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Abstract
Discovery of ‘Higgs’ boson at LHC in 2012 validates the Standard Model (SM) of particle physics as fundamental governing theory of Strong, Weak and Electromagnetic
interactions. However many unresolved issues persist. Existence of Dark Matter (DM)
is one of them. In spite of many astrophysical hints for DM, we do not have much
knowledge about it, barring from its electromagnetic charge neutrality, gravitational
effect at large scale and stability. As a result, nature of DM, as a fundamental particle,
whether scalar, fermion, vector boson (or with even more exotic spin) or admixture
of them in multipartite form remain an open question. The only measured quantity
related to DM is its relic density which can be achieved mainly via two mechanisms:
(a) thermal freeze-out and (b) non-thermal freeze-in. Weakly interacting massive particles (WIMP) are most popular DM candidates due to their discovery potential at
direct and collider searches. The main idea of the thesis is to explore multi-particle
DM scenarios in WIMP paradigm with non-negligible DM-DM interaction and study
effects in relic density, direct search and collider signal. Apart from DM, explaining correct neutrino mass within SM is a difficult task. We therefore also aim to
connect multipartite dark sector to neutrinos and see its phenomenological interpretation. Amongst other constraints, Higgs vacuum stability is studied in elaboration. We
choose the simplest single component WIMP like DM framework, a real scalar singlet
as a base model. In the first work, we extend it by another scalar singlet to serve
0
as second DM component stabilised by additional Z2 × Z2 symmetry, having Higgs
portal interactions. We show DM-DM interactions help to achieve a larger allowed
parameter space through relic density and direct search constraints. In the second
work, a two component DM model is addressed where in addition to scalar singlet
DM, a fermion DM is assumed which arises due to singlet-doublet admixture of additional vector like fermions. Presence of a mediator between the dark sectors opens
up a large parameter space through DM-DM conversion. Hadronically quiet dilepton
signature, arising from the fermion dark sector is aided at LHC by the presence of
a lighter scalar DM component. In the last work, inert SU (2)L scalar doublet acts
as the second DM component and aids vacuum stability. Neutrino mass generation
is addressed by the presence of heavy right handed neutrinos, which destabilise the
Higgs vacuum. While DM-DM interaction helps achieving a large allowed parameter
space, high scale validity puts further constraints, for example, on the mass splitting
between the charged and neutral component of inert doublet, which has important
implication to its leptonic signature(s) at LHC.
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An overview of the Standard Model

The Standard Model (SM) of particle physics is the basic building block of studying
fundamental particles and interactions based on quantum field theory and symmetry
principle [1–5]. The model describes three fundamental forces of nature namely strong,
electromagnetic and weak forces. The underlying local gauge symmetry is GSM ≡
SU (3)C ⊗ SU (2)L ⊗ U (1)Y [1–4]. This model contains three generations of quarks,
three generation of leptons and their antiparticles; one scalar and four gauge bosons
which are the mediator of three fundamental interactions. The particles contained in
SM along with their representation under gauge group GSM are tabulated in Table:1.1.
SM fermion fields ψ (quarks and leptons) can be represented into two chiral states:
left handed (LH), ψL and right handed (RH), ψR . The LH and RH Dirac chiral states
are defined as:


1
1
1 − γ5 ψ and ψR =
1 + γ5 ψ.
(1.1)
ψL =
2
2
The quark sector consists of three up type quarks
q u = u(up),

c(charm),

t(top)

and their antiparticles. The quarks are triplet under SU (3)C and take part in strong
interaction. Left handed (LH) up and down type quarks together form SU (2)L quark
doublet (with three generations):
 qu 
 i 
 i 
 i 
uL
cL
tL
QL = qLd :
,
,
di
si
bi
L

L

L

L

Right handed (RH) up and down type quarks are singlet under SU (2)L :
qRu = uiR , ciR , tiR

TH-2158_146121003

and
1

qRd = diR , siR , biR

2
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Fields
 qu 
LH: QL = qLd



L

Quarks

Leptons

Scalar

3, 2, 1/3

L

L

L

SU (3)C ⊗ SU (2)L ⊗ U (1)Y

RH:

qRu

uiR , ciR , tiR

3, 1, 4/3

RH:

qRd

diR , siR , biR

3, 1, −2/3

ν`L 
`L

νµ L
ντ L
( νeeL
L ), ( µL ), ( τL )

`R

eR , µR , τR

1, 1, −2

SU (3)C mediator:

Gaµ

8, 1, 0

SU (2)L mediator:

Wµ1,2,3

1, 3, 0

U (1)Y mediator:

Bµ

1, 1, 0

Higgs: H

w+

LH: LL =
RH:

Gauge bosons

  i   i 
t
c
uiL
, sLi , bLi
di

1, 2, −1



1, 2, 1

φ0

Table 1.1: Charge assignment of SM fields under the gauge group GSM ≡ SU (3)C ⊗SU (2)L ⊗U (1)Y .
Electromagnetic charge is obtained by: Q = I3 + Y2 , where I3 is the third component of isospin and Y
is the U (1)Y hypercharge quantum number. Here i = r, g, b and a = 1, 2, .., 8 represent colour charges
of quarks and gluon respectively.

Again each quark must have three colour states which is denoted as: i = r(red), g(green),
b(blue).
The leptons sector consists of three charged lepton as :
` = e(electron),

µ(muon),

τ (tau)

and three neutral lepton, called neutrinos as:
ν` = νe (electron neutrino)

, νµ (muon neutrino),

ντ (tau neutrino)

and their antiparticles. LH charged and neutral leptons form SU (2)L doublet (with
three generations) :
ν 
LL = ``L
:
( νeeL
( νµµLL ),
( νττLL );
L ),
L
RH charged leptons are again singlet under the same SU (2)L :
`R = eR ,

µR ,

τR .

RH neutrinos are absent in SM owing to small/negligible neutrino masses. The leptons
are singlet under SU (3)C and therefore do not interact via strong interaction.
Strong interaction is mediated by gluons (Ga=1,..8
) as SU (3)C gauge boson. Weak
µ
interaction is mediated by W ± , Z (linear combination of Wµa=1,2,3 and Bµ ) whereas
the electromagnetic interaction is mediated by photon γ (Aµ ) (linear combination of
Wµ3 and Bµ ). In this small review, we will mainly focus on electroweak part of SM
Lagrangian, which is required for the extension to physics beyond the SM that we
consider in this thesis. The symmetry associated with the weak and electromagnetic
interaction is SU (2)L ⊗U (1)Y and known as the SM electroweak (EW) theory proposed
by Glashow, Weinberg and Salam [1–4]. In the scalar sector the minimal possibility

TH-2158_146121003
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is to introduce one scalar SU (2)L doublet which is known as Higgs doublet, H (with
Y = 1) expressed as:
 
w+
.

(1.2)
H =
φ0
Now we can write SM electroweak (EW) Lagrangian invariant under the weak
gauge symmetry SU (2)L ⊗ U (1)Y as
= LGauge + LFermion + LYukawa + LScalar .
LEW
SM

(1.3)

Note that the Lagrangian involving SU (3)C is absent in LEW
SM . The LGauge in Eqn.1.3
involving SU (2)L and U (1)Y gauge fields can be written as
1
1 a
W µν, a − Bµν B µν ,
LGauge = − Wµν
4
4

(1.4)

where
a
Wµν
= ∂µ Wνa − ∂ν Wµa + g2 abc Wµb Wνc

and

Bµν = ∂µ Bν − ∂ν Bµ .

g2 and g1 are the gauge coupling constants of SU (2)L and U (1)Y gauge group respectively and abc is the structure constant of SU (2)L .
The kinetic terms for fermions (leptons and quark) are given by


σa
YQ
Wµa − i g1 L Bµ QL
LFermion = QL iγ µ ∂µ − i g2
2
2




YqRd
u
Y
qR
µ
u
µ
u
d
+ qR iγ ∂µ − i g1
Bµ qR + qR iγ ∂µ − i g1
Bµ qRd
2
2


a
σ
Y
L
Wµa − i g1 L Bµ LL
+ LL iγ µ ∂µ − i g2
2
2


Y
l
+ `R iγ µ ∂µ − i g1 R Bµ `R ,
(1.5)
2
where YQL , YqRu , YqRd , YLL and Y`R denote weak hypercharge (generator of U (1)Y ) of
a
QL , qRu , qRd , LL and `R fields respectively, mentioned in Table:1.1. σ2 (with a = 1, 2, 3)
are the generators of SU (2)L group where σ a are the Pauli spin matrices:






0 1
0 −i
1 0
 , σ2 = 
 , σ3 = 
.
σ1 = 
(1.6)
1 0
i 0
0 −1
The Yukawa Lagrangian in SM involves the interaction with Higgs boson as,

X 
ij
ij
ij
u
d
e
yu QiL H qjR + yd QiL H qjR + y` LiL H `jR + h.c ,
LYukawa = −
i,j=1,2,3

(1.7)
e = iσ 2 H ∗ .
where i, j stands for three generation of quarks and leptons and H
The scalar part of the Lagrangian is given by

 2
σa
YH
LScalar =
∂µ − i g2
Wµa − i g1
Bµ H − V (H),
2
2

TH-2158_146121003

(1.8)
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where
V (H) = −µ2H




2
H † H + λH H † H .

The SM Higgs scalar doublet, H is defined as

  
w1√
+iw2
w+
H ≡   =  2 ,
h0√+iz
φ0
2

(1.9)

(1.10)

where w1 , w2 , h0 and z are the four real scalar degrees of freedom.
The electroweak part of the Lagrangian LEW
SM is invariant under SU (2)L ⊗ U (1)Y
symmetry. SM gauge symmetry do not allow us to write the mass terms of fermions and
gauge bosons. So fermions and gauge bosons are massless under the unbroken SU (2)L ⊗
U (1)Y symmetry which contradict our observation. The mass of the SM particles can
be generated through spontaneous symmetry breaking or Higgs mechanism discussed
next.

Higgs Mechanism
The scalar Higgs doublet forms a gauge invariant potential V (H) as mentioned above.
Mass of the SM particles can be generated with non zero vacuum expectation value
of the so called Higgs boson as almost simultaneously identified by Robert Brout,
Francois Englert, Peter Higgs, Gerald Guralnik, C. R. Hagen and Tom Kibble through
electroweak symmetry breaking (EWSB) mechanism [3–5]. The quartic coupling, λH
in the Higgs potential V (H) should be positive i.e. λH > 0 to ensure boundedness of
the potential. For the situation µ2H < 0 and λH > 0 in Eqn.1.9, the minima of the
scalar potential arises at hHi = 0 and the symmetry of the Lagrangian is preserved.
Then, the theory only describes massless fermions and gauge bosons with massive
2
scalar contrary to our observation.
q 2But for µH > 0 and λH > 0, non zero vacuum
√
µ
arises at hHi = v/ 2 with v = λHH . If we choose a specific non-zero vev, the EW
gauge group, SU (2)L ⊗ U (1)Y is broken to a remnant U (1)Q i.e.
√
hHi=v/ 2

EW
GSM
≡ SU (2)L ⊗ U (1)Y −−−−−−→ U (1)Q ,

where the electric charge is obtained as the combination of isospin and hypercharge as
mentioned before:
Y
Q = I3 + .
2
We choose the minima along h0 direction as h + v. The Higgs field around the minima
is expressed as

 

w1√
+iw2
+
w
,
H= 2 ≡
(1.11)
h+v+iz
√
2

h+v+iz
√
2

where w± and z are massless Goldstone bosons and h is a physical Higgs boson.
Physical W ± and Z bosons eat up the Goldstone bosons and become massive [3–5].
The Higgs doublet can then be written in unitary gauge as:


0
,
H=
(1.12)
h+v
√
2
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and predict the existence of a physical scalar h. After SSB, the mass terms of physical
gauge bosons arise from the kinetic term given in Eqn.1.8 as :
2
1q
 1 2
(1.13)
g2 v , m2Z =
g22 + g12 v , and m2A = 0 .
m2W ± =
2
2
The physical gauge bosons are expressed as linear combination of SU (2)L and U (1)Y
gauge fields as follows:

1  1
±
2
√
(1.14)
Wµ =
Wµ ∓ Wµ ,
2
Zµ = cos θW Wµ3 − sin θW Bµ ,
(1.15)
Aµ = sin θW Wµ3 + cos θW Bµ .

(1.16)

 
In above expression, Weinberg angle is defined as θW = tan−1 gg12 . Now, the fermions
(leptons and quarks) obtain masses through the Yukawa interactions as in Eqn.1.8
through non zero Higgs vev,
Lmass
Yukawa = −


X  y ij v
ydij v d d
y`ij v
u
u
u
√
qiL
qjR
qiL qjR + √
`iL `jR + h.c . (1.17)
+ √
2
2
2
i,j=1,2,3

Additionally, Yukawa interactions between fermions (leptons and quarks) with SM
Higgs are obtained as,
Lint.
Yukawa = −h


X  y ij
y ij d d
y ij
u
u
√u qiL
qjR
+ √d qiL
qjR + √` `iL `jR + h.c . (1.18)
2
2
2
i,j=1,2,3

Most importantly, all of the above predictions have been verified by different experiments to validate SM as the fundamental governing theory of nature. Starting from
parity violation in weak interaction (famous beta decay), that dictates chiral interactions of fermions with weak gauge bosons, or asymptotic freedom of strong interaction
to confer SU (3) nature of underlying gauge theory to latest discovery of Higgs boson
at LHC and consistency with SM gauge boson masses pinpoint to the success of SM
as a profound theory. However, there are many limitations still, some of which we
discuss next and will lay the stepping stone for the thesis under study.

1.2

Limitations of SM

Apart from its overwhelming success, the SM suffers from some theoretical and phenomenological problems. We mention some of them briefly.
• Existence of DM: Existence of DM is supported by many observations to constitute a significant part of energy density of Universe today, around 24%. However
there is no such particle within the SM.
• Non zero neutrino mass: To understand the observed solar and atmospheric
oscillation phenomena, neutrinos are required to possess non-zero but very tiny mass
(∼ eV) which can not be explained within SM absent right handed neutrinos.
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• Higgs Vacuum stability: Current measured value of Higgs mass after Higgs
boson discovery at LHC in 2012, mh = 125.09 GeV and top quark mass, mt = 173.1
GeV, the electroweak (EW) vacuum can be unstable, questioning the existence of our
universe.
• Hierarchy problem: The observed Higgs boson mass is around mh ∼ 125
GeV. There is no symmetry that protects SM Higgs mass and therefore, the quantum
correction to Higgs mass at high scale (∼ MPl ) is much larger than mh : δm2h  m2h .
This is known as hierarchy problem.
• Fermion mass hierarchy: In SM, it is not clear why the masses of SM fermions
span over EV to GeV and why they exhibit various Yukawa coupling strength.
• A quantum theory of Gravity: SM is a successful theory of strong, weak
and electromagnetic interactions. However, including a quantum theory of gravity in
similar framework seems impossible.
Apart, there are strong CP problem, matter-antimatter asymmetry, gauge coupling unifications, none of which can be understood within SM. This overwhelmingly
indicates that there must be physics beyond the SM. We address some of the limitations like DM, non-zero neutrino mass and Higgs vacuum stability in our thesis and
elaborate in the next chapter.
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In this chapter we discuss the main issues addressed in this thesis: dark matter,
neutrino mass generation and Higgs vacuum stability. We provide a brief account of
all these issues and will elaborate them in context of the specific model set up later.
As the thesis mainly discuss dark matter problem of the universe, the topic is dealt
with a little more rigour than the other topics.

2.1

Dark Matter

The study of redshift in various galaxies present in Coma cluster, Fritz Zwicky in
1933, first proposed the existence of non luminous, non baryonic matter present in
the cluster to account for the missing mass and named it as Dark Matter (“dunkel
materie” in German) [6]. Several hints for Dark Matter (DM) have come from different
astrophysical and cosmological observations[7]. Here we illustrate some of them briefly.

2.1.1

Evidences of Dark Matter

Anisotropies in CMBR: DM is postulated to constitute 80% matter density of the
Universe, revealed from studies in Big Bang Neuclosynthesis (BBN) and anisotropies in
Cosmic Microwave Background Radiation (CMBR) by Willkinson Microwave Anisotropy
Probe (WMAP)[8–10] and PLANCK [11] experiment collectively. Data from WMAP
and PLANCK suggest that the universe consists of: (i) around 4% baryonic matter
like baryons, leptons, gas, stars, galaxies etc. ; (ii) around 23% non baryonic matter
known as Dark matter and (iii) rest 73% is known as dark energy [8, 9, 11]. A pie
chart of the total energy distribution of present day universe is shown in Fig. 2.1.
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Figure 2.1: The energy distribution of the universe indicated by WMAP and PLANCK data.
Source: Google Images.

Rotation curve of Galaxy: One of the strongest evidences for the existence of
DM came in 1978, when Vera Rubin and Kent Ford observed the flatness behaviour
of velocities of Andromeda galaxy via redshift which is unexpected from Newtonian
gravity [12]. According to simple Newtonian gravity a star of mass m within a galaxy
experience centripetal force due to circular motion of the star which is mathematically
expressed as
mv 2 (R)
G m M (R)
=
R2
rR
GM (R)
v(R) =
,
R

Z
where M (R) = 4π

ρ(R)R2 dR .

Here M (R) is the mass contained inside a sphere of radius R from galactic centre and
ρ(R) is the mass density profile. Within the galaxy, the velocity of the star follows
linear dependence with R i.e. v(R) ∝ R. If we go beyond the optical disk, the rotation
velocity of the star should fall off as v(R) ∝ √1R . But the observation shows almost
constant behaviour of rotational velocity, shown in Fig. 2.2. The behaviour can be
explained if the mass distribution outside the optical disc follows M (R) ∝ R. This
strongly suggests the presence of invisible matter surrounding the optical galaxy.

Figure 2.2: Discrepancy in rotation curve of spiral galaxy. Source: Google Images.

Bullet Cluster: Observation of bullet cluster, of two colliding cluster of galaxies provides another important evidence for DM [13]. Due to the collision, various

TH-2158_146121003

2.1. Dark Matter

9

components of two galaxies interact differently which is depicted in Fig.2.3 with different colours. The ordinary matter exhibits electromagnetic interaction and populate
the middle of Fig. 2.3 shown in red. Due to non-luminous nature of DM, they pass
through which could only be traced through weak gravitational lensing, as shown by
the two blue blobs around the central red visible region in Fig. 2.3. This strongly
hints towards collision less weakly interacting DM prevailing in the universe 1 .

Figure 2.3: Image of Bullet cluster seen by NASA’s Hubble Space Telescope. Source: Google Images.

2.1.2

Possible DM Candidates

Apart from astrophysical objects like Massive Compact Halo Objects (MACHOs) that
can address the macroscopic behaviour of DM [14], an overwhelming belief is that DM
is particle like. Evidences suggest that the DM candidates should be [15]:
i) mostly stable otherwise they would have decayed to observable particles,
ii) electromagnetic charge neutral so that they do not interact with photon and
hence remain non-luminous or dark,
iii) non baryonic (strong interactions is not possible, although there might be exceptions),
iv) massive particles (so that they contribute significantly to the energy density of
the universe),
v) and possess negligible or very week interaction with other visible particles.
Three major classifications of non baryonic DM are:
• Cold Dark Matter (CDM): CDM candidates are non relativistic. Axions,
Weekly Interacting Massive Particles (WIMPs), Feebly Interacting Massive Particle (FIMP) and Strongly Interacting Massive Particle (SIMP) are the most
popular CDM candidates. DM masses here can have a large mass reange:
∼ M eV − T eV .
1

Observations in Bullet cluster is difficult to explain with modified gravity, which otherwise could
account for the discrepancy in rotational curve as discussed before.
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• Hot Dark Matter (HDM): Such DMs are relativistic. Hot DM candidates
can be neutrinos. However, structure formation of the universe goes against the
existence of only hot DM candidates.
• Warm Dark Matter (WDM): Such DM candidates have properties in between cold and hot regime. Sterile neutrinos and gravitinos are popular WDM
candidates. The masses are usually in the KeV range.

In this thesis we basically focus on CDM candidates. Due to non-relativistic nature,
CDM can explain structure formation of the universe. CDM candidates can produce
correct relic density of the universe broadly through two different mechanisms: (i)
thermal freeze-out and ii) non-thermal freeze-in. A cartoon in Fig.2.4 shows different
possibilities of CDM candidates.
DM

F reeze − Out
W IM P

SIM P

F reeze − In
F IM P

Single Comp W IM P
M ulti − Comp W IM P

Figure 2.4: Different possible CDM candidates.

Thermal freeze-out:
In such a case, DM particle is assumed to be in thermal and chemical equilibrium with
SM particles at early Universe. As temperature cools down and universe expands, at
a particular epoch when the interaction rates (Γ) becomes smaller than the universe
expansion rate (Hubble constant H), the DM particles freeze-out from thermal bath
and becomes relic.
Thermal freeze-out mainly yields two possible DM candidates: WIMP and SIMP.

Figure 2.5: [Left] A cartoon of 2DM → 2SM number changing process for WIMP type DM . [Right]
A cartoon of 3DM → 2DM number changing process for SIMP type DM. Image Source [16]

WIMP: In this case, depletion in DM number density occurs through 2DM → 2SM
annihilation process [17, 18]. A cartoon of 2DM → 2SM annihilation process is shown
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in left panel of Fig. 2.5. The annihilation cross-section to produce correct relic density
comes out to be of the order of weak interaction cross section and so is the name
for the DM. The DM masses in such cases are ideally ∼ O 100 GeV, accessible to
the present and future detectors. We will discuss the thermal history of single and
multi-component WIMP type DM in next subsection.
SIMP: Freeze-out of DM may also occur through number changing process in the
dark sector itself via interactions like 3DM → 2DM (or 4DM → 2DM ) annihilations
(shown in right panel of Fig.2.5). However, the oder of DM mass has to account for
the suppression in phase space and comes below MeV to provide correct relic. The
coupling for such number changing process also require to be quite large, hence the
DM is called Strongly Interacting Massive Particle (SIMP) [16, 19, 20].
Non-thermal freeze-in
FIMP: One may also assume that DM was not present in the early universe thanks
to a very feeble interaction with the visible sector. However, the DM can be produced
through the decay of some other heavy particle and the production halts after the
universe cools down beyond the mass of DM. This mechanism is therefore referred
as freeze in. Interestingly, in order to attain the desired relic density, the coupling
requires to be very very tiny and the DM is termed as Feebly Interacting Massive
Particle (FIMP)[21]. FIMP models are therefore excluded from experimental searches
to a great extent.

2.1.3

Thermal History of single component WIMP DM and
Boltzmann Equation

In this section, we discuss how WIMP type DM decouples from the hot soup of SM
particles and yields the relic density observed in CMB experiments like WMAP and
PLANCK. Number density of WIMP type DM is governed by the the number changing
process: 2DM ↔ 2SM i.e
DM DM ↔ SM SM .

(2.1)

DM

SM

DM

SM

Figure 2.6: Number changing process of WIMP type DM.
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Thermal evolution of DM particle can be written as in terms of the phase space
distribution of the DM particle,fDM (r, p, t) as [14, 15]
b DM ] = C[f
b DM ] ,
L[f

(2.2)

b is the Liouville operator and C
b be the collision operator. For the isotropic
where L
and homogeneous FRW universe: fDM (r, p, t) → fDM (E, t). Above equation can be
realised in terms of DM number density, nDM as[14, 15],
Z b
gDM
nDM
C[fDM ] 3
+ 3HnDM =
d p,
(2.3)
dt
(2π)3
EDM
where
nDM

gDM
=
(2π)3

Z

d3 p f (E, t)

(2.4)

and gDM is the degrees of freedom (dof) of DM particle and H be the Hubble expansion
b DM ] is
rate defined in terms of scale factor a, as H = aȧ . The collision term C[f
obtained considering both forward backward reaction between DM and SM following
in the Fig.2.6. The Eqn. 2.3 can be expressed as [14, 15]
Z
nDM
gDM d3 p1
gDM d3 p2
gSM d3 p3
gSM d3 p4
+ 3HnDM = −
dt
(2π)3 2EDM (2π)3 2EDM (2π)3 2ESM (2π)3 2ESM
×(2π)4 δ 4 (p1 + p2 − p3 − p4 )
h
× |MDM→SM |2 fDM fDM (1 ± fSM )(1 ± fSM )
i
−|MSM→DM |2 fSM fSM (1 ± fDM )(1 ± fDM ) ,
(2.5)
where (+) sign for bosons and (−) sign for fermions occupancy. gSM be the internal dof
of SM particles. The above equation can be simplified as assuming equal amplitude
for both forward and backward reaction i.e |MDM→SM |2 = |MSM→DM |2 and the phase
space occupancy as 1 ± fDM → 1 to yield [15]:
gDM d3 p1
gDM d3 p2
gSM d3 p3
gSM d3 p4
(2π)3 2EDM (2π)3 2EDM (2π)3 2ESM (2π)3 2ESM
h
i
EQ
EQ
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2 fDM fDM − fDM
fDM
h

2 i
,
(2.6)
= −hσvi2DM →2SM n2DM − nEQ
DM

nDM
+ 3HnDM = −
dt

Z

where nDM is the number density of DM , nEQ
DM is the equilibrium number density
and the thermal average annihilation cross-section hσvi2DM →2SM is defined as [15, 22,
23],
Z
1
gDM d3 p1
gDM d3 p2
gSM d3 p3
gSM d3 p4
hσvi2DM →2SM =
EQ
(2π)3 2EDM (2π)3 2EDM (2π)3 2ESM (2π)3 2ESM
nEQ
DM nDM
EQ
EQ
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2 fDM
fDM
p
√
Z ∞
s (s − 4m2DM ) K1 ( s/T ) (σv)2DM →2SM
=
ds
.
16 T m4DM [K2 (mDM /T )]2
4m2DM
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The detailed calculation of Eqn.2.6 and Eqn.2.7 is given in Appendix A.
The entropy density and energy density of the universe are given below [15, 24]:
2π 2
g∗s T 3 ,
s=
45

π2
ρ = g∗ T 4 ,
30

(2.8)

where g∗s and g∗ are the d.o.f for entropy and energy density respectively as

g∗

 T 3

 T 3
7 X
i
gi
T
8 i=f ermions
T
i=bosons
 T 4 7 X
 T 4
X
i
i
=
+
gi
gi
T
8
T
i=bosons
i=f ermions

g∗s =

X

gi

i

+

(2.9)

The BEQ in Eqn. 2.6 can also be written as:
2 


g∗s
mDM
dY
2
EQ
= −0.264 √ Mpl
.
hσvi
Y
−
Y
2
→2
DM
SM
dx
g∗
x2

(2.10)

Here Y = nDM
(co-moving number density) and x = mTDM where s is the total entropy
s
density of the universe, mDM is the mass of DM, T is the photon temperature and the
reduced Plank mass Mpl = √1G ≡ 1.22 × 1019 GeV (G: Newton constant). The co
moving equilibrium number density turns out [15]:
Y

EQ

gDM 3/2 −x
nEQ
(x) ≡ DM = 0.145
x e ,
s
g∗s

(2.11)

Due to the thermal history of the universe, all particles shared a common temperature, and it can be approximated as g∗s ' g∗ [15, 24]. Thus, we can write Eq. 2.10
as:


2 
mDM
dY
√
2
EQ
= −0.264 g∗ Mpl
hσvi
Y
−
Y
.
(2.12)
2DM →2SM
dx
x2

Figure 2.7: Distribution of co-moving number density with x.
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Solving the above Eqn.2.12, one can numerically obtain the co-moving number
density Y (x). To see the thermal evolution of DM number density with T , we show
the solution of BEQ (Eqn. 2.12) in Fig.2.7 for DM mass, m = 100 GeV and thermal
average cross section, hσvi2DM →2SM = 2 × 108 GeV−2 . For DM mass of the order of 100
GeV, g∗s ' g∗ ≈ 106.7 [15, 24].
We discuss now how DM decouple from thermal bath of SM particles and yields
freeze-out number density. At early time, when the universe was hot and dense i.e
energies much larger than than mass of each species (mDM  T i.e. x  1), both
DM and SM particles interact with each other equally through forward and backward
reaction and maintain the chemical equilibrium. This period of time the interaction
rate, Γ (= nDM hσvi2DM ↔2SM ) dominates over Hubble expansion rate H as a result
both DM and SM particles are in equilibrium.
mDM , mSM  T

i.e x  1

; ΓH

:

DM DM ↔ SM SM .

