 0.4 between all possible jets or leptons.

After this, the .LHE files obtained through parton level events are showered with final state radiation
(FSR) with Pythia 8 where initial state radiation (ISR) and multiple interactions are switched off and
fragmentation or hadronisation is allowed.
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Figure 4.4.1: Feynman diagrams contributing to the dilepton channels.

The most important modes of production in dilepton channels are

(1) ppÑ ```´ 2φ ;

(2) ppÑ ```´νν̄ 2φ ,

where ` stands for all three generations of charged leptons, namely, e, µ, and τ . Among the two classes
of signal processes, the set (1) proceeds as follows:

(i) ppÑ ψ`ψ´, followed by the decay of both ψ’s as ψ˘ Ñ `˘ φ [See Fig. 4.4.1a)] ,
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The couplings which play a role in the above processes are only the ones involving light leptons and,
hence, are very suppressed for the light dilepton channel as shown in Eq. (4.3.5). In the same vein, this
channel will be dominant for the τ lepton analysis as a large value of yτ is in effect.

On the other hand, the set (2) of processes mentioned above will proceed as

(i) ppÑ ψ0ψ̄0, followed by ψ0 Ñ φ ν and ψ̄0 Ñ ```´ ν̄φ [See Fig. 4.4.1b)] .

(ii) ppÑ ZZpγ˚q, followed by Z Ñ νν̄ 2φ and Zpγ˚q Ñ ```´ [See Fig. 4.4.1c)] .

As the couplings involved can also be either gauge couplings or that involving the τ lepton, both being
considerably large, the set (2) of processes give us sufficient cross sections even for light dilepton channel
to proceed with our analysis.

To highlight the features of our model clearly, we have selected the following benchmark points (see
Table 4.4.1). The significance of the choice in benchmark points will be clear as we elaborate on our
analysis in the following discussions.

mφ mψ0 mψ˘
yτ

(GeV) (GeV) (GeV)

BP1 100 125 120 0.7

BP2 80 100 90 0.1

Table 4.4.1: Benchmark points used for the collider analysis.

For the benchmark points given in Table 4.4.1 we get the cross sections for the light dilepton channel
as shown in Table 4.4.2.

Processes
Cross section (pb)

BP1 BP2

p2q ppÑ ```´νν̄ 2φ 232.17ˆ 10´6 409.30ˆ 10´6

Table 4.4.2: Cross sections of the light dilepton signal processes. The set (1) of subprocesses is highly suppressed for the
coupling choices of Eq. (4.3.5), whereas the set (2) further involves gauge and τ lepton couplings and, hence, is dominant in
this scenario.

Table 4.4.3 shows the signal cross sections for di-τ -jet channel. As mentioned previously, we can
see the distinction between the cross sections of the process (1), which is substantially greater than that
of the process (2) for this case. This is because, although the large value of yτ and gauge couplings
dictate both the processes, process (2) is suppressed by branchings and phase space.

Processes
Cross section (pb)

BP1 BP2

p1q ppÑ τ`τ´ 2φ 805.09ˆ10´3 786.33ˆ10´3

p2q ppÑ τ`τ´νν̄ 2φ 2.72ˆ10´3 3.33ˆ10´3

Table 4.4.3: Cross sections of the signal processes for the di-τ -jet channel. Despite the large yτ and gauge couplings, process
(2) is suppressed due to more branchings and phase space.

The major backgrounds at the LHC for the light dilepton channel are as follows

Bkg1 : ppÑ tt̄, followed by the top (anti)quark decaying into the leptonic channel, tpt̄q Ñ `˘νpν̄qbpb̄q.
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Bkg2 : ppÑW`W´. W˘ further decays via leptonic channel as W˘ Ñ `˘νpν̄q.
Bkg3 : pp Ñ W˘Zpγ˚q, followed by W˘ Ñ `˘νpν̄q, and Z{γ˚ decays into leptonic channel,

Zpγ˚q Ñ ```´.

Bkg4 : ppÑ ZZpγ˚q, followed by leptonic decays Z Ñ νν̄ and Zpγ˚q Ñ ```´.

The major backgrounds at the LHC for the τ -jet channel will be similar as above with light lepton
replaced by τ ’s. Since τ ’s can decay into hadronic channels we also have to consider light jets as
backgrounds. In the following, we show all the backgrounds for this particular channel.

Bkg1 : ppÑ tt̄, followed by the top (anti)quark decaying into the τ -jet channel, tpt̄q Ñ τ˘νpν̄qbpb̄q.
Bkg2 : ppÑW`W´. W˘ further decays via τ -jet channel as W˘ Ñ τ˘νpν̄q.
Bkg3 : ppÑ W˘Zpγ˚q, followed by W˘ Ñ τ˘νpν̄q, and Z{γ˚ decays into τ -jet channel, Zpγ˚q Ñ

τ`τ´{2j.
Bkg4 : ppÑ ZZpγ˚q, followed by Z Ñ νν̄ and jet decays Zpγ˚q Ñ τ`τ´{2j.
Table 4.4.4 shows the cross sections for the above backgrounds.

Processes
Cross section (pb)

Leptonic Jet

Bkg1 21.27 5.31

Bkg2 3.13 781.43ˆ10´3

Bkg3 402.68ˆ10´3 14.75ˆ103

Bkg4 272.43ˆ10´3 2.78ˆ103

Table 4.4.4: Cross sections of the backgrounds.

Before getting involved in a more intricate analysis, we shall first discuss the kinematic distributions
for this channel. The kinematic observables at our disposal are only the 4-momenta of the leptons and
the missing energy EmissT . We order them according to the magnitude of their transverse momentum
pT . As a result, a leading lepton would always mean the leading-pT lepton. We can also construct
other observables from them, such as the invariant mass of the lepton pair. In a similar vein, we would
construct the so-called transverse mass of the lepton-EmissT system. We shall call this quantity the
missing transverse mass and define it for each lepton-EmissT system as

Mmiss
T` “

b
2E`T E

miss
T p1´ cos ∆φ`EmissT

q , (4.4.1)

where E`T “ p`T , which is the magnitude of the transverse momentum of a given lepton, and ∆φ`EmissT

is the difference between the azimuthal angles of the lepton and missing transverse momentum. One
can also construct similar observable for τ ’s. The missing transverse mass plays an important role in
distinguishing the massless invisible particles (such as neutrinos) from the massive ones (as is the case
for our dark matter candidates), and, hence is very crucial for our analysis. With all these observables at
our disposal, we show some of the distributions in Fig. 4.4.2 for the light dilepton channel and Fig. 4.4.3
for the di-τ -jet channel.

Before going further into the analysis, let us discuss the features of the benchmark points which we
mentioned previously. It is clear from the distributions that the benchmark points 1 and 2 have very
similar patterns and that the distributions are more populated in the lower region of each observable. It
is also clear from these distributions that are very difficult to separate the signal from the background
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Figure 4.4.2: Distribution plots for the dilepton channel. The top panel shows pT distributions of the leading and subleading
pT -ordered leptons and the lepton invariant mass. The bottom panel shows the distributions of the missing transverse energy
and missing transverse masses with leading and subleading leptons.

by simple cut-flow analysis. We will lose too many signal events to the background leading to very low
signal-to-background efficiency. That is the reason we apply the multivariate analysis which we will
elaborate next.

In the next level of our study, we use Toolkit for Multivariate Data Analysis (TMVA) [164] in ROOT,
to distinguish the signal events from the backgrounds efficiently. For this, we use the distributions of
Fig. 4.4.2 (Fig. 4.4.3) and some other kinematic observables to train a BDT for the light dilepton (di-τ -
jet) channel. The complete list of observables used to train BDT are as follows:

• pT and η of the leading and subleading light leptons (τ -jets) and the invariant mass of the pair,

• missing transverse momentum EmissT ,

• missing transverse mass Mmiss
T of the leading and subleading light leptons (τ jets),
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Figure 4.4.3: Distribution plots for the di-τ -jet channel. The top panel shows pT distributions of the leading and subleading
pT -ordered τ jets and the τ jet invariant mass. The bottom panel shows the distributions of the missing transverse energy and
missing transverse masses with leading and subleading τ jets.

• the difference of the azimuthal angles ∆φ`EmissT
of the leading and subleading light leptons (τ -

jets) with the missing transverse energy.

We use these distributions as discriminators to the BDT analysis. The discrimination of the signal and
background can be improved further using proper cuts in addition to the preliminary selection cuts to
the signal and/or background events. The resulting BDT response functions give us an estimate of the
signal efficiency vs the rejection of the background.

Fig. 4.4.4 (Fig. 4.4.5) shows the BDT response curves (solid filled histograms are for the signal, and
the hollow ones are for the background) for the light dilepton (di-τ -jet) channel for each benchmark
points. Here we show two sets of BDT responses: (i) the solid purple and the hollow red ones are
before any additional cuts with only taking into account the preliminary selection cuts, whereas (ii) the
solid blue and the hollow black ones are after implementing a carefully chosen additional set of cuts to
improve the distinguishability of the signal from the backgrounds. We will elaborate on the cuts chosen
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Figure 4.4.4: BDT response curves for the dilepton channel. The solid purple and the hollow red ones are before any additional
cuts with only taking into account the preliminary selection cuts, whereas the solid blue and the hollow black ones are after
implementing carefully chosen additional set of cuts.
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Figure 4.4.5: BDT response curves for the di-τ -jet channel. The solid purple and the hollow red ones are before any additional
cuts with only taking into account the preliminary selection cuts, whereas the solid blue and the hollow black ones are after
implementing a carefully chosen additional set of cuts.

later on.
We observe that the signal is separable from the background from the BDT response curves of

Figs. 4.4.4 and 5 after the use of additional cuts. However, we have not yet quantified the improvement.
For this, we draw the receiver operating characteristic (ROC) curves for each benchmark point using the
gradual use of additional cuts. Fig. 4.4.6 (Fig. 4.4.7) shows the resulting curves for the signal efficiency
vs the rejection of the background for the light dilepton (di-τ -jet) channel for each benchmark points.
The area under each curve gives the quantitative estimate of the goodness of the separation of the signal
from the backgrounds. In Table 4.4.5, we show the area under the ROC curve for each cut. The value of
the cut is in addition to all the preceding cuts. We can see the improvement in the separation of the signal
from the backgrounds from these numbers. The important point to be noted here is that, for the light
dilepton case, the cuts were used only on the background events, leaving the signal events untouched,
whereas, for the di-τ -jet case, the cuts were used only on the signal events. The reason for this can be
understood as the population of events in the distribution plots of Figs. 4.4.2 and 3, respectively.

From the above discussions, plots, and numbers, we can see that, for our set of benchmark points,
the DM signal for a leptophilic model with coannihilating dark lepton partners may not be separable
from the SM backgrounds in a collider environment by the ordinary cut-flow analysis. However, it can
be easily done with the help of a set of carefully chosen cuts in BDT analysis.
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+EmissT > 50 :: 0.993
+Mmiss

T > 50 :: 0.998

Figure 4.4.6: ROC curves for the dilepton channel. The area under the ROC curve for each cut (in GeV) is given in the inset.
Each value is in addition to all the preceding cuts.
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Cut used :: ROC-int
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+ pT` > 50 :: 0.969
+m`` > 50 :: 0.969
+EmissT > 80 :: 0.993
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T > 50 :: 0.996

Signal efficiency

Cut used :: ROC-int
Initial cut :: 0.786

+ pT` > 50 :: 0.973
+m`` > 50 :: 0.974
+EmissT > 80 :: 0.993
+Mmiss

T > 50 :: 0.995

Figure 4.4.7: ROC curves for the di-τ -jet channel. The area under the ROC curve for each cut (in GeV) is given in the inset.
Each value is in addition to all the preceding cuts.

dilepton channel

Cuts BP 1 BP 2

Initial 0.921 0.972

p`T ą 50 GeV 0.973 0.991

m`` ą 50 GeV 0.971 0.991

EmissT ą 50 GeV 0.980 0.993

Mmiss
T ą 50 GeV 0.994 0.998

di-τ -jet channel

Cuts BP 1 BP 2

Initial 0.757 0.786

pτT ą 50 GeV 0.969 0.973

mττ ą 50 GeV 0.969 0.974

EmissT ą 80 GeV 0.993 0.993

Mmiss
T ą 50 GeV 0.996 0.995

Table 4.4.5: The area under the ROC curves in Figs. 4.4.6 and 7 for each cut. Each value is in addition to all the cuts above it.
The efficiency of the cuts can be seen from the increasing values for each subsequent entry.

Apart from the prompt decay of dark partners, this model can also accommodate delayed decays in
colliders leading long-lived particle (LLP) signatures which we discuss in the following. As mentioned
previously, the gauge invariance mandates the degeneracy between the dark leptons. Only the loop
effect generates a small mass splitting between them. Even after the introduction of a scalar triplet in
our model, the mass splitting remains sufficient but small as can be seen from Eq. (4.2.2). The resulting
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phase space will be automatically suppressed in the decays of such particles because of this small mass
splitting. Such a scenario leads either of the dark leptons to be long-lived depending on their mass
hierarchy. If the decay length cτ be greater than the detector radius, it is obvious that the neutral partner
will give a missing energy signal, whereas the charged one will leave a stable ionisation track (HSCP) [2,
96, 158] in the detector.

Things become much more interesting once these particles decay inside the detector. For the charged
particle, it will either give a disappearing (DT) [9, 137, 150] or a kinked track [38, 171].

Depending on the mass hierarchy, there can be several LLP possibilities. Fig. 4.4.8 shows such
possibilities in our model. In Fig. 4.4.8a), ψ` decaying into a charged lepton and MET may give dis-
appearing tracks or kinks in the tracker of the detector. The signature is similar to the charged Higgsino
decaying into a neutral gravitino and SM leptons through off-shell decay of a W boson [171]. In our
study, we are producing an on-shell ψ0 in ψ` decay and that, in turn, decays into φ and ντ with 100%
branching ratio. It is obvious that both the decay products of ψ0 are charge-neutral, so the entire ψ0

decay chain will give a missing energy signal in the colliders.

aq

ψ`
ψ0

ν

φ

W`

ν

``

bq

ψ0

ψ`

τ`

φ

W´

ν

`´

Figure 4.4.8: Possible channels for LLP decays. a) Decay of
the charged dark lepton. b) Decay of the neutral dark lepton.
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Figure 4.4.9: Variation of cτ as a function of the mass split-
ting between the dark leptons.

For nearly degenerate ψ` and ψ0, the emitted lepton will be soft, and the track of the mother particle
can be identified as disappearing tracks. As we have already pointed out, radiative correction allows δ „
300 MeV, and, from Fig. 4.4.9, it is clear that for this the in-flight decay of ψ` gives only DT of decay
length around a few centimetres. The kink, however, may be observed in cases where the emitted lepton
carries significant energy. One obvious way to address this issue is to increase the mass splitting (δ)
between ψ` and ψ0. The introduction of the triplet in the particle spectrum becomes important in this
context because δ can be varied up to 10 GeV. Fig. 4.4.9 shows the typical decay length (cτ ) vs δ
variation for a typical value of mψ0 . The decay length varies around the sensitivity region of ATLAS for
δ À 2 GeV. For larger splittings, however, the decay becomes too prompt to be detected in the trackers.
The kink angle, i.e., the difference of azimuthal angles of the charged parent and the daughter particle,
can be measured as a function of the mass and 3-momentum of these particles and the polar angle of
the parent particle with the beam axis. The expression, although model dependent, should be similar to
Eq. (1) of Ref. [38]. However, the detailed kinematics specific to this model along with a robust collider
simulation and proper background estimation is beyond the scope of this work, and we postpone it for
future study.

If the mass hierarchy between ψ0 and ψ` is reversed, then the neutral lepton decays late into two
emerging visible particles and MET, the final states being a displaced jet coming from τ decay and a
displaced lepton obtained via W decay [Fig. 4.4.8b)].

4.5 Summary

In this chapter, we have discussed a singlet scalar DM with a vectorlike fermionic doublet having the
same dark symmetry. The minuscule Higgs-portal coupling with scalar DM keeps the direct detection
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cross section below the experimental bound, which is an important handle in reviving the scenario of
scalar singlet DM models. The new Yukawa coupling, on the other hand, which is irrelevant to di-
rect search prospects, plays a vital role in dictating the relic density. We have shown that the model
can provide a viable DM candidate through pair annihilation, coannihilation, and mediator annihila-
tion channels over a wide parameter space ranging from GeV up to TeV scale. The transition from the
pair annihilation to coannihilation regime is demonstrated, and the relevant limits of parameters are dis-
cussed. We have observed that coannihilation processes have a substantial contribution to relic density
for a comparatively larger mass splitting between DM and the dark sector particles than what is usually
discussed in the literature both in SUSY [37, 127, 130] and non-SUSY [93, 118, 179, 217] context. This
may be attributed to the gauge couplings involved in these channels, which is a substantial contribution
thanks to the dark fermion being a doublet. This is an artefact of the unconventional beyond the SM
Yukawa structure considered in the proposed model. This arrangement, involving SM and dark sector
lepton SUp2qL doublets and a scalar singlet, appropriately highlights the important features in the work.

Apart from the DM context, the gauge production of the fermionic doublet followed by decay to
DM through the Yukawa coupling results in a substantially increased DM production at the colliders
compared to scalar singlet scenarios. Using suitable kinematic observables in a BDT classifier, we
separate the signal events from the backgrounds in an effective manner. We have shown that, with the
use of proper cuts, we can achieve good results for both the light as well as τ leptonic channels.

In this work, the objective was to test the coannihilation scenario. This forced us to keep the mass
splitting between the DM and the dark fermions small („ 20 GeV). Also, as stated previously, the ρ
parameter measurements further constrain the triplet vev, implying small splitting („ 10 GeV) between
the two dark fermions. This explains why larger mass was not possible to take. The DM mass could
have been larger, but that would reduce the cross-section. Also, given the above constraints are applied,
the profile of the distributions would not change. Similarly, larger coupling is also not favourable, since
that would increase the pair annihilation contribution in the relic density and suppress coannihilaton.
However, one can in principle consider a larger mass split between the dark sector particles, as well as
a larger couplings in the same model. In the next chapter, we have discussed this point in detail in a
simple extension of this model, in the context of several multilepton + MET final states.

This model can also provide potential search prospects for long-lived particles because of the nearly
degenerate or small mass splittings between the dark leptons. This can lead to suppressed phase space,
and the delayed decay of these leptons can facilitate long-lived signatures (LLP) in the colliders, which is
recently being given wide attention in the literature. In our study, we have indicated different possibilities
of LLP signatures that may arise by tuning the relevant parameters.