The Universe cools down with time; when the temperature of the universe lies between
mSM < T < mDM , the number density nDM follows the non relativistic Boltzmann
−mDM
distribution and it is suppressed by the factor e T . Hence the backward reaction
kinematically stop because mDM > mSM . At the temperature, Tf (i.e xf = mDM /Tf ),
Γ ∼ H, the DM particles decouples from thermal bath. The temperature Tf called
freeze-out temperature.
i.e x ∼ xf

mSM < T < mDM

; Γ∼H

:

DM DM → SM SM .

However, the universe is not only cooling down, it’s also expanding; when the expansion
rate of the Universe dominate over interaction rate, DM can not annihilate to SM. At
this point, DM totally decouples from thermal bath and the DM number density
asymptotically approach a constant, its relic. This behaviour is exactly depicted in
Fig.2.7.
mDM  T

i.e x  xf

; ΓH

: DM becomes relic.

One can now numerically obtain DM yields after freeze-out, which is Y (x → ∞). The
relic density of DM in terms of thermal yields is given by [15, 24]:
mDM Y (x → ∞) 2
h
s0 ρ c
m 
DM
8
= 2.752 × 10
Y (x → ∞) ,
GeV

Ωh2 =

(2.13)

where ρc = 1.05 × 10−5 h2 GeV cm−3 and entropy density s0 = 2889.2cm−3 [7] refers
to that of today.
For the sake of computational purpose, one can further parametrise the above BEQ.
in Eqn.2.12 as:


2 
dy
1
= 2 hσvi2DM →2SM y 2 − y EQ
,
dx
x
where

√
y = 0.264 g∗ MP l mDM Y
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One can then also compute relic density by using given form,
Ωh2 =

854.45 × 10−13
y(x → ∞) ,
√
g∗

(2.15)

where y(x → ∞) comes from solving the BEQ in Eqn.2.16.
Approximate Analytic solution of BEQ :
We can numerically solve BEQ, to find the yield at present temperature, and hence
find the relic density. It is however helpful to solve BEQ analytically in an approximate way and hence find out the solution. We now evaluate approximate analytical
solution for the BEQ in Eqn.2.12. We first rewrite the BEQ in Eqn.2.12 in terms of
∆ = Y − Y EQ , departure from equilibrium as [15]
A
d∆ dY EQ
+
= − 2 [∆2 + 2 ∆Y EQ ],
dx
dx
x
where
A = 0.264

(2.16)

√
g∗ Mpl mDM hσvi2DM →2SM .

At early time (x  xf ), Y tracks Y EQ very closely. Both ∆ and
Then the Eqn. 2.16 reads as [15]
A
dY EQ
= − 2 [∆2 + 2 ∆Y EQ ],
dx
x

d∆
dx

are small.

(2.17)

At x ∼ xf , near freeze-out lets assume ∆(xf ) = cY EQ (xf ), where c is the unknown
constant. Now the above Eqn. 2.17 turns out to be:
A  EQ 2 2
dY EQ
|x=xf = − 2 Y
[c + 2 c]|x=xf
dx
x
3
A
(1 −
) = − 2 (c2 + 2 c)Y EQ (xf )
2xf
xf

3
A
gDM 3/2 −x 
(1 −
) = − 2 c(c + 2) 0.145
x e
2xf
xf
g∗s
i
h
gDM
xf ≈ ln 0.038 √ MP l mDM (c + 2)c hσvi2DM →2SM
g∗
h
i
1
gDM
− ln ln 0.038 √ MP l mDM (c + 2)c hσvi2DM →2SM .
2
g∗
(2.18)
After freeze-out x  xf , Y EQ becomes zero, hence ∆ ∼ Y . The Eqn. 2.18 simplifies
to :
A
d∆
= − 2 ∆2
dx
x
Z ∆(∞)
Z ∞
d∆
dx
→
− 2 = A
2
∆
∆(xf )
xf x
xf
→ ∆(∞) =
A
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Now, one can write the expression of relic density using Eqn.2.13 and Eqn. 2.18 as
follows [15]:
Ωh2 =

GeV−2
854.45 × 10−13
xf
.
√
g∗
hσvi2DM →2SM

(2.21)

We will see that for multipartite DM scenarios, obtaining an approximate analytical
solution for the coupled BEQ is harder. We will illustrate it for one such model.

2.1.4

DM searches

WIMP models are popular due to their possibility of getting unravelled in direct and
collider search experiments [25–28]. This is essentially due to the presence of 2DM →
2SM number changing process to govern the freeze-out. The same interaction, when
turned upside down, as shown in cartoon Fig. 2.8 can yield a direct search signal for
DM; or when it is reversed can yield a production at high energy collider, such as
LHC.

Figure 2.8: Cartoon of DM searches. Source: Google Images

We elaborate briefly on the possibility of direct and collider search of WIMP DM.
Direct Detection
Direct search of DM is possible as our galaxy is assumed to be immersed in DM
halo. WIMPs in the DM halo have a velocity distribution. Therefore, the DM can
interact with detector placed deep underground and can have elastic scattering as
DM + SM → DM + SM and can produce nuclear recoil. Therefore, the presence of
such DM can be realised through nuclear recoil if observed. The recoil energy can be
measured as [25, 29]
ER =

q2
µ2 v 2
=
(1 − cos θ),
2mN
mN

(2.22)

where q is the momentum transfer, µ is the reduced mass, mN is the target nucleus
mass, v is the mean WIMP velocity with respect to the target and θ is the scattering

TH-2158_146121003

2.1. Dark Matter

17

angle in the center-of-mass frame. We may note here that observables for the process
are: recoil energy of the nucleus ER and scattering angle θ. In a standard scenario,
the differential scattering rate spectrum of WIMPs in under ground detectors can be
parametrised as [25, 29, 30]
Z
 vmax f̂lab (v̂, t) 3
ρ0  SI 2
dN
SD 2
∼
σ FSI + σ FSD
d v.
(2.23)
dER
2mDM µ
v
vmin
In above expression, mDM denote DM mass, σ SI , σ SD are WIMP-nucleon spin-independent
and spin dependent interaction cross sections respectively. These are the quantities
that are specific to a WIMP model and can be computed from its interactions with
SM following the cartoon diagram in Fig. 2.8. ρ0 ∼ 0.2 − 0.56 GeV cm−3 denotes local
DM density at the Solar radius. f̂lab (v̂, t) is the lab frame WIMP velocity distribution
(Maxwell-Boltzmann distribution to a good approximation) and is an astrophysical
input. FSI , FSD are the spin independent and spin dependent nuclear form factor,
specific to the detector. In the limit of non-relativistic WIMP velocity (v ∼ 10−3 c),
scalar interaction provides spin independent cross-section while axial interaction yields
spin dependent cross-section. Several experiments like XENON, LUX, PANDA have

Figure 2.9: Status of direct search experiments for DM so far. Image Source[31].

been looking for direct search interaction of DM. But no evidences have been observed yet. Inevitably, they produce bounds on DM-SM interactions and the limits
are provided in terms of WIMP mass as shown in Fig. 2.9. The bound is getting
strict with larger detector sensitivity and is causing a threat to WIMP DM. For example, XENON1T has ruled out WIMP-nucleon interaction cross sections larger than
∼ 10−46 cm2 for DM mass ∼ 100 GeV. We will discuss this issue later in details in
context of specific DM models, but the root cause of the worry is the interaction that
drives the freeze-out of WIMPs to yield correct relic, is also responsible to generate
direct search cross-section. Therefore, it is a challenge for the WIMP class of models
to satisfy relic density and still be available by direct search. It is also important to
note that, the sensitivity of WIMP nucleon interaction will soon hit ‘neutrino floor’ as
shown in Fig. 2.9 by yellow band, merging with the sensitivity of neutrino interaction.
In such situations, distinguishing dark matter signal becomes even more harder.
Collider Searches
It has already been indicated that for WIMP models, the same DM +DM → SM +SM
interaction that governs the freeze-out can produce DM at high energy collider through
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the reverse process i.e. SM + SM → DM + DM . Models where DM is a singlet under
SM (which consists a large class of simple DM frameworks), the collider detection has
/ T ), where X can be a gluon (jet), photon,
to bank on mono-X plus missing energy (E
Higgs, W or Z coming out of initial state radiation (ISR)[32, 33]. Missing energy has
been used as a key variable to segregate DM signal at collider defined as:
Typical DM Signal : Mono − X + E/T ; X = {jet, H, W, Z};
s X
X
E/T = − (
px )2 + (
py )2 .
`,j,unc.

(2.24)

`,j,unc.

The sum in the above equation runs over all visible objects at collider detector that
include the leptons and jets, and the unclustered components. Richer signal can only
be obtained in presence of a multipartite dark sector, with heavier charged fields (in
presence of higher multiplets for example) decaying to DM and produce a signal like:
Richer DM Signal : n ` + m jets + E/T ; ` = {e± , µ± }.

(2.25)

Figure 2.10: Possible DM Signals at Collider. Source: Google Images

These possibilities are nicely documented in Fig. 2.10 (figure adapted from a talk
by Tim Tait at Moriond), where we clearly see that if the center-of-mass energy is just
beyond the threshold of twice the DM mass (> 2mDM ), one will be able to probe monojet channels, whereas for a multipartite framework, if the centre-of-mass energy limit
crosses the threshold of twice the heavier particle mass (> msibling ), then those can
be produced to further decay to DM associated with leptons and jets. Again, we will
postpone a specific discussion of collider signals to a specific DM model set up taken
up in the thesis. Unfortunately, LHC has been looking for all possible DM signals as
elaborated, and have not been able to see any excess. Missing energy distribution
for
√
mono-jet and mono-V search at CMS is demonstrated in Fig. 2.11 at s = 13 TeV,
where the signal matches very closely to the possible SM background contribution.
Therefore, it is also important to abide by the DM-SM limit that we obtain from
non-observation of DM at collider. Importantly, the signal production cross-section
for DM of mass ∼ 100 GeV at LHC is quite small compared to SM background and
therefore the limit is also much less restrictive than direct search bound.
Indirect Detection
Indirect Detection is the another possibility through which DM can be probed. This is
possible, via production of SM particles either through DM annihilation or via decay.
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Figure 2.11: Absence of DM signal at CMS mono jet and mono-V search at LHC.

The stable SM particles like photon, neutrinos which are produced via DM annihilation or decay, can travel from their production sites to Earth without getting affected
much by intermediate regions. Such gamma rays or photons and neutrinos are the
ideal messenger of DM searches for indirect detection. Two current experiments like
space based telescopes Fermi-LAT (Fermi Large Area Telescope) and ground based
telescopes MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) are looking
for WIMP signal coming from dwarf spheroidal satellite galaxies (dSphs)[28]. Gamma
rays may be produced directly or in shower of secondary particles from WIMP annihilation. Depending on WIMP mass, those gamma rays could be detectable with these
experiments. But after so many years of successive run, they are not getting any DM
signal. From null results they put limits on annihilation cross section for DM masses
ranging between GeV - TeV.
The integrated gamma ray flux, produced by DM annihilation in specific energy
range (Emin < E < Emax ) and region of interest on the sky is given by [28]:
1 < σv >ann
Φ(∆Ω) =
4π 2m2DM

Z

1 < σv >ann
4π 2m2DM

Z

=

Emax

Emin
Emax
Emin

dNγ
dEγ ×
dEγ

Z

0

Z

dΩ
∆Ω

dl ρ2DM (l, Ω0 )

l.o.s

dNγ
dEγ × J ,
dEγ

(2.26)

where ∆Ω is the solid angle corresponding to the observation region of the sky,
γ
is the dif< σv >ann is the thermally averaged DM annihilation cross-section, dN
dEγ
0
ferential gamma rays spectrum per annihilation and ρDM (l, Ω ) is the DM halo density
distribution. Here in Eq.2.26, the first term corresponds to particle properties of DM,
while second term (called astrophysical J factor) incorporates the information about
the distribution of DM along the line of sight (l.o.s). A commonly used DM distribution is called Navarro-Frenk-White (NFW) profile, modelled in the halos of the dSphs
as [28]:
ρ(r) =

ρ0 rs3
,
r(rs + r)2

where rs and ρ0 are the NFW scale radius and characteristic density.
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Figure 2.12: 95 % CL upper limits on the thermally-averaged cross-section for DM annihilation
into b b (Purple), µ− µ+ (Gray) ,τ − τ + (Green) and W − W + (Black) pairs.

Since DM are electromagnetically neutral, so they do not directly couple to photon but they can be produced from final states particles of DM annihilation like
bb, µ− µ+ , τ − τ + , and W− W+ . Measuring flux from experiments and using standard astrophysical inputs in the above equation Eqn. 2.26, one can constrain DM
annihilation into the different final states like bb, µ− µ+ , τ − τ + and W− W+ . The
upper bounds of thermal averaged annihilation cross section (< σv >) for different
processes are depicted in Fig.2.12. The bound from indirect searches are much weaker
than direct and collider searches, and we will not elaborate upon this further in the
thesis.

2.1.5

Multi component WIMP DM

Let us now turn to multicomponent DM scenarios. The evolution of DM number
density in such cases is governed by coupled BEQs. We will prescribe a general formalism here, which will be discussed in terms of specific models later in the subsequent
chapters of the thesis. Let us assume two types of DM particles as:
φ type DM : φ : {φ1 (LSP), φ2 (NLSP), .....} ,

χ type DM : χ : {χ1 (LSP), χ2 (NLSP), .....} .
Lightest particle in each sector becomes a stable DM candidate named as Lightest Stable Particle (LSP). The heavier one (called as Next Lightest Stable Particle (NLSP))
in each sector can decay to LSP. Therefore, the scenario gives us two component stable DM framework with DMs φ1 and χ1 . Due to presence of heavier particles in each
sector, there are different type of number changing processes enter into CBEQs shown
in Fig 2.13:
Considering all types of number changing processes, the cBEQ will be given by
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Figure 2.13: Number changing processes for Multicomponent DM scenario considered here.
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(2.28)

where i, j, k = 1, 2. It is important to note here, that in above cBEQ, we have
augmented each annihilation, co-annihilation and DM-DM conversion terms with a
heavyside Theta function (Θ), to indicate the dominant contribution arising given a
mass hierarchy. However, it is not completely true that smaller initial mass states
can not produce a heavier final state as the annihilations are all thermal averaged
(hσvi) and integrated over centre-of-mass energy from threshold to very high temperature, i.e. s : (m1 + m2 )2 → ∞ (see Eq. 2.7). Therefore, ideally, the Θ functions are absent in cBEQ, although it is straightforward to compute that numerical
contribution below the kinematic threshold is much smaller. We have adopted the
same notation of writing cBEQ with heavyside Theta functions throughout the thesis
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for different specific model constructs, but this should be considered with the above
caveat. Also, it is worthy to point out, that scans of the allowed parameter space
of the specific models have been done further using numerical implementation of the
model in the code MicrOmega, which automatically takes care of the annihilation/coannihilation/conversion processes below the kinematic threshold. Evidently, relic density of the two component model described above will have contribution from both
DMs to yield:
ΩT = Ωφ1 + Ωχ1 .

(2.29)

Given a specific multipartite framework, the exercise will be to find relic density allowed
parameter space of the model governed by above equation.

2.2

Neutrino Mass

Neutrinos are the most illusive particles discovered so far. They are electromagnetic
charge neutral and hence interact only via weak interaction. This ideally makes them
potential DM candidates, but the problem lies elsewhere. In SM, neutrinos are assumed
to be massless and therefore, to prevent them acquiring mass, via the Dirac Yukawa
interaction with Higgs, we assume that there exist no right handed neutrino. Neutrinos
being massless, was supported by beta decay spectrum after its discovery. However,
when people started working on the solar νe that we receive at earth, only one third
of the flux could be received. This indicated that solar neutrinos must have oscillated
into other flavour producing solar neutrino deficit. Following an elementary quantum
description, it is easy to appreciate that such a phenomena is only possible if the
flavour states are not mass eigenstates, or in other words, neutrinos are rather massive
instead of being massless. Now, there several limits coming from different experiments
which predict how massive neutrinos are. It turns out that they only have very tiny
mass, for example a limit set by cosmology yields [35]:
3
X
i=1

mi ≤ 0.23 eV

(2.30)

However, like other SM fermions, massive neutrinos can very well be addressed by
postulating a right handed neutrino (νr ) and writing
LνY uk ∼ Yν L¯L HνR + hc,

(2.31)

where LL is the SM left handed lepton doublet and H is the Higgs doublet, which can
easily generate Dirac neutrino mass after SSB: mν (ν¯L νR + hc), with mν = Yν v (v is the
Higgs vev). The trouble is in order to generate neutrino mass of eV scale, the Yukawa
interaction turns extremely fine tuned with Yν ∼ 10−12 . Therefore, the presence of
tiny neutrino masses (∼ eV), which suffers from huge fine tuning once assumed just to
have a Dirac mass term like other SM fermions, very strongly indicate the existence
of physics beyond the SM.
Interestingly, one can have SM gauge invariant dimension five operator of the form
O5 ∼
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also known as Weinberg operator, where LL represents SM lepton doublet, H represents SM Higgs doublet and Λ is an unknown heavy physics scale [36]. One can
generate light neutrino mass from such a term after spontaneous symmetry breaking
through hHi = v to yield:
mν ∼

v2
.
Λ

(2.33)

It is rather easy to predict light neutrino mass in the right ballpark, by assuming Λ to
be heavy. Now, the question is what is the unknown heavy Λ. Given the fact that right
handed neutrinos can possess Majorana masses (1/2M νRT C −1 νR ), they can exactly fit
into the picture and one just needs to postulate MR = Λ. The mechanism goes under
the name of seesaw, as one generate light neutrino mass, after having a heavy mass in
the denominator. A cartoon shown in Fig. 2.14 illustrates this beautiful idea.

Figure 2.14: Cartoon of generating light neutrino mass through seesaw mechanism. Fig courtesy:
Google Images.

Technically, the methodology described above is called Type-I seesaw, which is the
simplest possibility, which predict the presence of heavy right handed (RH) neutrinos
to yield correct light neutrino mass through additional Yukawa coupling with SM
Higgs [37]. Some other possibilities in canonical seesaw model include Type II and
Type III, where light neutrino mass is generated through the same Weinberg operator
in presence of scalar triplet and fermion triplet respectively as shown in Fig. 2.15. They
all necessarily predict BSM physics with important and interesting phenomenological
consequences. Apart from the canonical seesaw mechanisms, there exist several other
possibilities including inverse seesaw, scotogenic and radiative Dirac model etc. In the
thesis, we will mainly focus on Type I seesaw and connect it to dark sector.
To end this section, we remind that it is the lightness of the neutrino, which prohibit
it to constitute the DM component of the universe, as being relativistic, they will
create trouble for structure formation, one of the important motivations to have DM
on board. Secondly, the relic density turns out to be extremely small as well. However,
the very fact that neutrinos have similar charge neutrality and weak interaction, as
similar to WIMP DM, it is intriguing to study DM and neutrino under same umbrella
of physics beyond the SM.
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Figure 2.15: Some of major neutrino mass generation models. Fig courtesy: Slide from Zhi zhongXing at ICHEP.

2.3

EW Higgs vacuum stability

Another crucial issue lies in the spontaneous symmetry breaking and Higgs sector of
the Standard Model. Given that current measured value of Higgs boson is mh = 125.09
GeV and top quark mass mt = 173.1 GeV [38], the electroweak (EW) vacuum can be
unstable, questioning the existence of our universe [39]. This suggests that existence
of another deeper minimum at high energy scale (ΛI ∼ 109−10 GeV) where running
of Higgs quartic coupling λH can turn negative is a finite possibility. In Fig. 2.16,
blue lines depict the running of Higgs quartic coupling towards the negative direction
for different top quark masses. The negative contributions arise due to fermionic
couplings in renormalization group (RG) running of Higgs quartic coupling λH . To
study this effect, need to solve RG running of all SM couplings which are provided in
AppendixB. In presence of right handed neutrinos, to address seesaw mechanism as
described above, the additional Yukawa coupling further affects the running of Higgs
quartic coupling negatively. As a result the instability scale could be lower than ΛSM
I
which is also shown in same Fig.2.16 with red lines for a fixed right handed neutrino
mass and Yukawa coupling. The negative affects can be compensated by introducing
additional BSM scalars which can also serve as DM components within the instability
scale. We will discuss such effects in a specific model in chapter 5.

2.4

Objective of the thesis

The thesis mainly focuses in WIMP type DM scenarios due to its simplicity and
predictability with less fine tuning. The WIMP paradigm however, suffers from a
serious threat due to non-observation of DM in direct search experiments. Direct
search experiments such as LUX [40, 41], XENON [27, 42–44], PANDA [45, 46] have
been looking for WIMP-like DM to interact with earthly detectors and so far no
such events have been reported. This in turn is predicting feebler DM-visible sector
interaction. In fact, in a few years from now the DM-nucleon cross-section at direct
search experiments may hit the neutrino floor, where neutrino-nucleon cross-section
will be a huge background for DM detection. In a single component WIMP paradigm,
relic density and direct search cross-sections of DM are mostly incompatible, as the
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Figure 2.16: RG running of Higgs quartic coupling in presence of right handed neutrino.

interactions which lead to the freeze-out of DM in the early Universe, also yields DMnucleon cross-section in direct search experiments. a similar argument is applicable
to non-observation of DM in collider searches as well. The only distinction to collider
search for a WIMP of 100 GeV is that the production of DM at collider is very
suppressed (with no electromagnetic or strong interactions with SM), so that nonobservation of DM in collider searches provide lesser threat to WIMP DM and yield a
weaker constraint.
Multipartite DM frameworks can provide a cushion to the tension of WIMP like
particles to satisfy relic density and direct search [34, 47–64]. This is essentially due to
the presence of additional processes which can still contribute to the depletion of DM
number density for thermal freeze-out, but do not contribute to direct search crosssection. The main two contributions of such kind can arise from (i) Co-annihilation
of DM with a heavier particle, which can not be produced in direct search for kinematic suppression or (ii) DM-DM interactions, where the heavier DM component can
annihilate to the lighter one to yield thermal relic, and also do not contribute to direct search. In this thesis we will investigate possible phenomenological aspects of
such multipartite WIMP type DM scenarios. It is also intriguing to note while visible sector of the universe consisting only 5% of total energy budget of the universe
possesses so many different fundamental particles (quarks, leptons, gauge bosons etc)
with different strengths and characteristics of their interactions (strong, weak and electromagnetism), it is perhaps way too simple to assume only one kind of DM with one
specific interaction to consist 20% of the universe.
Therefore the main idea of this thesis is to address all the phenomenological issues
discussed above including DM, neutrinos and vacuum stability together. We aim to
demonstrate these in multipartite DM scenarios. Our idea is to build such multipartite
frameworks from the simplest possibility of accommodating a DM in extensions of SM,
namely a scalar singlet stabilized by Z2 symmetry. Future detection of DM is also a
crucial point addressed in the thesis. However, singlet DMs have limited colliders
search possibilities, due to lack of interaction with visible sector. The search strategy
for such DM is therefore limited to mono-X signature with missing energy, where X
can be jet, W , Z or Higgs [65] as illustrated before. Such signal arises out of initial
state radiation (ISR) and suffers from huge SM background. Higher multiplet in dark
sector, being equipped with charge components have better possibilities of getting
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unravelled in future collider search experiments, but tighter constraints may arise from
dark sector. Therefore, we will not elaborate the collider signal on two component
scalar singlet DM scenario. However, we will discuss collider search strategies for two
component set up involving singlet-doublet fermion and with inert Higgs.
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3.8

3.1

Introduction

A SM gauge singlet real scalar which is odd under a Z2 symmetry, while the SM is even
under Z2 , provides with a simplest dark matter candidate which has portal interactions
through the SM Higgs. This model has been studied extensively for its simplicity and
predictability [22, 66–71]. This model is also known to reduce the fine-tuning problem
SM Higgs is plagued with [72]. One can accommodate as many of them as possible to
extend to a multicomponent DM framework. The model can inherently carry a O(N )
symmetry for N components on top of the individual Z2 symmetry, which however
makes all the DMs having equal masses and same coupling strength to SM [69]. This
particular feature restricts the model not to have non-zero interaction between different
DM species, although such terms are present in the scalar potential. Hence, it results
in no change to the thermal freeze out of each DM component compared to the single
component scenario. The departure in allowed parameter space from the singlet scalar
DM framework to such a multipartite framework is significant subject to the number of
DM components, however equally restrictive. On the contrary, if one ignores the O(N )
symmetry the masses of different DM components and their interactions with the SM
can be set to be different from each other. Further, the absence of O(N ) symmetry
leads to non-zero interactions between the DM components. We study such interacting
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multipartite scalar DM scenario, specifically for two component case. Generalisation
to three or more components is straight forward, but not discussed in this report.
We demonstrate the case when there are two distinct Z2 symmetry on each of the
0
components and call that a model under Z2 × Z2 . It is important to note that when
we have two DM scalar singlets odd under same Z2 , i.e. a framework with Z2 × Z2 ,
there is inevitably one DM component, lighter of the two; the heavier one will decay
to the lighter one at tree level or through loop generated process, depending on the
mass splitting between the components.
Although the models have been discussed earlier [34, 47–51], we perform a systematic comparative analysis of the DM-allowed parameter space of the two-component
0
framework. We explore the viability of Z2 × Z2 model for relic abundance constraints
from WMAP [9, 73], PLANCK [11] data, and direct detection constraint from XENON
[27, 42, 43], LUX [40] as well as from updated LUX bound [41]. We specifically indicate that direct search constraints can be shown to be somewhat relaxed in presence
of DM-DM interactions in multicomponent framework, allowing the DM components
to be delayed till XENON1T limit.
The chapter is organised as follows: we discuss the singlet scalar single and multicomponent DM frameworks in Sec. 3.2; thermal freeze out and corresponding Boltzmann Equations are discussed in Sec. 3.3; parameter space scan on relic density of
0
Z2 × Z2 framework is discussed in Sec. 3.4 and approximate analytical solution of such
a case is discussed in Sec. 3.5; direct search constraints are discussed next in Sec. 3.6.
Finally we conclude the chapter.