One can interpret a limitation of the proposed model in the sense that, from the observed results
in both dark matters and the collider analysis, there is no way to distinguish between the two dark
leptons, although, one might assume on the contrary from Fig. 4.4.8 that it is possible from one-prong
(for charged dark lepton) and two-prong (for neutral dark lepton) decays. But from Fig. 4.4.1 and the
subsequent discussion, we see that we have to reconstruct a dark lepton from the visible final state SM
particles; here, these are leptons. Since these two dark leptons have almost equal masses, it will be
difficult to separate them, whereas, a larger splitting between the dark leptons can give more interesting
signatures in the colliders. We are pursuing a possible solution to address these issues in the next chapter.
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5.1 Motivation

In the previous chapter, we have shown how we can successfully evade the existing stringent constraints
on scalar singlet DM by introducing a vector-like dark lepton doublet [91]. This simple addition to
the scalar singlet DM extension of the SM opens up new vistas of possibilities, namely (i) new dark
leptons interacting with the SM via gauge interactions introduces new annihilation channels, and (ii)
novel Yukawa structure in the Lagrangian enhances cross sections facilitating its search in colliders.

However, the SUp2qL gauge invariance mandates the degeneracy of the two components of the
doublet at the tree level. To lift this degeneracy, in Ref [91], we introduced a Z2-even scalar triplet. The
said scalar triplet otherwise does not play any role in the DM phenomenology, rendering the exercise
ad hoc. Here we propose a better alternative to the earlier case, which is to add a Z2-odd singlet
fermion instead. In principle, the same charge dark fermions can mix among themselves to give physical
eigenstates, which in turn, gives rise to the mass splitting between the pair. This mixing gives rise to rich
phenomenological implication, unlike the previous case. Hence, this exercise is not limited to generating
finite mass splitting between the components of the doublet. In other words, far from being an ad hoc
addition to the model, this addition dictates the outcome of the processes through the mixing angle. Here
we are interested in the implications of mixing between the charged dark sector fermions as well as the
distinguishability of the pure and the mixed leptonic states from the observations.

To put the matter into perspective, we would like to mention that the mixing between a singlet and
a doublet in the context of DM studies is nothing new. Previously, several authors used this structure to
explain various phenomena. In supersymmetric (SUSY) theories, the bino can mix with the Higgsinos to
give rise to a neutralino [35, 40, 97, 104]. Out from the realm of SUSY, this matter has been taken up by
other authors to build up minimal DM models to address shrinking parameter space from relic density
and direct detection measurements [46, 62, 85, 98, 108, 220]. In addition to the context of DM, this
extension has successfully explained small values of neutrino masses and the related phenomenology
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[60, 131, 206, 219]. See Ref. [58], for a recent review and an exhaustive list of relevant papers. Now,
where we differ from all these works is that they took a mixed dark lepton state as a DM candidate,
which limits the number of decay channels. Here, the DM candidate is a separate scalar singlet, which
phenomenologically is the same as the quintessential minimal extension of the SM. The dark leptons add
a new portal for pair annihilation of DM. Besides, there are coannihilation and mediator annihilation
channels, and thus it enriches the DM dynamics. The mixing between the dark partners relaxes the
existing experimental limits on the scalar singlet DM scenario. It also provides a handle to identify the
viable parameter space dominated by dark sector partners of different isospins.

The probe of the DM candidates in the controlled collider environment is always a challenging
task. Here we analyse the situation in the case of Large Hadron Collider (LHC). We focus on how
the signatures of the mixing parameter from the kinematic distributions of the relevant observables can
help us decipher the DM signals from our model. We will see that the addition of an extra singlet does
not complicate the search strategies, but opens up new avenues. The mixing parameter gives an extra
handle in tuning the kinematic distributions that will be easily accessible at the LHC. Apart from collider
searches, we will see how does it affect the indirect search prospects of the DM.

5.2 Model description

We discussed briefly in the introduction the motivation for the choice of our model content. Here we
shall develop from that motivation a detailed description of the model parameters. As mentioned pre-
viously, ours is a leptophilic model that can evade all the existing bounds on scalar singlet DM. For
that, we consider dark-sector partner(s) which can either be a doublet [91] or a singlet fermion [179].
Previously [91] we studied the case of a dark lepton doublet partner which coannihilates with the sin-
glet scalar DM candidate as well as acts as a portal, depending on the parameter space, which results
in relaxing the constraints considerably. As the gauge invariance does not allow non-degenerate mass
states for the doublet partners at the tree level, we had to introduce a new scale of electroweak symmetry
breaking. We added a, otherwise redundant, scalar triplet to generate finite mass splitting between them.
This mass splitting plays a significant role in determining the DM signatures in the collider. However,
the measurement of the ρ parameter [225] constrains the value of the mass splitting ď 10 GeV. The mo-
tivation to make it arbitrary leads us to add a Z2-odd singlet fermion instead of a Z2-even scalar triplet
in the particle spectrum. We shall see in this section how this singlet fermion plays a vital role in lifting
the degeneracy of the doublet states depending on the parameter space.

Moreover, in Ref [91], we had pointed out that none of the observations was useful to distinguish
between the two coannihilating particles. Here, in principle, the physical states of the dark leptons can
be a mixed state between the same charge component of the doublet and the singlet. Thus it gives us
the most general minimal scenario where we can meet all our demands. We want to distinguish between
these two dark leptons from the observations of the DM in experimental searches. In this light, we will
show later on, that the pair annihilations are more useful in the collider analysis and indirect searches.
Whereas in the relic density scenario, the coannihilation channels can better exhibit the mixing effects.
With all these motivations clear in our mind, we give below the parameter content of our model.

`L eR H Ψ ξ φ

SUp2qL 2 1 2 2 1 1

Up1qY ´1{2 ´1 1{2 ´1{2 ´1 0

Z2 ` ` ` ´ ´ ´
Table 5.2.1: Quantum number assignment of the relevant fields in our model. Electromagnetic charges are given by Q “

t3 ` Y .

Table 5.2.1 shows the particle content and the quantum number assignments of our model. The Z2-
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odd dark sector contains a vector-like Dirac fermionic doublet, ΨT “ pψ0, ψ1q, a fermionic singlet ξ
and a real scalar singlet φ. φ is our DM candidate which interacts with the SM Higgs via quartic as well
as portal coupling and the Z2 symmetry renders stability to it. The fields Ψ and ξ couples with the SM
doublets `L, H and the scalar singlet φ via three different kinds of gauge-invariant Yukawa interactions.

Hence the resulting Lagrangian takes the form

L “ LSM ` sΨ pi {D ´MΨ qΨ ` sξ pi{B ´mξq ξ

` 1

2
pBµφq2 ´

µ2
φ

2
φ2 ´ λφ

4
φ4 ´ λhφ

2
pH:Hqφ2

´ “
yDj ps̀jL Ψqφ` ySj pējR ξqφ` y psΨ Hq ξ ` h.c

‰
, (5.2.1)

where LSM is the SM Lagrangian and a sum over the generation index j is implied. MΨ “ mψ0 “ mψ1 ,
is the degenerate bare mass term of the doublet and Dµ “ Bµ ` igW taW a ` ig1 Y Bµ is the covariant
derivative. The mass of the scalar singlet φ is given by

m2
φ “ µ2

φ ` λhφ
v2

2
. (5.2.2)

After electroweak symmetry breaking in Lagrangian (5.2.1), the Yukawa interaction involving the
SM Higgs boson induces non-diagonal mass terms between the singlet and the same charge component
of the doublet. As a result, the bare mass terms of the said fermionic degrees of freedom are augmented
with the mixed terms as shown below.

Lmass “mψ1
sψ1ψ1 `mξ

sξξ ` y v?
2
sψ1ξ ` y v?

2
sξψ1 (5.2.3)

The resulting mass matrix in the bare basis pψ1, ξq is given by

Mpψ1,ξq “
¨
˝mψ1

y v
?

2

y v
?

2
mξ

˛
‚ (5.2.4)

To diagonalise the above mass matrix, we introduce the physical basis pψ, χq through the orthogonal
transformation

ψ “ cα ψ1 ` sα ξ ,
χ “ ´sα ψ1 ` cα ξ ;

(5.2.5)

where α is the mixing angle. Thus, the diagonal mass matrix of the physical mass terms turns out to be

Mpψ,χq “
¨
˝mψ 0

0 mχ

˛
‚“

¨
˝ cα sα

´sα cα

˛
‚
¨
˝mψ1

y v
?

2

y v
?

2
mξ

˛
‚
¨
˝cα ´sα
sα cα

˛
‚ . (5.2.6)

From the above, we get the physical masses mψ,mχ and the mixing angle α in terms of the bare
parameters

t2α “
?

2 y v

mψ1 ´mξ
, (5.2.7)

mψ “1

2
pmψ1 `mξq ` 1

2

b
pmψ1 ´mξq2 ` 2 y2 v2 ,

mχ “1

2
pmψ1 `mξq ´ 1

2

b
pmψ1 ´mξq2 ` 2 y2 v2 .

(5.2.8)
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The Yukawa coupling y and the mass mψ0 are dependent on the above free parameters of the model. On
solving Eqs. (5.2.7) and (5.2.8) we get the expressions of these dependent parameters of our model as
follows

y “ pmψ ´mχq s2α?
2 v

, (5.2.9)

mψ1 “mψ c
2
α `mχ s

2
α “ mψ0 ,

mξ “mψ s
2
α `mχ c

2
α ,

(5.2.10)

in terms of free parameters sα,mψ and mχ.
As a result of the new interactions from the dark sector in the Lagrangian (5.2.1), we get the new

gauge mediated Feynman vertices as follows

Aµψ
`ψ´: ´ieγµ, W`

µ χ
´ sψ0: ´ iesα?

2sW
γµ,

Aµχ
`χ´: ´ieγµ, W`

µ ψ
´ sψ0:

iecα?
2sW

γµ,

Zµψ
0 sψ0 :

ie

s2W
γµ, Zµψ

`ψ´ : ´ ieps
2
α ´ c2W q
s2W

γµ,

Zµψ
`χ´:

iecαsα
s2W

γµ, Zµχ
`χ´ :

iepc2
α ´ c2W q
s2W

γµ.

(5.2.11)

And vertices coming from the new Yukawa interactions that will play a significant role in our analysis
are

φτ`ψ´: ´ipcαyDτ PR ` sαySτ PLq, hψ`ψ´: ´ iys2α?
2
,

φτ`χ´: ´ip´sαyDτ PR ` cαySτ PLq, hψ`χ´: ´ iyc2α?
2
,

φντ sψ0 : ´iyDτ PL, hχ`χ´:
iys2α?

2
.

(5.2.12)

Apart from the those given in Eqs. (5.2.2), (5.2.7) and (5.2.8), we have only two more free parameters
in our model, namely, the third generation Yukawa couplings yD,Sτ . We put the Yukawa couplings of
light leptons at yD,Se „ yD,Sµ À 10´9 to conform the muon g ´ 2 measurements [225]. All the Yukawa
couplings are to remain in the perturbative regime such that yD,Sτ , y ď 4π. A conservative choice of
λhφ À 10´4 is in place all through our analysis to keep the bounds from the direct detection searches
and the invisible decay measurements at bay.

5.3 Relic density analysis

Due to the presence of more than one dark sector particles, the DM number changing processes, in this
model, are three-fold: (i) pair annihilation (φφ Ñ SM SM), (ii) coannihilation (φψ˘0 Ñ SM SM), and
(iii) mediator annihilation (ψ˘0ψ¯0 Ñ SM SM). Keeping in mind the assumption of thermal freeze-
out, that the dark sector particles are in equilibrium with the thermal bath in the early Universe, whereas,
in chemical equilibrium with each other, one can write the Boltzmann equation describing the number
density, n of the DM as follows [148].

dn

dt
“ ´3H n´ xσeff vy pn2 ´ n2

eqq . (5.3.1)

The effective velocity-averaged annihilation cross section, xσeff vy can be written as

xσeff vy “
´ÿ

i

sgi
¯´2 1

2

ÿ

i,j

sgi sgj xσijÑSM SMy , (5.3.2)
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where the indices i, j denote any of the dark sector particles φ, ψ˘0 or χ˘, and

sgi “ gi p1` δmi{mφq3{2 expr´x δmi{mφs ,
δmi “ pmi ´mφq , x “ mφ{T ,
gφ “ 1 , gψ˘ “ gχ˘ “ gψ0 “ 2 .

(5.3.3)

For our analyses, we have implemented the Lagrangian (5.2.1) along with all the above relations
(Eqs. (5.2.2), (5.2.5) and (5.2.7) to (5.2.10)) in FEYNRULES [23]. Using the resulting model file, we
carried out all the following DM analysis with the help of MICROMEGAS [50].

As discussed in the previous section, mixing affects only the charged dark fermions. Therefore
xσeff vy will be sensitive to mixing for the annihilation channels which involve these dark fermions in
the initial state and/or the propagator. One such possibility is the pair annihilation of φ, where the
charged dark fermions appear in the t-channel propagator (Fig. 5.3.1).

φ

φ

ψ`

sντ

ντ

ψ0χ`

τ`

τ´

Figure 5.3.1: Pair annihilation possibilities

But the mixing effects are most prominent if one considers the coannihilation channels. This is
because in some of the coannihilation diagrams (Figs. 5.3.2a) and b)), in addition to the propagators,
one of the initial state particles are directly affected by mixing. Therefore, the coannihilation channels
of φ with ψ` and χ` amply show the mixing effects.1 On the other hand, ψ0 not being a mixed state,
φψ0 coannihilation channel (Fig. 5.3.2c)) is much less affected by mixing. As we are interested to study
the mixing effects on the phenomenology, we will mostly concentrate on the coannihilation channels
for our DM analysis. This implies that the mass splitting between DM and the dark fermions should be
small throughout the study (À 30 GeV) and the dark sector-SM coupling is not very large (À 1).

For fixed mass splittings between the dark sector particles, the DM-SM Yukawa coupling vs DM
mass correlation is discussed amply in the literature [57, 179]. In Ref. [91], the transition between
the three kinds (pair, co- and mediator annihilation) of DM annihilation is depicted for a similar model
with only a lepton doublet as the coannihilating partner of the scalar DM. In this work, this dynamics
becomes more interesting in the presence of the charged singlet and doublet dark fermion mixing. In
Fig. 5.3.3, yDτ is plotted against mφ for fixed δm and ySτ . In the absence of mixing, depicted by the
red line in Fig. 5.3.3a), the scenario is identical to Ref. [91, Fig. 4]. In this case, apart from the
subdominant pair annihilation, only φψ` coannihilation contributes to relic density, φχ` channel being
redundant due to ySτ =0. However, as mixing increases, both φψ` and φχ` coannihilation channels
contribute. For our choice of parameters, δmχ ď δmψ, hence φχ` coannihilation (Fig. 5.3.2a)) is
more dominant than the φψ` counterpart for a non-zero mixing. This is because both φψ` and φχ`

coannihilations are predominantly controlled by the channels which haveW` in the final state. Now, for
φψ` coannihilation case, these channel exists even for sα “ 0, whereas, for φχ` case, this channel is
realised largely through mixing. Therefore, the mixing effect is more prominent in φχ` coannihilation
scenario over the φψ` case.

With ySτ set to zero, as one goes for larger mixing angle, φχ`τ´ coupling (Eq. (5.2.12)) increases.
This, along with the fact that both dark fermions now can non-trivially coannihilate, the total DM anni-
hilation cross section effectively increases. Hence, for a fixed mφ, larger mixing corresponds to smaller
coupling to be relic density allowed. Therefore, yDτ gradually decreases with increase in sα.

1Throughout this chapter, we denote the charged dark leptons by` sign. However, All the arguments are equally applicable
for negatively charged particles as well.
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χ`

φ

τ`

W`

Z{γ

ντ
τ`

χ`
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Z{γ
ψ`

a)

φ
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ψ0
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φ
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W`

Z

τ´
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Figure 5.3.2: Coannihilation channels that are non-trivially dependent on mixing. Figs. 5.3.2a) and b) depict DM-charged
fermion coannihilation whereas Fig. 5.3.2c) represents DM-neutral fermion interaction.

The scenario changes substantially if the same correlation is drawn with a fixed non-zero ySτ . In
Fig. 5.3.3b), we assign a large value to ySτ . For such a large coupling, pair annihilation has a substantial
contribution to the relic density. This is due to the fact that in this model, in the expression for annihi-
lation cross section, the functional dependence on the DM-SM Yukawa coupling (λ, let us suppose) is
λ4 in pair annihilation, while for coannihilation, it is λ2. This is also in agreement with [91, p.5, p.6]
where we showed that for a fixed δm and variable mφ, coannihilation is dominant for small mφ and at
large DM mass, pair annihilation takes over. In this plot, as ySτ is already large, yDτ is not required to
be as high as that in Fig. 5.3.3a). Now, for small mφ values, φχ` has the dominant contribution in relic
density. φχ`τ´ coupling (Eq. (5.2.12)) is the largest for sα = 0 and due to this, in order to achieve right
relic, the required value of yDτ is the smallest, as we see in this plot for the red band around mφ ď 180
GeV. As the mixing increases, the above coupling decreases, therefore larger yDτ is required. However,
as mφ increases further, pair annihilation takes over and the mixing effect is lost in the “tail” region
of the correlation around mφ ą 500 GeV. As discussed above, this is because mixing does not play a
significant role in the pair annihilation channels.
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Figure 5.3.3: yDτ vs mφ correlation for relic density allowed points. In Fig. 5.3.3a), φψ` coannihilation survives for zero
mixing and φχ` coannihilation dominates for non-zero values of sα. In Fig. 5.3.3b), due to large ySτ , pair annihilation
contribution becomes prominent for the large mφ.

In Fig. 5.3.3, we considered constant mass splittings between the dark sector particles. Now let
us discuss how different values of these mass splittings affect the DM dynamics through mixing. In
Fig. 5.3.4, yDτ and ySτ correlation is plotted as a function of sα and for different δm’s. Similar to
Fig. 5.3.3, here also we have chosen δmχ ď δmψ to facilitate the φχ` coannihilation. As already dis-
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cussed, large mass splitting between DM and dark fermions will suppress the coannihilation contribution
towards relic density and larger coupling is required to compensate for that deficit. Hence, depending on
the value of mχ and mψ, the shift of the relic allowed points along ySτ axis is straightforward. Rather,
the distribution of the points along the yDτ axis is an interesting feature.

For low mixing, the dominant φχ` coannihilation channel is φχ` Ñ τ`Zpγq (Fig. 5.3.2a)) and
its cross section is almost proportional to pySτ q2. This satisfies relic density even for yDτ “ 0 as one
can see from the red band in the subfigures of Fig. 5.3.4. As the mixing increases, initially, there is a
contest between the two terms in φ τ`χ´ coupling Eq. (5.2.12). For low yDτ , as mixing increases, to
compensate for the overall reduction of the coupling, we see a slight increase in ySτ . But as yDτ increases
further, the second term in the expression for the coupling becomes gradually negligible, making the
coupling almost proportional to sα yDτ for large mixing. Therefore we observe that to keep within the
relic bounds, for large mixing and large yDτ , yDτ decreases as sα gradually increases. It is clear in all
the plots except Fig. 5.3.4c) that the green and blue points shift to the left along yDτ axis as sα gradually
increases.

Now, we observed that in Fig. 5.3.4a), where mψ ´mχ = 5 GeV, φχ` coannihilation is the dom-
inant channel. But as this splitting decreases to 2 GeV in Fig. 5.3.4b), φψ0 channel also contributes
substantially. This is because of the coannihilation channels having W boson in the final state, which
are available for φψ0 coannihilation even without mixing but accessible largely through mixing for φχ`

coannihilation. The presence of these channels suppresses the mixing dependence in the yDτ vs ySτ corre-
lation, causing reduction in the spread of multicoloured points in Fig. 5.3.4b) compared to Fig. 5.3.4a).
This spread becomes zero in Fig. 5.3.4c), where mψ and mχ become almost degenerate. As already
argued, here φψ0 coannihilation is the dominant channel in this case with W˘ in the final state and this
makes the correlation completely independent of mixing.

For Fig. 5.3.4d) - f), δmψ is large so that φψ` coannihilation contribution is very small. This
establishes φχ` Ñ SM SM as the only active coannihilation channel. In absence of φψ` (hence also
φψ0) coannihilation and for low mixing, the only surviving φχ` coannihilation in xσeff vy has little or no
dependence on yDτ . The points corresponding to very low mixing, amply show this effect as the red band
gradually flattens out with increasing δmψ as we go from Fig. 5.3.4d) - f). Ultimately in Fig. 5.3.4f),
the red band widens and becomes parallel to yDτ axis and the blue band corresponding to large mixing
becomes the thinnest.

Finally, let us see the effect of variable δm’s instead of discrete intervals discussed so far. The two
plots in Fig. 5.3.5 show two such correlations of the δm’s as a measure of mixing. Fig. 5.3.5a) focusses
on the asymmetry of δmχ vs δmψ correlation as a measure of mixing. Mixing plays a vital role here in
the distinction between the dark fermions, unlike Ref [91], where such a discrimination was not possible.
The two δm’s vary over the same range and the Yukawa couplings yDτ and ySτ are fixed at the same value.
This implies that apart from the mixing parameter, χ` and ψ` stand on equal footing in the context of
coannihilation possibilities. However, on fixing different values for the mixing, we see that the plot
shows a clear distinction between the two dark leptons of different isospins. In absence of mixing, i.e.,
for the blue points, the relic density allowed region along δmχ axis broadens with the increase of sα
whereas along δmψ it narrows down. This is attributed to the fact that for sα “ 0, there are more
diagrams in φψ` coannihilation channel than the φχ` possibility. These extra diagrams (Fig. 5.3.2b))
arise due to Gauge couplings, which are exclusive to φψ` Ñ SM SM coannihilation because in absence
of mixing, ψ` is purely part of the SUp2qL doublet and χ` is purely a singlet. It is this extra diagram
that makes φψ` coannihilation stronger than the φχ` counterpart for sα “ 0. This can also be verified
from the distribution of the blue points, where we see that points at δmχ = 30 GeV correspond to δmψ

up to 15 GeV, whereas, points at δmψ = 30 GeV corresponds to δmχ only up to 12 GeV.
We have explicitly checked the above for a few benchmark points and observed that for sα “ 0,

φψ` Ñ W`ντ is stronger than any of the φχ` Ñ SM SM channels if the two Yukawa couplings are
equal. For sα “ 1{?2, on the other hand, φψ` and φχ` coannihilation contribution becomes equal
even for these extra Gauge channels, so the red points show a symmetric distribution along both the
axes. For the green points, i.e., for sα “ 1, we simply see the opposite of the sα “ 0 case, because
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Figure 5.3.4: yDτ vs ySτ correlation for relic density allowed points. For fixed DM mass, the variation of the charged dark
fermion masses and mixing angle substantially changes the correlation. mφ is fixed at 100 GeV.

W`ψ´ψ0
ˇ̌
sα“0

“ W`χ´ψ0
ˇ̌
sα“1

. This also agreed with our observation of benchmark point results,
that the φχ` coannihilation is more dominant than φψ` counterpart for sα “ 1. To sum up, we can
conclude that the relic density allowed region for the pure leptonic eigenstates widens along δmχ axis,
whereas the mixed states tend to widen gradually along δmψ axis.

Fig. 5.3.5b) on the other hand, discusses δmψ0 vs δmψ correlation as a function of the mixing
parameter. The DM mass varies in the same range as Fig. 5.3.5a), and the Yukawa couplings are fixed
at yDτ “ ySτ = 0.5.

For sα “ 0, mψ0 = mψ, as obvious from Eq. (5.2.8). Therefore, the nature of the correlation will
be a straight line with a 45˝ slope, which is exactly what the orange line represents. However, for the
non-zero sα values, we see distribution on both sides of the red line. As we can see, the spread of the
points varies with sα.

It is to be noted that if the relic density constraint is not imposed, then for a fixed sα, the points
would be distributed symmetrically around the orange line, maintaining it as the line of symmetry. This
is obvious from the model description arguments of Section 5.2. However, on adding the constraint, one
can see from the plot that this symmetry is lost. For large δm’s, we observe that the relic allowed region
shifts slightly to the left of the orange line for all non-zero sα values.

We numerically checked that for fixed Yukawa couplings, as mixing increases in the range 0 ď sα ď
1{?2. the contribution of φψ` Ñ SM SM channels rapidly decreases, but φψ0 Ñ SM SM remains
much less affected, except a very small increase. Our relic density calculation for a few benchmark
points within the allowed region confirmed that φψ0 Ñ W`τ´ channel is the dominant channel in
xσeff vy for this sα window.

This explains the shift at large δm for the non-zero sα values. As φψ` contribution decreases, to
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Figure 5.3.5: Correlations δmχ vs δmψ in Fig. 5.3.5a) and δmψ0 vs δmψ in Fig. 5.3.5b) for relic density allowed points as a
function of the mixing angle. Since all other parameters are the same for the dark leptons discussed in each plot, it is only up
to the mixing parameter to determine the dominant relic density contribution between them. The DM mass varies in the range
65 GeV ď mφ ď 1 TeV.

maintain relic abundance in the observed range, one needs stronger φψ0 coannihilation. This is why the
region with a very large δmψ0 remains out of the relic allowed regime, the annihilation cross section
being insufficient, leading to overabundance. It is also justified that we see the upper limit of relic
allowed δm0 decreasing gradually as sα increases from 0 to 1{?2.

On the other hand, we observed that φχ` Ñ SM SM contribution, which was negligible so far,
becomes substantial for large mixing, i.e., in the range 1{?2 ď sα ď 1. As already explained, φψ0

coannihilation remains mostly unaffected by mixing. Therefore, as φχ` contribution gradually increases
with mixing in the above range, it also relaxes the exclusion limit for large δmψ0 , which can be seen for
the cyan and pink points. Ultimately, for sα “ 1, the spread of the relic allowed region is maximum.
This is because the relic density is almost entirely dominated by φχ` coannihilation here, so even large
δmψ and δmψ0 values are allowed except for the white excluded region on the right, where both the
δm’s are very large, leading to insufficient xσeff vy.

The above features are model-independent and can be generalised for any singlet DM coannihilation
scenario that involves a singlet as well a doublet coannihilating partner.

5.4 Experimental signatures

5.4.1 DM signatures at the LHC

The problem of finding signatures of DM in a collider environment is a very challenging task. Disentan-
gle the DM signals from a multitude of invisible particles is notoriously hard. Several search strategies
are there for this task which addresses the problem from the perspective of the hadron colliders (LHC
and future hadron colliders) as well as lepton colliders which are for the very purpose where hadron
collider has limitations. In hadron colliders, we do not have access to the longitudinal component of
the missing momenta. Hence the task of finding the signature of DM is more difficult as we have to
depend entirely on the observables constructed from the transverse momentum components. One can
separate multilepton + missing energy signals from the backgrounds even for a small signal cross sec-
tion through advanced techniques of Multivariate Analysis [91]. Here we look for specific distributions
through which we can decipher the DM signals in a collider environment. We discussed previously that
the presence of a doublet along with a singlet dark fermions and the mixing between them plays a sig-
nificant role in the phenomenology of our model. Here we point to the ways to find out those signatures
in collider environments that will highlight this feature of the model and try to distinguish its effect from
the distributions. The peaks and end-points of a kinematic distribution can be associated with the masses
of the mediating particles. The kinematic distributions of transverse momentum, pT , transverse mass,
mT and invariant mass are a few very significant distributions to study.
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In the following we will discuss the relevant distributions in a hadron collider environment like
LHC. To perform the analysis for the LHC at the CM energy

?
s “ 13 TeV, we proceeded as fol-

lows: (1) FEYNRULES [23] has been used to generate model files. (2) Events have been generated
using MADGRAPH5 [26] and showered with PYTHIA 8 [215]. We used the dynamic factorisation and
renormalisation scale for the signal as well as the background events. (3) The detector simulation has
been performed with the help of DELPHES [134]. (4) The distributions were drawn with the help of
MADANALYSIS 5 [109].

In the following analysis of multilepton + missing energy signals at the LHC, our focus is partic-
ularly on the distributions of the τ ’s. As we discussed in Section 5.2, the couplings of the first two
generations of the leptons are very constrained by the muon g ´ 2 measurements, whereas the τ cou-
plings are unbounded. Although phenomenologically interesting in our case, the study of τ poses many
challenges as well. As it is heavier than most of the light quark mesons, τ can decay hadronically, un-
like other leptons. Moreover, the leptonic decays of τ are difficult to distinguish from prompt leptons
in an ` ` EmissT final state. This makes the hadronically decaying τ ’s suitable for the collider signa-
tures. We reconstructed the τ -tagged jets from DELPHES [134] with the help of FASTJET [83] using
the anti-kT algorithm, with the separation ∆R of two adjacent τ -jets to be 0.4. The distance between
two objects i and k is defined as ∆Rik “

apηi ´ ηkq2 ` pφi ´ φkq2, where ηi and φi are the rapidity
and azimuthal angle of the object i, respectively. In Table 5.4.1 below, we give the selection criteria,
which has been used throughout the following analysis. The τ -tagging efficiency is assumed to be flat
and taken to be 60%, with fake rates from light jets to the τ -jets of 1%. The statistical significance is
given by S “a

2 rpS `Bq lnp1` S{Bq ´ Ss, where S and B respectively are the number of expected
signal and background events at a particular integrated luminosity L .

Selection parameter p
` p j q
T |η` p j q| ∆Rik

Cut value 10 p 20 q GeV 5 0.4

Table 5.4.1: The selection criteria used throughout the analysis, where ` “ e, µ and j “ u, d, c, s and g. The distance between
two objects i and k is defined as ∆Rik “

a
pηi ´ ηkq2 ` pφi ´ φkq2, where ηi and φi are the rapidity and azimuthal angle

of the object i, respectively.

For the effect of mixing angle α in the collider signatures, two kinds of processes will be useful (1)
the processes that are predominantly W boson mediated, and (2) those that are also predominantly Z
boson mediated.

3τ ` EmissT channel

From Eq. (5.2.11), we can see that the couplings of W boson with the dark fermions are functions of
mixing angle α. Without the mixing, i.e., when sα “ 0, ψ` is exclusively a doublet and χ` purely
a singlet. This fact immediately implies that when W` Ñ ψ0χ` channels are off, the resulting final
states are a consequence of pure doublet contribution. Hence, by tuning the mixing, one can control the
% of singlet contribution in the channels. The channels we can look into are as follows:

τ ν 2φ : s-channel processes viaW` Ñ ψ0 ψ`pχ`q followed by ψ0 decaying into ν φ, which remains
invisible, and ψ`pχ`q Ñ φ τ`. Since the only visible final state in this channel is a single τ , and the
missing energy can come from both ψ0 and ψ`pχ`q, it is difficult to conclude anything about the DM
signature.

3τ ν 2φ : Here, the signal processes can proceed through the following different modes:

(i) W -mediated s-channel processes through qsq1 Ñ ψ0 ψ`pχ`q channel; and

(ii) W -mediated s-channel as well as quark-mediated t-channel processes through qsq1 ÑW Zpγq and
qsq1 ÑW h channels.
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We encounter the latter case in the context of the Unitarity problems of the gauge bosons and is very
similar to the f sf 1 Ñ W Zpγq and f sf 1 Ñ W h. See for example Refs. [101, 117, 142] for some recent
papers in this context and the references therein. The point is that as the CM energy increases, the cross
section of these channels decreases, which we can explain from the Equivalence Theorem of the gauge
bosons. We see a similar trend in our case also. As a result, the dominant channels of 3τ ν 2φ process
become mostly W -mediated s-channels mentioned in point (i) above. The diagrams mentioned in point
(ii) are suppressed to point (i). See Fig. 5.4.1 for the complete diagrams with their decay channels.
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Figure 5.4.1: Feynman diagrams contributing to the 3τ ν 2φ channel at the LHC. (i) The upper panel shows the W -mediated
s-channel processes through qsq1 Ñ ψ0 ψ`pχ`q channel; and (ii) the lower panel, W -mediated s-channel as well as quark-
mediated t-channel processes through qsq1 Ñ W Zpγq and qsq1 Ñ W h channels. The diagrams of the lower panel are seen to
be suppressed, which makes the 3τ ν 2φ channel predominantly W -mediated.

In the CM frame, the two particles are emitted with equal and opposite transverse momentum (pT ),
whose magnitude is, say pCMT . As we can see from Fig. 5.4.1, one of these two particles decays into
two-body final states, whereas the other one decays into four-body final states, resulting into 3τ ’s and
missing energy signal. If we distinguish these three τ leptons according to the decreasing order of their
pT , the leading-pT τ will mostly come from the two-body decays, i.e., Fig. 5.4.1b) and (c). On the
other hand, the two subleading τ ’s will probably come from the four-body decays mentioned above. As
the third τ is the least energetic one, it will be difficult to explain the kinematics of the third τ with
multiple accompanying invisible particles coming from such four-body decays. Moreover, the statistics
of the third τ also comes out to be less than the other two τ ’s2. Hence we will confine our discussions
within the two leading-pT τ ’s and their observables. It is obvious from Fig. 5.4.1 that, the two-body
visible channel is ψ`pχ`q Ñ φ τ` (Fig. 5.4.1b) and (c)), whereas the invisible channel is ψ0 Ñ ν φ
(Fig. 5.4.1a)). In Fig. 5.4.2, we show some of the relevant distributions of the 3τ channel for a set of
benchmark points (see Table 5.4.2) which satisfy the required relic density. Here the relic density is
satisfied through pair annihilation channels as we concluded for the doublet case [91].

From the distributions of Fig. 5.4.2, we can deduce the following inferences:
(i) We see sharp “Jacobian peaks” in the pT distributions for leading and subleading-pT τ ’s for

BPs 5-7. These “Jacobian peaks” appear at m{2 in pT -distributions and at m in missing transverse mass
distributions. Herem is the mass of the parent particle which decays to τ . From the peaks of Fig. 5.4.2a)
and (b) we can infer that τ1 is coming from χ and τ2 from W bosons for BP7. We can conclude that
both χ and W boson are on-shell for this benchmark point. For BPs 5-6, the peaks are slightly towards

2This assertion is purely based on our Monte Carlo data sample. We showed, in Fig. 5.4.2, some representative distributions
which can be useful in depicting the effects of mixing. To make a conclusive statement about the features of the third τ in this
process, we need a very large data set of Monte Carlo events. This difficulty is more so because of τ detection efficiency at the
LHC.
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mφ mψ0 mψ˘ mχ
yDτ ySτ sα

cross section

[ GeV ]
y

[ fb ]

BP1 100 348 350 180 0.4 2.05 0.097 0.1 1.2

BP2 120 249 250 150 2.15 0.0 0.057 0.1 0.15

BP3 180 358 380 295 0.34 2.0 0.2 0.5 0.10

BP4 180 358 380 295 0.72 0.85 0.2 0.5 0.058

BP5 80 250 350 150 1.87 0.0 0.57 0.71 2.1

BP6 80 250 350 150 0.55 2.5 0.57 0.71 12.2

BP7 88 1406 1500 110 2.8 0.0 2.0 0.26 0.049

Table 5.4.2: Relic density allowed benchmark points for analysis of 3τ ν 2φ channels. yD` “ yS` “ 10´9. The shaded
columns are for the dependent model parameters.

Figure 5.4.2: Significant distributions of the 3τ ν 2φ channel. Gradual shift of the peaks in the top and middle panel can be
attributed to the change in the mixing parameter. ∆φ distributions shows direction of the production of missing energy signal
w.r.t. τ ’s, which are clearly distinguishable from the background.

the right. This fact signifies that here the leading and sub-leading τ ’s do not entirely come from χ and
W , but predominantly so. We see further confirmation for this from the distributions of the respective
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transverse masses which we have not included for the sake economy of space.
(ii) The BPs 1-4 and 5-7 can be similarly classified. While the earlier set gives a relatively flatter

profile, the latter shows sharp peaks in the pT and EmissT distribution plots. From the discussion above,
we can see that the reason for this is the off-shell-ness of the mediating particles. This point is also clear
from the values of the parameters in Table 5.4.2.

(iii) The pτ1T distribution profile is similar to that of EmissT , whereas the peak of ∆φτ1EmissT
shows

that τ1 and EmissT are back to back in nature. We can infer that they are coming from the same parent
particles and so they are equal and opposite in nature.

(iv) The invariant mass plot of τ1 and τ2 gives the signal that they are pair produced from the Z
boson decay.

(v) The distinct features of BP 7 are evident from all the distributions. The very high values ofmψ0˘

indicate that these particles in the intermediate states will suppress the effects of the respective diagram
very much compared to χ.

` τ ` EmissT channel

Now we shall look into the effects of mixing in the Z boson mediated signal processes. For this, we
focus on the ` τ 2ν 2φ channel. The processes in this channel can proceed through the following different
modes, as can be seen from Fig. 5.4.3:
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Figure 5.4.3: Feynman diagrams contributing to the ` τ 2ν 2φ channel at the LHC. (i) The upper panel shows the Z-mediated
s-channel processes through qsq Ñ ψ` ψ´, χ` χ´, ψ` χ´ and ψ0 sψ0 channel; and (ii) the lower panel, Z-mediated s-channel
as well as quark-mediated t-channel processes through qsq Ñ W W channel. The diagrams of the lower panel are seen to be
suppressed, which makes the ` τ ν 2φ channel predominantly Z-mediated.

(i) Z boson mediated s-channel processes through qsq Ñ ψ` ψ´, χ` χ´, ψ` χ´ and ψ0 sψ0 channel;
and

(ii) Z boson mediated s-channel as well as quark-mediated t-channel processes through qsq Ñ W W
channel.