3.2
3.2.1

Models for the Singlet Scalar DM
Single Component framework

Let us first review the DM model with a real singlet scalar φ [66]. The interaction
1
ODM OSM . Here OSM is gauge
with the SM can be written in general of the form Λn−4
invariant operator composed of the SM fields, whereas ODM are those involving the
DM fields. Λ is the new physics scale in effective theory formalism, whose power is
determined by the dimension of the operator product, n. Since we are interested in
renormalisable interaction terms, we consider only operators with n ≤ 4. Stability of
the DM is achieved through imposing a Z2 symmetry, under which φ is specified to
be odd with other fields are taken to be even. This necessitates φ to appear in even
powers in the operators. Thus, the scalar potential, including the DM φ interacts with
the SM through the Higgs portal term reads as [71, 74]
1
1
1
V (H, φ) = −µ2H H † H + λH (H † H)2 + µ2φ φ2 + λφ φ4 + λ1 H † Hφ2 ,
2
4!
2

(3.1)

where λ1 parametrizes the ‘Higgs-portal’ interaction discussed above, with H denoting
the SM Higgs isodoublet. The Lagrangian density for the scalar sector is then given
by:
1
Lscal = ∂µ φ∂ µ φ + Dµ H † Dµ H − V (H, φ)
2

(3.2)

where Dµ is the covariant derivative related to the SM gauge symmetry. Electroweak
symmetry breaking (EWSB) occurs via non-zero vacuum expectation value of the
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√
Higgs doublet hHi = (0, v/ 2)T , with v = 246 GeV. On the other hand, unbroken
Z2 symmetry requires µ2φ > 0, ensuring hφi = 0, which yields DM mass term m2φ =
2
µ2φ + λ12v .
In order to stabilize the vacuum we require that the scalar potential in eq. (3.1) is
bounded from below. At the tree level it implies the following conditions [75, 76]
r
2
λφ > 0 , λH > 0 , λ1 +
λφ λH > 0 .
(3.3)
3
Tree-level unitarity constraints imply [77]
|λH | < 4π, |λ1 | < 8π
q
| 12λH + λφ ± (λφ − 12λH )2 + 16λ21 | < 32π .

(3.4)

Finally, the condition that the global Z2 symmetry remains unbroken requires
µ2φ > 0, which leads to m2φ > λ1 v 2 /2. DM relic density and direct search constraints
are relevant for this model in a two dimensional parameter space denoted by the DM
mass and the Higgs-portal coupling as
{mφ , λ1 }

(3.5)

The phenomenology and the allowed parameter space for such a model has been discussed by many authors [22, 68, 78–81]. In this report we shall limit our discussion in
citing some of the important outcomes of this model in the comparative analysis with
two component interacting DM frameworks that we analyse shortly in details.

3.2.2

Multipartite framework with O(N ) symmetry

Simplest extension of a single component scalar DM framework to a multipartite case is
obtained by assuming N (≥ 2) such components of DM having same mass and coupling
to the SM, replacing φ in above section by
~ ≡ {φ1 , φ2 , φ3 ...φN },
φ

(3.6)

so that the scalar potential reads [69]:
V (H, ϕ) =

−µ2H H † H

1 2 ~ 2 1  ~ 2 2 1
~2 .
+ λH (H H) + µφ~ φ + λφ~ φ
+ λ1 H † H φ
2
4!
2
†

2

(3.7)

Note here that the presence of an unbroken O(N ) symmetry in the Lagrangian
implies the same couplings µφ~ , λφ~ and λ1 for all the DM components. This makes sure
2
that each of the DM acquires same mass after EWSB as m2φ~ = µ2φ~ + λ12v and of course
 2
~ 2 in Eq. 3.7 although indicate the
have same coupling to SM sector, λ1 . The term φ
presence of interaction vertices between different DM components, the fact that all the
DM components acquire same mass, yields effectively zero DM-DM interaction crosssection and thus drastically reduces the phenomenological possibilities of this model.
This multipartite DM framework has been discussed in great details in [69] and we will
refer to some of its important features in the following comparative analysis. It should
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be noted here that on top of the O(N ), a separate Z2 symmetry has to be imparted
to each of the DM components for their stability so that
Z

2
φi −→
−φi

(3.8)

Vacuum stability of the potential dictates similar constraints as that of the single
component case on the dimensionless couplings introduced here. This model has then
three parameters as
{mφ , λ1 , N }

(3.9)

where the cross-sections are essentially governed by the same DM mass and coupling.
The third parameter, N is the number of DMs considered in the model, which crucially
changes the outcome, as we will see later. However it must be pointed out that, O(N )
symmetry is not a necessary requirement for the components to be DM candidates. In
the following, we shall explore some of the possibilities when the O(N ) is not respected.

3.2.3

Two Component framework with Z2 × Z20 symmetry

When we break the global O(N ) symmetry as described above and impose a separate
Z2 on each of the components the scenario gets phenomenologically more interesting
with interaction between different DM candidates. The simplest multipartite framework is to consider a two component DM set up by imposing two distinguishable
Z2 × Z20 symmetry under which the two singlet scalars (φ1 , φ2 ) stabilize. That means,
under Z2 × Z20 , different fields transform as: SM [+, +], φ1 [−, +], φ2 [+, −]. The new
Lagrangian involves a few more parameters compared to the previous case respecting
O(N ) symmetry. The part of the Lagrangian involving only singlet scalar fields read
as
LDM =

1
1
1
1
1
1
1
(∂µ φ1 )2 + (∂µ φ2 )2 − µ21 φ21 − µ22 φ22 − λ3 φ21 φ22 − λ4 φ41 − λ5 φ42
2
2
2
2
4
4!
4!
(3.10)

The part of the Lagrangian describing the interaction of DM fields with the SM
Higgs fields is given by
1
1
− LSM −DM = λ1 φ21 H † H + λ2 φ22 H † H.
2
2
The scalar potential hence read:
V (φ1 , φ2 , H) =

1 2 2 1 2 2 1
1
1
µ1 φ1 + µ2 φ2 + λ3 φ21 φ22 + λ4 φ41 + λ5 φ42
2
2
4
4!
4!
1
1
−µ2H H † H + λH (H † H)2 + λ1 φ21 H † H + λ2 φ22 H † H
2
2

(3.11)

(3.12)

Stability of this potential requires [76, 82]
r
λ1 +
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2
λ4 λH > 0 λ2 +
3

r

λ4 > 0 , λ5 > 0 , λH > 0 ,
r
2
1
λ5 λH > 0 , λ3 <
λ4 λ5 > 0.
3
9

(3.13)
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We may note that, unlike the case where O(N ) symmetry is realised (Eq. 3.7),
here the couplings of φ1 and φ2 could be independent of each other. After the
electroweak phase
transition, with the vacuum expectaion values of fields given by
√
hHi = (0, v/ 2)T , where v = 246 GeV, hφ1 i = hφ2 i = 0, the part of the Lagrangian
involving the DM fields takes the form

1
1
1
1
(∂µ φ1 )2 + (∂µ φ2 )2 − m2φ1 φ21 − m2φ2 φ22
2
2
2
2
1
1
1
−
λ3 φ21 φ22 − λ4 φ41 − λ5 φ42
4
4!
4!
1
1
−
λ1 φ21 h2 + λ2 φ22 h2
4
4
1
1
−
λ1 vhφ21 + λ2 vhφ22 .
2
2

LDM + LSM −DM =

2

(3.14)
2

Here the mass of the DM candidates are m2φ1 = (µ21 + λ12v ) and m2φ2 = (µ22 + λ22v ).
In the absence of O(2) symmetry, the parameters λi and µ2i are not necessarily the
same for different fields, leading to a wide range of mass splittings between different
DM components. Presence of the mutual interaction coupling, λ3 , along with the mass
splitting could have dramatic effects, resulting in clearly distinguishable features. It
might be helpful to remind that in presence of O(2) symmetry, the DM masses are
degenerate, so in spite of having λ3 φ21 φ22 term in the Lagrangian, the DM conversion
process (φ1 φ1 → φ2 φ2 ) is not effective. The main focus of this work is to encapsulate
the effect of DM-DM conversion, which we shall do in the following sections in detail.
The relevant DM phenomenology of such a two-component framework is mainly
dictated by the five parameters:
{mφ1 , mφ2 , λ1 , λ2 , λ3 }.

(3.15)

The parameter λ3 solely determines the direct interaction between the two DM components. As we shall demonstrate, presence of non-zero value of λ3 marks a significant
departure in the allowed DM parameter space in terms of relic density and direct search
constraints. It is straightforward to extend such a model to multipartite framework
(1)
(2)
(n)
by considering n such DM components {φ1 , φ2 , ...φn } stabilised by Z2 × Z2 ... × Z2
symmetry, which involves (n + n + n C2 ) parameters over and above the SM parameters. In line with Eq. 3.15 these parameters could be considered to be the masses and
couplings denoted as
0

0

{mφ1 , ..mφn , λ1 , ..λn , λ12 , ..λ(n−1)n }

(3.16)
0

where λi denote the interactions of φi to the SM Higgs, whereas λij denotes the direct
interaction between the DM components φi and φj . Such a multi-component system
with a large number of independent parameters is hard to analyse in a meaningful way,
without further assumptions. However, all the essential features of such a scenario
could be captured by a two-component case, and we shall limit ourselves to discuss
the case of the two-component DM case in this work.
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Thermal freeze out and Boltzmann Equations

Our goal in this section is to determine the thermal freeze out of the DM components.
We start with formulating the Boltzmann equations (BEQ) that govern cosmological
evolution of the scalar singlets (φ) DM in a single component framework. This has
already been discussed to some extent before; nevertheless it is good to remind the
basic framework once more to set up multipartite analysis taken up next. The BEQ
for the single component framework reads [15]:
Z
ζφ d3 p
ζφ d3 p0 ζSM d3 q ζSM d3 q 0 4
ṅφ + 3Hnφ = −
δ (p + p0 − q − q 0 ) ×
(2π)3 2Ep (2π)3 2Ep0 (2π)3 2Eq (2π)3 2Eq0


EQ ˜EQ
2
˜
˜
˜
(3.17)
|Mφφ→SM SM | fφ fφ − fφ fφ
where nφ denote the number density of φ, nEQ
the corresponding equilibrium density,
φ
ṅφ is the time derivative of the number density, Mi→f is the amplitude for the process
i → f , including the spin average and symmetry factors, H denotes the Hubble parameter and ζφ indicates the internal degrees of freedom associated to the particular
DM species and for singlet scalar, we have ζφ = 1. A phase space density f˜φ and an
equilibrium density f˜φEQ are related to corresponding number densities as follows:
Z
Z
ζφ d3 p ˜EQ
1
ζφ d3 p ˜
EQ
f
,
n
fφ , f˜φEQ = E/T
(3.18)
nφ =
=
φ
φ
3
3
(2π) 2E
(2π) 2E
e
−1
To simplify BEQs we will use the thermally averaged cross section hσab→cd vi, defined
as [15, 22, 24]:
Z
1
ζb d3 p0
ζc d3 q
ζd d3 q 0
ζa d3 p

hσab→cd vi ≡ 
×
3 2E (2π)3 2E 0 (2π)3 2E (2π)3 2E 0
EQ EQ
(2π)
p
q
p
q
na nb
0

δ 4 (p + p0 − q − q 0 )|Mab→cd |2 e−(Ep +Ep )/T
√
p
Z ∞
s s − (ma + mb )2 K1 ( Ts ) (σv)ab→cd
=
ds
16T m2a m2b K2 ( mTa )K2 ( mTb )
(ma +mb )2

(3.19)

where in the last line we recast the thermal average cross-section in terms of the
Mandelstam variable s = (Ea + Eb )2 in the c.o.m frame, K1,2 represent first and
second Bessel functions in terms of appropriate variables and T is the temperature of
the universe. The threshold s required is s0 = (ma + mb )2 for the reactions to occur.
Assuming kinetic equilibrium of DM with SM fields and neglecting possible effects of
quantum statistics the BEQ for the single-component case simplify [15]:


2
ṅφ + 3Hnφ = −hσφφ→SM vi n2φ − nEQ
(3.20)
φ
The diagrams contributing to φi φi annihilation to SM particles are shown in Fig. 3.1.
Dominant annihilation cross-section is obtained to gauge boson final states while the
one to light fermions are small due to small Yukawa couplings. The corresponding cross
sections are available in the literature (e.g. [67, 79]). In a single component framework, there is no scope for DM-DM interaction. While we move on to two-component
framework, DM-DM interaction plays a crucial role and possible diagrams are shown
in the Fig. 3.2.
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Figure 3.1: Diagrams contributing to φi φi annihilation to SM particles (i = {1, 2} in two component
set up).
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Figure 3.2: Diagrams contributing to DM conversion in Z2 × Z2 model (i, j = 1, 2; i 6= j).

We now argue that in case of scalar DM interactions, instead of using the whole
expression of thermal average cross-section hσvi in BEQ, as in Eq. 3.19, we can use
(σv) at threshold s = s0 = (ma + mb )2 as [83]:

(dσ v)ab→cd =

|M|2ab→cd dQ
4ma mb

(3.21)

where dQ is the phase space differential and |M|2 is the matrix element square averaged
and ma,b are the masses of annihilating particles. This essentially corresponds to the
so called s− wave contribution to annihilation cross-section and in presence of this
term, the v 2 dependent terms (p wave, for example) can be neglected. We will show
that (σv)ab→cd is almost the same as to the thermal averaged hσviab→cd even at low
x= m
. The advantage of using (σv)ab→cd is the absence of temperature dependence
T
in it, which helps solving the BEQs relatively easier; particularly in case of coupled
BEQ which we need for the DM analysis of the model. Hence, we rewrite the DM
annihilation cross-sections to SM in terms of (σv) adopting Eq. 3.21 as follows [67, 79]:
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Figure 3.3: Left: Comparison of (σv)φ1 φ1 →SM (red thick line) as in Eq. 3.23 with therm
mal average cross-section hσviφ1 φ1 →SM as in Eq. 3.19. hσvi is evaluated at x = Tφ1 =
5 (Orange dashed), 10 (Blue dashed), 20 (Cyan dashed). Right: Comparison of (σv)φ1 φ1 →SM (red
thick line) to hσviφ1 φ1 →SM extracted from code MicrOMEGAs (black dots). The plot is shown as a
function of DM mass mφ1 [GeV] for single component scalar singlet DM φ1 . We choose the DM-SM
coupling λ1 = 0.1 for illustration.

(σv)φ1 φ1 →f f =
(σv)φ1 φ1 →W + W − =
(σv)φ1 φ1 →ZZ =
(σv)φ1 φ1 →hh =
(σv)φ1 φ1 →SM =

Nc λ21 m2f
3
1
√
(s − 4m2f ) 2
2 2
2 2
4πs s (s − mh ) + mh Γh
λ21
s
12m4W
4m2W
4m2W 1
(1
+
−
)(1
−
)2
8π (s − m2h )2 + m2h Γ2h
s2
s
s
λ21
12m4Z
4m2Z
4m2Z 1
s
(1
+
−
)(1
−
)2
16π (s − m2h )2 + m2h Γ2h
s2
s
s

2
λ21
3m2h
4λ1 v 2
4m2h 1
1+
−
(1
−
)2
16πs
(s − m2h ) (s − 2m2h )
s
(σv)φ1 φ1 →f f + (σv)φ1 φ1 →W + W − + (σv)φ1 φ1 →ZZ
+(σv)φ1 φ1 →hh
(3.22)

√
where s is the centre-of-mass energy and Γh [68] denotes Higgs decay width at
resonance. Nc = 3 is the colour factor for quarks, for leptons it is unity. Similarly
annihilation cross-sections for the second component: (σv)φ2 φ2 →SM can be written
replacing λ1 by λ2 in Eq. 3.22. In Fig. 3.3, we show that the (σv)φ1 φ1 →SM (as in
Eq. 3.22) in red thick line, closely mimics the thermal average annihilation crosssection hσviφ1 φ1 →SM (as in Eq. 3.19). In the left panel of Fig. 3.3, we choose three
m
different values of x = Tφ1 = 5 (Orange dashed), 10 (Blue dashed), 20 (Cyan dashed)
to evaluate hσviφ1 φ1 →SM . It clearly shows, that excepting some fluctuations near the
resonance region (mφ1 = m2h ) for small values of x, thermal average cross-section agrees
well to (σv)φ1 φ1 →SM . In the right panel of Fig. 3.3, we compare the same (σv)φ1 φ1 →SM
with the thermal average cross-section that code MicrOMEGAs [84] generates (black
dots) to further establish the claim. The annihilation cross-section is plotted as a
function of DM mass mφ1 [GeV] with a specific choice of λ1 = 0.1. For other values of
λ1 , the behaviour remains the same. In the expressions of (σv)φ1 φ1 →SM as in Eq. 3.22,
we have used threshold value of s = s0 = 4m2φ1 . We will use it throughout the analysis
and even if not explicit, we will mean
(σv)ab→cd ≡ (σv)ab→cd |s=(ma +mb )2
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For Z2 × Z2 model, the interaction between DM components (φ1 φ1 → φ2 φ2 ) are
governed by the diagrams in Fig. 3.2. Assuming mφ1 > mφ2 ,

(σv)φ1 φ1 →φ2 φ2

q

s − 4m2φ2 
v 4 λ21 λ22
2(s − m2h )v 2 λ1 λ2 λ3
2
√
=
+
+ λ3 (3.24)
(s − m2h )2 + m2h Γ2h
(s − m2h )2 + m2h Γ2h
8πs s

In absence of the contact interaction (first diagram in the top panel of Fig. 3.2), i.e.
λ3 → 0, the expression simplifies to:
q
s − 4m2φ2
v 4 λ21 λ22
√
(3.25)
(σv)φ1 φ1 →φ2 φ2 =
8πs s (s − m2h )2 + m2h Γ2h
We would like to mention here that in O(2) model, the DM-DM interactions as in
Fig. 3.2, are all present, but the contribution is identically zero with masses of the
two DM components identical. For mφ2 > mφ1 , we similarly obtain (σv)φ2 φ2 →φ1 φ1 . A

Figure 3.4: Comparison of (σv)φ1 φ1 →φ2 φ2 (as in Eq. 3.24) in red thick line with thermal aver0
age cross-section hσviφ1 φ1 →φ2 φ2 for DM-DM interactions in Z2 × Z2 model is shown as a function of DM mass mφ1 [GeV]. We choose parameters {λ1 , λ2 , λ3 , mφ2 } = {0.5, 0.5, 0.01, 100} (left),
{0.5, 0.5, 1.0, 100} (right) for illustration. hσvi is evaluated at two different values: x = m
T =
5 (Blue dashed), 20 (Black dashed).

detailed comparison of DM annihilation to SM with DM-DM interaction will be performed in the next section. In Fig. 3.4, we demonstrate the comparison of (σv)φ1 φ1 →φ2 φ2
(red line) to the thermally averaged DM-DM interactions hσviφ1 φ1 →φ2 φ2 for two differ= 5 (Blue dashed), 20 (Black dashed). We illustrate two different
ent choices of x = m
T
parameter sets {λ1 , λ2 , λ3 , mφ2 } = {0.5, 0.5, 0.01, 100} (left), {0.5, 0.5, 1.0, 100} (right);
and both of them show a very good agreement of s-wave cross-section to the thermal
average DM-DM interaction cross-section.
It is already understood that the thermal average cross-section inherently poses a
temperature dependence, which is explicitly demonstrated in Fig. 3.5. Here we show
the variation in hσviφ1 φ1 →SM with respect to temperature T for single component case
in the left panel and hσviφ1 φ1 →φ2 φ2 for the two component case in the right panel.
We can see that the temperature dependence is more for small x or large T regions,
although the variation is limited within an order of magnitude. For the two component case, we deliberately choose the masses of the DMs close to each other as the
temperature dependence is more sensitive for such a scenario. However, we clearly see
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Figure 3.5: Variation of thermal average annihilation cross-section with T . Left: hσviφ1 φ1 →SM
as in Eq. 3.19 for single component case is depicted with two different choices of DM mass
mφ1 = {100 (Blue), 200 (Red)} GeV for a fixed λ1 = 0.1. Right: Variation of DM-DM interaction
0
hσviφ1 φ1 →φ2 φ2 is shown for two component Z2 × Z2 model for three different DM mass combinations:
{mφ1 , mφ2 } = {105, 100} (Red), {120, 100} (Blue), {140, 100} (Cyan); {λ1 , λ2 , λ3 } = {0.1, 0.1, 0.01}
are chosen for illustration.

that for x > 5, the annihilation cross-sections are almost independent of T and we can
safely use (σv) for this model.
Let us now turn to the coupled BEQs that govern the two component DM freeze
n
out. We will recast the BEQs in terms of yield Y = sφi so as to indicate the number
density in comoving volume, where nφi is the number density of φi and s is the entropy
density of the universe given by [15]

2π 2
s=
gs (T )T 3 ;
45

gs (T ) =

X


rk gk

k

Tk
T

3
θ(T − mk ) ;

(3.26)

here k runs over all particles, Tk is the temperature of particle k and gk its number of
internal degrees of freedom, and rk = 1 (7/8) when k is a bosons (fermion).
The BEQs can be written as a function of temperature (T ) or in terms of x = m
T
where m is the mass of the DM particle. However, using x as a common variable for
two-component case is problematic as mass m here represents two different variables
(mφ1 , mφ2 ) for two DM species. Hence, one way to obtain a common variable is to
introduce a reduced mass µ for the two component DM system and define x with
respect to reduced mass as x = Tµ where µ1 = m1φ + m1φ i.e x1 = Tµ = x11 + x12 . In terms
1
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of reduced x the BEQs read [34, 85]:
dY1
√ µ h
2
= −0.264MP l g ∗ 2 hσv11→SM i(Y12 − Y1EQ )
dx
x
2
Y1EQ 2
2
+hσv11→22 i(Y1 −
2 Y2 )Θ(mφ1 − mφ2 )
Y2EQ
−hσv22→11 i(Y22 −

Y2EQ

)

2
Y1EQ

#
Y12 )Θ(mφ2 − mφ1 )

dY2
√ µ h
2
= −0.264MP l g ∗ 2 hσv22→SM i(Y22 − Y2EQ )
dx
x
2
Y2EQ 2
2
+hσv22→11 i(Y2 −
2 Y1 )Θ(mφ2 − mφ1 )
Y1EQ
−hσv11→22 i(Y12 −

Y1EQ

2

2
Y2EQ

#
Y22 )Θ(mφ1 − mφ2 )

(3.27)

where the equilibrium distributions now recast in terms of µ has the form
YiEQ (x) = 0.145

g 3 mφi 3 −x( mµφi )
x2 (
)2 e
g∗
µ

(3.28)

In above equations, MP l = √1G = 1.22 × 1019 GeV and g∗ = 106.7 [15]. One should
note additional contributions due to DM-DM conversions in the coupled Eqs.3.27.
Depending on the mass hierarchy, one of 11 → 22 or 22 → 11 will contribute. We
have used Θ functions appropriately to illustrate that fact. In the following analysis,
we will demonstrate that in certain regions of the multipartite DM parameter space,
DM-DM interaction is large enough to claim a change in DM freeze out and hence in
relic density.
Even further simplification occurs to the coupled BEQ by pulling out the large
numerical factors from Yi (i = 1, 2) in terms of modified yi as
√
√
(3.29)
yi = 0.264MP l g∗ µYi ; yiEQ = 0.264MP l g∗ µYiEQ
0

In terms of yi the BEQs for Z2 × Z2 model:
"
dy1
1
2
= − 2 hσv 11→SM i(y12 − y1EQ ) + hσv 11→22 i(y12 −
dx
x
#
EQ 2
y
−hσv 22→11 i(y22 − 2 2 y12 )Θ(mφ2 − mφ1 )
y1EQ
"
dy2
1
2
= − 2 hσv 22→SM i(y22 − y2EQ ) − hσv 11→22 i(y12 −
dx
x
#
EQ 2
y
+hσv 22→11 i(y22 − 2 2 y12 )Θ(mφ2 − mφ1 )
y1EQ

y1EQ

2

y1EQ

2

y 2 )Θ(mφ1
EQ 2 2
y2

y 2 )Θ(mφ1
EQ 2 2
y2

− mφ2 )

− mφ2 )
(3.30)

We solve the coupled equations in Eq. 3.30 numerically (as we will argue that solving the equations analytically is much harder) to find out the freeze out of the DM
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components and hence compute relic density of the DM species by [47, 86, 87]


µ
854.45 × 10−13 mφ1
2
y1
x∞ ,
Ω1 h =
√
g∗
µ
mφ1


854.45 × 10−13 mφ2
µ
2
Ω2 h =
y2
x∞ ,
√
g∗
µ
mφ2
ΩT h2 = Ω1 h2 + Ω2 h2
(3.31)
i
h
In Eq. 3.31, y1 mµφ x∞ indicates the value of y1 evaluated at mµφ x∞ , where x∞
1
1
indicates a very large value of x after decoupling. In numerical analysis, x ∼ 100
is good enough to indicate freeze out of scalar DM in such a model while we choose
x = 500 to be on the safe side. We will demonstrate freeze out of the DM components
in the next section in different regions of parameter space to validate above claim.
Also note here that the solution of the coupled BEQ yields yi as a function of x = Tµ ,
while relic density of individual components should be expressed in terms of xi = mTi .
Hence, in Eq. 3.31, we substitute x = Tµ = mµφ xi (i = 1, 2).
i
Multipartite DM framework with O(N ) symmetry predicts degenerate DM scenario
and hence do not yield non-zero DM-DM interactions as has already been stated.
Hence, the BEQ mimics as single component BEQ as in Eq. 3.20. The annihilation
cross-sections also remain exactly the same although relic density in such a case is
simply scaled by the number of DM components (N ) all of which interact to SM in a
similar way [69]:
ΩT = N Ωi

(3.32)

Ωi is the relic density of an individual components φi given approximately by the
inverse of annihilation cross-section of φi to SM as
Ωi =

0.1 pb
854.45 × 10−13
yi [x∞ ] '
√
g∗
hσvii

(3.33)

In literature coupled BEQ for multi-partite scalar singlet DM have been mentioned in
many cases [49, 69], however an elaborate scan of the available parameter space has
not been performed with DM-DM interactions kept on. In the following, we take up a
0
systematic analysis of the two component DM scenario in Z2 × Z2 model to find out
accessible parameter space by relic density and direct search constraints and indicate
possible distinctive features of having DM-DM interactions.