Among these, the processes in point (i) are much dominant to the processes in point (ii). This is because,
as in the case for 3τ ν 2φ channel, here also the latter case is very similar to the f sf ÑW W in the con-
text of the Unitarity problems of the gauge bosons [101, 117, 142]. Hence, as the CM energy increases,
the cross section of these channels decreases, that can be explained from the Equivalence Theorem of
the gauge bosons. Among the remaining diagrams of point (i), the γ mediated processes are independent
of the mixing parameter sα at the production level, as can be seen from Eq. (5.2.11). As a result, they
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are not interesting for our purpose, where we focus on the effects of the mixing parameter in the distri-
butions. The ` τ 2ν 2φ channel can also have contributions from gg initiated s-channel processes which
are very much suppressed for the chosen benchmark points (see Table 5.4.3). The qsq initiated Higgs
boson channels are also suppressed due to negligible hqsq couplings. So, it should be sufficient to focus
only on the processes in point (i) above, while explaining the features of this channel. In Fig. 5.4.4, we
show the relevant distributions of the ` τ 2ν 2φ channel for the set of benchmark points in Table 5.4.3
which satisfy the required relic density.

mφ mψ0 mψ˘ mχ
yDτ ySτ sα

cross section

[ GeV ]
y

[ fb ]

BP

120

300

400 200 0.5

0.23 0.57 1{‘2 4.4

BP_5 350 0.26 0.5 0.5 1.88

BP_1 398 1.55 0.11 0.1 0.73

BP_05 399.5 2.2 0.0574 0.05 0.35

BP_03 399.82 2.12 0.0345 0.03 0.25

BP_0 400 1.82 0.0 0.0 0.18

Table 5.4.3: Relic density allowed benchmark points for analysis of ` τ 2ν 2φ channels. yD` “ yS` “ 10´9. The shaded
columns are for the dependent model parameters.

Figure 5.4.4: Some significant distributions of the ` τ 2ν 2φ channel. As for the 3τ ν 2φ case, gradual shift of the peaks in the
distributions can be attributed to the change in the mixing parameter. The distributions are labelled with the respective values
of sα.

Some interesting observations from the distributions of Fig. 5.4.4, are as follows:
(i) If we closely look into the benchmark points for this channel in Table 5.4.3, they are chosen

such that the first one is for sα “ 1{?2 where there is equal mixing between the doublet and singlet
component of the dark fermions. We gradually change the value of sα to zero. The rest of the dependent
and independent parameters are chosen just to keep the relic density within the allowed limit.
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(ii) For sα “ 0, there is no mixing, and hence ψ` is a pure doublet state whereas χ` is purely
singlet. Now since we see from Eq. (5.2.11) that W`χ´ψ0 and Zψ`χ´ vertices do not exist for such a
case, we have only the doublet contribution for BP_0. As a result, the distributions are independent of
the values of mχ and ySτ .

(iii) From the numbers given in Table 5.4.3, we see that the role of mixing dictates the dominant
channel, and hence, the trends of invariant mass distribution. Thus, we conclude from these numbers
that, Fig. 5.4.3b) dominates for the values of sα around 1{?2 leading to a Z-peak for sα “ 1{?2,
whereas, for other values of sα Fig. 5.4.3a) dominates. This can also be seen in the distribution of ∆φτ`
in Fig. 5.4.4, where we see that both τ and ` are more probable to be along the same direction around
sα “ 1{?2. ∆φτEmissT

further establishes this conclusion where we will find τ and EmissT going in the
opposite directions. We have not kept ∆φτEmissT

plot here to avoid redundancy.
(iv) The pT distributions of Fig. 5.4.4 justify the dominance of the channels of Fig. 5.4.3 as a func-

tion of the mixing angle. In both p`T and pτT distributions, it is seen that towards the low pT region,
Fig. 5.4.3b) dominated channels are more probabilistic whereas the high pT region favours Fig. 5.4.3a)
dominated channels. This could be attributed to the feature that in Fig. 5.4.3b) dominated channels, the
energy share of both the light lepton and τ is less than the energy share in Fig. 5.4.3a). In Fig. 5.4.3b),
both the lepton and τ are produced from the decay of a single ψ0 whereas in Fig. 5.4.3a), they are
produced from different mediators. This feature is more prominent in pτT rather than p`T . This is be-
cause in Fig. 5.4.3a), the branching of the decay chain producing τ is comparatively less than what it
is in Fig. 5.4.3b), making the difference in energy share of τ between Fig. 5.4.3a) and (b) dominated
channels more prominent. The lepton, on the other hand, is produced through more branching in both
the figures, which makes the effect of reduced energy share less prominent as Fig. 5.4.3b) takes over
Fig. 5.4.3a) with the increase of mixing angle in the chosen benchmark points.

We observe the same trend through all the distributions of Figs. 5.4.2 and 4. There is a gradual
change in the peak and tail positions of the kinematic distributions with the variations of sα. This
change is more prominent for the latter case as we have chosen the benchmark points as such. Here,
apart from the mixing parameter, sα, all the other dependent and independent parameters of the model
are tweaked to some extent so that they satisfy the required relic density. Despite these small tweaks,
we can say from our observations that this feature of the distributions is solely dependent on sα and not
anything else. We confirmed our assertion by keeping the rest of the independent parameters same and
varying only the value of sα.

5.4.2 Indirect Search Prospects

Apart from the discovery potential at the collider discussed above, the dark sector mixing can affect
other DM detection possibilities as well. For the leptophilic scalar DM discussed here, the dominant
indirect detection channel is φφ Ñ τ`τ´ (Fig. 5.4.5). We discussed the Fermi-LAT constraints on
parameter space for the scalar DM and lepton doublet interaction in Ref. [91, p.7]. There, we showed
that most of the parameter region is allowed by experimental bound, except for a small region at low DM
mass. In mφ À 200 GeV, the region with large Yukawa coupling (yτ Á 2.0) is excluded by Fermi-LAT
limits and this bound becomes more stringent if one considers small ∆m.

φ

φ

ψ`

τ`

τ´

χ`

Figure 5.4.5: DM indirect search channel. Dark fermions appear in the propagator, facilitating the mixing dependence.

In this work, the velocity-averaged annihilation cross section, i.e., xσvyττ will show dependence on
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the mixing parameter as the charged dark leptons appear in the t-channel propagator. In Table 5.4.4, we
show that for fixed δm’s and Yukawa couplings, a finite mixing can bring xσvyττ below the Fermi-LAT
bounds which would otherwise be above the limits in [91].

mφ mψ˘ mχ
yDτ ySτ sα

xσvyττ
[ GeV ] [ cm3/s ]

BP1 100 600 110 2.5 0.0 0.03 8.64ˆ 10´28

BP2 105 600 130 2.0 0.0 0.45 6.23ˆ 10´27

BP3 125 300 140 1.75 0.03 0.25 1.39ˆ 10´27

BP4 150 400 175 2.5 0.0 0.27 5.98ˆ 10´27

Table 5.4.4: Relic density allowed benchmark points which are below the Fermi-LAT limit. Around mφ „ 100 GeV, the
Fermi-LAT bound is „ 10´26 cm3/s.

The bound on the upper limit of Yukawa coupling can be relaxed for a finite dark sector mixing. It
is obvious that due to having two charged dark fermions in this work, there are two ∆mp“ δm{mφ)
parameters. On keeping one ∆m small and setting the other at a high value, it is possible to address
both relic density and indirect search constraints. It becomes very interesting to apply this in low mφ

and small ∆m scenario, because as said previously, this region is typically above the limits in similar
models.

The benchmark points in Table 5.4.4 are so chosen that for each point, DM-SM interaction takes
place predominantly through the mixing. The relic density, on the other hand, is satisfied through various
coannihilation and mediator annihilation channels which also have a strong mixing dependence. We
observe here that for low DM mass of around 100 GeV, xσvyττ remains below the Fermi-LAT limit
even for coupling as high as yDτ „ 2.5 and one of the ∆m’s sufficiently small.

5.4.3 Combined parameter region

From the discussions above, the effect of dark matter mixing is evident in all the signatures of this
model. In Section 5.4.1 we discussed the collider signatures for the 3τ ` EmissT and ` τ ` EmissT

channels through different kinematic distributions, whereas Section 5.4.2 gives us the effect of mixing
in the indirect search experiments. Here, in this section, we present a combined analysis where we
take into account all the constraints together and see the prospects of detection of such signatures in the
current and future experimental facilities.

Following the definition of the fiducial phase space in Ref. [1], the criteria for the same are the
selection of three τ -jets (one light charged lepton and one τ -jet) plus non-zero EmissT for 3τ ` EmissT

(` τ `EmissT ) channel along with the cuts mentioned in Table 5.4.1. The fiducial cross section is defined
as

σfid “ N ´B
ε ¨L (5.4.1)

where L is the integrated luminosity, N is the expected number of observed events, B is the estimated
number of background events and ε is the efficiency of the detector to separate the particular signal events
from the backgrounds. B includes the background events from the final states given in Table 5.4.5. Since
the SM sources of 3τ`EmissT (` τ`EmissT ) channel are also taken among the background processes, the
numerator of Eq. (5.4.1) gives us the excess number of events for the new physics signal. Thus, we can
write, N ´ B “ ε ¨ σfid ¨L “ S. We estimated ε in our simulation as the ratio of the number of signal
events passing the selection requirements at detector level to those passing the fiducial selection criteria
listed in Table 5.4.1 at the parton level. Hence, using the τ -tagging efficiency and faking rate mentioned
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earlier, we calculate N , using Eq. (5.4.1), which gives us the estimated number events necessary to
see the difference between the distributions of different benchmark points at a particular integrated
luminosity.

backgrounds
cross section

[ pb ]
events total events

3τ`
EmissT

tst Ñ τ 2j ν bsb 66.275 397

33069
WW Ñ τ 2j ν 10.073 60

WZpγ˚qÑ τ 2j ν 0.125 29908

WZpγ˚qÑ 3τ ν 4984.69 2704

` τ`
EmissT

tst Ñ ` τ 2ν bsb 33.14 19884

327626

tst Ñ ` 2j ν bsb 199.194 3983

WW Ñ ` τ 2ν 5.026 3015

WW Ñ ` 2j ν 30.239 604

WZpγ˚qÑ ` 2τ ν 0.376 451

WZpγ˚qÑ ` 2j ν 14972.851 299457

WZpγ˚qÑ 2` τ ν 0.388 232

Table 5.4.5: Estimate of the background events for the integrated luminosity, L “ 100 fb´1.

Taking all the considerations mentioned above, in Fig. 5.4.6, we show the variation of the statis-
tical significance S as function of the mixing angle α for fixed values of other parameters, namely,
pmφ,mψ˘ ,mχq “ p120, 420, 150q GeV and pyDτ , ySτ q “ p0.4, 0.21q. We have chosen three different
values of L “ 100, 300 fb´1 and 3 ab´1 for our study. We observe that S increases as sα approaches
1{?2. From Fig. 5.4.6, it is also evident that the 3τ `EmissT channel gives us better chance of detecting
the mixing signatures for a larger region of parameter space than the ` τ ` EmissT channel.
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Figure 5.4.6: The variation of the statistical significance, S with the mixing parameter sα for fixed values of other free
parameters [ pmφ,mψ˘ ,mχq “ p120, 420, 150q GeV and pyDτ , ySτ q “ p0.4, 0.21q ]. S “

a
2 rpS `Bq lnp1` S{Bq ´ Ss,

where S and B respectively are the number of expected signal and background events at a particular integrated luminosity L .

Therefore, we perform a combined analysis and show the sα vs mφ correlation in Fig. 5.4.7, taking
into account all the experimental constraints. The shaded regions represent the allowed parameter space,
with the blue, red and green shade corresponding to indirect detection, relic density and collider limits
respectively. Here, we have shown the collider limits for 3τ ` EmissT channel at L “ 3 ab´1. This
corresponds to S ě 3 for 0.46 ď sα ď 0.83, as seen for the green shaded area. However, for smaller sα
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in the above window, one can see that very large mφ is not allowed. The low value of S in this region is
consistent with that of Fig. 5.4.6.

Figure 5.4.7: Parameter region combining all the experimental constraints. The blue shaded region denotes the region allowed
by Fermi-LAT bounds, the red shaded area represents the relic density and the green shaded region gives the LHC limits for
3τ ` EmissT channel at L “ 3 ab´1, corresponding to S ě 3. Moreover, the entire parameter space is allowed by the direct
detection constraints. The charged dark lepton masses are fixed at pmψ˘ ,mχq “ p420, 150q GeV, whereas mψ0 varies with
sα and can be calculated from Eq. (5.2.10).

One can set limits on the DM mass and the mixing angle by observing the region of overlap between
all the shaded areas. However, with proper choice of the couplings, the overlap can be tuned. We show
this in the two plots in Fig. 5.4.7. Therefore, it can be concluded from these figures that the constraints
on the mixing angle from the experimental limits can be tuned primarily with the proper choice of other
parameters.

5.5 Summary

We have proposed a viable model with a leptophilic singlet scalar WIMP DM. A Z2 symmetry renders
the stability to the dark sector. Apart from the DM candidate, the dark sector consists of a SUp2qL
doublet and a singlet fermion. The presence of only a SUp2qL doublet in the dark sector which interacts
through gauge as well as Yukawa couplings to the SM, adds new annihilation channels in the relic
density calculation. However, in that case, one cannot distinguish one component of the doublet from
the other by any means because of the degeneracy in their masses. Even if the degeneracy is lifted by
the introduction of a new scale of EWSB through the extension of the scalar sector, both the doublet
components interact through the same couplings and channels. This poses a serious problem in their
distinction from one another. Introduction of a dark singlet in this scenario yields interesting features in
the phenomenology. This is due to the fact that now, based on the electric charge of the new singlet, one
component of the doublet will mix with it while the other component remains independent of mixing.
Not only this additional degree of freedom automatically lifts the mass degeneracy of the dark fermions
without making it an ad hoc proposition, but through the dark sector mixing, we can distinguish their
effects in an experimental setup. Hence, on one hand, our model revives the simplest model of scalar
singlet DM from the clutches of the stringent bounds of DM search experiments. On the other hand,
it opens new search possibilities in the controlled environment of non-collider as well as collider based
experiments. We conclude our observation and inferences in the following:

(1) For a better understanding of the mixing effects, in the relic density calculation, we choose the
parameter region where the coannihilation channels are dominant. It is well known in the literature
that the presence of coannihilation channels can boost up the relic density without adding to DM direct
searches. For a similar model in Ref. [91] with leptophilic scalar DM and a fermionic doublet partner,
we explored the viable parameter region thoroughly. In the present work, we show that in comparison
with the previous study, here it is possible to relax the parameter region by a few orders of magnitude
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for appropriate tuning of the mixing parameter. This is due to the fact that as the dark fermions can non-
trivially coannihilate now, effectively more channels are added to the total annihilation cross section.
To compensate for this increase, we showed in the analysis that for larger mixing in the coannihilation
regime, one needs to have a smaller coupling in order to be relic density allowed. This makes a larger
parameter space viable over the full range of the mixing compared to the previous work.

(2) We show in the analysis that mixing can be a very useful tool in discriminating between the
dark sector particles of different isospins. This is because of the fact that for the two extrema of the
mixing angle, one of the dark partners is purely a singlet while the other one remains a pure SUp2qL
doublet. For the intermediate values of the mixings however, it is obvious that the charged dark partners
are mixed states. For very low or high mixing, coannihilation of these two dark fermions with DM
will be substantially different from each other. This primarily because of the channels involving W
boson, which are available for the SUp2qL doublet dark partner for very low mixing and the singlet
dark fermion for very high mixing. In our analysis, we discuss with correlation plots how these Gauge
couplings help to clearly demarcate the parameter region w.r.t the contribution of the singlet and doublet
dark partners towards total DM annihilation. However, as the mixing increases, the relative contribution
of these dark sector particles accordingly vary. In the mixed scenario, it is interesting to observe how
the viable parameter region evolves when the other parameters are fixed and it is only up to the mixing
parameter to dictate the contribution of various dark sector coannihilation channels.

(3) The mixing can directly affect various DM search prospects, e.g., indirect detection and collider
searches. In indirect detection, the velocity-averaged annihilation cross section has a dependence on
mixing due to having mixed states in the propagator. We show in our analysis that for low DM mass, it
is possible to relax the existing bound on the upper limit of Yukawa coupling in the presence of mixing.

(4) From the observations of the kinematic distribution of various observables for the 3τ`EmissT and
` τ ` EmissT channels, we conclude that one can clearly distinguish the effects of the mixing parameter
that remains unaffected by the change in other free parameters of the model. That this gradual change
in the peak and tail positions of the kinematic distributions with the variations of mixing is independent
of other free parameters, was further established by changing the mixing parameter and keeping the rest
of the independent parameters fixed. We can ensure the presence of the mixing parameter between the
dark sector particles of the theory by looking at the peak and tail positions these distributions. That this
feature of mixing is not limited to the Dirac fermions only can be concluded from the other studies in
the literature [104, 108].

(5) We have studied the statistical significance for the above two final states at 13 TeV LHC. Between
the two, the 3τ ` EmissT channel can probe the signal for a larger range of mixing parameter. While it
is not possible to observe the signal at the present LHC luminosity, we have shown with the numerical
estimates that the signal can be observed at higher luminosities of 300 fb´1 and 3 ab´1, which are
projected to be achievable at LHC within a few years.

(6) Lastly, we have done a scan of the parameter space in DM mass vs mixing angle plane, combining
all the experimental constraints coming from DM relic density, direct detection and indirect detection as
well as the collider constraints. For fixed values of the dark sector masses, it is indeed possible to exclude
a portion of parameter space, but this can be tuned with the proper choice of DM-SM couplings. This
is due to the fact that the effects of the couplings and dark sector masses are non-trivial on the various
phenomenological aspects of this feature-rich model. Therefore, it is not straightforward to obtain such
exclusion limits on mixing angle without taking into account the effect of the other parameters.

We conclude this chapter with the assertion that the mixing between a singlet and a doublet dark
sector fields can turn the table in favour of a quintessential scalar singlet DM model. It evades the
stringent experimental bounds from the DM detection experiments as well as presents new opportunities
for its detection in the lab.
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Part III

Non-thermal dark matter
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As a third alternative to standard WIMP scenario, in this part we discuss a completely different origin
of DM, known as the freeze-in mechanism [154]. As a brief recap of freeze-in scenario in 1, unlike
the WIMP case, here DM has very small coupling with SM and its abundance slowly builds up from
zero through the decay or scattering of heavier thermal bath particles and saturates when DM/decaying
particles become Boltzmann suppressed. Its feeble coupling with the visible sector keeps it safe from
the direct searches. A natural consequence of non-thermal DM is the slow decaying partner particles
that can leave distinct metastable/stable signatures [49] at the colliders due to their long-lived nature.

Here we have discussed a minimal model which can explain DM as both FIMP and WIMP depending
on its coupling strength with thermal bath, i.e., SM as well as indicates possible long-lived signatures
naturally arising from the requirement of the theory. Apart from providing novel charged LLP signatures,
the model contains a long-lived right-handed neutrino as well, which originates naturally in the model
arrangement. We propose methods of testing all these metastable particles in the present/future detectors.
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Chapter 6
Freeze-in and Freeze-out of Dark Matter
with Charged Long-lived Partners
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6.1 Motivation

In this chapter, we have discussed non-thermal dark matter phenomenology as valid non-WIMP viabil-
ity. The underlying mechanism, popularly known as freeze-in mechanism [154] as opposed to freeze-out
of the WIMP, needs much smaller couplings, thus the particles are called Feebly Interacting Massive
Particles (FIMP) [154]. In this case, the direct detection limits are not applicable, as the nuclear scatter-
ing cross sections are too small to be probed in the present or near-future experiments. However, it may
be noticed that the FIMP mechanism works usually with a thermally produced partner particle decaying
very slowly to the dark matter particle [69, 70, 126, 202, 218, 221]. Such feeble decays make these
partner particles live longer than a typical unstable particle. For example, if produced in proton-proton
collisions at the LHC, such long-lived particles (LLP) could propagate to a perceivable distance before
they decay. It provides a possibility for a new way of identifying these scenarios at the collider exper-
iments. Signatures typically include displaced vertex, disappearing charged tracks, and even kinks on
the charged tracks. LHC is on the lookout for long-lived particles [2–8, 10, 11, 22, 178, 187, 210–214].
Apart from the dark matter scenarios discussed above, LLP appear in extra-dimensional models [36,
132], special scenarios in supersymmetry with very narrow mass splitting between the decaying particle
and the final state particles [43, 44, 143, 156, 163, 200], SM extension with light neutrino mass [110,
125] and models explaining baryogenesis [100, 113]. The high-luminosity version of the LHC (HL-
LHC) has dedicated upgrades keeping in view the possible signatures of the LLP [14, 103, 125, 139].
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Besides, within the LHC complex, a dedicated detector is known as (MAssive Timing Hodoscope for
Ultra Stable neutraL pArticles) MATHUSLA [114, 191] is proposed as a large volume surface detector
specifically looking for LLP. A detailed study of LLP signatures at the LHC in simplified FIMP models
is carried out by [49, 120, 141], which shows that mass of the dark matter particles should be in the keV
- MeV range to be compatible with dark matter relic density, at the same time providing decay lengths
of the partner particles that could be probed by LHC.

We consider a novel scenario where a fermionic dark matter (ψ) is produced from the slow decay of a
charged fermion (χ`). This necessitates the presence of a charged bosonic degree of freedom, which we
consider as a charged scalar S` for simplicity, allowing χ` to decay through χ` Ñ ψ S`. The Yukawa
coupling corresponding to this interaction can be adjusted to obtain the required relic abundance of the
dark matter. Considered as an SUp2qL singlet, the charged scalar requires the presence of a gauge
singlet neutral fermion N for it to decay via S` Ñ N`` channel. The Yukawa coupling corresponding
to this interaction is independent of the dark sector dynamics. In particular, it is possible that it is
small enough to make the charged scalar have sufficiently large decay length to leave distinct LLP
signature at the LHC. On the other hand, if the Yukawa coupling in the dark sector is large enough to
accommodate thermal production of the dark matter, we have the WIMP scenario with freeze-out relic
density. However, one should be careful in dealing with large Yukawa couplings as, in the absence of
tree-level diagrams, they can still contribute to the direct detection cross section through photon/Z boson
mediated penguin diagrams.

Typically, one may imagine that when thermal production is enabled, the non-thermal production
through the charged fermion decay is not significant. However, an interesting scenario arises when
the non-thermal production adds significantly to the number density along with the thermal production.
Such a scenario would emerge when the relevant couplings and masses are in favourable ranges. The
relic density, in this case, will be dictated by the thermal freeze-out mechanism. Nevertheless, this
possibility will lead to more viable regions of parameter space, with consequent effects in other sectors
including the collider processes. The result of all these effects provides a feasible mechanism of dark
matter of mass in a wide range of a few GeV to close to a TeV, along with LLP that could be probed
through the LHC experiments. Presence of multiple LLPs potentially provides another interesting aspect
to their search at the LHC through cascade decay ofLLP Ñ LLP Ñ SM , adding a different dimension
to the LLP searches. In this article, we shall study the details of the dark matter scenario of the model
and indicate the collider possibilities, with the detailed collider phenomenology deferred for a future
study.

6.2 Model details

We consider the dark matter to be a gauge singlet fermion denoted by ψ, which is made stable by
imposing a Z2 symmetry under which it is odd. The non-thermal production of ψ is realised through
the slow decay of a partner charged fermion χ`, which is a vector-like gauge singlet. χ` and ψ have
the same transformation property under the Z2. This decay necessitates the presence of a charged gauge
singlet scalar field, denoted here by S`, which in turn decays to the charged standard lepton and newly
introduced gauge singlet vector-like neutral fermion,N . The Yukawa interaction ofN with the Standard

S` N1, N2, N3 χ` ψ

Y `2 0 `2 0

Z2 ` ` ´ ´
Table 6.2.1: Additional fields and their charges. Electromagnetic charges are given by Q “ t3 ` Y {2.

Model (SM) Higgs field and the left-handed lepton doublet along with its explicit Dirac mass term, could
be made use of to generate the neutrino mass through the type-I seesaw mechanism. Keeping this in
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mind, we introduce three copies of N in our set up. The additional particle spectrum along with their
hypercharge and Z2 charge are given in Table 6.2.1. All the SM fields are even under the Z2.

With the above particle content, the Lagrangian of the model is given by

L “LSM ` pDµSq:pDµSq ` sχ iγµDµχ` sψ iγµ Bµψ `
ÿ

i

sNi iγ
µ BµNi

´mχ sχχ´mψ
sψψ ´

ÿ

i

mNi
sNiNi

´
´
y1 sχS ψ `

ÿ

i

y2i
sNi S `i `

ÿ

i

yNi
sLi Φ̃Ni ` h.c

¯

´ `
µ2
S S

:S ` λ pS:Sq2 ` λ1 S
:S Φ:Φ

˘
(6.2.1)

where Φ represents the SM Higgs doublet, Li and `i denote the SM left-handed lepton doublet and right-
handed charged lepton singlet, respectively. The summation index i runs from 1 to 3 indicating the three
flavours of leptons. The Yukawa couplings and the mass parameter mNi are taken to be diagonal so that
the interactions do not lead to any flavour-violating processes. However, the contribution to g ´ 2 of
the charged leptons arising at the one-loop level is proportional to y2

2i, and therefore require to be small
[168, 225] for the first two generations, while the i “ 3 it could be more relaxed. Moreover, the presence
of neutral fermions Ni can explain neutrino mass generated via Type-I seesaw mechanism. The mass
matrix in the interaction basis is

¨
˝ 0 vYN

vY T
N mN

˛
‚ , (6.2.2)

where YN and mN are 3 ˆ 3 matrices with YN “ diag pyN1 , yN2 , yN3q and mN “ diag pmN1 ,
mN2 ,mN3q. Keeping mNi at the GeV-TeV scale requires yNi „ 10´8 to get the right neutrino mass (of
ă 0.1 eV). The other Yukawa coupling is limited by perturbativity, and thus we consider y1 ď

?
4π.

Electroweak symmetry breaking is controlled purely by the Higgs mechanism involving the Φ field.
After the symmetry breaking, the mass of the charged scalar is given by

m2
S “ µ2

S `
λ1v

2

2
, (6.2.3)

whereas mχ and mψ are free parameters. In addition to the constraints discussed above, further con-
straints come from the collider experiments. If kinematically allowed, χ`χ´ and S`S´ pairs could
be produced in e`e´ collision, leading to dilepton final state accompanied by missing energy. Conse-
quently, to avoid LEP constraints we consider mχ ě 45 GeV. Similarly, the Higgs bosons can decay
to S`S´ pair owing to the quartic coupling, λ1, contributing to the Higgs decay. For simplicity, we
consider mS ě 63.5 GeV to kinematically prohibit this decay. On the other hand, possible contributions
to H Ñ γγ and to H Ñ ψψ through the presence of S` and χ` in the loop may need attention. We
discuss the contribution to the di-photon decay channel in Section 6.B. With mS “ 150 GeV, this con-
tribution (Eq. (6.B.7)) leads to less than 3% contribution for λ1 “ 0.01. Contribution to the invisible
Higgs decay is negligible compared to the standard contributions, as discussed in Section 6.C.

Coming to other constraints, the decay pattern of S Ñ N` could look very similar to supersymmet-
ric slepton decays to neutralinos and leptons, and therefore it is tempting to imagine that the collider
constraints from slepton search apply to S`. However, the SUSY searches are quite model dependent,
and thus not applicable as such in our case. For example, constraints on long-lived stau quoted in Ref.
[107] is derived within the restricted mass-splitting scenario and within the context of gauge mediated
SUSY breaking. Since we have the freedom to choose the couplings and masses within a much larger
range, to start with, we do not consider any such collider constraints. However, in the full considerations
of collider phenomenology, these constraints should be included.

Turning to the dark matter side, we have different possibilities arising here depending on the kine-
matics and couplings. First of all, the dominant mechanism for the production of the dark matter ψ is
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98 Chapter 6. Freeze-in and Freeze-out of Dark Matter with Charged Long-lived Partners

the decay of thermally produced charged fermionic partner, χ`. This immediately requires mχ ą mψ.
The decay proceeds through their coupling with the singlet charged scalar, S`. Here, there are two
possibilities: (i) when kinematically allowed with mχ ě mψ `mS , the decay essentially goes through
the on-shell S` (χ` Ñ ψS`); (ii) when mψ `mN ď mχ ă mψ `mS , it results in a three-body decay
of χ` Ñ ψS˚ Ñ ψN``. In the first case, the decay is dictated by a single coupling y1, whereas in the
second case it is the product of y1y2 that matters. As noted above, y2 is restricted to be small for the first
two generations, while it can be more relaxed for the third generation which couples the τ lepton with
S`. Direct detection experiments can constrain the coupling y1 through processes at the one-loop level.
We have discussed the contribution in the Section 6.D. To have σψχSI ď 10´46 cm2 as required by the
direct detection experiments, for masses of the order of 100 GeV, the coupling typically comes around
y1 À 0.05.

The strength of all these interactions will dictate the relic density of ψ, the dark matter candidate. In
Table 6.2.2 we have listed the distinct possibilities that could arise.

Case 1 : mχ ą mS `mψ

Mechanism y1 mψ Possibilities Viable?

Thermal
production

large
ă mS over-abundance No

ą mS
ψψ Ñ S`S´

enabled freeze-out
Yes

Production
through

decay of χ`
small —– freeze-in to saturation Yes

Case 2 : mψ `mN ă mχ ă mS `mψ

Mechanism y1 y2 y1 mψ Possibilities Viable?

Thermal
production

large
any ă mS over-abundance No

restricted ą mS ψψ Ñ S`S´ is enabled Yes

Thermal
production
` through

decay of χ`
small

small any freeze-in to saturation Yes

restricted
ą mS

ψψ Ñ S`S´

enabled freeze-out
Yes

ă mS over-abundance No

Table 6.2.2: Distinct scenarios and their viabilities considering relic density of the dark matter.

In the first case with 2-body decay of χ`, the coupling y2 does not affect the scenario. For large
values of y1, the dark matter ψ is thermally produced. In addition to the decay of χ`, the scattering
process S`S´ Ø χ`χ´ will also be relevant here. The only way to get the right relic density is by
taming the dark matter density through its annihilation. This could be achieved in the present model
through the pair annihilation of ψ into S`S´ pairs and possible coannihilations when kinematically
allowed. Note that it is the same coupling which dictates the annihilation process as well. On the other
hand, for very small y1, the slow production of ψ gradually builds up the dark matter density. Apart from
y1, the mass splittings would also play a crucial role in getting the right relic density. Moving to the case
of 3-body decay of χ` as listed in Table 6.2.2 Case 2, it is the product of the couplings y1y2 which is
now relevant. Again, for large values of this coupling combination, ψ is thermally produced, and the
over-abundance could be tamed with the pair annihilation of ψ for favourable kinematic (mψ ą mS)
and dynamic (y1 ą 0.1, as shown through numerical studies discussed later) conditions. This is quite
similar to the large coupling scenario of case 1. On the other hand, for very small values of y1y2, there
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are two different situations. One is that y1 is also very small. In that case, the only relevant mechanism
is the freeze-in mechanism. On the other hand, with large enough y1 thermal production can lead to
overabundance when mψ ă mS , which is tamed through the annihilation process, ψψ Ñ SS for
mψ ą mS . In this scenario, when y1y2 is not too small, significant contribution from non-thermal
(decay of χ) production of ψ can add to the relic density. However, proper treatment of this requires
solving the coupled Boltzmann equation for both ψ and S, as ψ and S may no more be in chemical
equilibrium. In the present discussion, we shall restrict ourselves to the two limiting cases of either the
thermal production or non-thermal production dominate, with the other contribution negligible.

In the following sections, we shall discuss the freeze-in and freeze-out scenarios separately, and
present a numerical study to understand the specific situations and viable parameter space regions in
each of these cases.

6.3 Freeze-in solution

The production of DM candidate ψ through the slow decay of gauge produced χ` gives rise to the
freeze-in mechanism by building the DM density to the required value. The decay of χ` is controlled
by the Yukawa coupling y1 with S` and ψ. When kinematically possible, it will be a two-body decay
with S` produced on-shell. On the other hand, if mS ` mψ ě mχ, it is a three-body decay to final
state ψN`, mediated by a virtual S`. In the latter case, the decay is dictated by the Yukawa coupling y2

of S`N`` along with y1. While in the first case y1 is required to be small enough for freeze-in to be
possible, in the second case the product y2y1 should be of this order. The relic density depends on the
decay width, Γχ` and the masses of the parent particle and the DM candidate through the relation [154]

Ωψh
2 “ 2.19ˆ 1027gχ

gS˚
a
gρ˚

mψ Γχ`

m2
χ

, (6.3.1)

where gS,ρ˚ are effective degrees of freedom in the bath at freeze-in temperature T „ mχ. gχ denotes
the number of degrees of freedom corresponding to the decaying particle χ`, which is equal to 2 for a
fermion.

We shall consider these two distinct cases separately in our numerical analysis below. The charged
scalar decays to N``, enabled by the Yukawa coupling y2i. In the first case of two-body decay of χ`,
the decay of S` is decoupled from the freeze-in mechanism, and therefore y2 can be independently
varied. As mentioned in the introduction, this coupling can potentially induce anomalous g ´ 2 for the
charged SM leptons, and therefore y2 is required to be small. With small y2, S` may have delayed
decay, but within the detectors of the LHC experiments. The heavy neutrino N can decay through its
coupling with the SM neutrino and the Higgs boson, yN , which is required to be very small to generate
the right neutrino mass. Thus, potentially, N could also be long-lived and mostly decay outside the
detector complex giving missing energy signature. In the second case of the three-body decay of χ`,
although not decoupled from the relic density formation, y2 can be such that S` has delayed decay to
leave distinct signature at the collider detectors. We shall discuss the signatures of this long-lived S` in
the later section. Below we shall focus on the dark matter side of the model and find viable parameter
space regions compatible with observations. Feynman diagrams corresponding to the decay of χ` in the
two cases, and that of the S` decay are given in Figs. 6.3.1a)–c), respectively. We shall discuss these
two cases separately below.

6.3.1 Two-body decay of χ` withmχ ą mS `mψ

In this case, the DM candidate is produced through the two-body decay of the χ` which is gauge
produced abundantly, and in thermal equilibrium. The decay width of χ` is given in this case by,

Γχ`ÑS`ψ “ y2
1

16πm3
χ

rpmχ `mψq2 ´m2
Ss rpm2

χ ´m2
S ´m2

ψq2 ´ 4m2
Sm

2
ψs1{2 (6.3.2)
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χ+
S+

ψ

y1

a)

χ+
S∗

ψ

N

ℓ+y1

y2

b)

S+
N

ℓ+

y2

c)

Figure 6.3.1: Feynman diagram showing the two body paq and three body pbq decays of χ`, and the Feynman diagram
showing the decay of S` (c).

One may notice that, in principle, a pair of ψ can annihilate into S`S´ pairs when kinematically fea-
sible. Such a reaction will be a t-channel process mediated by χ` as shown in the Feynman diagram
in Fig. 6.3.2(a). In addition to the pair annihilation, when the mass splitting is favourable, the co-
annihilation processes with Feynman diagrams shown in Fig. 6.3.2(b)-(d) could also affect the number
density of the dark matter. However, the cross section of the pair annihilation process is proportional
to y4

1 , while that of all other processes are proportional to y2
1 , the same coupling that controls the slow

production leading to the freeze-in mechanism. Thus, the annihilation cross sections are expected to be
negligibly small leaving no signature in the relic density. The relic density for a wide range of parameters

ψ

ψ̄
χ+

S+

S−

(a)

y1

y1

χ+

ψ

S+
S+

h

ψ

χ+

S+
S+

γ/Z

χ+

χ+

ψ̄

γ/Z

S+

(b) (c) (d)

y1 λ1 y1

y1

Figure 6.3.2: Pair annihilation paq and co-annihilation channels pb, c, dq of the dark matter ψ.

is computed using MATHEMATICA with the help of the above relation and compared with the value
allowed by PLANCK [16] experiment. The relic density, in this case, depends on the single Yukawa cou-
pling y1, and the masses of the participating particles, mχ, mS and the dark matter particle mψ. We fix
the other parameters, which do not affect the relic density as λ “ λ1 “ 0.01, yN “ 10´8, y2 “ 10´9.

All the three copies of the neutral vector fermion mass are fixed at mN “ 30 GeV in our scan.
While the decay width of S` has a kinematic dependence on mN , the width of χ` itself is not affected
by this parameter. The range of the relevant parameters used in the scan is given in Table 6.3.1. All
through we have maintained the mass splitting so that χ` can undergo a two-body decay. Scanning over
50,00 random points, we selected those satisfying the right relic density and analysed those for possible
correlations and constraints.

1 GeV ď mψ ď 1 TeV 65 GeV ď mS ď 1 TeV

mS `mψ ď mχ ď 1 TeV 10´14 ď y1 ď 10´8

Table 6.3.1: Range of relevant parameters considered for the numerical scan in this study.