3.4

Relic Density Analysis

Our goal of this part of the analysis is to find the available parameter space of the two
0
component DM framework in Z2 × Z2 model from relic density constraint as well as
indicate the departure in freeze-out due to interactions between two DM components.
Multicomponent DM freeze-out is dependent on annihilations to SM and on the conversions between DM components. Annihilation cross-sections to SM for scalar singlet DM
with Higgs portal coupling is well studied and understood, as pointed out in Eq. 3.22
and shown in Fig. 3.6. We demonstrate the annihilation φ1 φ1 → SM as a function
of mφ1 in the top panel of Fig. 3.6 for three different values of λ1 = {0.01, 0.1, 1.0} in
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Figure 3.6: Top: (σv)φ1 φ1 →SM is plotted as a function of mφ1 ; Bottom Left: Annihilations to
W W, ZZ, hh are prohibited; Bottom right: Annihilations to W W, ZZ are prohibited. Three different
values of λ1 = {0.01 (Red), 0.1 (Orange), 1.0 (Blue)} are chosen from bottom to up respectively.

red, orange and blue respectively. The Higgs resonance is clearly seen at mφ1 = mh /2,
while there is a significant bump observed at mφ1 = 80 GeV, when W W channel opens
up. For large value of λ1 = 1.0 (blue curve) in top panel of Fig. 3.6, a small bump
is seen at mφ1 ∼ mh = 125 GeV, indicating large annihilation contributions opening
to hh channel which has a larger sensitivity to λ1 . To illustrate the contributions to
different SM final states, in the bottom left panel we stop W W, ZZ, hh annihilations
to show the bump in annihilation cross-section at mφ1 ∼ mt = 173 GeV. In the bottom right panel, we similarly stop W W, ZZ channel to show the contribution to hh
final state. Annihilation cross-section for φ2 φ2 → SM is similar as a function of mφ2
and λ2 . Interaction between DM components φ1 φ1 → φ2 φ2 or φ2 φ2 → φ1 φ1 occurs
depending on mφ1 > mφ2 or mφ2 > mφ1 . In Fig. 3.7, the DM conversion is shown as
a function of mφ1 keeping mφ2 fixed at 100 GeV (left) and 300 GeV (right). When
mφ1 < mφ2 , φ2 φ2 → φ1 φ1 is present and it dies when mφ1 ∼ mφ2 . When mφ1 > mφ2 ,
φ1 φ1 → φ2 φ2 process start contributing; the cross-section decreases with larger DM
mass followed from the expressions in Eq. 3.24. A change in DM freeze out is possible
when DM-DM interactions are of the same order as to the annihilations to SM. A
comparison is illustrated in Fig. 3.8, where both the processes, annihilations to SM
and DM-DM interactions are plotted together as a function of mφ1 in the limit of
zero contact interaction, λ3 = 0. The other DM mass is kept fixed, mφ2 = 80 GeV
(left) and 300 GeV (right) of Fig. 3.8. We choose λ2 = 0.1 and three different choices
of λ1 = {0.01, 0.1, 1.0} (red, blue and green respectively) for illustration. Fig. 3.8
shows that for small mφ2 = 80 GeV (left), DM-DM interaction is of the same order as
with the annihilations to SM with λ3 = 0. When mφ2 is larger, for example, 300 GeV
(right), DM conversion cross-section gets smaller than annihilations to SM as expected
(see Fig. 3.7 for example).
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Figure 3.7: (σv) for DM conversions: φ2 φ2 → φ1 φ1 or φ1 φ1 → φ2 φ2 as a function of mφ1 for
constant mφ2 = 100 GeV (left), 300 GeV (right). λ2 = 0.1 and contact interaction λ3 = 0 are
kept fixed for illustration while three different choices of λ1 = {0.01 (Red), 0.1 (Blue), 1.0 (Green)}
(bottom to up respectively) are plotted.

Figure 3.8: DM annihilations to SM is compared to DM-DM interactions as a function of mφ1 in
absence of λ3 . mφ2 = 80 (left), 300 (right) GeV are fixed. λ2 = 0.1 is chosen for illustration while
three different choices of λ1 = {0.01 (Red), 0.1 (Blue), 1.0 (Green)} (bottom to up respectively) are
plotted.

Figure 3.9: DM annihilation to SM is compared to DM interaction as a function of mφ1 in presence
of non-zero λ3 . We choose λ3 = 0.01 (left), 1.2 (right); λ1 = 0.1, λ2 = 0.3, mφ2 = 50 GeV are chosen
for illustration.

In Fig. 3.9, we show a comparison for all the relevant cross-sections in presence of
non-zero λ3 . In the left panel, we choose small non-zero λ3 = 0.01 and show that DMDM interaction remains the same as λ3 = 0 case, as both blue and green solid (λ3 = 0)
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and dashed (λ3 = 0.01) lines almost superpose on top of each other. We choose a small
value of mφ2 = 50 GeV for illustrating this case. The cross-sections are varied as a
function of mφ1 . For mφ1 < mφ2 , φ2 φ2 → φ1 φ1 occurs. After mφ1 > mφ2 , φ1 φ1 → φ2 φ2
takes over and the Higgs resonance peak appears for mφ1 = m2h as can be seen in blue
line. This of course coincides with the resonance peak for φ1 φ1 → SM annihilations
as shown in red. Only at a larger mφ1 > 100 GeV, small λ3 starts showing up and
the blue dashed curve separates out from the solid one in the left panel of Fig. 3.9.
In the right panel of Fig. 3.9, the case for a moderately large DM contact interaction
λ3 = 1.2 has been depicted. This shows a sizeable difference in DM-DM interaction
(see blue and green dashed and solid lines well separated) as expected. It is trivial to
note that φ2 φ2 → SM remains constant with constant mφ2 , λ2 shown by orange line
in both Fig. 3.8 and in Fig. 3.9. These together imply that a non-zero but moderate
choice of λ3 will alter the total annihilation cross-section of DM components and hence
affect the freeze out and relic density of DM.

Figure 3.10: Variation of DM conversion as a function of λ3 . Other parameters are chosen as
follows: {λ1 , λ2 , mφ1 , mφ2 } = {0.1, 0.1, 150, 50} (left), {0.1, 0.1, 500, 50} (right). All the masses are in
GeV.

It is clear from Eq. 3.22 that annihilations φ1 φ1 → SM is a quadratic function of
λ1 . DM conversion φ1 φ1 → φ2 φ2 are although dominantly quadratic function of λ1 ,
λ2 and λ3 , there is an interference term proportional to λ1 λ2 λ3 as can be seen from
Eq. 3.24. However this interference term plays a crucial role when we choose any of
those couplings negative. We do not analyse negative couplings in this report to be
on the safe for vacuum stability of the potential (see Eq. 3.13). Cross-sections as a
function of λ3 and λ1 are presented in Fig. 3.10 and Fig. 3.11 respectively.
In left panel of Fig. 3.11, for both λ3 = 0 and λ3 6= 0, (σv)φ1 φ1 →φ2 φ2 changes
similarly with λ1 . However, on the right panel, λ3 = 0.1 (blue dashed line) do not
change much with the change in λ1 . This is specifically due to the fact that with large
mφ1 = 500 GeV, chosen for the plot in right hand side, the terms proportional to
λ21 , or λ1 , have large suppression from 1/(4m2φ1 − m2h )2 , which the term proportional
to λ23 do not contain (see Eq. 3.24). Hence a non-zero λ3 yields a larger contribution
making the DM conversion cross-section a slow function of λ1 in this particular case.
Let us now turn to freeze out of the DM components due to the combined effect
0
of annihilation and DM conversions processes in Z2 × Z2 model governed by Eq. 3.30.
We show in Fig. 3.12 four different regions of parameter space where the decoupling of
φ1 and φ2 has been indicated in red and blue lines from equilibrium distribution (black
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Figure 3.11: Variation of Annihilation cross-section and DM conversion as a function of λ1 . Other
parameters are chosen as follows: {λ2 , λ3 , mφ1 , mφ2 } = {0.1, 0.01, 150, 50} (left), {0.1, 1.0, 150, 50}
(right). All the masses are in GeV.

Figure 3.12: Freeze out of φ1 , φ2 (Red and Blue respectively) from equilibrium in y − x plane
0
for Z2 × Z2 model. Dashed line indicates freeze out without any DM-DM interaction, solid line
denotes φ1 − φ2 interacting with λ3 = 0 and dotted line depicts interaction with non-zero λ3 . The
equilibrium distributions are indicated through black dashed lines. The parameters are chosen as
follows: {λ1 , λ2 , λ3 , mφ1 , mφ2 } = {0.01, 3.2, 0.01, 150, 60} (top left), {0.01, 3.2, 0.1, 150, 60} (top right),
{0.1, 0.1, 2.0, 500, 350} (bottom left), {0.1, 0.01, 2.0, 500, 350} (bottom right). All the masses are in
GeV.

dashed line). We have chosen the case of mφ1 > mφ2 for illustration. We classify three
possibilities :
• No DM-DM interaction (σvφ1 φ1 →φ2 φ2 = σvφ2 φ2 →φ1 φ1 = 0, indicated by dashed
lines)
• DM-DM interaction with λ3 = 0 (Indicated by solid lines)
• DM-DM interaction with λ3 6= 0 (Indicated by dotted lines)
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The plots in Fig. 3.12 are shown in y − x plane (see Eq. 3.30). One of the crucial
features that is observed for φ1 decoupling is as follows: dashed red lines appear on
top and dotted red lines appear at the bottom with solid lines in the middle. This
indicates the yield y for φ1 DM and therefore the relic density is larger for the dashed
line, smaller for the solid line and smallest for the dotted ones. One can correlate this
feature as the dotted ones have largest annihilation contributions through DM-DM
interactions with λ3 6= 0, the freeze out is delayed compared to solid and dashed lines.
For the heavier component (φ1 here), we can appreciate the fact by simply assuming
Ω1 h2 ∝ (hσviφ1 φ1 →SM + hσviφ1 φ1 →φ2 φ2 )−1

(3.34)

which we will explicitly demonstrate in the approximate analytic solutions in Sec
3.5. On the other hand, for φ2 , indicated in blue, dashed, solid and dotted lines have
different freeze-out sequence. As φ1 φ1 → φ2 φ2 is the only possibility with mφ1 > mφ2 ,
φ2 is produced from φ1 . Hence, for φ2 , the case without DM-DM interaction, shown in
dashed line appears at the bottom with lowest yield, while dotted and solid lines yield
larger DM density. The splitting between the dashed, solid and dotted lines depend
on the strength of the couplings and also on the DM masses as can be observed for
different parameter space regions in Fig. 3.12. For example, we see that with small
λ3 ∼ 0.01, the thick and the dotted lines are close enough (top left in Fig. 3.12).
Also, one can see that with small λ2 = 0.01 (bottom right), where the annihilations
of φ2 φ2 → SM is very tiny, all the blue lines (dashed, solid, dotted) marge together
as DM conversion play little role in decoupling of φ2 , which is dominantly controlled
by small interactions to SM yielding an early freeze out and large density. Also, with
mφ1 > mφ2 , the annihilation cross-section for φ1 is smaller compared to φ2 due to
the inverse mass square dependence, yielding an early freeze-out and hence a larger
density for φ1 . This is what is observed in two of the cases in upper panel of Fig. 3.12.
In bottom left panel, λ1 , λ2 are kept same with large λ3 . This clearly shows that due
to DM-DM conversion the φ1 freeze out is delayed with reduced yield y1 (compare red
dotted line with the red thick one). In same analogy, there is production of φ2 from
DM-DM conversion, which should result in a visible upward shift of φ2 relic density.
However, this is not visible. The reason for not being able to spot the shift is actually
due to the log scaling of the figure along y axis. The change of y in the upper direction
is much steeper and hence changes in the yield even upto an order of magnitude due
to DM-DM conversion for large and non-zero λ3 is not clearly distinguishable for φ2 .
This is true for all the graphs in Fig. 3.12.
In order to highlight the importance of DM-DM interaction in the freeze-out of DM
components we draw Fig. 3.13, where on the left hand side, we choose λ3 = 0. Here, due
to smaller λ1 = 0.01, φ1 has an early freeze out and larger density. On the right hand
side, we take large contact term λ3 = 1.0. With larger DM conversion φ1 φ1 → φ2 φ2 ,
the effective annihilation cross-section for φ1 is larger and yields a smaller DM density.
Such examples play a crucial role in multipartite DM with DM-DM interactions.
However, in Fig. 3.12, we have missed one important outcome in the freeze out of
the two component DM scenario. Given mφ1 > mφ2 , if we can have an early freeze out
of φ2 (by choosing smaller λ2 ), then φ1 can still sufficiently annihilate to φ2 remaining
in thermal contact with SM, yielding a modified equilibrium before finally freezing
out. This shows a bump in the freeze out of φ1 as has been shown in Fig. 3.14. The
modified equilibrium can be identified from BEQ (with mφ1 > mφ2 ) as hEQ
and plotted
1
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0

Figure 3.13: Freeze out of φ1 , φ2 from equilibrium in y − x plane for Z2 × Z2 model. φ1 decoupling is shown in red thick line, φ2 in blue thick line. Equilibrium distributions are shown in
dashed lines. Parameters chosen are as follows: {λ1 , λ2 , λ3 , mφ1 , mφ2 } = {0.01, 0.1, 0.0, 200, 150}
(left), {0.01, 0.1, 1.0, 200, 150} (right). All the masses are in GeVs.

0

Figure 3.14: Freeze out of φ1 , φ2 from equilibrium in y − x plane for Z2 × Z2 model. φ1 decoupling is shown in red thick line, φ2 in blue thick line. Equilibrium distributions are shown in
dashed lines. Parameters chosen are as follows: {λ1 , λ2 , λ3 , mφ1 , mφ2 } = {1.0, 0.01, 3.0, 100, 80} (left),
{0.1, 0.001, 1.0, 120, 90} (right). All the masses are in GeVs.

in Fig. 3.14 through black dashed lines to match the bump exactly as follows:
dy1
hσv11→SM i + hσv11→22 i 2
2
= −
[y1 − hEQ
];
1
2
dx
x
hσv11→22 i
y2
hσv11→SM i
2
2
hEQ
= y1EQ [
+
( EQ )2 ] (3.35)
1
hσv11→SM i + hσv11→22 i hσv11→SM i + hσv11→22 i y2
One can note here that in order for such a situation to arise, we have to have the lighter
DM component freeze-out earlier, so that the heavier one can annihilate to the lighter
component through DM-DM interaction and reaches a modified equilibrium. But for
the lighter component to freeze out early, we need much smaller DM-SM coupling
compared to the heavier one as has been shown in Fig. 3.14. This is a generic feature
associated to interacting multicomponent DM frameworks as also have been pointed
out earlier in scalar-fermion two component DM set up in [48]. It is obvious that all
the features of DM freeze out that have been discussed above with mφ1 > mφ2 , can
also be extended for the case of mφ2 > mφ1 .
We will discuss now the outcome of the parameter space scan of this model that
yields correct relic density. We scan essentially five dimensional parameter space of
0
Z2 × Z2 model as follows
{10 GeV < mφ1 , mφ2 < 1000 GeV, 0.005 < λ1 , λ2 < 1.5, 0.1 < λ3 < 3}
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Figure 3.15: Top Left: Relic density allowed parameter space of Z2 × Z2 model in mφ1 − λ1 plane
for three different cases: without DM-DM interaction (Red points), DM-DM interaction with λ3 = 0
(Green points), DM-DM interaction with λ3 6= 0 (Blue points); Top right: The blue points of top left
figure with λ1 ≤ 0.1 in mφ2 −λ2 plane; Bottom left: Allowed points with DM-DM interaction (λ3 6= 0)
in mφ1 − λ1 plane showing different DM contributions, ΩΩT1 < 30% (Green), 30% < ΩΩT1 < 70% (Red),
Ω1
ΩT > 70% (Blue); Bottom right: Relic density constraint on single component framework (Orange)
and on two component case with O(2) symmetry (Brown) are shown.

Note here that the specific values of the masses in the above limit do not convey
anything special; excepting for covering a large range of DM masses allowed by relic
density including the Higgs resonance region where annihilations of DM are mediated
by Higgs portal coupling. We choose both possible mass hierarchies in uncorrelated
way. We have confined ourselves to positive couplings only within a broad range to
0
be compatible with vacuum stability. We solve the coupled BEQ for Z2 × Z2 model
in Mathematica (see Eq. 3.30) and then identify the allowed region of correct relic
abundance satisfying WMAP [9] constraint 1
0.09 ≤ ΩDM h2 ≤ 0.12 .

(3.37)

The first scan of the allowed parameter space is presented in terms of mφ1 − λ1
plane in top left panel of Fig. 3.15. Three different cases have been indicated in the
scan: the case without any DM-DM interaction is indicated by red dots, the case with
interaction, but assuming λ3 = 0 is indicated by green dots and the case with λ3 6= 0
is indicated through blue dots. The image can be compared with a similar parameter
space scan allowed by by relic density in the single component framework and the one
with two components but protected by a O(2) symmetry as shown in the bottom right
1

The range we use corresponds to the WMAP results; the PLANCK constraints 0.112 ≤ ΩDM h2 ≤
0.128 [11], though more stringent, do not lead to significant changes in the allowed regions of parameter
space.
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panel of Fig. 3.15. We see that a significantly larger parameter space is available to
0
the two-component set up under Z2 × Z2 compared to the single component or the two
component case with O(2) symmetry. We also see that the case without interaction
(red dots) and the ones with λ3 = 0 (green dots) yield identical allowed space in
mφ1 − λ1 plane. Such a phenomena is observed because the interaction between DM
components in absence of λ3 occurs via λ1 , λ2 which also controls their respective
annihilations to SM. Hence if one or the other or both of λ1 , λ2 is increased for large
DM interaction, the annihilation to SM also gets significantly enhanced beyond the
relic density limit. Hence, in absence of λ3 , the DM interaction is automatically
controlled by the annihilation processes and that is why no new region of parameter
space opens up within the relic density allowed region of parameter space. However,
the situation alters in presence of λ3 , which indeed can expedite DM-DM interaction
and alter relic density contribution of one without affecting the annihilations to SM
for the other. Hence, we achieve points below λ1 < 0.1, allowed by relic density (which
otherwise is not available with no DM-DM interaction or with λ3 = 0) as shown by
the blue points in the top left panel of Fig. 3.15. The smaller values of λ1 gets allowed
for this case albeit small annihilations of φ1 to SM because φ1 φ1 → φ2 φ2 interaction
supplements it in presence of non-zero λ3 , yielding φ1 relic density within the desirable
range. In order to understand what happens to φ2 in such a situation with λ1 < 0.1,
we see the corresponding mφ2 − λ2 scan of these points and observe that they lie in
moderate to large λ2 region: ∼ {0.1 − 1} as shown in the top right panel of Fig. 3.15.
One can conclude hence, that the points below λ1 < 0.1, although is dominated by
the first component φ1 , may have significant second component present. The DM
composition of this two-component framework for correct relic density is shown in the
bottom left panel of Fig. 3.15 in mφ1 − λ1 plane. We see that blue points where the
first component dominates ( ΩΩT1 > 70%) populate low λ1 regions as expected with some
minor presence of green ( ΩΩT1 < 30%) and red points (30% < ΩΩT1 < 70%). The allowed
region with larger λ1 is mostly dominated by φ2 green points, while equal contributions
from both the DM components (red points) populate mostly the mid range of λ1 in
the bottom left panel of Fig. 3.15. In the bottom right panel of Fig. 3.15, we show
the two component case with O(2) symmetry (brown points), which requires larger
coupling λ1 for a given mφ compared to the single component case (orange points).
This happens because the individual DM density in O(2) case is reduced to half of
total DM density Ω1 = Ω2 = Ω2T (see Eq. 3.32); consequently the annihilation has to
be twice as large than the single component case. We also figure out the resonance
drop at mφ1 ∼ m2h in all of the scans and resemblance of single component situation
through larger population of points in λ1 − mφ1 scan.
A very similar situation arises when we recast the scan in mφ2 − λ2 plane as shown
in Fig. 3.16. We once again point out that a clear distinction of points with non-zero
λ3 appearing below λ2 < 0.1 for mφ2 ∼ {300, 1000} GeV, where the DM content is
primarily dominated by the second (φ2 ) component.
In Fig. 3.17, the mφ1 − λ1 parameter space allowed by relic density constraint
is shown in terms of different ranges of λ2 (left) and mφ2 (right) for λ3 6= 0 case.
In the left panel different ranges of λ2 are chosen as follows: {0.05 − 0.1} (Green),
{0.1 − 0.5} (Blue), {0.5 − 1} (Grey), {1.0 − 2.0} (Red). Here we note that while
the small λ2 (< 0.5) (Blue and Green dots) span the most of the mφ1 − λ1 parameter
space, larger values of λ2 (> 0.5) tend to populate similar to the single component
case. This can be understood as follows: due to very large annihilation cross-section
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Figure 3.16: Left: Relic density allowed parameter space of Z2 × Z2 in mφ2 − λ2 plane for three
different cases: without DM-DM interaction (Red points), DM-DM interaction with λ3 = 0 (Green
points), DM-DM interaction with λ3 6= 0 (Blue points); Right: The blue points of left figure with
λ2 < 0.1 in mφ1 − λ1 plane.