In Fig. 6.3.3 the correlation between y1 and relevant masses are given. As seen from y1 vsmS larger
masses require larger couplings to compensate for the effect of the phase pace. On the other hand, in the
case of y1 vs mψ, the phase space suppression for larger mψ is smaller compared to the enhancement
in the invariant amplitude, as is clear from the decay width expression in Eq. (6.3.2). Further, there is
an additional factor of mψ in the expression for Ωψh

2 in Eq. (6.3.1), pulling down the decay width to
maintain the same relic density. The correlation between the parent particle mass (mχ) and y1 indicates
that y1 is preferred to be in the range of 10´13 ´ 10´9 to satisfy the required relic density. As expected,
smaller mass splitting ∆mχS “ mχ ´mS requires larger y1 to compensate for the narrow phase space
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Figure 6.3.3: Yukawa coupling y1 vs mass of the non-SM particles that satisfy the relic density bound. In plots in the top
row and bottom-left mS , mψ and mχ are varied from a few GeV to 1 TeV. Other parameters are as per Table 6.3.1. In the
bottom-right plot, mχ “ 300 GeV and 1 TeV are considered, while mψ is varied in the full range.

available. The right-bottom plot in Fig. 6.3.3 shows y1 against mS for two different mχ values of 300
GeV and 1 TeV. The mass splitting ∆mSψ “ mψ ´mS is indicated in different colours. While in the
case of lightermχ the mass splitting is not very relevant, in the case of heavier χ` smaller y1 is preferred
for larger mψ values, in agreement with top-right plot and the discussion above.

6.3.2 Three body decay of χ` withmψ `mN `m` ă mχ ă mS `mψ

In this case, the decay of χ` to on-shell S` is not kinematically possible. However, three body decay
enabled through a virtual S` decaying into N` pair, as illustrated in the Feynman diagram in Fig. 6.3.1
(b), produces the dark matter. The decay width Γχ`ÑψNl` is proportional to py1y2q2, as given by

Γχ`ÑψN`` “ py1y2q2
256π3m3

χ

Xmaxż

Xmin

dX
“pm2

χ ´X ´m2
ψq2 ´ 4Xm2

ψ

‰1{2 “pX ´m2
N `m2

` q2 ´ 4Xm2
`

‰1{2

ˆ
“pmχ `mψq2 ´X

‰ “
X ´m2

N ´m2
`

‰

X
“pX ´m2

Sq2 ` Γ2
Sm

2
S

‰ , (6.3.3)

where Xmax “ pmχ ´ mψq2 and Xmin “ pmN ` m`q2. Having the product of the couplings con-
trolling the production, unlike in the previous case, the following distinct possibilities arise in this case,
depending on the mass splitting ∆mψS “ mψ ´mS .

1. y1y2 ! 1, y1 ! 1 for any ∆mψS : In this case, the coupling y1 being small pď 10´8q, the anni-
hilation channel ψψ Ñ S`S´ is not effective leading to a situation similar to Case 1 described
in Section 6.3.1. ψ produced via 3-body decay of χ` Ñ ψN`` slowly saturates to leave the
required relic density. We shall show that, for a large range of mass of S`, it is possible to find
couplings compatible with the freeze-in scenario in the range of 10´11 ď py1y2q ď 10´5.

2. y1y2 ! 1, y1 „ 1, with ∆mψS ă 0 : In this case the production is mostly thermal through
SS Ñ ψψ with possible addition from the decay of χ`, the contribution being dependent of the
value of y1y2. Since the annihilation ψψ Ñ S`S´ is kinematically disfavoured, it results in
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over-abundance. The co-annihilation channels could, however, be relevant, as the kinematics may
not restrict those.

3. y1y2 ! 1, 10´8 ă y1 „ 1, with ∆mψS ą 0: In this case again, the thermal production through
SS Ñ ψψ and from the decay of χ` builds up the number density of the dark matter particle.
However, owing to sizeable y1 the now kinematically allowed annihilation cross section is sig-
nificant, leading to favourable relic density through freeze-out. The resultant relic density at the
saturation depends on various factors including the rate of decay of χ` and the annihilation cross
section of ψψ Ñ S`S´ channel.

We shall not discuss case 2 above any further, as this does not lead to the right relic density. The other
two cases, case 1 where the thermal production and annihilation are not relevant, owing to the small
value of y1, and case 3 with large y1 are discussed with numerical results below.

In the absence of annihilation : We shall first consider the situations 1 listed above, where the an-
nihilation does not play a role. Scanning the parameters within the range specified by Table 6.3.2, we
explore the parameter space providing the right relic density.

1 GeV ď mψ ď 1 TeV 65 GeV ď mS ď 1 TeV

mN `mψ ď mχ ď 1 TeV 10´12 ď y1y2 ď 10´5

Table 6.3.2: Range of relevant parameters considered for scan. The condition, mχ ă mψ ` mS to kinematically disable
χ` Ñ S`ψ with S` on-shell is further imposed. A few selected mN values are considered for the analysis.
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Figure 6.3.4: Correlation between the relevant coupling and the dark matter mass mψ (left), the decaying parent particle mass
mχ (right) and the associated charged scalar S` (bottom), satisfying the relic density bound.

In Fig. 6.3.4 the coupling combination y1y2 is plotted against mψ (top left figure), mχ (top right
figure) and mS (bottom figure). Generically, the product of the coupling below 10´10 is not possible,
with a few points between 10´11 and 10´10 corresponding to relatively heavier χ` and lighter mS

so that the propagator factor compensates for the small coupling. For lighter χ` below 200 GeV, the
coupling is mostly larger than 5ˆ 10´10, which is filtered down to slightly lower than 10´10 for masses
between 200 and 400 GeV, above which it is possible to go down by one more order. The correlation
between mχ and mψ is plotted in Fig. 6.3.5, where the effect of mN is indicated with two illustrative
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values of mN “ 30 and 200 GeV. The effect mostly arises from the kinematic limit constraint of
mχ ą mψ `mN . In the right-hand-side plot in Fig. 6.3.5, the effect of the coupling on this correlation
is indicated for three different choices of couplings, for a fixed mN “ 30 GeV. Note that the decay
width depends on the inverse powers of its mass, and therefore, require larger values of the couplings
for heavier χ`, as clearly indicated in the three cases presented in the plot.
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Figure 6.3.5: Correlation between mψ and mχ in the case of freeze-in with 3-body decay of χ`. The left plot allows mS and
y1y2 to vary within the specified range, while the right plot has mS “ 800 GeV and three different indicative y1y2 values.
mN is fixed at 30 GeV in the right plot.

In the presence of annihilation : The third situation listed above, which includes the effect of siz-
able annihilation cross sections is interesting, however not usually considered in the literature. In most
situations studied, a single coupling parametrised the interactions. Freeze-in mechanism requiring this
to be small naturally makes the effects of annihilation irrelevant. However, as we demonstrate here, in
the presence of an additional coupling such as present in the scenario discussed in this article provides
a natural framework where along with the thermal production, a significant amount of DM is produced
through the decay of the associated particle. In presence of annihilation, this leads to an interesting
interplay of the thermal and non-thermal production of ψ. When y1 and y1y2 both are small, ψ is not
in equilibrium with the thermal bath and is only produced from the decay of χ. However, S`, being
gauge produced, if y1 increases, ψψ Ñ SS forward and backward scatterings also produce ψ from the
thermal bath and slowly drive it towards equilibrium in the early Universe. This feature is illustrated in
Fig. 6.3.6, where the yield of ψ is plotted against mψ for a fixed y1y2 but for different y1 values. The
green curve can be considered as the typical non-thermal production via freeze-in due to the minuscule
xσvy (corresponding to y1 „ 10´8). The blue and the red line correspond to larger y1 which clearly
show the increasing effect of the thermal production of ψ from the bath in the early Universe. However,
for such values of xσvy, the non-thermal decay is still the dominant production channel and we see the
effect of saturation of yield when it becomes Boltzmann suppressed, similar to the freeze-in scenario.
Now, on increasing y1 further, the thermal production becomes more dominant and the typical freeze-out
scenario is recovered, which can be seen from the brown, pink, magenta and the black line. Similar to
the WIMP freeze-out, these cases give overabundance or underabundance depending on the xσvy value
considered.

A few benchmark points compatible with this scenario are presented in Table 6.3.31, indicating the
cases when pair annihilation and co-annihilation channels contribute significantly. For clarity, we have
included the respective cases with small y1, where the effect of annihilation is absent, and the correct
relic density is not achievable. While the results are presented for a fixed mN “ 30 GeV, we have
checked that it produces the relic density within the same order of magnitude for a range of mN from
1 GeV to a couple of 100 GeV. It is clear from Fig. 6.3.6 that based on the couplings, the DM is either

1In Fig. 6.3.6 and Table 6.3.3, large values of y1 is taken to show the effect of the interplay between the thermal and
non-thermal production of ψ. However, direct detection diagrams in one loop constrains this coupling to y1 À 0.05. This
implies that this coupling in the allowed limit is not sufficient to satisfy the observed relic density, but it can make the thermal
production dominant over the non-thermal case and lead to overabundance. We will show later on in the discussion of freezeout
that coannihilation and mediator annihilation channels can satisfy the observed relic even with small y1.
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Figure 6.3.6: Plots showing interplay of the thermal and non-thermal production of ψ for various values of y1. The non-
thermal production of ψ from χ decay is kept fixed with y1y2 “ 10´10

pleftq and y1y2 “ 10´6
prightq. The dot-dashed lines

represent the correct relic density for the specific benchmark point mS=50 GeV, mψ=80 GeV, mχ=120 GeV in the left plot
and mS=463 GeV, mψ=941 GeV, mχ=972 GeV in the right plot. mN is fixed at 30 GeV.

mχ mψ mS y1y2 y1 Ωh2

515.5 485.4 176.3 4.7ˆ 10´6

10´8 0.119

10´2 2.1ˆ 105

0.5 0.12

1.0 0.008

394.5 352.9 338.5 1.1ˆ 10´8

10´8 0.119

10´2 2.2ˆ 106

0.98 0.12

1.5 0.02

460.6 300.2 214.1 3.72ˆ 10´11

10´8 0.119

10´2 5.9ˆ 105

0.67 0.12

1.0 0.02

Table 6.3.3: Benchmark points showing the effect of the additional thermal production of ψ with normal non-thermal pro-
duction from χ` decay. For negligible y1, the correct relic density is achieved by non-thermal production only. Increasing y1

enhances the thermal production of ψ through SS Ø ψψ channel in the early Universe, suppressing the non-thermal produc-
tion. Therefore, the freeze-out scenario is recovered, where overabundance or underabundance is dictated by the choice of y1.
All masses are in GeV. The mass of the neutral fermion is set to mN “ 30 GeV in all cases.

following freeze-in saturation or is driven towards thermal freezeout. This is largely due to the coupling
y1 which, for large values, is responsible for sufficient energy exchange between S` and ψ in the early
Universe, therefore, suppressing the non-thermal production of ψ. If the production and annihilation
channels of ψ could be considered independently, then it would be possible to restrict its production to
only non-thermal decay of χ and annihilate through some other coupling which does not contribute to
the energy exchange of DM with a thermal bath. A possible way out is to consider cases like mediator-
driven annihilation and conversion as the possible modes of the annihilation of ψ. It is well known
that for very small mass splitting between ψ and χ, χχ Ñ SM SM processes contribute substantially
to the relic density of ψ. In this model, these processes are gauge mediated, hence independent of
y1. Hence, even if we take both y1 and y2 small enough to ensure only non-thermal decay of χ`, the
production and the annihilation of ψ remain independent of each other. Ref. [172] discusses a similar
situation and on solving out-of-equilibrium Boltzmann equations (see Eqn. 9 and 10 of Ref. [172])
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for DM candidate and the mediator, an interesting situation is obtained which can be interpreted as an
intermediate stage between freeze-in and freeze-out scenario, where the non-thermal overproduction
can be tamed by sufficient annihilation. However, as seen from the parameter choice of this plot, this is
valid only for a small mass splitting between the DM candidate and the mediator, which is not of much
importance for our discussion since the viable parameter space is very much contrived.

6.4 Exploring freeze-out possibility

The model can also explain thermal dark matter, such as the standard WIMP scenario through thermal
freeze-out, which is viable over a large region of parameter space. In this case, it is assumed that the
DM candidate ψ is already in equilibrium with the thermal bath. Hence we no longer require the DM
interaction coupling y1 to be very small unlike freeze-in scenario, therefore it is considered to be of the
order of unity. All the possible annihilation diagrams are given in Fig. 6.3.2. Based on the mass splitting
between the dark sector particles (χ` and ψ), the relic density will be dominated by either annihilation of
DM into SM particles (Region 1) or co-annihilation between the dark fermions (Region 2). Fig. 6.3.2(a)
represents the only diagram possible when ψ pair annihilates into S`S´ pairs through t-channel medi-
ation of χ`. Fig. 6.3.2(b)-(d) represent the co-annihilation channels which become effective only when
the mass splitting between incoming particles is very small. The model is implemented in FEYNRULES

[23] and the freeze-out relic density computation is done using MICROMEGAS [50].
The parameter space is classified into two regions of mχ " mψ and mχ „ mψ, with the co-

annihilation channels becoming important in the latter case. We shall discuss these two regions sepa-
rately in the following subsections.

6.4.1 Region with large mass splitting: mχ " mψ

The only pair annihilation of the dark matter in this region proceeds through the t-channel to a final state
of S`S´ pairs shown in Fig. 6.3.2(a), with the cross section proportional to y4

1 . The co-annihilation
process has a negligible contribution as the cross section for such process goes like the exponential of
mass splitting between the dark matter and the partner, e´pmχ´mψq{mψ [148]. To study the relic com-
patible parameter space regions, we scan over the available/relevant range of parameters and compute
the relic density using micrOMEGAs. As in the earlier case, the irrelevant quartic couplings, λ and λ1

are fixed at 0.01, and the Yukawa coupling dictating the neutrino mass are set at yNi « 10´8. The mass
of the neutral fermions is set to mN “ 30 GeV, while the Yukawa coupling between S`N` is taken as
y2 “ 10´6. The parameters, which are relevant to the annihilation process here are varied randomly in
the range given in Table 6.4.1.

1 GeV ď mψ ď 1 TeV mχ “ mψ ` p100, 800q GeV

65 GeV ď mS ď 1 TeV 0.0 ď y1 ď 3.0

Table 6.4.1: Range of parameters considered for the scan in Region 1: mχ " mψ with thermal freeze-out of dark matter ψ.

In Fig. 6.4.1, the variation of the coupling y1 is plotted against the DM mass. The ψψ Ñ S`S´

annihilation channel opens up at different S` values, as shown in the left plot in Fig. 6.4.1, for a fixed
χ` mass of 1 TeV. In the right plot of Fig. 6.4.1, mχ is varied for the entire range of mψ keeping the
mass splitting fixed at two specific values. For smaller mass splitting, a relatively lighter propagator
reduces the demand on the requirement of large coupling. However, to be compatible with the direct
detection limits of y1 ď 0.05, a highly degenerate region of the parameter space may be required, as
explained towards the end of the next subsection. It is to be noted here that if S` was not charged, the
one-loop penguin diagrams (Fig. 6.D.1) contributing to direct search would not contribute, but still, the
strength of the new physics coupling would determine the interplay between the nonthermal and thermal
production, even leading to freezeout for a wider parameter space. Because of this generic feature, we
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ms = 700 GeV

ms = 500 GeV

ms = 300 GeV
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Δmχψ = 100 GeV

Δmχψ = 800 GeV
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1

Figure 6.4.1: y1 vsmψ for specific values ofmS in agreement with the measured DM relic density; Left: for a fixed propagator
mass of mχ “ 1 TeV; Right: for varying mχ with the mass splitting fixed at mχ ´mψ “ 100 GeV (red) and 800 GeV (blue)
keeping 65 ď mS ď 1000 GeV.

have kept the full range of y1 in the analysis, although for our particular case freezeout is restricted to a
narrow window of the parameter space.

6.4.2 Region with almost degenerate case: mχ „ mψ

In this region, as the mass difference between χ` and ψ is very small, the effect of the co-annihilation
channels become important. Unlike Fig. 6.3.2(a), these channels provide correct relic density even when
mψ ď mS . This is because ψ can now annihilate into S` and a photon or a Z boson provided 2mψ ě
mS{pmS ` mZq (Fig. 6.3.2(c)-(d)). Setting a non-zero value of λ1 enables the process considered in
the diagram in Fig. 6.3.2(b), although the effect of this cross section is very small. However, since λ1

is fixed at a small value (= 0.01) in the analysis, this contribution is always negligible. We consider the
ranges of parameters given in Table 6.4.2 while performing the scan.

1 GeV ď mψ ď 1 TeV mχ “ mψ ` 1, 5, 10 GeV

65 GeV ď mS ď 1 TeV 0.0 ď y1 ď 3.0

Table 6.4.2: Range of parameters considered for the scan in Region 2: mχ „ mψ with thermal freeze-out of dark matter ψ.

200 400 600 800 1000
0.00

0.05

0.10

0.15

0.20

mψ (GeV)

Ω
h

2

200 400 600 800 1000
0.00

0.05

0.10

0.15

0.20

mψ (GeV)

Ω
h

2

Figure 6.4.2: DM relic density vs DM mass for mass splitting between dark sector particles fixed at 1 GeV (left) and 5 GeV
(right). For larger mass splitting (right), the effect of Z-mediated s-channel cross sections arising due to χ` annihilation
become negligible, and co-annihilation channels dominate increasing the relic density in the low DM mass regime within
observed limits.

In Fig. 6.4.2, the variation of DM relic density is plotted with DM mass for two different mass
splittings between χ` and ψ. In the left panel, the splitting is fixed at 1 GeV. For such a small splitting,
the annihilation of the other dark sector particle χ` into SM fermions also contributes to the relic density
along with the diagrams given in Fig. 6.3.2. All these additional channels being Z-mediated, we see the
Z-resonance at mψ “ 45 GeV. After the resonance, these cross sections decrease with an increase in
mψ making the co-annihilation channels important. But if the mass splitting is made larger (5 GeV as

TH-2426_156121030



6.5. Collider signatures 107

shown in the right plot), then the effect of mediator annihilation, ie, the contribution of these Z-mediated
diagrams becomes negligible compared to ψ co-annihilation and pair annihilation, so that even the low
mass regime of mψ supports the correct relic density. In Fig. 6.4.3, the variation of y1 vs mψ is plotted

Δmχψ = 5 GeV,ΔmSψ = 30 GeV

Δmχψ = 5 GeV,ΔmSψ = 100 GeV

Δmχψ = 5 GeV,ΔmSψ = 300 GeV

Δmχψ = 10 GeV,ΔmSψ = 100 GeV

200 400 600 800 1000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

mψ (GeV)

y
1

Figure 6.4.3: y1 vs mψ plot indicating the significance of the co-annihilation channels, with the mass splitting ∆mχψ “

mχ ´mψ “ 5 and 10 GeV, and for specific values of ∆mSψ “ mS ´mψ .

with the mass splitting between ψ and χ` (∆mχψ) and the splitting between χ` and S` (∆mSψ) fixed
at specific values. The dip at mψ “ 45 GeV indicates a broad s-channel Z-resonance arising due to
χ`χ´ mediator annihilation into SM fermions. The corresponding cross section being proportional to
e´2∆mχψ{mψ , it becomes irrelevant at the mass splitting of 10 GeV, as indicated by the absence of such a
dip in the deep pink curve. The co-annihilation channels, on the other hand, has a slightly more complex
dependence on the masses. Considering the Feynman diagrams given in Fig. 6.3.2, three channels could
contribute. Two s-channel processes mediated by S` and a t-channel process mediated by χ`. Both
the s-channel processes have S` in the final state as well. This brings in a tug of war between the
resonant condition, mχ `mψ “ mS and the favourable phase space for the lighter final state particles,
consequently disfavouring the χ`ψ Ñ S`h channel. On the other hand, the other s-channel process
with S`γ in the final state becomes significant around mS “ mχ ` mψ „ 2mψ. The t-channel
process takes over at larger mψ, and the cross section slowly saturates. This is indicated in the plots
at higher ψ masses. Heavier S` requires larger couplings to compensate for the diminishing effects of
the propagator and narrowing phase space. This is visible in the plots with larger ∆mSψ values. As
soon as mψ becomes larger than mS , the pair annihilation of ψ becomes dominant and the correct relic
density is observed formψ up to the TeV scale. Summing up, the solutions compatible with the required
y1 À 10´5 is possible with highly degenerate regions with ∆mψχ À 5 GeV in a narrow mass range of
mψ „ mZ{2.