0

Figure 3.17: Relic density allowed parameter space of Z2 × Z2 model in mφ1 − λ1 plane. The
case with DM interaction (λ3 6= 0) is depicted. Left: Different ranges of λ2 : {0.05 − 0.1} (Green),
{0.1 − 0.5} (Blue), {0.5 − 1} (Grey), {1.0 − 2.0} (Red) are shown. Right: Different ranges of mφ2 :
{10 − 200} (Green), {200 − 400} (Blue), {400 − 600} (Grey), {600 − 1000} (Red) are shown. All the
masses are in GeV.

with large λ2 , φ2 barely contributes to relic density and it approximates to a single
component case with φ1 . In the right hand side of the Fig. 3.17 different mass ranges
of the second component (mφ2 ) is indicated as {10 − 200} (Green), {200 − 400} (Blue),
{400 − 600} (Grey), {600 − 1000} (Red), all in GeV. However, this doesn’t show a
necessary distinction amongst different φ2 mass ranges with all ranges couplings (λ2 )
included in the scan indicating mφ2 is insensitive to mφ1 − λ1 scan unless we choose a
specific range of λ2 .
Another possible representation of relic density allowed parameter space of the two
0
component DM in Z2 × Z2 framework is λ1 − λ2 plane as has been shown in Fig. 3.18.
Essentially this plane yields an L-shaped figure with the allowed region extending to
as large possible value of the coupling as one wishes (upto perturbative limit). This
is attributed to the presence of second DM component that the individual coupling of
one DM with SM can be as large as possible while keeping the other in the correct ball
park. In Fig. 3.18, we show three different regions: the ones indicated through red dots
are those where φ2 constitutes 90% or more of the DM and understandably lives on the
axis with larger λ1 ; the ones in green dots show the region where φ1 constitutes 90% or
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0

Figure 3.18: Relic density allowed parameter space of Z2 ×Z2 model in λ1 −λ2 plane. Top Left: The
case without DM-DM interaction, Top Right: The case with interaction (λ3 6= 0) are shown. Different
colors indicate the composition of the relic density; Blue: 40% < ΩΩT1 < 60%, Green: ΩΩT1 > 90%, Red:
Ω2
ΩT > 90%. Bottom: λ1 − λ2 scan for λ1 , λ2 < 0.5: Red: Without DM-DM interaction, Blue: With
interaction (λ3 6= 0).

more of the DM and extends along λ2 ; the ones with blue dots show the region where
both of the components contribute in a similar way to relic density of the universe.
When λ1 is large, corresponding annihilation of the φ1 component is large enough
to have a tiny contribution to relic density and vice versa. On the other had, when
40% < ΩΩT1 < 60%, there is a limit to which λ1 − λ2 can be large or small as seen in the
blue dots accumulating in a small region at the corner of allowed λ1 − λ2 plane. The
thickness of each leg is essentially determined by the width of the DM relic density
(Ωh2 : 0.09-0.12). It is also worthy of mentioning that large values of both λ1 & λ2
are strongly disfavoured by direct search bounds as we will discuss later. The two
cases of having no DM-DM interaction (top left panel of Fig. 3.18) or with interaction
(top right panel of Fig. 3.18) makes no visible difference unless one looks carefully into
the smaller coupling regions. This is what has been displayed in the bottom panel of
Fig. 3.18, with λ1 , λ2 < 0.5. The cases of having DM-DM interaction is shown in blue
while the red points do not have any interactions between the DM components. It is
clear that the blue points tend to acquire smaller values than the red ones, showing
that with DM-DM interaction, the two component DM models essentially gets allowed
to smaller coupling strength marking a significant difference with the models without
DM-DM interactions.
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Approximate Analytic Solution for Coupled BEQ

In this section, we will evaluate approximate analytical solution for the coupled BEQ
0
in Z2 × Z2 framework and try to validate with the numerical solution obtained in
previous section. Approximate analytical solutions help using them without actually
solving the coupled differential equations numerically for such a model in general. In
order to obtain analytical solution we will assume mφ1 > mφ2 . The case for mφ2 > mφ1
will be similar of course. BEQs for mφ1 > mφ2 reads:
2
y1EQ 2 i
1h
dy1
EQ 2
2
2
= − 2 σ1 (y1 − y1 ) + σ12 (y1 −
2 y2 )
dx
x
y2EQ
2
y1EQ 2 i
dy2
1h
EQ 2
2
2
= − 2 σ2 (y2 − y2 ) − σ12 (y1 −
2 y2 )
dx
x
y2EQ

(3.38)

where we rewrite the cross-sections for notational simplicity as: hσv11→SM i ≡ σ1 ,
hσv22→SM i ≡ σ2 and hσv11→22 i ≡ σ12 . Let us consider the difference between the
actual yield from the equilibrium for φ1 as ∆1 = y1 − y1EQ and for φ2 as ∆2 = y2 − y2EQ
which helps parametrising the freeze out of the DM components. In terms of ∆1,2 , the
BEQs become [15]
i
1h
y EQ
d∆1 dy1EQ
+
= − 2 σ1 (∆21 + 2∆1 y1EQ ) + σ12 [(∆21 + 2∆1 y1EQ ) − ( 1EQ )2 (∆22 + 2∆2 y2EQ )]
dx
dx
x
y2
i
1h
d∆2 dy2EQ
y EQ
+
= − 2 σ2 (∆22 + 2∆2 y2EQ ) − σ12 [(∆21 + 2∆1 y1EQ ) − ( 1EQ )2 (∆22 + 2∆2 y2EQ )]
dx
dx
x
y2
(3.39)
Solving above set of coupled differential equations analytically is difficult. Hence, we
would like to recast the equations to the nearest possible approximation, where solving
two of these equations separately
is viable. The term that can be neglected here is
m
y EQ

y EQ

m

3

−

φ1

x

σ12 ( y1EQ )2 . y1EQ ∼ ( mφφ1 ) 2 e mφ2 < 1 in the limit of mφ1 > mφ2 . However, when
2
2
2
σ12  σ1,2 this approximation will fail. Generically, a moderate λ3 ∼ 0.1 will justify
our approximation. With such approximations, the BEQ turns into
1
d∆1 dy1EQ
+
= − 2 [σ1 (∆21 + 2∆1 y1EQ ) + σ12 (∆21 + 2∆1 y1EQ )]
dx
dx
x
EQ
d∆2 dy2
1
+
= − 2 [σ2 (∆22 + 2∆2 y2EQ ) − σ12 (∆21 + 2∆1 y1EQ )]
dx
dx
x

(3.40)

At smaller values of x, i.e. before freeze-out of the DM components x < xif (i = 1, 2),
i
the number density follows the equilibrium distribution very closely : d∆
→ 0. BEQs
dx
in such a situation
dy1EQ
1
= − 2 [(σ1 + σ12 )(∆21 + 2∆1 y1EQ )]
dx
x
dy2EQ
1
= − 2 [σ2 (∆22 + 2∆2 y2EQ ) − σ12 (∆21 + 2∆1 y1EQ )]
dx
x
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Now, when we approach freeze-out, at x ∼ xif , one can parametrise the difference in
the yield to scale the equilibrium distribution by some factor ci as ∆i [xif ] = ci yiEQ [xif ]
[15]. Using this, one can easily find the freeze-out of the first component as [15]
e(

mφ

1

µ

)x1f

g mφ1 (σ1 + σ12 )(2 + c1 )c1
q
q
= 0.03828MP l √
m φ1
g∗
x1
µ

(3.42)

f

Considering x1f > 32 , one finds approximately the freeze out of φ1


µ
g
(σ1 + σ12 )(c1 + 2)c1 
q
x1f ≈ (
) ln 0.03828MP l √ ∗ mφ1
mφ1
mφ1
g
µ


1 µ
µ
g
(σ1 + σ12 )(c1 + 2)c1 
q
−
(
) ln (
) ln[0.03828MP l √ ∗ mφ1
] (3.43)
m φ1
2 mφ1
mφ1
g
µ

Similarly,




g
µ
σ2 (c2 + 2)c2 
) ln 0.03828MP l √ ∗ mφ2 q m
φ2
mφ2
g
µ


1 µ
σ2 (c2 + 2)c2 
µ
g
−
(
) ln (
) ln[0.03828MP l √ ∗ mφ2 q m
]
φ2
2 mφ2
mφ2
g

x2f ≈ (

(3.44)

µ

We note here that the reduced freeze-out xif evaluated from the coupled BEQ has to
be rescaled to the individual ones as follows:
m φi i
mφi
=
x
xif =
(3.45)
Tif
µ f
where Tif is the freeze-out temperature of ith (i = 1, 2) DM component. In the limit
m
of mφ1 >> mφ2 : µφ2 → 1, the freeze-out of the second component reduces to
x2f ≡

x2f




g
≈ ln 0.03828MP l √ ∗ mφ2 σ2 (c2 + 2)c2
g


g
1
−
ln ln 0.03828MP l √ ∗ mφ2 σ2 (c2 + 2)c2
2
g

(3.46)

which exactly mimics the single component case [15]. Before proceeding further, let
us study the dependence of freeze-out temperature of φ1 (T1f ) on DM mass mφ1 as
is shown in Fig. 3.19 as obtained from approximate analytical solutions of BEQ as in
Eq. 3.43,3.44 and Eq. 3.45. Two cases have been compared here: single component
case, in absence of φ2 (red) and two-component case with DM-DM interaction (blue
dotted) for the following choices of parameters {λ1 , λ2 , λ3 , mφ2 } = {0.1, 0.1, 0.0, 40}
(top left), and {0.1, 0.1, 1.0, 40} (top right). It is clear from the figure that presence
of λ3 = 1.0 in the top right panel, shows a different freeze-out curve for the first
component compared to the case when there is no other DM. This is simply because
the presence of DM interaction enhances the effective annihilation cross-section and
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leads to early decoupling of the φ1 DM. Freeze out for the single component case
with different choice of coupling λ1 = {0.01, 0.1, 1.0} is shown in red blue and green
respectively at the bottom left panel of Fig. 3.19 (Tf in the left and xf on the right
bottom panel). Again, the larger is the coupling, the larger is annihilation cross-section
and the earlier the DM freezes-out. Also, it is easy to appreciate that with larger DM
mass the freeze out also gets delayed with smaller annihilation cross-sections. The
resonance drop is also clearly visible in all the plots. Note that in Fig. 3.19, there
are some discontinuities in the plots arising from singularities in solving Eq. 3.43 and
Eq. 3.44 in Mathematica and contains no physics at all. After finding the freeze-out

Figure 3.19: Top left: Freeze-out temperature of φ1 (T1f ) as obtained from analytical solution is
plotted as a function of DM mass mφ1 for two cases: In absence of the second component φ2 (red) and
in presence of φ2 and with DM-DM interaction (blue dotted) for {λ1 , λ2 , λ3 , mφ2 } = {0.1, 0.1, 0.0, 40};
Top right: Same as top left with {λ1 , λ2 , λ3 , mφ2 } = {0.1, 0.1, 1.0, 40}; Bottom left: Freeze-out temperature (Tf ) of single component DM is shown for different choices of coupling λ1 = {0.01, 0.1, 1.0}
(red, blue and green respectively); Bottom right: xf versus mφ in the single component case with
same choices of λ1 as in bottom left. All masses are in GeVs.

conditions of the DMs, the next goal is to find the respective relic densities. For that,
we need to consider the epoch at x  xfi . For x  xfi : yiEQ → 0 and evidently
∆i → yi . Then BEQs read
d∆1
1
= − 2 [(σ1 + σ12 )∆21 ]
dx
x
d∆2
1
= − 2 [σ2 ∆22 − σ12 ∆21 ]
dx
x
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Integrating the equations, we get
∆1 (∞)

d∆1
− 2 = (σ1 + σ12 )
∆1
∆1 (x1f )

Z

∆1 (∞) =

1
∆1 (x1f )

Z

∞

x1f

dx
x2

1
+ (σ1 + σ12 ) x11f

(3.48)

∆1 (x1f ) can be found easily by putting x = x1f in above equations as,
∆1 (x1f ) =

µ
(x21f
m φ1

− 32 x1f )

(3.49)

(σ1 + σ12 )

So that we finally obtain the yield at a large x → ∞ as
y1 (∞) ≡ ∆1 (∞) =

1
(σ1 +

m
σ12 ) µφ1 [ x 2 −2 3 x
1f
2 1f

+

1
]
x1f

(3.50)

The relic density can then easily be found using Eq. 3.31. The approximate solution
thus obtained for φ1 is then compared to the numerical solution obtained using Mathematica and is shown in Fig. 3.20. For approximate solution we choose two different
values of the proportionality constant c1 (c1 + 1) → 2 (green dashed line), 10 (blue
dashed line) and numerical solution is shown in red and what we see is a good agreement which shows the robustness of the solution obtained here. However, solving the

Figure 3.20: Relic density of the first DM component φ1 (Ω1 h2 ) obtained from numerical solution
(solid red line) and approximate analytic solution with different values of the factor of proportionality
constant c1 (c1 + 1) → 2 (green dashed line), 10 (blue dashed line) are compared. The parameters
chosen here are {λ1 , λ2 , λ3 , mφ2 } : {0.1, 0.1, 0.0, 100}(left) and {0.1, 0.1, 2.0, 100}(right). Masses are
in GeVs.

equation for second DM component φ2 is more tricky. In this case first DM component
freeze-out before; so that x1f < x2f . Hence, here we can consider ∆1 (x) → ∆1 (x1f )
as the region x where we seek the freeze out of the second component lies beyond the
freeze-out of the first component. BEQ for φ2 in such a case is
d∆2
1
= − 2 [σ2 ∆22 − σ12 ∆21 (x1f )]
dx
x
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Integrating above equation we get
Z ∞
Z ∆2 (∞)
dx
d∆2
= −σ2
2
2
2
x2f x
∆2 (x2f ) ∆2 − a


2aσ
∆2 (x2f )−a − x2f2

 1 + ∆2 (x2f )+a e
y2 (∞) → ∆2 (∞) = a 
2aσ2 
∆ (x )−a − x2f
1 − ∆22 (x2f
e
2f )+a
where a =
µ
m φ2

q

σ12
∆1 (x1f )
σ2

and ∆2 (x2f ) =

→ 1) and σ2  σ12 : the terms a =

µ
mφ
2

q

(x22f − 23 x2f )
σ2

. Now, for mφ2  mφ1 (i.e

σ12
∆1 (x1f )
σ2

 1. For this limit Eq. 3.52

becomes

"
y2 (∞) → ∆2 (∞) = a
≈

(∆2 (x2f ) + a) + (∆2 (x2f ) − a)(1 −

(∆2 (x2f ) + a) − (∆2 (x2f ) − a)(1 −
1

1
∆2 (x2f )

+

σ2
x2f

(3.52)

≈

1

σ2

1
x2f 2

+

1
x2f



2aσ2
)
x2f
2aσ2
)
x2f

#

(3.53)

Which exactly mimics the single component solution justifiably. It is good to remind
the readers that the relic density of DM components in terms of the modified yield
obtained using approximation solution can be written as:

Ωi h2 =

854.45 × 10−13 mφi
yi (∞)
√
g∗
µ

(3.54)

The approximate analytical solution for the second component (Ω2 h2 ) is compared

Figure 3.21: Left: Relic density of φ2 (Ω2 h2 ) obtained from numerical solution (solid red line) and
approximate analytic solution (blue dashed line following Eq. 3.52) are compared in two component
scenario. The parameters chosen here are: {λ1 , λ2 , λ3 , mφ1 } : {0.1, 0.1, 0.0, 800}. Right: Same in
single component case is depicted following Eq. 3.53. We chose λ2 = 0.1 for illustration. Masses are
in GeVs.

with the numerical solution obtained using Mathematica and is shown in Fig. 3.21.
In the left panel we show the comparison for two component case, while on the right
panel, we show the limit in which it behaves like a single component DM.
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Direct Detection

Scattering of scalar singlet DM with the detector nuclei originates from the Higgsportal interaction. The quark level interaction in our model occurs via t channel
diagram through Higgs exchange as shown in Fig. 3.22. Two interaction vertices are
1
λ vhφi φi and mvq hq̄q, where i = 1, 2. Effective Lagrangian for direct search process
2 i
can be written as [88, 89]
mq 1
1
Lef f = ( λi v)( ) 2 φi φi q̄q
2
v mh
= αq φi φi q̄q

(3.55)

The matrix element of DM-quark elastic scattering in the limit of zero momentum
transfer is (Q → 0)
X
Mφ i q =
αq h(φi )f |φi φi |(φi )i ihqf |q̄q|qi i
(3.56)
q

One can convert the quark level interaction ⇒ neucleon level interaction as
X
αq h(φi )f |φi φi |(φi )i ihqf |q̄q|qi i ⇒ αn h(φi )f |φi φi |(φi )i ihnf |n̄n|ni i

(3.57)

q

where
αq
2 (n) X αq
+ fT g
mq 27
mq
u,d,s
q=c,t,b
X (n) X αq
X (n) αq
2
fTq )
fTq
= mn
+ (1 −
mq 27
mq
q=c,t,b
u,d,s
u,d,s

αn = mn

=

X

(n)

fTq

2 (n)
mn λi (n)
(n)
(n)
(n)
(n)
[(fTu + fTd + fTs ) + (fTu + fTd + fTs )]
2
mh
9

(3.58)

where nucleon n stands for both proton and neutron. For proton : fTpu = 0.0153
, fTpd = 0.0191 , fTps = 0.0447 [90, 91]. Hence, spin independent cross section of
DM-Neucleon scattering reads[79]:
σnSIi =

αn2 µ2n
4πm2φi

(3.59)

mn m

where µn = mn +mφφi
i
For Two component DM case, the DM-nucleon cross-section has to be even further
modified by the fraction of the particular component present in the universe as [47]:
SI
σef
f (ni ) = (

Ωi αn2 µ2n
Ωi SI
)σni =
ΩT
ΩT 4πm2φi

(i = 1, 2)

(3.60)

A more rigorous way of achieving the correct direct search limit on the individual
DM components can be achieved via the total recoil rate of the nucleus, which we will
illustrate in the summary of the thesis.
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Figure 3.22: Feynman diagram for direct detection of scalar singlet DM.

Figure 3.23: Spin-independent DM-nucleon effective cross-section (in Log scale) for relic density
0
allowed points as a function of DM mass in Z2 × Z2 model. Top Left: The case for φ1 is shown in
mφ1 − ΩΩT1 σnSI plane; Top Right: The case for φ2 is shown in mφ2 − ΩΩT2 σnSI plane. Three different
situations are indicated as follows: no DM-DM interactions by blue dots, DM interaction with λ3 = 0
through red dots and DM interaction with λ3 6= 0 by grey dots. Bottom: Single component DM
framework and two component case with O(2) are shown for comparison. Limits from XENON 2012,
LUX and LUX 2016 data have been indicated while the predictions of XENON1T is also provided.

It is of great importance to see how much of relic density allowed DM parameter
0
space of Z2 × Z2 model is allowed by the spin independent direct search constraints
by XENON2012 [42, 43], and updated LUX data [40, 41]. This is what is presented in
Fig. 3.23. The scattered points show DM-nucleon spin-independent cross-section (σnSI )
multiplied by effective scaling ΩΩTi (as in Eq. 4.32) as a function of DM mass for relic
density allowed points. The case for φ1 is shown in left while for φ2 is in the right side
of Fig. 3.23. The cases for no DM-DM interaction (Blue), DM-DM interaction with
λ3 = 0 (Red) and DM-DM interaction with λ3 6= 0 (Grey) are separately shown. One
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0

Figure 3.24: Points in Z2 × Z2 model that satisfy relic density and direct search constraint for
both φ1 and φ2 by LUX data in presence of DM-DM interactions with λ3 6= 0. Top left: Points in
mφ1 − ΩΩT1 σnSI plane; Top right: Same points in mφ2 − ΩΩT2 σnSI plane. Bottom: Single component and
two component DM in O(2) cases are illustrated.

can clearly see that the blue dots are placed below the LUX line but a significant part
of them is discarded by the updated LUX data indicating that the model without DMDM interaction is discarded in the low mass region excepting for the Higgs resonance
mφ1 ∼ mh /2. Although there are blue points allowed above ∼ 600 GeVs, we will show
that they are not simultaneously present for both φ1 and φ2 . On the contrary, there are
several points in red and grey which yields much smaller DM-nucleon cross-section that
are placed below the updated LUX data and can be even delayed upto XENON1T.
Hence, the multipartite model may live longer in presence of DM-DM interaction. This
feature of multipartite DM models seems very interesting and hasn’t been pointed out
in analysis recent past. The reason for obtaining small DM-nucleon cross-section in
presence of DM-DM interactions can be understood as follows: DM conversion helps
heavier component to acquire small relic density (through larger annihilations due
to DM conversion) without enhancing the coupling to SM (λ1 or λ2 ); thus yielding
DM-nucleon cross-section smaller than what one can achieve without having DMDM interactions. What about the lighter component then ? It is easy to appreciate
that it has to possess a larger density to account for correct abundance and hence
requires smaller annihilation cross-section. In presence of DM-DM interaction, lighter
component is also produced by the heavier ones requiring the annihilations of the
lighter component to SM even smaller; hence, smaller becomes DM-SM coupling and
direct search cross-section. Effective DM-nucleon cross-section can also get smaller
. However, if one ratio is small, the other one must be
by reducing the factor ΩΩ1,2
T
large or close to one, which may not justify to keep both components on board. In
Fig. 3.23, there is no correlation between the points in left and right. Here, we have
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plotted all the points allowed by relic density in both figures not bothering about one
particular point in one picture correspond to what in the other. This is what we do
systematically in the following scans. It is also very important to note the status
of the single component framework of the scalar singlet DM and the two-component
framework of O(2) model as shown in the bottom panel of Fig. 3.23. We see that for
the single component case, the DM is ruled out to approximately 500 GeV while for
the two component DM in O(2) case, mDM ≥ 800 GeV.
A correlated scan with λ3 6= 0 is shown in Fig. 3.24. We plot relic density allowed
points that satisfy LUX bounds for both φ1 and φ2 . It turns out that now there are
points even below XENON1T. This indicates that discovery of at least one component
can get delayed even beyond XENON1T. The reason for such a phenomena to occur is
easy to appreciate. In presence of λ3 , the DM abundance is within limit without having
a large λ1 , λ2 even without compromising for one component to make up the whole
relic density, thus having the effective DM-nucleon cross-section reduced for both the
cases. The outcome also means, that the model yields a possibility of detecting one
component in near future, while the other might be delayed beyond XENON1T. It
is also important to note here that there are no points where both φ1 and φ2 direct
search cross-section goes beyond XENON1T indicating that if nothing is seen till the
0
sensitivity of XENON1T, the two component framework with Z2 × Z2 is most likely
discarded. In the bottom panel of Fig. 3.24, we again compare the single component
and two component O(2) cases. This also shows that for the fate of lighter component
of the two-component interacting DM scenario is nothing significantly different from
the single component framework.

0

Figure 3.25: Points in Z2 × Z2 model that satisfy relic density and direct search from updated LUX
bound for both φ1 and φ2 is projected in mφ1 − λ1 plane (top left) and in mφ2 − λ2 (top right) plane.
The case with λ3 = 0 is shown in red and λ3 6= 0 is shown in blue. The cases of single component and
two component O(2) framework are shown in the bottom panel in orange and brown respectively.
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Relic density and direct search (LUX) allowed points for both φ1 and φ2 , for the
case of λ3 = 0 (red) and λ3 6= 0 (blue) are shown in mφ1 − λ1 plane (top left) and
mφ2 −λ2 plane (top right) of Fig. 3.25. Again, those in single component and two component non-interacting cases are shown in the bottom panel for comparison. Required
0
DM mass for both the components ∼ 300 GeV for Z2 × Z2 model which is not drastically different from that of the single component case. However, the flexibility in two
component set up allows a larger region of DM-SM couplings (λ1 , λ2 ). Secondly, the
two scenarios of DM-DM interactions with λ3 = 0 and λ3 6= 0 distinguishes themselves
at small values of λ1 , λ2 as has lready been discussed.
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4.3

1.0

0.003

0.117

2

98

2.8

7.2

Benchmark Points

{λ1 , λ2 , λ3 , mφ1 , mφ2 }

Ω1 h2

Ω2 h2

BP1

{0.4, 0.3, 0.0, 815, 715}

0.04

0.06

40

BP2

{0.15, 0.3, 0.0, 390, 572}

0.06

0.04

BP3

{0.3, 0.8, 0.0, 960, 850}

0.10

0.01

BP4

{0.36, 0.38, 0.7, 890, 895}

0.06

BP5

{0.31, 0.46, 0.82, 940, 915}

BP6

{0.6, 0.1, 1.6, 775, 370}

(%)

(%)

0

Table 3.1: Some benchmark points in Z2 × Z2 model allowed by relic density and direct search. The
input parameters, relic density of individual components and direct search cross-sections mentioned.
All the masses are in GeV.
0

Finally some benchmark points have been mentioned for Z2 × Z2 model in Tab. 3.1
(BP1-BP6) where all the input parameters, individual relic densities and spin independent direct search effective cross-sections are mentioned. We choose examples of
one component dominating over the other as well as the case where they contribute
equally to relic density.
However, there is an important caveat to what we have discussed above in context
of direct search of non-degenerate multicomponent DM model. Direct search of DM
depends on the nuclear recoil of the detector. The rate of nuclear recoil is very less
sensitive to DM mass above ∼400 GeV (as the allowed parameter space suggests
here). For example, a DM of 400 GeV and 700 GeV yield similar rate so that they
can hardly be distinguished. The effective recoil is then a sum of both the components
interacting with the detector. In that circumstances, one needs to add the individual
direct search effective cross-sections to evaluate the limit on the available parameter
space of the model. Here, we assume that DMs with mass difference of ≤ 300 GeV
are indistinguishable. This is a simplified choice, the detailed analysis lies beyond the
scope of the draft. Then, we choose the set of parameter space {λ1 , λ2 , λc , mφ1 , mφ2 }
which obeys relic density constraint for |∆m = mφ1 − mφ2 | ≤ 300 GeV. We then
add the individual direct
 search effective rates together to find the limit on φ1 as
m φ1
Ω2
Ω1 DD
SI
σT = ΩT σ1 + ΩT mφ σ2DD . This follows from a simple derivation. The recoil rate
2
in direct search [92] is given by:
R = nt hvinφ σ DD


nt hviρc
=
Ωφ σ DD
mφ
where nt =

N
A
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with N is Avogadro number and A is atomic mass of the target; rest of
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the variables are self explanatory. Then for the two component case:






nt hviρc
nt hviρc
nt hviρc
SI
DD
ΩT σT =
Ω1 σ1 +
Ω2 σ2DD
R=
mφ
mφ1
m φ2


mφ1
nt hviρc
[Ω1 σ1DD +
Ω2 σ2DD ]
=
mφ1
mφ2


Ω1 DD Ω2 mφ1
SI
∴
σT =
σ
+
σ2DD
ΩT 1
ΩT mφ2

-42
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Figure 3.26: Direct search constraints on the two component model when |∆m = mφ1 − mφ2 | ≤ 300
GeV behaves as degenerate DM scenario due to insensitivity of the detector. Left: Relic density
allowed points in σTSI − mφ1 plane satisfying LUX data; Right: Same points in mφ1 − λ1 plane. Blue
points depict interacting scenario with λc 6= 0, while the green points depict the case of λc = 0.

We plot σTSI it with respect to mφ1 in the left panel of Fig. 3.26 to evaluate the direct
search allowed region of parameter space. Blue points depict interacting scenario with
λc 6= 0, while the green points depict the case of λc = 0. On the right panel of Fig. 3.26,
we show the same in mφ1 − λ1 plane. What we see that still with non-zero DM-DM
interactions, one achieves a larger region of allowed parameter space than the single
component set up assuming that a large mass gap of the DMs is insensitive to the
detector, while the case for λc = 0 actually behaves like a degenerate two component
scenario (O2 ) for obvious reasons. The lower DM mass limit evaluated before is now
shifted slightly to a higher value, so that points like BP2 may already be ruled out by
LUX constraint.

3.7

Higgs Invisible Decay Constraint in Two-Component set up

If DM masses are smaller than the Higgs mass as mφi < mh /2, then Higgs can decay
to two DMs through the same vertex h → φi φi and will yield invisible decay width.
There is a strong constraint on such a process, which in turn puts a constraint on
DM-Higgs coupling for mDM < mh /2.
The decay width of Higgs to one DM component (φ) is given by [70, 79]:
Γh→φφ
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λ2 v 2
(m2h − 4m2φ )1/2 .
=
2
32πmh

(3.63)
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Figure 3.27: Constraints from invisible Higgs decay width on Z2 × Z2 model in mφ1 − λ1 plane for
λ2 = 0.01 (left) and λ = 0.015 (right) for mφ2 = 20, 50 GeV and for mφ2 > 62.5 GeV. For mφ2 = 20
GeV only the green region is allowed. For mφ2 = 50 GeV the lilac and green both are allowed and
for mφ2 > 62.5 GeV, orange, lilac and green regions are allowed.
0

For the two component DM scenario in Z2 × Z2 model, the total width will be
Γh→inv = Γh→φ1 φ1 + Γh→φ2 φ2
λ22 v 2 q 2
λ21 v 2 q 2
2
m
−
4m
+
mh − 4m2φ2 .
=
h
φ1
32πm2h
32πm2h

(3.64)
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Figure 3.28: Constraints from invisible Higgs decay width on Z2 × Z2 model in λ1 − λ2 plane for
{mφ1 , mφ2 } = {50, 50} (Green and below), {20, 50} (Yellow and below), {50, 20} (Grey and below).
All masses are in GeVs.