6.5 Collider signatures

The signatures of the model can be traced in colliders like the LHC through the gauge production and
subsequent decay of the charged partner fermion, χ` and the charged scalar S`. We plot the cross
section for pair production of χ` (σχ) at the 14 TeV LHC in Fig. 6.5.1a). At mχ “ 200 GeV, the cross
section is of the order of 100 fb, which falls down to 0.5 fb for mχ “ 1 TeV. The charged scalar S`,
on the other hand, has much smaller cross section (σS) of about 1 fb for mS “ 100 GeV, which reduces
to about 0.1 fb for mS “ 500 GeV as seen from Fig. 6.5.1b). Subprocesses contributing to σχ and σS
are pp Ñ χ`χ´{S`S´ via Z{γ s-channel diagrams. The decays of χ` and S` are controlled by the
Yukawa couplings y1 and y2. When both the couplings are large enough, the decays are instantaneous
and happens at the interaction point itself where the particles are produced. On the other hand, for
small values of the couplings, the decay width could be considerably smaller so that the decays happen
away from the interaction point, leaving distinct signatures characteristic to such Long-Lived Particles
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(LLP). Indeed, such LLP arising in different contexts are actively studied for their signatures at LHC
and other exclusively designed colliders like MATHUSLA in the past few years. Signatures typically
include (i) Displaced Vertex, where the LLP decay within the detector, but away from the interaction
point; (ii) Heavy Stable Charged Particle (HSCP) tracks, where charged LLP decaying outside the
detector, leaving charged tracks similar to that of the muon, but with distinct features arising from
slower speed and larger energy deposition along with its flight through the materials of the detector or
(iii) Disappearing Tracks, where an isolated track stopping before hitting the outer layers of the silicon
tracker and without any associated energy deposition in the calorimeters or muon chamber.

Experimental searches by CMS [211, 213, 214], ATLAS [4, 6–8] and LHCb [10, 11, 187] considered
long-lived neutral scalar decaying in the calorimeter into pair of jets, looking for displaced vertex with
negative results leading to constraints on the masses of the corresponding LLP. Considering a gauge-
mediated supersymmetry breaking scenario, CMS [212] considered non-prompt jets arising from the
decay of gluino to gluons and gravitinos, where the gluon jet emerges from a displaced vertex within
the tracker. HSCP search by ATLAS [2, 3] and CMS [178] looking for possible candidates in the
supersymmetric scenarios have obtained mass limits on the so-called R-hadrons (long-lived gluinos
or squarks), staus and charginos. A long time of flight along with the presence of anomalously high
energy deposits in the silicon detector is considered as the signature of the HSCP. Ref. [2] has used the
ionisation information from the pixel subsystems of the ATLAS detector to probe the HSCP modelled
after R-hadron. CMS [107, 210] and ATLAS [5] considered disappearing tracks arising from chargino
decay to neutralinos and a low-momentum pion, where the neutralino is nearly mass degenerate with
the chargino, resulting in its long decay time. A recent report on the strategies that may be adopted
in searching for LLP at colliders like the LHC discussing simplified models, experimental signatures,
details of the backgrounds and possible requirements of detector upgrades presented in Ref. [22]. A
comprehensive analysis of LLP arising in FIMP like scenario is presented in Ref. [49], where the authors
have described possible signatures of a long-lived charged fermion decaying into the SM charged lepton
and scalar DM candidate. Considering fermionic dark matter as a mixture of SUp2qL singlet and doublet
LLP signatures at the LHC are studied in Ref. [84]. Charged dark doublet scalar decaying into fermionic
FIMP and charged leptons are considered in [162]. In addition to the possible searchers at the LHC,
there are proposals for dedicated detectors like MATHUSLA [114, 191], which can potentially look for
long-lived neutral particles decaying to two jets or charged leptons outside the LHC detectors. These
surface detectors are located to look for long-lived neutral particles originating from the interaction
point, decaying in its volume into two identifiable jets or leptons.

Many of the signatures discussed above would be present in the scenario discussed in this chapter.
In this case, the charged dark fermion, χ`, the Z2-even charged scalar, S` and the heavy neutrino N
are all possible candidates of LLP. The specific signatures of the LLP will depend on many aspects. A
particular feature about the model presented in our case is the possibility of multiple LLP signatures
arising through the cascade decay of the kind LLP1 Ñ LLP2`X . In the present case, this is possible
whenever the 2-body decay of χ` is allowed. In such case, χ` decays to an on-shell S`, which itself
could be an LLP when its decay is slow, enabled by small y2. However, for large enough y2, S` decays
quickly enough without leaving any displaced vertex. In that case, the LLP signature of χ` is the
standard case of usual single LLP. Interesting signature of multiple LLP processes is not investigated in
detail in the literature. To illustrate this we shall take a specific case with cτpχq “ c

Γχ
ď 50 cm and

cτpS`q „ 1´ 10 m, with the first displaced vertex falling in the Inner Detector, followed by the second
one (that of S` decay) falling in the Calorimeter or Muon Spectrometer. The first displaced vertex will
leave a kink on the track, with the accompanying ψ invisible. Distinguishability of this kink depends on
the masses and energy of the particles, apart from the granularity of the detectors. While we recognise
the fact that such possibilities are complex to probe, with a precision of a few microns on the position in
the pixel detector, and high precision calorimeters it is worth exploring the possibilities. In addition to
charged χ` and S`, we have the presence of heavy neutral fermions that couple to the charged leptons
through the standard Higgs boson. The Yukawa coupling corresponding to this interaction is small,
making N almost always stable within the detector. However, for N heavier than 125 GeV, Yukawa
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couplings of the order of 10´8 would lead to its decay within the detector.
We shall consider some preliminary numerical analysis of the above long-lived situations with χ`,

S` and N separately in the following subsections.
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Figure 6.5.1: Production cross section of χ`χ´ (a) and S`S´ (b) pair at 14 TeV LHC for different values mχ and mS ,
respectively.

6.5.1 Long-lived charged fermion, χ`

The conditions on χ` arising from the dark matter considerations depend on its mass and nature of
decay. In the kinematic regions where mχ ą mS ` mψ, the decay of χ` is dictated by the Yukawa
coupling, y1, the Feynman diagram for which is given in Fig. 6.3.1a). From Fig. 6.3.3 it is clear that
χ` lighter than about 200 GeV is not favoured in this case. The compatible couplings are restricted to
10´13 ď y1 ď 10´8, leading to cτ in the range of interest of LHC for the larger limits of the coupling.
Fig. 6.5.2a) gives the decay lengths for a range ofmχ and typical values of the coupling, for fixed masses
ofmψ “ 1 GeV andmS “ 65 GeV. We have checked the sensitivity with varyingmψ andmS and found
that the decay length remains in the same order of magnitude for a large range of these masses. Keeping
all other parameters the same, the dependence of cτ on mχ is minimal, allowing a wide range of the
mass values to be accessible as LLPs at the LHC. We tabulate the decay lengths for typical values of
mχ fixing y1 “ 10´8 in Table 6.5.1. Note that the decay width is proportional to y2

1 in this case, and
therefore, cτ for a specific y1 value can be obtained from what is quoted in a table by using the scaling
factor 10´16{y2

1 . For example, by choosing a slightly larger y1 value the decay length can be brought
down to the centimetre range, which is relevant to the Inner Detector of LHC experiments. At the same
time, couplings smaller than 10´8 leads to χ` escaping the detector without decaying, leaving charged
track in all sections of the detector, very similar to that of the µ tracks, but with larger energy deposition
owing to it being heavier [49, 103]. Besides, its time of flight will be larger than that of the muon as it
would be slower than muons.

Moving on to the case of mχ ă mS ` mψ, the two-body decay is kinematically disallowed and
the three-body decay χ` Ñ ψN`` is controlled by the product y1y2 and mediated by a virtual S˚,
as shown in the Feynman diagram in Fig. 6.3.1b). In this case, χ` can be lighter than 100 GeV as
seen from Fig. 6.3.4, with the product of the couplings mostly range between 10´10 and 10´6. With
conditions of mass splitting satisfied for enhanced co-annihilation, possibilities with larger couplings
even up to 10´5 are not rare, and may even reach up to 10´4 albeit with less probability, as presented
in Table 6.3.3. In Fig. 6.5.2b) the decay length cτ is plotted against mχ for exemplary values of the
relevant coupling combination, keeping mψ ` mN ` m` ă mχ ă mψ ` mS so as to focus on the
3-body decay. The dependence on the mass here is stronger than that in the 2-body decay case discussed
above. For the entire mass range of mχ “ 40 GeV to large values of mχ “ 1000 GeV, it is possible
to have χ` decaying within the Inner Detector or the Calorimeters, or even decay outside the detectors,
leaving an LLP signature. Table 6.5.1(b) shows the decay lengths for some specific benchmark points
relevant to the LHC.
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Figure 6.5.2: Decay length vs mass of χ` for different couplings corresponding to paq 2-body and pbq 3-body decay of χ`.
The neutral particle masses are mψ “ 1 GeV and mN “ 30 GeV, while the charged scalar masses mS are 65 GeV for case
paq and 1 TeV for case pbq.

y1

mχ mψ mS cτ

[ GeV ] [ m ]

10´8

130 65 55

200 65 65 72

65 130 110

900 65 63

1000 65 65 88

65 900 710

(a)

y1y2

mχ mψ mS cτ

[ GeV ] [ m ]

10´6

130 65 55

200 65 65 72

65 130 110

900 65 63

1000 65 65 88

65 900 710

(b)

Table 6.5.1: Decay length (cτ ) of χ` in meters for typical masses of ψ and S` and at a fixed value of the coupling. Heavy
neutrino mass is set to mN “ 30 GeV.

6.5.2 Long-lived charged scalar, S`

Turning to the case of S`, its decay length is decided purely by the strength of y2. For the freeze-in
solution of dark matter, we needed y1 À 10´8 to be compatible with the observed relic density. The
charged scalar, S` is mostly produced through gauge mediation, with a small contribution from the
Higgs mediated process enabled by the quartic coupling λ1. When the coupling y1 is of the order of
unity, on the other hand, as required in the case of freeze-out mechanism to generate the dark matter relic
density, χ` would decay instantly as it is produced. It will decay to S`ψ, with S` further decaying and
ψ missing. The cross section for this is given in Fig. 6.5.1b) against mS at 14 TeV LHC. The decay of
S` is decided by the Yukawa coupling y2. The decay width is given by

ΓS`ÑNl “ y2
2

16πm3
S

pm2
S ´m2

N ´m2
l q
“
m2
S ´ pmN `mlq2

‰1{2 “
m2
S ´ pmN ´mlq2

‰1{2
. (6.5.1)

In Fig. 6.5.3 we plot the decay length of S` against mS for specific choices of the relevant Yukawa
coupling, y2. Considering this to be of the order of 10´8 ´ 10´10 makes it decay within the LHC
detector, but with a measurable delay from its production to distinguish it from other particles which
decay instantly. The signatures depend on the actual decay width. For y2 „ 10´8 ´ 10´9 it leave
a displaced vertex in the Inner Detector, whereas weaker couplings would make it decay within the
Calorimeters or even in the muon detectors. Beyond y1 „ 10´10 will see S` escaping the LHC detectors
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6.5. Collider signatures 111

without decaying, but leaving a clear charged particle track in all sectors. Similar to the case of χ`

discussed above, this can perhaps be distinguished from the muon tracks, owing to its heavy nature and
slower speed. It is also interesting that the mass splitting between S` and N dictates the signatures
of S` at the collider. If the splitting is small, a soft lepton will be produced in the final state, leaving
disappearing tracks. On the other hand, if the splitting is large, then very likely a kink will be seen in
the typically charged track signal. The cross-sections and decay widths of S` for selected benchmark
points are given in Table 6.5.2 for some typical benchmark points which satisfy the relic density bound.

y2 = 10
-10

y2 = 10
-9

y2 = 10
-8

200 400 600 800 1000

0.1

10

1000

10
5

mS(GeV)

c
τ
(m

)

Figure 6.5.3: Decay length vs mass of long lived particle (S`) for different couplings. mN is fixed at 30 GeV.

mψ mS mχ y1 Ωh2 σppÑS`S´ (pb) ΓS`ÑN` (GeV) c τ (m)

BP 1 56 165 473 7.53ˆ 10´13 0.12 0.0144 9.21ˆ 10´18 21.5

BP 2 101 77 613 1.18ˆ 10´13 0.118 0.2441 3.3ˆ 10´18 60.0

BP 3 225 188 228 0.01 0.12 0.0088 1.07ˆ 10´17 18.5

BP 4 150 127 154 0.05 0.119 0.0376 6.76ˆ 10´18 29.5

Table 6.5.2: Values of benchmark points considered in this paper for the production cross section (at 14 TeV LHC) and decay
of the charged scalar S`. DM relic density is achieved through either freeze-in (2 body) or freeze-out. All masses are in GeV.
For all points, mN = 30 GeV and y2 “ 10´9.

6.5.3 Long-lived neutral fermion,N

The neutral heavy fermion, N , decays through Nνh interaction, where ν is the SM neutrino and h is
the SM Higgs boson. The strength of this interaction is decided by the Yukawa coupling yN , which
also decides the neutrino mass through the seesaw mechanism. As discussed in the introduction, this
coupling is required to be „ 10´8 for mN considered in our discussion. Also, for mN ă 125 GeV it
cannot decay to an on-shell Higgs boson, further slowing down the decay. Therefore, N (of mass in
the 100 GeV range or lighter) decays much beyond the LHC detectors, consequently leaving missing
energy signature, like the SM neutrinos. Dedicated detectors like the MATHUSLA [114] placed beyond
the LHC detector complex could capture the signatures of such long-lived particles. This surface detector
is typically prepared to identify decay of LLP into a pair of charged particles, which are detected by its
multi-layer trackers. However, notice that N decays to neutrino and Higgs boson. With the missing
energy, it will be difficult to correlate the event as originating from the interaction point. Different
techniques like time of flight information may need to be made use of, requiring close talks between the
CMS/ATLAS and MATHUSLA detectors. On the other hand, for mN Á 130 GeV, N can have decay
length within the CMS/ATLAS detector, and can in principle be probed through the displaced vertex
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112 Chapter 6. Freeze-in and Freeze-out of Dark Matter with Charged Long-lived Partners

study. Again, the typical search strategies adopted in the case of displaced vertex studies of ATLAS and
CMS will not work in this case. It may be required to look for reconstructed Higgs (produced almost at
rest, especially when N is nearly degenerate with Higgs) originating from a displaced vertex along with
associated missing transverse momentum to the direction of the interaction point could be a possible
signature. Although we have not considered heavier N for our analysis, to get the same relic density,

mN (GeV) ΓN (GeV) cτ (m)

100 1.53ˆ 10´22 1.3ˆ 106

120 7.53ˆ 10´22 2.8ˆ 105

128 4.09ˆ 10´19 480.5

130 1.1ˆ 10´18 179

135 4.1ˆ 10´18 48.05

150 2.09ˆ 10´17 9.42

200 1.1ˆ 10´16 1.79

Table 6.5.3: Decay width and decay length of N . yN “ 10´8 in all cases. It is to be noted that the order of ΓN changes
substantially for mN ě 125 GeV, which implies the onshell production of SM Higgs.

the increase in mN in the decay width of χ can be compensated by larger y1y2.
Finally, we may consider these search options in the proposed e`e´ colliders like CLIC with suf-

ficient centre of mass energy to produce the charged particle, χ` and S`. The search strategies in this
case would be very similar to those mentioned above in the case of the LHC. Notice that the production
being electroweak process, the cross section, in this case, will be comparable with the LHC. On the other
hand, the clean environment and fixed centre of mass energy can be of great advantage in the leptonic
colliders. We shall defer a detailed study to a future publication.

6.6 Summary

Providing a viable dark matter candidate, yet compatible with all the experimental observations is one of
the major challenges of particle physics today. In the popular WIMP scenario, weakly interacting dark
matter particles produced thermally in abundance is depleted with large enough annihilations to achieve
the observed relic density as they decouple and freeze out. In most models of WIMP, the basic interaction
that leads to such annihilations is the same as that is relevant in the direct detection experiments based
on their elastic scattering from nuclei. Presently, the direct detection experiments have constrained
these couplings to the extent that it becomes quite difficult to accommodate the required annihilation
cross section. This has led many researchers to favour an alternate mechanism, whereby very feebly
interacting massive particles are slowly produced to build up the relic density of the dark matter. In
this FIMP scenario, usually, a thermally produced partner particle decays very slowly to the dark matter
particle.