From recent analysis at Large Hadron Collider (LHC), constraint on the invisible
branching fraction of Higgs has become tighter Br(h → inv) ≤ 0.35 [70, 93]. Higgs
decay width on the other hand is measured rather accurately at LHC and is given by
Γh→SM = 4.07 MeV for Higgs mass mh = 125 GeV. For the two component set up
this then indicates
Br(h → φ1 φ1 ) + Br(h → φ2 φ2 ) ≤ 0.35
⇒ Γh→φ1 φ1 + Γh→φ2 φ2 ≤ 2.2 MeV
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Clearly the constraints on individual DM-SM coupling is tighter in two component
0
framework than the single component one. The constraint in Z2 ×Z2 model is presented
in Fig. 3.27 in the plane of mφ1 −λ1 for specific choices of λ2 = 0.01 (left), 0.015 (right)
and mφ2 = 20, 50 GeV and for mφ2 > 62.5 GeV. For mφ2 = 20 GeV, only the green
region is allowed. For mφ2 = 50 GeV the lilac and green both are allowed indicating that the constraint is slightly loose on λ1 . For mφ2 > 62.5 GeV, it effectively
boils down to a single component scenario and all the regions below the curve is allowed. With larger λ2 , the constraints on λ1 is tighter as is clear from the RHS of
Fig. 3.27. Another possible representation of the invisible decay width constraint on
0
Z2 × Z2 model will be in λ1 − λ2 plane for different combinations of mφ1 , mφ2 as
shown in Fig. 3.28. Here, we have chosen three different combinations of DM masses
{mφ1 , mφ2 } = {50, 50} (Green and below), {20, 50} (Yellow and below), {50, 20} (Grey
and below) showing that smaller the DM mass is, tighter is the corresponding coupling.
To summarise, invisible Higgs decay constraint is tighter on multipartite DM models than the single component one as the invisible Higgs decay width to individual
components get narrower if the DM component have masses mφi < mh /2. Such constraints are very important to take into account when we look into the Higgs resonance
region and below (mφi ≤ mh /2). What we conclude is that the invisible decay of Higgs
rules out a viable DM for (mφi < mh /2), as the DM relic density allowed DM-SM couplings need to be much larger than what the invisible decay predicts.

3.8

Conclusions

We have analysed the two-component scalar singlet DM scenarios coupled to SM with
0
Higgs portal coupling, in particular with Z2 × Z2 symmetry in the light of relic density
and direct search constraints. We point out that DM-DM interaction plays a crucial
role and yields a much larger region of parameter space from relic density constraints.
We also demonstrate the effect of DM-DM interaction in the freeze out of DM components and in particular how it alters the DM density from the non-interacting or single
component scenario. A generic feature of interacting multicomponent DM framework
turns out to be reducing the required DM-SM coupling compared to the non-interacting
or single component cases, as has been demonstrated for a two component scenario.
With more than two DM components, the changes in the available parameter space
will be in regions where the DM components contribute equally. However, the lowest
DM-SM coupling for one DM component that can be achieved is determined by two
component framework itself.
On the other hand, direct search bound from updated LUX data constraints single component scalar singlet DM scenario upto DM mass ∼ 500 GeV and the two
component case with O(2) symmetry upto ∼ 800 GeV excepting for Higgs resonance
0
region. It is through multipartite models such as Z2 × Z2 , scalar singlet DM can
still survive in a large parameter space. The presence of non-zero DM-DM interaction
coupling λ3 can delay the direct detection of one component upto XENON1T while
the other (lighter component) is expected to be unravelled soon. DM masses larger
0
than 400 GeV seems to be allowed in Z2 × Z2 case. Other mechanisms of hiding DM
from direct search bound includes co-annihilation, semi-annihilation etc., which we
will elaborate in other draft. Here, we also discuss approximate analytical solution
0
for the Z2 × Z2 case which closely agree to the numerical solutions in the moderate
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DM-DM interaction regions.
We propose a few benchmark points allowed by relic density and direct search
for discovery potential at LHC. It is indeed important to study constraints coming
from non-observation of missing energy signatures of such DM models at the LHC.
The common notion is that the limits from collider are still weaker than the one from
direct search, particularly for Higgs portal interactions. However one needs to carefully
study the multicomponent framework in context of LHC and see if any new feature
or correlation emerges. Such a study lies beyond the scope of this chapter, and will
be taken up in next chapters. Indirect search also plays a crucial role constraining the
dark matter models, but again less constraining to multicomponent frameworks.
It is important at the end to ask whether it is possible to unravel a multicomponent
DM scenario in future experiments and how. We argued that the very existence of
a scalar singlet DM in future detection will hint towards a multipartite framework
or with extended beyond the SM scenario. Given the knowledge of one DM mass
and coupling with SM, one can loosely predict the other DM mass and coupling as
seen from the benchmark points to account for correct relic density and direct search
bound. We of course plan to elaborate more in this direction in future, both in context
of signatures at the LHC and that of direct search.
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Introduction

Present chapter investigates one of the simplest multipartite DM frameworks with
scalar and fermion, which has detectability in upcoming direct and collider searches.
We assume the presence of two DM components: one scalar (S) and a fermion (N1 ).
While both DMs have been studied as individual components [67, 94–96], we study
the interplay of DM-DM interactions when they are present together. In order to enhance such interactions, we insert an additional singlet fermion field (χ2 ), which works
as a mediator and carries the interaction through a Yukawa term. We thereafter
demonstrate that a large parameter space becomes available to each DM components,
whichever is heavy, saved from direct search bound thanks to enhanced DM-DM interactions. The lighter DM component however, has the fate similar to that of a single
component case, particularly when direct search is concerned. This shows that scalar
DM can only be present in the vicinity of Higgs resonance (mS ∼ mh /2) when it
is lighter than fermion DM. The presence of an additional heavy scalar (SH ) in the
model can however yield a larger parameter space for the scalar DM (even when it
is lighter than fermion DM). Efforts have already been made to accommodate scalar
and fermion DM together in a single framework [48, 51], but most often the role of
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DM-DM interactions have been subdued and the outcome is predictive and severely
constrained.
Collider signatures of both the DM components have also been addressed before
(see for example, [97, 98]). Unfortunately, it turns out that neither the scalar nor
the fermion DM (in their single component realisation) has a possibility of producing
signal excess over SM background in near future run of Large Hadron Collider (LHC)1 ,
while satisfying relic density and direct search constraints. We however demonstrate
here, the presence of a lighter scalar DM component helps in identifying hadronically
quiet dilepton signal (a characteristic signature for the charged lepton components
present in the fermion dark sector) at LHC, which was otherwise impossible due to
unsurpassable SM background contribution. This is accessible due to the freedom of
utilising a larger missing energy cut, resulting from a larger allowed mass difference
between the fermion DM and its charge companions, thanks to the presence of a lighter
DM component and non-negligible DM-DM interactions in the set up to satisfy relic
density and direct search bounds.
The chapter is organised as follows. We first introduce the model framework (in
Section 5.2). After reviewing relic density and direct search constraints on the individual DM components for single component frameworks (in Section 4.3), we discuss in
details the case of two-component set up poised with DM-DM conversion (in Section
4.4). We also point out to the possibilities of having an additional heavy scalar in
the framework (in Section 4.5). We then elucidate signatures of fermion dark sector
at LHC accessible through two component set up (in Section 4.6). We also briefly
discuss possible cosmological effect on DM particles due to early universe inflation and
reheating (in Section 4.7). Finally we summarise and conclude (in Section 4.8). Some
illustrative features of fermion DM.

4.2

The Model

The model addressed here, accommodates two single component DM frameworks
together: (i) a real scalar singlet DM (S), connected to SM through Higgs portal [22, 67, 94, 95] and (ii) a fermion DM arising out of the admixture of vector
T
and a vectorlike fermion singlet χ1
like fermion (VF) doublet, N = N 0
N−
[96, 97, 99], where lightest component becomes a DM. Stability of a single DM can
be ensured by an additional discrete Z2 symmetry, under which the DM transforms
nontrivially. However, when two DMs are present together, the stability of both components can be ensured by enhancing the symmetry to Z2 × Z20 , where two DMs transform differently under the symmetry as we will illustrate shortly. Two-component
DM frameworks are naturally disfavoured from direct search as each DM component
acquires smaller relic density resulting enhanced annihilation cross-section to SM for
freeze out. This enhances direct search cross-sections for both the DM components
(resulting from same interaction vertices). This is the reason that most of the existing
scalar-fermion DM scenarios have been severely discarded by stringent direct search
limits [48, 51]. However, DM-DM interactions may come to rescue as the freeze-out of
the heavier component will then be additionally driven by its annihilation to lighter
DM component, which do not contribute to direct search cross-section of that compo1

Fermion DM with singlet-doublet mixing may however yield a displaced vertex signature [97].
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nent. In order to enhance such interplay, we have introduced an additional vectorlike
singlet fermion χ2 , which behaves like a messenger between the two DM components.
The interaction between the two DM components and their individual connection to
the visible sector (SM) are shown by a schematic diagram in Fig. 4.1. Under the
Z2 × Z20 symmetry, additional dark fields transform as: N [−, +], χ1 [−, +], χ2 [+, −]
and S [−, −], where all SM fields remain invariant: SM [+, +]. The quantum numbers
under the SM gauge group SU (3)C × SU (2)L × U (1)Y and Z2 × Z 0 2 symmetry for
these additional fields are shown in the Table 4.1. It is remarkable that these additional fermions χ1 , χ2 and N are verctor-like and hence they don’t introduce any extra
anomalies. This is easy to see through the chiral gauge anomaly free condition coming
from the one loop triple gauge boson vertex, which reads [100]:
X
rep

T r[{TLa , TLb }TLc − {TRa , TRb }TRc ] = 0.

(4.1)

Here, T denotes the generators for the SM gauge group and L, R denotes the interactions of left or right chiral fermions with the gauge bosons. It is straightforward to
see, that while the SM satisfies the anomaly free condition because of the presence
of a quark family to each lepton family [100, 101], the additional vector like fermions
introduced here, have the left chiral components transforming similarly to the right
chiral ones under the SM gauge symmetry. Therefore, the model is anomaly free.

Figure 4.1: Schematic diagram showing the interactions between scalar and fermion DM components
and that to SM particles.

In Table 4.1, we note that N and χ1 have similar Z2 × Z 0 2 charges. Hence they
mix with each other after the SM Higgs acquires a vacuum expectation value (vev),
while the other fermion χ2 does not. The lightest of such singlet-doublet admixture
can be one fermion DM component of this model. The scalar singlet S also have
different charge assignment from that of all the other fermion fields, allowing it to
be stabilized to form another DM component. The key feature of this model is the
possibility of writing a Yukawa interaction between χ1 , χ2 , and S by the assigned
Z2 ×Z 0 2 charges, which adds to the possible DM-DM interactions as we explain below.
This particular feature segregates this model from earlier attempts of two component
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Dark Fields
 
N0


N=
−
N

SU (3)C × SU (2)L × U (1)Y ×Z2 × Z 0 2
|
{z
}
1

2

-1

-

+

χ1

1

1

0

-

+

χ2

1

1

0

+

-

S

1

1

0

-

-

Table 4.1: Dark sector fields and their corresponding quantum numbers under G ≡ SU (3)C ×
SU (2)L × U (1)Y × Z2 × Z 0 2 .

scalar-fermion DM set-up like in [48, 51], where DM-DM interactions were small,
so the model becomes strongly constrained by direct search or from the case where
fermion DM doesn’t have an interaction with visible sector (excepting at the loop
level) to credit a large share of relic density to it and thus constraining the model to
a particular possibility.
Let us now describe the Lagrangian for the model, which can be segregated into
three parts, constituting the vector like fermion sector, scalar sector and the interaction
between the fermion and scalar sector as follows:

L ⊃ LV F + LScalar + LV F +Scalar ,

(4.2)

where,
σa a
Y0
Wµ − ig 0 Bµ ) − mN ] N
2
2
µ
e 1 + h.c)
+χ1 (iγ ∂µ − mχ1 ) χ1 − (Y1 N Hχ
+χ2 (iγ µ ∂µ − mχ2 ) χ2 ,

LV F = N [iγ µ (∂µ − ig

LScalar


1
1
1
1
v2  2
= ∂ µ S∂µ S − m2S S 2 − λS S 4 − λSH H † H −
S ,
2
2
4!
2
2

(4.3)

(4.4)

and
LV F +Scalar = −Y2 (χ1 χ2 S + h.c).

(4.5)

There are two Yukawa interactions present in this model. We will focus on the
first in Eqn. 4.3. Electroweak symmetry breaking (EWSB) occurs as the SM Higgs

T
√1 (v + h)
acquires a vacuum expectation value: H = 0
where v = 246 GeV.
2
e 1 term in the Lagranigan (Eqn. 4.3) mixes N 0 and χ1 . Mass terms
The Yukawa Y1 N Hχ
of the vector like fermions in LV F then take the following form:
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Y1 v
Y1 v
F
= mN N 0 N 0 + mN N + N − + mχ1 χ1 χ1 + √ N 0 χ1 + √ χ1 N 0
−LVmass
2
2

 
 mχ Y√1 v

χ
1
2  1 
= χ1 N 0 
+ mN N + N −
Y√1 v
0
mN
N
2
 


 m1 0
N
 1  + mN N + N − ,
(4.6)
= N1 N2 
N2
0 m2

T
0
where in the last step, the unphysical basis, χ1
is related to physical
N

T
basis, N1
through the following unitary transformation:
N2














χ
cos θ − sin θ
N
N
 1  = U  1 = 
  1 ,
N0
sin θ cos θ
N2
N2
where the mixing angle
tan 2θ = −

√

2Y1 v
.
mN − mχ1

(4.7)

(4.8)

The mass eigenvalues of the physical states N1 and N2 , for small sin θ (sin θ → 0)
limit, can be expressed as:
(Y1 v)2
Y1 v
mN1 ' mχ1 + √ sin 2θ ≡ mχ1 −
,
(mN − mχ1 )
2
(Y1 v)2
Y1 v
.
(4.9)
mN2 ' mN − √ sin 2θ ≡ mN +
(mN − mχ1 )
2
√
Here we have considered Y1 v/ 2 < mχ1 < mN . Hence mN1 < mN2 . Therefore
N1 becomes the stable DM candidate (with a small kinematic caveat as we discuss
shortly). Using Eqn. 4.8, one can find:
∆m sin 2θ
√
,
2v
= mN1 sin2 θ + mN2 cos2 θ.

Y1 = −
mN

(4.10)

where ∆m = mN2 − mN1 is the mass difference between the two mass eigenstates and
mN is the mass of electrically charged component of vectorlike fermion doublet N ∓ .
This serves as an important parameter for the phenomenology of the model as we
illustrate. Note again that due to a different Z2 × Z 0 2 charge, χ2 do not mix with N
and χ1 .
Vector like fermion DM has gauge interactions to SM due to the inclusion of doublet
in the model. Expanding the covariant derivative in LV F , one can find:
σa
g0
LVintF = N iγ µ (−ig Wµa + i Bµ )N
2

 2
e0
e0
e0
=
N 0 γ µ Zµ N 0 + √
N 0 γ µ Wµ+ N − + √
N + γ µ Wµ− N 0
2 sin θW cos θW
2 sin θW
2 sin θW


e
0
−e0 N + γ µ Aµ N − −
cos 2θW N + γ µ Zµ N −
(4.11)
2 sin θW cos θW
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where g = e0 / sin θW and g 0 = e0 / cos θW with e0 being the electromagnetic coupling
constant and θW being the Weinberg angle. One can therefore express the gauge and
the Yukawa interactions of LV F in mass basis of N1 and N2 as:
h

e0
sin2 θN1 γ µ Zµ N1 + cos2 θN2 γ µ Zµ N2
LVintF =
2 sin θW cos θW
i
µ
µ
+ sin θ cos θ(N1 γ Zµ N2 + N2 γ Zµ N1 )
e0
e0
sin θN1 γ µ Wµ+ N − + √
cos θN2 γ µ Wµ+ N −
+√
2 sin θW
2 sin θW
e0
e0
+√
sin θN + γ µ Wµ− N1 + √
cos θN + γ µ Wµ− N2
2 sin θW
2 sin θW


e0
+ µ
−
cos 2θW N + γ µ Zµ N −
−e0 N γ Aµ N −
2 sin θW cos θW
i
Y1 h
− √ h sin 2θ(N1 N1 − N2 N2 ) + cos 2θ(N1 N2 + N2 N1 )
(4.12)
2
Let us now focus into the other Yukawa interaction between different DM particles
as introduced in LV F +Scalar (Eqn. 4.5). In the physical basis it reads:
LVintF +Scalar = −Y2 (cos θN1 χ2 S − sin θN2 χ2 S + cos θχ2 N1 S − sin θχ2 N2 S).
(4.13)
The scalar field S do not acquire any vev and thus retains the Z2 × Z 0 2 symmetry
intact and is eligible as a possible DM candidate of the model. The interaction terms
involving S of LScalar after EWSB turns out to be:
LScalar
= −
int

λSH v 2 λSH 2 2
hS −
hS .
2
4

(4.14)

Following LScalar (Eqn. 4.4), the full scalar potential including SM Higgs can be
written as:
1 2 2 λS 4 λSH  †
v2  2
2
†
†
2
V (H, S) = −µH (H H) + λH (H H) + mS S +
S +
H H−
S .
2
4!
2
2
(4.15)
It is important now to identify the key parameters of the model which control
relevant phenomenology of the model. Mainly six independent parameters do the
job including two DM masses, mass of the mediator, mixing angle of singlet-doublet
fermion, Yukawa coupling denoting DM-DM interactions and the Higgs portal coupling
of the scalar DM:
{ mN1 , ∆m, mS , mχ2 , sin θ, λSH }

4.2.1

(4.16)

Constraints on the model parameters

Before evaluating the constraints on the model parameters given in Eqn. 4.16, from
DM and collider analysis, we would like to go through the constraints coming from
stability of the potential, perturbativity of the parameters and invisible decay widths
of Z and H to determine the broad parameter space available for our numerical scan.
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• Stability of potential: For the tree-level vacuum stability of the scalar potential as in Eqn. (4.15), one requires to satisfy the following co-positivity conditions
[76]:
r
2
λH λS ≥ 0 .
(4.17)
λH ≥ 0, λS ≥ 0, and λSH +
3
This essentially means, we satisfy the constraints if we assume λH , λS , λSH ≥ 0
throughout the scan.
• Perturbativity: The upper limit of perturbativity bound on quartic and Yukawa
couplings of the model are given by,
|λS |, |λSH | < 4π,
√
and |Y1 |, |Y2 | < 4π .

(4.18)

• Invisible decay width of Higgs : When masses of DMs are smaller than the
Higgs mass i.e. mDM < mh /2, then Higgs can decay to DM (invisible particles)
and will contribute to invisible decay width. LHC data puts strong constraint
on the invisible branching fraction of Higgs as Br(h → inv) < 0.24 [102]. This
can be interpreted as follows:
Br(h → inv.)
Γ(h → inv.)
Γ(h → SM ) + Γ(h → inv.)

< 0.24
< 0.24,

(4.19)

where Γ(h → SM ) = 4.2 MeV for SM Higgs (with mass mh = 125.09 GeV) is
measured at LHC [102]. This then yields,

Γ(h → inv.) < 1.32 MeV .

(4.20)

In our two component DM scenario, the invisible decay may have two contributions if both mN1 , mS < mh /2:
Γ(h → inv.) = Γ(h → N1 N1 ) + Γ(h → S S).
The decay width of Higgs to S and N1 can easily be calculated as:
q
λ2SH v 2
Γh→S S =
m2h − 4m2S Θ(mh − 2mS ),
32πm2h
2

4m2N1  32
1 
Γh→N1 N1 =
Y1 sin 2θ mh 1 −
Θ(mh − 2mN1 ).
16π
m2h

(4.21)

(4.22)

Invisible Higgs decay constraint from Eq. 4.20 together with Eq. 4.21 and Eq. 4.22
is shown in Fig. 4.2. In top left panel of Fig. 4.2, the constraint is shown in
mS − λSH plane. Here, the green region is allowed from Higgs invisible decay
while grey region excluded for a fixed sin θ = 0.01. The allowed (or excluded)
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Figure 4.2: Constraints on scalar and fermion DM from Higgs invisible branching ratio Br(h →
inv.) < 0.24 [102] in mS − λSH plane (top panel) and mN1 − sin θ plane (bottom panel) keeping other
parameter fixed (mentioned in the figure inset).

region remains almost unchanged for any fermion DM mass (mN1 < mh /2) and
∆m for the small sin θ due to negligible contribution of Γ(h → N1 N1 ). In the
top right panel we consider larger mixing angle, sin θ = 0.5. As the contribution
the contribution of Γ(h → N1 N1 ) plays a important role to Γ(h → inv.). And
therefore, choices of other parameters like mN1 , ∆m becomes relevant. The inner
region of each contour in mS − λSH plane (top right panel) is excluded from
Higgs invisible decay constraint [102]. Note here however that such large sin θ(=
0.5) is disfavoured from direct search bounds [103, 104]. In the bottom panel
we have shown excluded region in mN1 − sin θ plane keeping other parameters,
mS , λSH and ∆m fixed. Similarly here the inner region of each contour line
(which corresponds to different fixed values of ∆m and scalar DM mass (mS ),
depicted in the figure) is excluded from Higgs invisible decay [102].
• Invisible decay width of Z : As the fermion DM has a doublet component
in it, it has Z mediated interaction. Hence, if fermion DM mass is below mZ /2,
then Z can invisibly decay to dark particles. From current observation, invisible
decay width of Z is strongly constrained. The upper limit of invisible Z decay
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width is following [102]:
Γ(Z → inv.) ≤ 499.0 ± 1.5 MeV,

(4.23)

where in our model,

Γ(Z → inv.) = Γ(Z → N1 N1 )
s


2 
2 2
4m2N1
2mN1
1 g sin θ
1
−
Θ(mZ − 2mN1 ) .
=
mZ 1 +
48π cos θW
m2Z
m2Z
(4.24)
Invisible decay of Z mainly depend on mixing angle sin θ. Choice of small mixing
angle, with sin θ < 0.1 is preferable from direct search bound in which all fermion
DM mass mN1 < mZ /2 is allowed from invisible decay width of Z [23]. We note
that as the scalar DM component is a gauge singlet, it doesn’t have a Z mediated
interaction and therefore no constraint from invisible Z decay applies to it.

4.2.2

Possible multipartite DM scenarios

We have four electromagnetic charge neutral particles in the model: N 0 , χ1 , χ2 and S.
Given the same charge of N 0 and χ1 under Z2 ×Z2 0 , they mix and the lighter eigenstate
N1 (with mN1 < mN2 ) can not decay to SM, while N2 decays to N1 . Then, we are left
with three possible DM candidates, i.e. N1 , χ2 and S. However, the absolute stability
will be dictated by other Yukawa coupling present in dark sector Y2 χ1 χ2 S → Y2 N1 χ2 S
(as in Eqn. 4.13). Evidently, if one of the physical states is heavier than the other
two, then it can decay to the other two lighter particles and become unstable. As a
result, the two lighter physical states will be the viable DM candidates. Therefore,
depending on the mass hierarchy, the model offers four different types of multipartite
DM scenarios as illustrated in Fig. 4.3.
• Type-I : mχ2 > mN1 + mS : N1 and S are the stable DM components.
• Type-II: mS > mN1 + mχ2 : N1 and χ2 are stable DM components.
• Type-III: mN1 > mS + mχ2 : S and χ2 are stable DM components.
• Type-IV: If mχ2 < mN1 + mS , mS < mN1 + mχ2 and mN1 < mS + mχ2 , then
all three particles N1 , χ2 and S are stable and will yield a three-component DM
scenario.
In this paper, we focus mostly on Type-I scenario (green region in Fig. 4.3). This gives
us an opportunity to compare with the single component cases of the corresponding
DM components (N1 and S), which are very well studied, and indicate the effects of
DM-DM conversion employed in this set-up.
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Figure 4.3: Different types of multicomponent DM scenarios that can be realised in the model
depicted in mN1 − mS plane, given that a hierarchy among mN1 , mS , mχ2 . Type-I scenario (coloured
in green) is analysed in this paper.

4.3

Review of single component DM frameworks
with N1 and S

Before we discuss the two component DM set up (of Type-I) as advocated above,
we need to know the fate of the individual DMs in single component frameworks.
We review relic density and direct search allowed parameter space for both vectorlike
fermion DM (N1 ) and singlet scalar DM (S) in the next two consecutive subsections.

4.3.1

Single component fermion DM (N1 )

The presence of vector-like fermion singlet (χ1 ) and a doublet (N ) can give rise to a
fermion DM [96], where both transform under a Z2 symmetry. The relevant Lagrangian
is still given by LV F as in Eq. 4.3. As described above, the singlet and the neutral
component of the doublet mix after EWSB, and the lightest component of the neutral
physical states N1 becomes a stable single component DM.
We note here that the freeze-out abundance of N1 DM is controlled by the annihilation and co-annihilation channels as detailed in Appendix C (Fig. C.1, C.2 and C.3).
Therefore, the important parameters which decide the relic abundance of N1 are
{mN1 , ∆m, sin θ}.
Due to singlet-doublet mixing, the DM in direct search experiments can scatter off
the target nucleus via both Z and Higgs mediated processes (shown in top pannel of
Fig. 4.10).
The relic density and direct search allowed parameter space for N1 DM is shown in
Fig. 4.4. This is shown in mN1 −∆m plane for small values of sin θ. It has already been
< 0.1 by the
noted [96] that due to Z mediation, sin θ is limited to very small values ∼
non-observation of DM in direct search experiments. We therefore choose only such
small mixing regions for illustration in Fig. 4.4. Essentially, the whole relic density
allowed plane is also allowed by direct search constraints (XENON1T [104], XENON
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Figure 4.4: Relic density allowed (red points) and direct detection {XENON 1T (green region),
XENON nT (blue points)} allowed parameter space for single component fermion DM (N1 ) is shown
in mN1 − ∆m plane. Under abundance (ΩN1 h2 < ΩDM h2 ) (yellow region below the red patch) and
over-abundance (ΩN1 h2 > ΩDM h2 ) (the region above the red patch) are also shown for reference.

nT [105] as shown in the Fig. 4.4). The under and over abundant regions are also
indicated, which will be more useful for discussing the two component framework.
The important message from this graph is that for small sin θ, ∆m has to be small
< 12 GeV) to satisfy relic density, except for those low DM mass resonance regions
(∼
(∼ mZ /2, mh /2). For under abundance, the DM has to obtain even higher annihilation cross-section. For small sin θ to satisfy direct search, the only way to probe
under abundant regions is to have even smaller ∆m to enhance co-annihilation effects. Therefore, when we embed the fermion DM in a non-interacting two component
DM framework, the under abundant regions (as indicated in Fig. 4.4) are going to be
allowed. However, the situation alters in presence of an interacting two-component
framework as we will demonstrate in Section 4.4.

4.3.2

Single component scalar DM (S)

The Lagrangian LScalar in Eqn. 4.4, describes the case of single component scalar DM
S. The relevant parameters describing the scalar DM interaction with SM is given by
{mS , λSH }.
The annihilation process which controls the freeze-out of S are shown in Fig. 4.5.
S

h S

h

S
h

S
S

h S

SM

h

S

SM

Figure 4.5: Feynman diagrams of Scalar DM S annihilation to SM particles i.e S S → SM SM .

The relic density allowed parameter space for the scalar DM is well studied [22,
23, 67, 94, 95] and is summarised in Fig. 4.6, in terms of DM mass (mS ) and Higgs
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Figure 4.6: Relic density allowed (ΩS h2 = ΩDM h2 ) (red region) parameter space for scalar DM (S)
is shown in mS − λSH plane. LUX [103] (black dashed) and XENON 1T [104] (blue dashed) exclusion
limits are also shown. The region ‘above’ the red patch (in yellow) corresponds to under abundance
(ΩS h2 < ΩDM h2 ) and the one below corresponds to over abundance (ΩS h2 > ΩDM h2 ). Exclusion
limit from invisible Higgs decays is shown by grey region.

portal coupling (λSH ). Direct search sensitivities of LUX [103] and XENON 1T [104]
from null detection are also shown in the same graph for S which only has a t-channel
Higgs mediation with nucleus (shown in bottom pannel of Fig. 4.10). This essentially
shows that if S contributes to the full DM relic density, it lives either in resonance
> 900 GeV) to satisfy null
region (mS ∼ mh /2) or in high DM mass regions (mS ∼
observations from direct search experiments. Under abundance for S can only be
achieved with larger annihilation cross-section, that can only occur with larger Higgs
portal coupling (λSH ) and that is even more constrained from direct search data. If
the scalar DM is embedded in an non-interacting multi-component DM framework, it
is further restricted by direct search, discarding mS upto TeV or more. We will show
in Section 4.4, that the situation alters in presence of an additional DM component,
with which the scalar DM has non-negligible interactions. We also point out that
the presence of a heavy scalar SH (also a SM singlet) having same Z2 charge as of
S, can change the conclusion significantly allowing a larger parameter space through
co-annihilation (in Section 4.5).

4.4

Two Component DM with N1 and S
S

Ni

S

h
S

Ni
χ2

Nj

S

Nj

Figure 4.7: Diagrams contributing to DM-DM conversion (i = 1, 2) between fermion (Ni ) and scalar
DM (S) components.

As already discussed in Section 4.2.2, we choose Type-I case for illustrating a two-
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component interacting DM model with mχ2 > mN1 + mS , where N1 froms a vectorlike
fermion DM component and S forms a scalar DM component. The heaviest field χ2 in
the dark sector, which can decay to N1 and S, act as a mediator between the two DM
components through the Yukawa interaction: Y2 χ2 χ1 S. These DMs can also interact
e 1 and λSH (H † H)S 2 . The DMwith each other through Higgs portal couplings: Y1 N Hχ
DM interactions of this model is shown by the Feynman diagrams in Fig. 4.7. DM-DM
conversion diagrams will dominantly help the heavier DM component to annihilate
into the lighter one and therefore contribute to its thermal freeze-out and relic density.
Apart from DM masses and mediator mass (mχ2 ), the DM-DM conversion is a function
of the following couplings
{Y1 , Y2 , λSH }.

However, the Higgs portal couplings Y1 (as a function of ∆m and sin θ, see in Eqn. 4.10)
and λSH are strongly constrained from direct detection bound (already discussed in
section 4.3). Therefore, DM-DM interaction through Higgs mediation will be negligible
in relic density and direct search allowed parameter space of the two component model
and can be identified with Y2 = 0 situation. We will show that in such a case, the
two DMs are almost decoupled and behave like single component cases to occupy the
under abundant regions of their corresponding DM parameter space. Here lies the
importance of assuming the presence of a heavy mediator χ2 in this model to carry
out DM-DM interactions through Yukawa coupling Y2 .

4.4.1

Coupled Boltzmann Equations

The thermal freeze-out of two component DM framework is described by a coupled
Boltzmann equations (BEQs) and can be written as a function of reduced x, where
x = µ/T , with µ1 = m1N + m1N + m1S [23, 34, 54]. The one here reads:
1
2




dYNi
√ µ X
EQ
Y
= −0.264MP l g ∗ 2
hσvNi Nj →SM i YNi YNj − YNEQ
Nj
i
dx
x
j

dYS
dx



YNEQ
YNEQ
i
j
2
+hσvNi Nj →SS i YNi YNj −
Y
S Θ(mNi + mNj − 2mS )
2
YSEQ

2


YSEQ
2
−hσvSS→Ni Nj i YS − EQ EQ YNi YNj Θ(2mS − mNi − mNj )
YNi YNj


EQ EQ
+hσvNi N ± →SM i YNi YN ± − YNi YN ± ,



√ µ
EQ 2
2
= −0.264MP l g ∗ 2 hσvSS→SM i YS − YS
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YNEQ
YNEQ
i
j
2
+
− hσvNi Nj →SS i YNi YNj −
Y
S Θ(mNi + mNj − 2mS )
2
YSEQ
i,j

2


YSEQ
2
+hσvSS→Ni Nj i YS − EQ EQ YNi YNj Θ(2mS − mNi − mNj ) ,
YNi YNj
(4.25)

where the subscripts i, j = 1, 2 describes the fermion DM and the heavy neutral
fermion component of the model respectively. In the above equations, we note that
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the annihilation contribution of Ni to S or otherwise depending on the mass hierarchy
is included. The equilibrium distributions now recast in terms of µ takes the form:
 
3
mi


−x
g 3 mi 2
µ
EQ
2
e
YNi (x) = 0.145 x
g∗
µ
 
3


g 3 mS 2 −x mµS
e
(4.26)
YSEQ (x) = 0.145 x 2
g∗
µ
The relic density allowed parameter space of the two-component framework is then
given by the solution of the above Boltzmann equations, that determine the freeze-out
of the individual components depending on annihilations plus co-annihilations and
DM-DM interactions. Obviously, total DM relic density for the two component case
will be the sum of individual relic density as:
ΩT h2 = ΩN1 h2 + ΩS h2 ,

(4.27)

which should satisfy combined WMAP and PLANCK limit 0.1133 ≤ ΩT h2 (= ΩDM h2 ) ≤
0.1189 [11]. Individual relic density in interacting multipartite DM case can be found
out by numerical solution to the coupled Boltzmann equations or approximate analytical solution of coupled BEQ [23] and that of the i-th DM candidate is given by:
Ωi h2 =

854.45 × 10−13 xif
,
√
g∗
hσviTi

(4.28)

where hσviTi is the total effective annihilation cross-section and xif corresponds to
freeze-out temperature of the ith DM component. Note however, for the ease of the
analysis, we are not using the approximate solution here; relic density and direct search
cross-sections for both the DM components are obtained numerically by inserting the
model in MicrOmegas package [84].
If fermion DM is heavier than scalar DM (mN1 > mS ), then heavier DM component
(N1 ) can annihilate to lighter component (S) following processes as in Fig. 4.7. Such
DM-DM conversion affects the freeze out of heavier DM component and hence its relic
density [23]. The lighter DM candidate on the other hand, have no new channel to
deplete its number density and behave almost like single component DM. Then hσviTN1
for fermionic DM assuming mN1 > mS will be given by:
f
hσviTN1 ' hσvief
N1 + hσviN¯1 N1 →SS + 2hσviN¯1 N2 →SS (1 +

∆m 3/2 −∆m
) e T , (4.29)
mN1

f
where hσvief
N1 is the annihilation plus co-annihilation cross-section of fermion DM to
SM given by Eq. C.1. The last term in the above equation represents co-annihilation
to scalar DM component and is therefore aided by the Boltzmann factor along with
a symmetry factor of 2 (assuming mN1 ' mN2 ). In this limit of mN1 > mS , the
annihilation cross-section for scalar DM (S) only captures the annihilations to SM as
in a single component framework:

hσviTS = hσviSS→SM

SM

.

(4.30)

Evidently, for the opposite hierarchy, mS > mN1 :
f
hσviTN1 = hσvief
N1 ,

hσviTS = hσviSS→SM SM + hσviSS→Ni Nj .
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We would like to again remind here that the parameter space scan performed in the
subsequent analysis does not use above approximate solutions to the coupled BEQs.
However, the relic density of the individual DM components depend very much on this
basic idea of DM-DM conversion advocated above.

4.4.2

Relic density and direct search outcome

Figure 4.8: Relic densities (ΩN1 h2 and ΩS h2 ) of the individual components as a function of respective
DM masses (mN1 and ms ). Two possible mass hierarchies are shown: mS > mN1 (top panel) and
mN1 > mS (bottom panel). Different values of Y2 = 0.0 (red) , 0.4 (green) , 0.8 (orange) , 1.0 (blue) are
chosen keeping other parameters fixed (as mentioned in the plots) to decipher DM-DM interactions.

We first study the variation of individual relic densities with corresponding DM
masses as shown in Fig. 4.8. Two possible mass hierarchies are shown; in top we choose
mS > mN1 and in the bottom panel we have mS < mN1 . Relic density of fermion DM
(N1 ) is shown in the left panel and that of the scalar (S) is shown in the right panel.
We see that for mS > mN1 (top left panel of Fig. 4.8), ΩN1 h2 do not change with
different choices of Yukawa coupling Y2 . However with same hierarchy (mS > mN1 )
for S, relic density is steadily reduced with larger choice of Y2 (top right panel). It is
exactly the other way round, when we have mS < mN1 (bottom panel of Fig. 4.8). In
such a case, relic density for N1 decreases with larger Y2 , while it remains unaltered for
S. This follows from the analytic solution of the effective annihilation cross sections
as mentioned in Eqs. 4.29, 4.30, 4.31 showing the importance of DM-DM conversion.
In this plot we have kept other parameters fixed as mentioned in the plot, particularly
with a moderate value of the mediator mass fixed at mχ2 = 500 GeV.
The sensitivity of individual relic densities to DM-DM conversion as a function of
mediator mass (mχ2 ) is shown in Fig. 4.9. Evidently, we demonstrate it for the heavier
component (N1 on the left and S on the right) with different choices of mediator masses:
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Figure 4.9: Sensitivity of mediator mass (mχ2 ) to DM-DM conversion and that to relic density of
the heavier component is demonstrated. [Left] ΩN1 h2 as a function of mN1 for different values of
mχ2 = 500 (red) , 1000 (green) , 2000 GeV (blue) assuming mN1 > mS . [Right] ΩS h2 as a function
of mS for mS > mN1 . Other parameters kept fixed at different values are mentioned in the plot along
with Y2 = 1.0 and λSH = 0.1. Purple dotted line in both graphs correspond to Y2 = 0 case, shown
for comparison.

mχ2 : 500 (red), 1000 (green) and 2000 (blue) GeV, keeping Y2 = 1.0 and λSH = 0.1
fixed. In the same Fig. 4.9, we have also demonstrated the case of Y2 = 0 (purple
dotted line), when χ2 does not take part in the DM-DM conversions. It is evident
that with large mχ2 , DM-DM conversion becomes feeble and closely resembles Y2 = 0
(purple dotted line) case. Therefore, large Yukawa Y2 can play an important role in
relic density, but with not-so-heavy mediator mass (mχ2 ). The lighter DM component
is again mostly unaffected by DM-DM conversion as has already been discussed. One
important point to note is the difference between Y2 = 1.0 and λSH = 0.1 chosen for
illustration.
√ This is because Y2 remains unconstrained (excepting for large perturbative
limit ≤ 4π), while λSH is highly restricted by direct search (recall Fig. 4.6). We can
also see that mχ2 = 2 TeV closely mimic Y2 = 0 case for fermion DM, while it does
not completely do so for ΩS . This is because of very small annihilation cross-section
of the scalar DM to SM compared to DM-DM conversion due to the choice of small
λSH .
Let us now turn to direct search constraints of this two component DM set up.
Feynman graphs for direct search contribution of the DM components are shown in
Fig. 4.10. Fermion DM (N1 ) has both Z and Higgs mediated interaction, while the
scalar (S) interacts only through Higgs mediation. Direct search cross-sections for
individual components are well known; however in two-component set up, the direct
search cross-section for each component is folded by their fraction of relic density as2 :
 Ω h2 
S
SI
σ SI ,
(4.32)
σef
(S)
=
f
ΩT h2 S
and
SI
σef
f (N1 )

 Ω h2 
N1
SI
=
σN
.
1
2
ΩT h

(4.33)

Spin independent direct search cross-sections for both DM components (σSSI and
are obtained from inserting the model into the code MicrOmegas [84]. No signal

SI
σN
)
1
2

The actual limit from direct search on multipartite DM scenarios need to account for mass
sensitivity on the nuclear recoil, the details can be found here [23, 54].
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Figure 4.10: Feynman diagrams of spin independent (SI) direct detection of fermion DM (top panel)
and scalar DM (bottom panel).

for DM in direct search experiments like LUX [103], XENON 1T [104] so far put a
strong constraint on the WIMP-like DM scenarios as we have here. Recall that scalar
DM lives only in the high mass region (≥ 900 GeV) except for resonance (∼ mh /2) and
fermion DM lives in sin θ ≤ 0.1 region with a small ∆m in their single component set
up. The question is how much the above conclusions get relaxed in a two component
set up with large DM-DM conversion as adopted here.

Case I: Feeble DM-DM interactions with Y2 = 0
Let us now turn to relic density (0.1133 ≤ ΩT h2 ≤ 0.1189) and SI direct search
allowed parameter space of this two component model. We will first study the case for
negligible DM-DM interactions with Y2 = 0. The results are summarised in Fig. 4.11.
We show the relic density allowed parameter space in upper panel, in the left for N1
and in the right for S. With Y2 = 0, the two DM-components behave as if they
are decoupled and the allowed parameter space only opens up in the under-abundant
regions of those individual DMs (compare the single component cases as demonstrated
before in Fig. 4.4 and Fig. 4.6). Different colour codes indicate the percentage of the
individual DM density as indicated in the figure inset. It is understood that given
a certain percentage of one DM, rest of DM relic density is composed of the other
component. So any combination is essentially possible by relic density constraint. In
the bottom panel of Fig. 4.11, we show the allowed parameter space after direct search
constraints from PANDA where both DMs simaltaneously satisfy direct seach bound
from PANDA [46]. Note here that there are no parameter space where effective DD
cross-section (in Eqs. 4.32, 4.33) of both N1 and S DM simaltaneously goes beyond
recent XENON-1T limit [105]. For fermion DM, direct search allowed parameter space
spans the whole of under-abundant parameter space as it doesn’t constrain the small
∆m region further with small singlet-doublet mixing sin θ ≤ 0.05, as we have chosen
for the scan. We have already explained that for fermion DM, direct search crucially
controls sin θ only, which is well below the required cut-off. On the other hand, scalar
DM is severely constrained by direct search constraint in mS −λSH plane, which leaves
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Higgs resonance (not shown in the plot) and heavy Scalar DM mass region (mS ≥ 900
> 80%, therefore
GeV) only. In the heavy scalar mass region, the relic density is ∼
allowing only a tiny fraction of fermion DM. The whole analysis at Y2 = 0 also shows
that the presence of s-channel Higgs mediated DM-DM interactions to be very feeble
to alter the freeze-out of any of the DM component as mentioned earlier.

Figure 4.11: [Top Panel] Relic density allowed regions of two component DM scenario {N1 , S} in
mN1 −∆m (top left) and mS −λSH (top right) for Y2 = 0. Different colour codes indicate the fraction
of individual relic density ΩΩTi varied in different ranges as mentioned in inset. [Bottom Panel] Relic
density and direct detection (PANDA 2017 [46]) allowed parameter space in mN1 − ∆m (bottom left)
and mS − λSH (bottom right) planes.

Case II: The case of DM-DM interactions with Y2 6= 0
In Fig. 4.12, we show the relic density and direct search allowed parameter space of
the model with a non-zero Yukawa coupling (Y2 6= 0, 0.1 ≤ Y2 ≤ 1.6). Relic density
allowed parameter space is shown in the upper panel for N1 (in mN1 − ∆m plane) on
left and for S (in mS − λSH plane) on right. Both possible mass hierarchies are studied
and depicted; (i) mN1 > mS by orange and (ii) mS > mN1 by blue points. We see that
when mS > mN1 , the whole mS − λSH parameter space is allowed (blue points in top
right plot), where smaller λSH is substituted by larger Y2 appropriately. On the other
hand, N1 DM has the fate of single component DM with under abundance adjusted
to the other component when mS > mN1 (blue points in top left plot). This is exactly
the other way round, when we choose mS < mN1 ; the whole mN1 − ∆m plane becomes
allowed (orange points in top left plot) and S has the fate of single component DM
filling the under abundance region (orange points in top right plot). This is possible
because of DM-DM conversion that we introduced in this model through the heavy
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Figure 4.12: [Top Panel] Relic density allowed parameter space (0.1133 ≤ ΩT h2 ≤ 0.1189) for two
component DM model in mN1 −∆m (top left) and mS −λSH (top right) planes. Two mass hierarchies
: mN1 > mS (orange points) and mS > mN1 (blue points) are shown in both plots. Red points depict
the case of single component DM scenarios, for N1 on the left and for S on the right panel. [Bottom
Panel] Relic
density
allowed points are shownin DM


 mass vs effective SI DM-nucleon cross-section
planes;

ΩN1 h2
ΩT h2

SI
σN
−mN1 in bottom left and
1

ΩS h2
ΩT h2

σSSI −mS in bottom right. Limits from different

DD experiments, LUX [103](black solid line), recent PANDA [46] (black dashed), XENON 1T [104]
(purple solid line) and predicted XENON nT [105] (purple dotted line) are also indicated in the
figures. Shadded region correspond to Neutrino floor where DM signal cannot be distinguish from
neutrino background.

mediator χ2 with Y2 Yukawa interaction. With mN1 > mS , the effective annihilation required for fermion DM to acquire required relic density (ΩN1 h2 < ΩDM h2 ) in
small sin θ region no longer depends on small ∆m through co-annihilation because of
additional annihilation channel to scalar DM. We will focus on this particular case
for collider signatures of this model at the LHC. In the bottom panel of Fig. 4.12,
we show the effective SI direct search cross-section for both DM components at relic
density allowed points (Ωi h2 < ΩDM h2 ) for both the mass hierarchies. The limits
from LUX [103], PANDA [46], XENON 1T [104] and XENON nT [105] are shown.
The plots in the bottom panel point out to a larger available parameter space for the
heavier DM component. This is simply due to freeze-out of the heavier component
being governed by DM-DM conversion, not affecting direct search significantly. The
< 500 GeV as it has been done for
scans in Fig. 4.12 are limited to DM mass within ∼
a mediator mass mχ2 = 500 GeV to satisfy mN1 + mS < mχ2 .
The outcome of relic density and direct search (XENON 1T limits [104] from the
bottom panel of Fig. 4.12) constraints put together yield Fig. 4.13. The constraints
on fermion DM in mN1 − ∆m plane (left) is obviously less restrictive as we choose
< 0.05 for the scan, thus allowing the whole parameter space with upto
small sin θ ∼
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Figure 4.13: Relic density and direct search (XENON 1T data [104]) allowed parameter space
is shown for both N1 and S components in mN1 − ∆m (left) and mS − λSH (right) plane. Two
possible mass hierarchies: mN1 > mS (orange points) and mS > mN1 (blue points) are indicated in
both planes. Invisible Higgs branching constraint is also shown in the right panel which discards a
significant part of mS < mh /2 region.
> 500 or more for m
∆m ∼
N1 > mS (orange points in left plot) thanks to conversion to
the scalar DM. This feature serves as the most interesting phenomenological outcome
of this model, as we discuss in collider section. For mN1 > mS , the scalar DM however
is allowed only in the resonance region (mS ∼ mh /2) as can be seen by orange points
in the right plot of Fig. 4.13. This is already expected as direct search tames down the
relic density allowed scalar DM parameter space absent DM-DM conversion. For the
reverse hierarchy mN1 < mS (blue points), fermion DM is allowed only in the underabundant regions of its single component manifestation, whereas it allows a larger mass
range of scalar DM, thanks again to the possible DM-DM conversion with a lighter N1 .
Invisible Higgs branching ratio Br(h → inv) < 0.24 [102], puts a significant constraint
for the scalar DM with mS < mh /2. But for fermion DM, this doesn’t discard any
parameter space given the small values of sin θ chosen for the scan.

Figure 4.14: Mass correlation of the two DM components in mN1 − mS plane. [Left Panel] Relic
density allowed parameter space is shown by orange points and direct search constraint from XENON
1T [104] on both N1 and S is shown by blue points. Black solid line corresponding to mN1 = mS
segregates the two possible hierarchies: the one above corresponds to mS > mN1 and the region
below has mS < mN1 . [Right Panel] Relic density allowed points for different ranges of ∆m shown
with different colour codes.

A possible mass correlation of these two DM components is studied next and depicted in Fig. 4.14 in mN1 − mS plane for satisfying relic density and direct search
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constraints. On the left panel, we show that the whole triangle designated by the
kinematic limit mN1 + mS < mχ2 , with mχ2 = 500 GeV chosen for the scan is allowed
by relic density constraint. However direct search (XENON1T data [104]) restricts it
significantly for mN1 > mS , allowing only scalar DM to lie in resonance mh /2, while
it is not that restrictive for the other hierarchy mN1 < mS , as shown by the spread of
blue points filling almost entirely the upper part of the triangle. The thick black line
depicting mN1 = mS separates these two heirarchies. The plot on the right panel
shows the allowed points in mN1 − mS plane to satisfy relic density for different ranges
of ∆m. It shows that small 1 ≤ ∆m ≤ 12 GeV is allowed throughout the parameter space while large ∆m is restricted to mN1 > mS as we already discussed. For
mN1 < mS , one can have larger ∆m allowed only in the resonance region mN1 ∼ mh /2
and ∼ mZ /2 .

Figure 4.15: Relic density, direct search (XENON 1T [104]) and invisible decay constrain of Higgs
and Z boson [102] allowed parameter space of the two component model (with Y2 6= 0) in mN1 − ∆m
plane. Percentage of fermion DM component in total relic density within different ranges are shown
by different coloured points as detailed in the figure inset. Two different hierarchies mS < mN1 and
mS > mN1 are shown separately in left and right panel respectively.

Another important question is to know the percentage of fermion or scalar DM
component present in the allowed parameter space of this two component model. We
show the outcome of this exercise in Fig. 4.15, for fermion DM in mN1 −∆m plane. The
other component (S) just fills the rest of it and can be gauged from this figure itself.
Two possible mass hierarchies mS < mN1 and mS > mN1 are shown separately
in left and right panel respectively. Fermion DM content in total relic density (for
different ranges in percentage) is shown by different colour codes mentioned in the
figure inset. All the points also additionally satisfy direct search constraint from
XENON1T data [104] and invisible decay constraint of Higgs and Z [102]. The bottom
line is that for mN1 > mS , the larger share of DM density is carried by fermion DM
with ∆m  12 GeV as it becomes enough to bring the annihilation in the right
ballpark through conversion to the scalar DM component (with small sin θ), while the
scalar DM anyway has a large annihilation cross section (and therefore smaller relic
density) as it requires to be in the Higgs resonance region (mS ∼ mh /2) to address
direct search bound. For the other hierarchy mN1 < mS , under abundant regions of
the single component fermion DM is filled up with different percentage as the scalar
DM has the freedom to adjust its relic density through its annihilation to SM plus
fermion DM.
So far we have discussed the allowed DM parameters space for the model with a
moderate choice of mediator mass, mχ2 = 500 GeV. Now we choose a higher value of

TH-2158_146121003

84

Chapter 4. Multipartite Dark Matter with Scalar and Fermions

Figure 4.16: Total relic density allowed regions of two component DM model in mN1 − ∆m (left
panel) and mS − λSH plane (right panel) with Y2 6= 0 for mediator mass mχ2 = 1000 GeV. Two mass
hierarchies are shown in different colour codes: mN1 > mS (orange points) and mS > mN1 (blue
points). Red points correspond to the case of single component DM scenarios for N1 on left and for
S on right panel.


ΩN1 h2
ΩDM h2



SI
σN
(in cm2 )
1



ΩS h2
ΩDM h2



BPs

{ mN1 , mS , λSH , Y2 , sin θ }

∆m

ΩN1 h2

ΩS h2

σSSI (in cm2 )

BPA1

{ 79, 256, 0.029, 0.2, 0.02 }

6.1

0.0546

0.0641

6.8 × 10−48

5.9 × 10−47

BPA2

{ 276, 58, 0.010, 0.9, 0.02 }

50

0.1092

0.0054

1.5 × 10−48

1.5 × 10−47

BPA3

{ 131, 61, 0.026, 0.9, 0.01 }

101

0.1171

0.0012

1.0 × 10−48

1.5 × 10−47

BPA4

{ 102, 62, 0.010, 0.9, 0.02 }

193

0.1144

0.0010

1.8 × 10−47

2.0 × 10−48

BPA5

{ 135, 58, 0.004, 1.0, 0.02 }

295

0.0840

0.0313

1.5 × 10−47

1.0 × 10−47

BPA6

{ 127, 62, 0.020, 0.9, 0.01 }

377

0.1136

0.0004

1.4 × 10−48

3.0 × 10−48

BPA7

{ 144, 62, 0.032, 0.9, 0.02 }

541

0.1152

0.0002

2.7 × 10−47

4.2 × 10−48

Table 4.2: Some benchmark points allowed by relic density, direct search and invisible Higgs and
Z decay limit for mediator mass, mχ2 = 500 GeV. DM masses, couplings, relic density of individual
components and effective SI direct search cross-sections are mentioned. All the masses are in GeVs.
We mainly focus on mN1 > mS excepting for BPA1.