In this chapter we consider a gauge singlet fermionic FIMP dark matter, ψ and an isospin singlet
charged fermion, χ` as its partner particle. The stability of the dark matter particle is ensured by
imposing a Z2 symmetry under which both χ and ψ are odd, while all other particles are even. Gauge
produced χ` decays through its Yukawa coupling (y1) to ψ and another newly introduced isospin singlet
charged scalar S`. For very small values of this Yukawa coupling, the dark matter density will be
slowly built up. Our analysis shows that for 10´13 ď y1 ď 10´8 a wide range of DM mass 1 GeV
ď mψ ď 600 GeV is viable for partner mass of 100 - 1000 GeV. The presence of S` and the Yukawa
coupling (y2) enabling its decay to a heavy neutral fermion and the charged SM leptons, add an entirely
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new dimension to the dynamics compared to what is usually discussed in the literature. The signatures
here include a slowly decaying long-lived particle, as well as the dark matter particle itself. Under
favourable conditions, the partner particles can be produced in sufficient amounts at colliders like the
LHC, which then will decay away from the interaction point, but within the detector, leaving distinct
signatures compared to many exotic particle searches. The typical coupling (relevant to the decay)
required for this is „ 10´9, which in the usual FIMP scenarios discussed in the literature require very
light dark matter candidates (keV - MeV). In the present scenario we discussed, the presence of y2,
which can be independent of the dark matter considerations makes it possible to have both χ` and S`

to be a long-lived particle that could be searched at the LHC, for a large range of its mass. When the
kinematic conditionmχ ą mψ`mS is not met, χ` decays through off-shell S` toN``ψ. This decay is
controlled by a combination of y1 and y2. With y1 within a restricted range, y2 can be arranged so that the
delayed decay of χ` to the DM candidate ψ adds significantly to is number density. This is a new feature
of the dark matter dynamics that is comparatively less explored in the literature. This intermingling of
slow production leading to freeze-in and annihilation followed by freeze-out opens up a large region
of the parameter space, otherwise unavailable when these mechanisms are considered separately. We
have discussed the details of this in Section 6.3.2, where the importance of the annihilation process
is established. In sharp contrast to the usual freeze-in plus LLP scenario, the DM mass range that is
compatible in the present case is from a few GeV to TeV. While the usual HSCP scenario arises in certain
parameter regions, other distinct features are requiring modified search strategy at LHC/MATHUSLA
detectors as summarised below.

1. Having two charged LLP ’s, it is possible to have LLP1 Ñ LLP2 ` {E, with LLP2 decaying
outside the detector. With large enough missing energy, this can lead to an HSCP track with a
kink at the first decay vertex.

2. LLP1 Ñ LLP2 `MET Ñ SM `MET . Within favourable parameter regions, this can lead
to sufficiently large disappearing track, with a kink at the first decay vertex.

3. The neutral LLP decay to Higgs boson and a neutrino (N Ñ hν). With h further decaying to bsb,
this could lead to two jets with displaced vertex, and having invariant mass around Higgs mass,
within ATLAS/CMS or MATHUSLA. The reconstructed Higgs momentum will not point to the
interaction point owing to large associated missing energy of the undetected neutrino.

We have explored various possibilities, and show that for mψ starting from 1 GeV up to 1000 GeV and
beyond, almost the entire range of theoretically allowed coupling values and a large range of masses
of other particles are compatible with the observations. The collider phenomenology in this region of
parameter space may not feature any long-lived particle. On the other hand, the presence of two exotic
charged particles, one fermion and one scalar will add rich phenomenology, which will be explored in
detail in a future study. For easy reference, we have summarised the conclusions in a qualitative way for
different ranges of the relevant couplings in Table 6.6.1.

Finally, we point the attention of the reader to the presence of heavy neutral fermion inducing type-I
seesaw mechanism providing a way to generate light neutrino mass within the same framework, as an
added feature of the model.

Appendices

6.A Boltzmann Equations

The dark matter particle ψ when produced with the slow decay of χ`, but with a rate that results in the
sufficiently large number density of ψ before freezing-in presents a novel feature as discussed towards
the end of Section 6.3.2. With a sufficiently large value of the relevant coupling, y1, the thermal pro-
duction and pair annihilation become significant, leading to freeze-out. The two limiting cases are (i)
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114 Chapter 6. Freeze-in and Freeze-out of Dark Matter with Charged Long-lived Partners

DM scenario
couplings

LLP collider signature
y1 y2 y1y2

Freeze-in via
2 body decay

10´13 À y1 À 10´9 10´10 À y2 À 10´7 small
χ` charged track

S`
displaced vertex,

charged track
Freeze-in via
3 body decay

À 10´8 10´3 À y2 À 1 10´11 À y1y2 À 10´8 χ` charged track

Thermal
+ non-thermal

production
via χ` decay
(dominant)

10´8 À y1 À 10´7 10´3 À y2 À 1 10´11 À y1y2 À 10´7 χ` charged track

Freeze-out „ 1 À 10´7 À 10´4
χ`

charged track,
displaced vertex

S`
displaced vertex,

charged track

Freeze-out „ 1 „ 1 „ 1 —- —-

Table 6.6.1: Table showing the possible DM scenarios and the limits on the coupling from relic density and collider require-
ments. LLP possibilities and signatures are also mentioned.

with y1 is small enough so that only the production through χ` decay is relevant, and (ii) with y1 large
enough so that the thermal production and subsequent freeze-out scenario are relevant. The Boltzmann
Equation controlling the yield, in this case, depends on the annihilation cross section of ψ along with
the decay rate of χ` as given by

dYψ
dx

“
c

45

4π3G

x

m2
ψ

a
g˚pT q
gspT q xΓχÑψXy Yχeq ´

c
π

4πG

mψ

x2

a
g˚pT q xσvyχ pY 2

ψ ´ Y 2
ψeqq ,

with Yχeq and Yψeq are the equilibrium number densities for χ` and ψ respectively, x “ mψ{T , where
T is the photon temperature. Notice that in the standard freeze-in case x is defined in terms of the mass
of the decaying particle (χ` in our case). However, what is relevant in the present case is the final
freeze-out, and therefore we have considered x “ mψ{T , appropriately redefining other factors.

a
g˚pT q » gspT qa

gρpT q
where gs and gρ are the degrees of freedom corresponding to entropy and energy density of the Universe.

@
Γχ`ÑψX

D “ Γχ`ÑψX
K1px1q
K2px1q

x1 “ mχ{T , K1 and K2 are modified Bessel functions and Γχ`ÑψX represents the decay width of χ`

to ψ and X, where X denotes S` in case of 2 body and N and l` for 3 body decay of χ`. xσvyχ`
denotes the thermal average of all possible pair annihilation and coannihilation cross-sections of ψ.

The relic density is related to the yield through the standard relation,

Ωψh
2 “ 2.75ˆ 108mψYψpT0q, (6.A.1)

where T0 is the present temperature of the universe.

6.B Constraint fromH Ñ γγ

The Higgs boson has a direct quartic coupling with the new charged scalar, S`,

L Q λ1S
:SH:H . (6.B.1)
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The trilinear coupling arising from this after the electroweak symmetry breaking results in S` contribu-
tion to H Ñ γγ at the leading order through the triangle diagram. Including this contribution from S`,
the diphoton decay width is given by [123, 149]

ΓpH Ñ γγq “ α2m3
H

256 π3v2

ˇ̌
ˇFW `

ÿ

f

NcfQ
2
f Ff ` λ1v FS

ˇ̌
ˇ
2
, (6.B.2)

where

FW “2` 3τW r1` p2´ τW q fpτW qs , (6.B.3)

Ff “´ 2τf r1` p1´ τf qfpτf qs , (6.B.4)

FS “τS r1´ τSfpτSqs , (6.B.5)

with τi “ 4m2
i {m2

h and

fpτq “
#“

sin´1p1{?τq‰2 for τ ě 1 ,

´1
4 ln

´
1`
?

1´τ
1´
?

1´τ

¯
´ iπ for τ ă 1 .

(6.B.6)

With mS “ 150 GeV, we have

ΓpH Ñ γγq „ 0.25 pkeVq p6.54´ 90.5 λ1q2 . (6.B.7)

6.C Constraint from Invisible Higgs decay

Higgs boson does not have a direct coupling to the dark matter, ψ. However, H Ñ ψψ is possible

h
S`

S´
χ

ψ

sψ

Figure 6.C.1: Feynman diagram contributing to the invisible Higgs decay through H Ñ ψψ.

through the one-loop diagram as in Fig. 6.C.1. This contribution to the invisible decay of the Higgs is
given by [159]

ΓpH Ñ ψψq “ mH

2π

«
1´ 4m2

ψ

m2
H

ff3{2

|gV |2, (6.C.1)

with

gV “ λ1 y
2
1 v

32π2

“
2mψ C1pm2

ψ,m
2
H ,m

2
ψ,mχ,mS ,mSq ´mχC0pm2

ψ,m
2
H ,m

2
ψ,mχ,mS ,mSq

‰
,

where Ci are the relevant Passarino-Veltman loop functions. With all new particle masses around GeV-
TeV scale, ΓpH Ñ ψ sψq „ Op10´6q for the couplings y1 „ 1 and λ1 „ 0.01 which is negligible
compared to the standard contributions.
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ψ

q q

ψ
S

χ χ

Figure 6.D.1: One-loop diagrams that contribute to dark matter - nucleon scattering. Notice that there are no tree-level
contributions.

6.D Direct Detection Constraints

There are two sets of Feynman diagrams with photon and Z mediation, as in Fig. 6.D.1. The spin-
independent direct detection cross section is given by [94]

σψχSI “
16

π

m3
ψm

3
p

mψ `mp
|cqV V |2 , (6.D.1)

where mp is the proton mass. The relevant Wilson coefficients are given by

cqV V “´
αem

24π x4
ψ

1

m2
S

QQq y
2
1

ˆ
"”
´ 3x6

ψ ` 6x5
ψ xχ ` 12xψ xχ p1´ x2

χq2 ` 8 p1´ x2
χq3 ` 2x4

ψ p5` x2
χq

´ 6x3
ψ xχ p1` 3x2

χq ´ 3x2
ψ p5´ 2x2

χ ´ 3x4
χq
ı gpxψ, xχq

1´ pxψ ´ xχq2

` 2x2
ψ p4´ 3x2

ψ ` 6xψ xχ ´ 4x2
χq

1´ pxψ ´ xχq2 ` p8` x2
ψ ´ 4xψ xχ ´ 8x2

χq lnxχ

*
. (6.D.2)

The loop function in terms of the mass ratios xψ ” mψ{mS and xχ ” mχ{mS is given by

gpxψ, xχq “
ln
´

1´ x2
ψ ` x2

χ `
b
x4
ψ ` p1´ x2

χq2 ´ 2x2
ψp1` x2

χq
¯
´ lnp2xχq

b
x4
ψ ` p1´ x2

χq2 ´ 2x2
ψp1` x2

χq
. (6.D.3)
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Chapter 7
Conclusion

This doctoral thesis focuses on developing theoretical models providing particle dark matter candidates,
as well as studying the possibilities of testing them at high energy particle colliders, such as the Large
Hadron Collider (LHC). As we elaborate in the chapter outlines below, we have worked on several
scenarios which efficiently address some of the shortcomings of single WIMP DM candidate, and at the
same time, has intriguing implications in the DM dynamics and collider probes. As a brief outline, we
have primarily addressed three such scenarios beyond the single-WIMP stereotype :

Part I: Multi-component DM : In this part, we take up the possibility of multi-component DM sce-
nario [56, 65] as a viable possibility where the current experimental bounds eliminated the param-
eter space of the conventional WIMP paradigm. Instead of a single DM candidate, as is the case
for the conventional WIMPs, here we consider two WIMP DM candidates with possibilities of
interaction between them. The interplay between the two DM candidates here is the key point of
the works presented here [89, 93]. This is because this interaction is entirely independent of the
coupling with the visible sector, and thus, through this coupling, relic density can be successfully
explained despite keeping direct detection bounds below the observed limit. Here, we discussed
two works on DM components of different spin and isospin in this context, with the indication of
possibilities of collider probes.

Chapter 2 : First, we discuss a setup which features the co-existence of two species of differ-
ent spins and isospins as the two DM candidates, one being a scalar doublet while the other is a
fermion singlet [93]. Thanks to the conversion between the two DM components, we can have a
viable parameter region, where one DM component is underabundant and the other component is
overabundant or vice versa. However, one cannot obtain the correct relic if both the components
are simultaneously underabundant or overabundant. In this model, the low mass region (mDM ď
100 GeV) is overabundant for both the components. To address this, we add extra DM annihi-
lation channels by adding a charged fermionic singlet under the same Z2 symmetry as the scalar
component. We conclude this work by showing that the entire DM parameter region, i.e., 10
GeV ď mDM ď 2 TeV is compatible with the experimental constraints. The charged fermion, on
the other hand, adds extra diagrams in the leptonic final states at LHC, which may substantially
change the signal vs background efficiency.
Chapter 3 : The second work in this part [89] discusses another multi-component DM scenario.

But its motivation is different from the first [93] in the sense that here we focussed on overcoming
the failure of a very popular scalar WIMP DM model (Inert Higgs Doublet Model, or, IDM) with
adding a second vector DM particle in the particle spectrum. We show that the DM underabun-
dance over the vast parameter region (100-500 GeV) of IDM can be substantially increased for
appropriately chosen interaction strength between the two DM candidates. We also indicate the
possible collider probe for the scalar DM component and perform a signal vs background analysis
for oppositely signed dilepton + EmissT final states.
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Part II: Coannihilating DM : The standard formalism of WIMP freeze-out is significantly modified if
one introduces almost degenerate dark sector particles. Relic density achieved by coannihilation
relaxes the parameter space in such scenarios. Here we focus on a second possibility of reviving
the shrunk parameter space of WIMPs through coannihilation [148] - a phenomenon which is
considered an exception in the calculation of thermal abundance in the freeze-out of WIMPs. In
the coannihilation phenomena, DM annihilates with another nearly degenerate dark sector particle,
and the chemical equilibrium between the annihilating particles ensures the substantial depletion
of DM number density. As the direct detection channels are relevant only for DM DM Ñ qq̄
interactions, the coannihilation works efficiently to keep the bounds from such measurements at
bay. In the two works [90, 91] discussed in this part, we take up the case of quintessential minimal
WIMP paradigm of a scalar singlet as the DM candidate. Scalar singlet DM by itself is a very
constrained model because of tight direct detection bounds. Here we propose two scenarios, the
latter being the logical continuation of the first. Both of these help us in escaping such bound and
opening up new possibilities of both rich phenomenologies in relic density analysis and search
prospects in the controlled laboratory environment.

Chapter 4 : In the first scenario, [91], we add leptonic coannihilation channels in scalar singlet
DM model with an additional vector-like dark lepton doublet. This extra doublet couples with
the SM leptonic doublet and the scalar singlet via a non-SM-like Yukawa structure. As a result,
(i) since the extra fermionic states interact with other dark sector particles as well as the SM via
gauge and Yukawa interactions, it gives rise to new DM annihilation processes including pair
annihilation, coannihilation and mediator annihilation channels, and (ii) such a Yukawa structure
opens up new production channels for leptonic final states giving much enhancement in cross
sections to search for dark matter in the LHC. We showed that a large parameter space from a
few tens of GeV up to TeV scale can be allowed by the experimental limits if the scalar DM
obtains relic density through coannihilation. Further, depending on the mass splitting between
DM and other dark sector particles, we give a quantitative estimate of the transition between
mediator annihilation, coannihilation and pair annihilation. We also present the collider probe
of this model with multilepton final states and tau-tagging at the LHC using the ROOT based
Boosted Decision Tree (BDT) classifier through Toolkit for Multivariate Analysis (TMVA). MVA
is necessary for this scenario as the signal background isolation was very difficult using traditional
cut-based analysis due to the background almost overshadowing the signal in some cases.

Chapter 5 : In the second scenario, [90], we present a continuation of the previous study [91]
with an interesting tweak in the model content. Previously, the gauge invariance between the
components of the lepton doublet demanded an introduction of an additional triplet to generate
the small mass splitting between DM and the dark sector particles required for coannihilation.
Here, in addition to the scalar DM and the lepton doublet, we added an extra vector-like lepton
singlet. The mixing between the singlet and a doublet leptonic dark sector produces an arbitrary
mass difference between the two components of the doublet in a gauge-invariant way, without
introducing any new scale of electroweak symmetry breaking in the theory, making this model
more minimalistic. The study provides a useful handle to distinguish between the dark sector par-
ticles of different isospins, which is a challenging task otherwise. As the dark leptons coannihilate
non-trivially, the mixing effectively enhances the viable parameter space for the relic density con-
straint. We also show its positive impact in various DM search prospects, e.g., indirect detection
and collider searches. In low DM mass regime, our analysis shows that with a non-zero mixing,
it is possible to relax the existing indirect search bounds on the upper limit of the DM-Standard
Model coupling. In the collider analysis, From the observations of the kinematic distribution of
various observables for the 3τ`EmissT and ` τ`EmissT channels, we conclude that one can clearly
distinguish the effects of the mixing parameter that remains unaffected by the change in other free
parameters of the model. We also study the statistical significance and present the numerical
results signifying the detection prospect of such final states at future LHC luminosities.
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Part III: Non-thermal DM : Taking a detour from the thermal WIMP scenario, in this chapter we
discuss a completely different theory of DM genesis, known as the freeze-in mechanism [154],
which is one of the promising alternatives in non-thermal theories of DM. Here, unlike the WIMP
case, DM has very small coupling with SM and its abundance slowly builds up from zero through
the decay or scattering of heavier thermal bath particles and saturates to the observed value for
proper interaction strength. It’s feeble coupling with the visible sector, justifying the name given to
this class of particles known as Feebly Interacting Massive Particles (FIMP), keeps it safe from the
direct searches. A natural consequence of such a mechanism is the slow decaying partner particles
that can leave distinct signatures at the colliders due to their long-lived nature. These particles,
depending on their coupling strength, decay within the detector volume leaving displaced decay
signatures or can travel beyond the reach of the detectors before decaying, leaving steady charged
tracks in the colliders.

Chapter 6 : In the above context, here we have proposed [92] a minimalistic model which can
explain DM as both FIMP and WIMP depending on its coupling strength with thermal bath, ie,
SM as well as indicates possible long-lived signatures naturally arising from the requirement of
the theory. We have systematically identified different areas of the parameter region where DM
relic density can be achieved by freeze-in and freeze-out mechanisms. We have considered the
minimalistic BSM extension that can satisfy the PLANCK [16] data extending over the thermal
and non-thermal regime in the parameter space. This is thanks to the three-body decay which
leads to FIMP production from the bath particles for feeble DM-SM interaction limit and on the
other hand, coannihilation in the large interaction limit. Based on the range of the parameters
involved, our study gives a quantitative estimate of the limiting case where the transition between
the thermal and non-thermal regime takes place.
In the context of collider probe, there are several interesting possibilities of long-lived particle
(LLP) signatures [3, 7, 163] which naturally arise in the model depending on different mass hi-
erarchies and the coupling strength, and these signatures are discussed in details in the work.
We show the possibility of LLP signatures which has not been explored in LHC so far and we
indicate the parameter region which can satisfy relic as well as provide these novel exotic signa-
tures. Here it is worth mentioning that the search strategies for LLP are very seriously pursued
by particle physics experimentalists recently and dedicated LLP detectors such as FASER [34],
MATHUSLA [114] etc. are being proposed or built. Our work, in this context, proposes methods
of testing such particles arising naturally in DM scenarios.
Furthermore, we show that the features in the DM phenomenology are generic and can work for a
wide class of models of GeV-TeV scale DM and a similar combination of Yukawa couplings rep-
resenting the DM-SM interaction strength. Lastly, as a natural consequence of the arrangement,
this model features right-handed neutrinos that account for the neutrino mass through Type-I see-
saw mechanism. This requirement makes the right-handed neutrino long-lived and we indicate
the possibilities of testing this in the future LLP detectors.
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