χ2 mass, mχ2 = 1000 GeV to depict relic density allowed limit in mN1 − ∆m plane
(left) and mS − λSH plane (right) of Fig. 4.16. Allowed parameter space in mN1 − ∆m
plane becomes more restrictive (∆m spanning roughly upto ∼ 50 GeV compared to
500 GeV with mχ2 = 500 GeV) even with mN1 > mS due to suppressed t-channel
DM-DM conversion Ni Nj → SS due to the heavy mediator (mχ2 ). Comparatively,
larger parameter space is available for scalar DM S as shown in right panel of Fig. 4.16
in mS − λSH plane. This is possible as SS → Ni Nj with (Y2 6= 0.0) still dominate
over scalar DM annihilation to SM (controlled by portal coupling λSH ) even with a
heavy mediator mass. This feature has already been pointed out while discussing the
outcome of DM-DM conversion cross-sections in Fig. 4.9.
Finally, to summarise the main outcome of the DM analysis is to see that heavier
DM component enjoys annihilation to lighter DM for thermal freeze out, relaxing its
interaction to visible sector and thus reducing the constraints from direct search crosssections. Specifically for the two-component case, when scalar DM is heavier than
the fermion DM, the Higgs portal coupling can be reduced significantly allowing the
scalar DM to be allowed through the entire DM mass plane. On the other hand, when
the fermion DM is heavier than the scalar DM, it relaxes the mass difference with the
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charge companion, allowing larger ∆m. No relaxation is possible however for sin θ as
larger values of mixing is still discarded by Z mediated direct search. The relaxation of
∆m plays a crucial role in achieving collider signatures of fermion DM as we illustrate
next. We choose a set of benchmark points allowed by relic density and direct search
in Table 4.2 for performing collider analysis, where above features are apparent.

4.5

Two Component DM in presence of additional
heavy scalar

In the two component DM set up, lighter DM component behaves almost as a single
component candidate, due to the absence of additional channels for annihilation, thus
occupying only under abundant regions accessible from relic density. For mN1 > mS ,
a large mass splitting ∆m can be achieved for a moderated value of mediation mass
mχ2 ∼ 500 GeV. But at the same time, the scalar DM can only be accommodated at
the resonance region, mS ≈ m2h (see Fig. 4.13 and Table 4.2). This is predictive and
restrictive at the same time. This situation however alters significantly if the scalar
sector is enlarged with a heavy real scalar SH which has same charge like S under
Z2 × Z20 as: S [−, −] and SH [−, −] [94, 106]. We briefly discuss such a possibility here.
The relevant interacting scalar potential is given by:
v2  2
1 2 2 1 2 2
λSH  †
2
m S + mSH SH +
H H−
(S + SH
V (S, SH ) ⊃
)
2 S
2
2
2

v2 
SSH ,
+λCH H † H −
2

(4.34)

where mSH is the heavy scalar mass and λCH is additional (co-annihilation
type)


†
Higgs portal coupling. Due to the presence of this interaction, λCH H H SSH , a new
co-annihilation channel, S SH → SM SM opens up. SH having same charge as of S,
is not stable and therefore is not a DM. But the possibility of co-annihilation provides
additional channel for scalar DM to freeze out, while it does not contribute to direct
search. This is similar to the co-annihilation processes already present in the fermion
DM sector. With this, even for mN1 > mS , the scalar DM can be allowed in a large
parameter space beyond resonance. Presence of this heavy scalar, also augments dark
sector Yukawa interaction providing additional contribution to DM-DM conversion:
0

LDM Y uk = −Y2 (χ1 χ2 S + h.c) − Y2 (χ1 χ2 SH + h.c).
0

(4.35)

In our numerical analysis, we assume Y2 = Y2 for simplicity.
The first outcome of this extended two component framework is to show a large
parameter space available to the scalar DM through relic density and direct search
bounds with the hierarchy mN1 > mS . This is illustrated in Fig. 4.17. The direct
search cross-section for fermion DM in relic density allowed points is shown on the left
plot, while that for the scalar is shown in the right panel. We see in the right plot that
orange points now span allover the plane with a huge number below the direct search
limit unlike being only available in resonance region with the previous case (compare
bottom right plot of Fig. 4.12).
A mass correlation for two DM components is shown in Fig. 4.18 and compared
between the original framework (left) to that in presence of an additional heavy scalar
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Figure 4.17: 
Relic density
allowed points plotted in DM mass

 vs effective SI DM-nucleon crossΩN1 h2
ΩS h2
SI
section plane: ΩDM h2 σN1 − mN1 plane (left) and ΩDM h2 σSSI − mS plane (right) in presence
of heavy scalar SH . Upper bounds on SI DM-nucleon cross-section from LUX [103] (black solid
line), recent PANDA [46] (black dashed), XENON 1T [104] (purple solid line) and predicted XENON
nT [105] (purple dotted line) are also indicated in the figures. We have chosen the mass hierarchy:
mN1 > mS and the mediator mass mχ2 = 500 GeV.

Figure 4.18: Allowed region of parameters space in mN1 − mS plane, which satisfy relic density
(Orange points) and direct search constraints for both N1 and S by XENON1T data (blue points)
for mN1 > mS . In left panel, we show the original two component scenario in absence of heavy scalar
(SH ) and in the right panel, we show it in presence of additional heavy scalar SH .

Figure 4.19: Relic density and direct search (XENON 1T [104]) allowed parameter space of the two
component model compared between two cases: (i) original model, in absence of the heavy scalar
(SH ) (orange points) and (ii) in presence of a heavy scalar (SH ) (green points) in mN1 − ∆m plane
(left) and mS − λSH plane (right).

(right). We show that with mN1 > mS , presence of co-annihilation in the scalar sector
allows the scalar DM to be present in a larger parameter space after satisfying direct
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search constraints (plot on the right panel).
Finally, we compare relic density and direct search (XENON 1T [104]) allowed
parameter space of the two component model in presence of SH (green points) to that
in absence of SH (orange points) for both fermion DM and scalar DM components in
Fig.4.19. As expected, we see that for fermion DM, in mN1 − ∆m plane (on left panel),
there is no difference between these two cases, while for the scalar DM S, the presence
of the heavy scalar SH allows almost all of the plotted parameter space (green points
on the right panel) due to coannihilation. A few benchmark points are indicated in
Table 4.3 to show the effect of relaxing the case for scalar DM in presence of SH for
mN1 > mS . They should be contrasted with those in Table 4.2.


ΩN1 h2
ΩDM h2



SI
σN
(in cm2 )
1



ΩS h2
ΩDM h2



σSSI (in cm2 )

{mN1 , mS , mSH , λSH , λCH , Y2 , sin θ}

∆m

ΩN1 h2

ΩS h2

BPB1

{200, 150, 205, 0.006, 0.8, 0.7, 0.01}

50

0.1144

0.0030

9.7 × 10−49

3.3 × 10−49

BPB2

{202, 118, 131, 0.002, 0.3, 0.9, 0.04}

101

0.0303

0.0838

7.2 × 10−47

1.5 × 10−48

BPB3

{183, 113, 135, 0.009, 0.8, 0.8, 0.04}

201

0.0462

0.0680

1.2 × 10−46

3.0 × 10−47

BPB4

{310, 153, 203, 0.052, 0.6, 0.7, 0.02}

300

0.1112

0.0100

2.0 × 10−47

5.8 × 10−47

BPB5

{424, 91, 109, 0.004, 0.6, 1.1, 0.03}

503

0.0238

0.0945

2.7 × 10−47

1.1 × 10−47

BPs

Table 4.3: Benchmark points allowed by relic density, direct search and invisible Higgs decay limit in
presence of a heavy scalar SH . Input parameters (masses and couplings), relic densities of individual
components and direct search cross-sections are mentioned. All the masses are in GeVs.

4.6

Collider searches at LHC

Collider signature of this model includes searches for scalar and fermion DM. The
scalar DM sector doesn’t give any novel signature being comprised only of a singlet.
Only possible signature can be the production of S through Higgs portal coupling
associated with initial state radiation (ISR), yielding mono jet/mono-X signal (higher
jet multiplicity can occur suppressed by further jet radiation) plus missing energy [65].
Given the limit on the Higgs portal coupling (λSH ) and DM mass set by the relic density
and direct search bound of the model, even in the two component set up, the signal
cross-section is very weak to probe anything at near future run of LHC given a huge
SM background for such final states3 . On the other hand, fermion DM consisting of
an admixture of vector-like singlet and doublet leptons, has better prospect of getting
unravelled at LHC. This is of particular interest due to the possibility of producing
the charged companions of fermion doublet (N + N − ) at LHC. They eventually decay
to DM with off/on- shell W mediation to leptonic final states to yield opposite sign
dilepton plus missing energy as pointed out in the left side of Fig. 4.20. Therefore our
interest lies in :
/ T ),
Signal : `+ `− + (E
where ` includes electrons and muons4 . However, the detectability of such a signal
depends on the effective reduction of corresponding SM background contribution. We
3

Even though the presence of a heavy scalar SH adds to the freedom of choosing a larger span of
scalar DM mass, the strength of the cross-section still is determined by the small λSH .
4
Tau detection is harder due to hadronic decay modes.
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will discuss below how the presence of a second (lighter) DM component as considered
in this model framework, enhance the possibility of detecting such signals at LHC.
Similar signal events appear for different other models, see for example [59, 107].

N1
p
N−

l

W−

A/Z
N1
N+

νl
l

W+

p
νl

Figure 4.20: [Left] Feynman diagram for signal process pp → N + N − , resulting in hadronically quiet
/ T )) events. [Right] Variation in production cross
opposite sign dilepton plus missing energy (`+ `− +(E
section, σpp→N + N − with ∆m (= mN ±√− mN1 ) for different values of DM mass mN1 [mentioned at
figure inset] for centre-of-mass energy s = 14 TeV at LHC.

Signal strength is mainly dictated by the production cross-section for pp → N + N −
at LHC. This cross-section is essentially a function of mN ± and is independent of
mixing angle sin θ. Therefore, one can recast the cross-section as a function of ∆m
for a fixed DM mass (Given mN ± = mN + ∆m). This is shown in the right panel
of Fig. 4.20 for some different
fixed DM masses (mentioned in the figure inset) with
√
centre-of-mass-energy s = 14 TeV. Essentially, this is to show that production crosssection is a falling function of charged fermion masses, but, as ∆m plays a crucial role in
further decay of the produced charged fermions, we have chosen such parametrisation.
We already elaborated that even in the two component set up, direct search crucially
tames sin θ ≤ 0.1, it is important to choose a process which is not suppressed by
small mixing angle. Therefore, this is the only process of interest. However, also note
that, we do not consider the production of heavy neutral fermion N2 in this analysis
(although some of the processes like N ± N2 are not suppressed by small sin θ), which
decays through neutral current (Z mediation) interaction to DM N1 with 100 percent
branching ratio. But such signals will be completely washed out by the invariant masscut of the leptons not to lie within Z-mass window, that we must apply to suppress
SM background (as explained shortly). There are two kinematic constraints that we
obey for characteristic collider signal that we discuss here: (i) mχ2 > mN1 + mS and
(ii) mN1 > mS . The second constraint allows us to choose a large ∆m as explained
earlier and plays an important role in separating the signal from SM background. Most
of the benchmark points in Table 4.2 and all in Table 4.3, follow the characteristics
mentioned above. We will analyse signal strength for some such benchmark points.
Although, we use benchmark points from Table 4.2 here, they can also be thought as
similar points (with same ∆m) from Table 4.3, where we have further relaxation on
scalar DM mass (which do not play a role in the collider signature for fermion DM).
Before getting into the collider analysis, let us briefly explain the experimental
environment of LHC, which mainly involves identification of leptons, jets and unclustered objects. Some important variables are also used in the analysis such as missing
energy, invariant mass of the dilepton in the final state and scalar sum of the transverse
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momentum of all the visible objects in the final state. They are identified as follows:
• Lepton (l = e, µ): Leptons are identified with a minimum transverse momentum
pT > 20 GeV and pseudorapidity |η| < 2.5. Although the present sensitivity of
the detector allows further soft leptons to be identified, we find that such a pT
cut also helps to tame SM background. Leptons
q require to be isolated if their

(∆η)2 + (∆φ)2 ≥ 0.2, while the

mutual distance in the η − φ plane is ∆R =
separation with a jet requires ∆R ≥ 0.4.

• Jets (j): Jets are formed for simulated signal and background events using cone
algorithm PYCELL inbuilt in Pythia event generator. All the partons within
∆R = 0.4 from the jet initiator cell are included to form the jets. We require
pT > 20 GeV for a clustered object to be identified as jets in hadron calorimeter
(HCAL). Jets are isolated from unclustered objects with ∆R > 0.4. Note here,
that although jets are not present in the final state, we require a specific jet
identification criteria to demand the final state has zero jets.
• Unclustered Objects: All the final state objects with low pT , which are neither
clustered to form jets, nor passes through the identification criteria to become
isolated leptons, belong to such category. Hence all particles with 0.5 < pT < 20
GeV and 2.5 < |η| < 5, are considered as unclustered objects. They only
contribute to missing energy.
• Missing Energy (E/T ): The transverse momentum of all those electromagnetic
charge neutral particles not registered in the detector, can be estimated form
the momentum imbalance in the transverse direction associated to the visible
particles. Thus missing energy (MET) is defined as:

s X
X
px )2 + (
py )2 ,
E/T = − (
`,j,unc.

(4.36)

`,j,unc.

where the sum runs over all visible objects that include the leptons and jets, and
the unclustered components. Missing energy is the most significant variable to
identify DM at collider.
• Effective Mass (HT ): Effective mass of an event is identified here with the scalar
sum of the transverse momentum of detectable objects in an event, namely lepton
and jets as follows:
HT =

X
`,j

pT


`,j

.

(4.37)

Effective mass usually also includes missing energy as a component added in the
scalar sum. However, here we use HT without including E/T , as we will use E/T
as a separate variable in combination of HT cut anyway to segregate signal from
SM background.
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• Invariant mass (m`` ): Invariant mass of opposite sign dilepton is an important
variable to segregate SM background from the signal, as it hints to the parent
particle mass from which the leptons have been produced. This is defined as:
sX
X
X
m`` = (
px )2 + (
py )2 + (
pz )2 .
`

`

(4.38)

`

/ T ), invariant mass of dilepton (m`` ) and effective mass (HT ) disFigure 4.21: Missing energy (E
√
/ T ) events from signal at LHC are shown at s = 14 TeV. We have chosen
tributions of `+ `− + (E
different values of ∆m corresponding to different benchmark points as indicated in Table 4.2.

We inserted the model in Feynrules [108] and passed to Madgraph [109] to generate signal events, which were further analysed in Pythia [110] to reconstruct leptons,
jets and other variables discussed above. The dominant SM backgrounds have been
generated in Madgraph [109] and then showered through Pythia [110]. We have identified dominant SM backgrounds for hadronically quiet opposite sign dilepton events as
the production of: tt̄, W + W − , W ± Z, ZZ, W + W − Z and Drell − Y an. We have also
used appropriate K-factors to incorporate the Next-to-Leading order (NLO) cross section for the backgrounds. The K-factors chosen are as [111] for tt̄ : K = 1.47,
W W : K = 1.38, W Z : K = 1.61, ZZj : K = 1.33, Drell-Y an : K = 1.2. We have
used
√ CTEQ 6L [112] parton distribution function and subprocess centre-of-mass-energy
( ŝ) as jet energy scale for the analysis.
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BPs

∆m (GeV)

σpp→N + N − (fb)

/ T (GeV)
E

BPA2

50

1.73

>100

>100

BPA3

101

6.23

>200

>100

BPA4

193

2.47

>200

>100

BPA5

295

0.54

>200

>300

>100

BPA6

377

0.27

>200

>300

>100

BPA7

541

0.06

>200

HT (GeV)

σ OSD (fb)

OSD
Neff

>100

0.002

< 1

>200

0.001

< 1

>300

0.00

0

>100

0.155

15

>200

0.045

4

>300

0.013

1

> 100

0.006

1

>200

0.005

< 1

>300

0.004

< 1

>100

0.305

30

>200

0.138

14

>300

0.044

4

> 100

0.032

3

>200

0.031

3

>300

0.017

2

>100

0.113

11

>200

0.075

7

>300

0.031

3

> 100

0.032

3

>200

0.031

3

>300

0.016

2

> 100

0.006

1

>200

0.006

1

>300

0.005

< 1

>100

0.067

7

>200

0.052

5

>300

0.027

3

> 100

0.027

3

>200

0.027

3

>300

0.016

2

> 100

0.007

1

>200

0.007

1

>300

0.006

1

>100

0.017

2

>200

0.015

1

>300

0.011

1

> 100

0.011

1

>200

0.010

1

>300

0.008

1

Table 4.4: Signal events for few selected benchmark points (BPA2-BPA7, see Table 4.2) with
/ T , HT and m`` cuts.
14 TeV at the LHC for the luminosity L = 100 f b−1 after E

√

s=

Most important outcome of this analysis is summarised in Fig. 4.21, where the
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/ T , m`` and HT are shown in top
distribution of the signal events with respect to E
left, top right and bottom panel. We have chosen different ∆m (from the benchmark
points as in Table 4.2) upto as large as ∼500 GeV allowed by relic density and direct search for illustration. In top left figure, we see that with larger ∆m, missing
energy distribution becomes flatter and the peak shifts to a higher value. When this
is contrasted with the same distributions from those of SM background contributions
as pointed out in Fig. 4.22, we see that the separation of signal events from those of
the background becomes easier at high ∆m. Therefore, for signal events with large
/ T cut while reducing the SM background significantly. This
∆m can survive a large E
should be contrasted with low ∆m (∼ 50 GeV, BPA2 case), where the peak of missing
energy falls within the same ballpark as those of SM backgrounds and therefore can
not be separated. Therefore even if the signal cross-section is higher for such cases
(as in the single component fermion DM case), the events are submerged into SM
background. This feature is not very difficult to understand. With ∆m < mW , the
W decay is off-shell and N ± momenta is shared amongst all the final state particles
yielding a missing energy peak at lower value. For ∆m > mW , W is produced on-shell
and dominant momenta is carried by the dark matter (N1 ) as mN1 > mW . The higher
the ∆m is, the higher is the available momenta for DM. This therefore yields missing
energy peak at larger values with larger mass splitting ∆m. We also note that such
distinction is also possible with HT distribution. Again, the larger the ∆m, the larger
will be the available momenta for the leptons as well. Therefore, large HT cut can
also reduce SM background retaining signals particularly for benchmark points with
higher ∆m. On the other hand, invariant mass cut can effectively reduce SM background events coming from ZZ and W Z background, when a cut is applied within
the Z mass window where the peak of the distribution lies. Therefore, to eliminate
SM background from the signal event, we further employ some combination of the
following cuts:
• m`` < |mz − 15| and m`` > |mz + 15|,
• HT > 100, 200, 300 GeV,
/ T > 100, 200, 300 GeV.
• E
Signal events with ∆m = {50, 101, 193, 295, 377, 541} GeV corresponding to benchmark points BPA2, BPA4-BPA7 (as in Table 4.2), are summarised in Table 4.4, where
/ T are furnished. The final state event rates (Nef f )
the cut flow with different HT and E
at a desired luminosity L is computed by:
Nef f =

σp n
× L,
N

(4.39)

where N is the simulated number of events and n is the obtained final state events
corresponding to production cross-section of σp . We see that although with larger
∆m, the production cross-sections get diminished by the phase space suppression (as
already pointed out in RHS of Fig. 4.20), the shift in the peak of the distribution
compensates it to ensure the survival of more number of signal events for such cases.
/ T > 200 GeV and HT > 100, leaves with
With ∆m = 101 GeV, the combination of E
a very few events to be observed. L = 100 fb−1 turns out to be rather low to see the
signals from such events and we need higher luminosity. The main take however is to
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/ T ), invariant mass of dilepton (m`` ) and effective mass (HT ) disFigure 4.22: Missing energy (E
/ T ) events from signal (Benchmark points as in Table 4.2) and dominant SM
tributions of `+ `− + (E
√
background events at LHC with s = 14 TeV .

note that only those cases where ∆m is large, has a prospect of discovery by reducing
SM background through effective cuts, while those with small ∆m as in the single
component framework is almost hopeless. The signal event rates can be contrasted
with the SM background events with similar cut flow at 14 TeV at LHC as detailed in
Table 5.8. We also note that the limitation in warranting any final state event with
number of simulated points yield a limit on the effective background cross-section as
indicated in the Table. We see that the dominant SM backgrounds can be tamed down
/ T and HT cut. The reach of the signal significance
significantly with a combination of E
S
is plotted with integrated luminosity L for selected benchmark points with
σ = √S+B
/ T and HT cut in left and right panel of Fig. 4.23. It
two different combinations of E
shows that 5σ significance can be reached with luminosity as high as ∼ 104 f b−1 .

S
Figure 4.23: Signal significance σ = √S+B
of OSD events for select few benchmark points (see Table
4.2) at LHC with ECM = 14 TeV as a function of integrated luminosity. Different combinations of
E/T , HT cuts are chosen in left and right panel (mentioned in inset). 3σ (black dashed) and 5σ (black
thick) lines are indicated as references.
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SM Backgrounds

σp

p→SM

(fb)

3

814.78 × 10

t t̄

/ T (GeV)
E

HT (GeV)

σ OSD (fb)

OSD
Neff

>100

>100

17.11

1711

>200

2.44

244

>300

< 0.81

<1

> 100

< 0.81

<1

>200

< 0.81

<1

>300

< 0.81

<1

> 100

< 0.81

<1

>200

< 0.81

<1

>300

< 0.81

<1

>100

20.51

2051

>200

10.01

1001

>300

2.00

200

> 100

2.00

200

>200

2.00

200

>300

0.50

50

> 100

< 0.50

<1

>200

< 0.50

<1

>300

< 0.50

<1

>100

0.21

21

>200

0.14

14

>300

0.07

7

> 100

< 0.07

<1

>200

< 0.07

<1

>300

< 0.07

<1

> 100

< 0.07

<1

>200

< 0.07

<1

>300

< 0.07

<1

>100

0.17

17

>200

0.09

9

>300

0.03

3

> 100

0.04

4

>200

0.04

4

>300

0.02

2

> 100

0.01

1

>200

0.01

1

>300

0.01

1

>200

>300

>100

W

+

W

−

3

100.06 × 10

>200

>300

>100

14.03 × 103

ZZ

>200

>300

>100

W

+

W

−

Z

3

0.16 × 10

>200

>300

√
/ T ) signal events with s = 14 TeV
Table 4.5: Dominant SM background contribution to `+ `− + (E
/ T , HT and m`` cuts. The variation of effective
at the LHC for luminosity L = 100 f b−1 after E
number of final state background events with cut-flow are also tabulated.

We also note here that small ∆m along with small sin θ predicts a delay in the decay
of the charged fermion, yielding displaced vertex or stable charge track signature and
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serves as a characteristic signal for the fermion dark sector with singlet-doublet mixing,
as has already been noted in ref. [97]. However, in that case, signal excess in dilepton
channel can not be seen. On the contrary, with large ∆m, when excess in opposite sign
dilepton events can be seen, the decay of the charged fermion is quick and therefore
no displaced vertex signature can be observed. Therefore the signal of singlet-doublet
fermion DM in presence of a second lighter DM component has a complementarity
to that of the same DM in a single component framework as far as collider search is
concerned. The presence of a heavy scalar (as illustrated in Sec. 4.5) doesn’t of course
change the fermion DM signal discussed here, but allows one to choose the scalar DM
in a large mass range.

4.7

Possible implications to Inflation and Reheating

In this section, we comment briefly on the possibility of production of dark sector
particles in the early Universe. It is usually assumed that the early Universe has gone
through a period inflation driven by a scalar field, the so called inflaton. Subsequently
the inflaton decays perturbatively (nonperturbatively) to bring back a thermal bath,
the so called reheating (preheating) phase, with a temperature TR > 4 MeV to pave
a path for Big-Bang nucleosynthesis (BBN). See for a review [113, 114]. During the
reheating (preheating) phase all the elementary particles, including dark sector, are
assumed to be produced. The process of reheating is quite model dependent and
accordingly the temperature TR of thermal bath is set in a large range.
It has been pointed out that during Inflation, the SM Higgs boson may develop
a non-zero and large vev hI ∼ HI [115], where HI is the Hubble scale at the end of
inflation. Therefore, the particles which couple to the Higgs will also acquire very
high mass during this period. This may result in a kinematic blocking of the inflaton
decay if the mass of the inflaton is lighter that than the decay products induced by the
non-zero Higgs vev[115]. The phenomena is involved and model dependent. We just
provide a brief sketch of the main idea. The presence of the scalar DM which couples
to Higgs in our scenario through Higgs portal, may add to the phenomena. A simple
illustration of the above situation can be made by looking into the perturbative inflaton
decay neglecting backreaction. If we assume a simple inflaton (φ) potential given by
Vφ = m2φ φ2 /2, the perturbative reheating temperature (TR ) is obtained through the
solution of the following coupled Boltzmann Equations:
ρ˙φ + 3Hρφ = −Γφ ρφ ,
ρ˙R + 3HρR = Γφ ρφ ,

(4.40)

where ρφ is the density of the inflaton and ρR is the density of radiation resulting
from the decay of the inflaton with decay width Γφ . H is the Hubble constant with
(ρφ + ρR ). In presence of the DM, the inflaton also decays to DM in addition
H 2 = 8π
3
to SM particles and the total decay width is given by:
!3/2
!3/2
4m2f
4m2s
2
2
Γφ = Γ0 1 − 2
Θ(mφ − 4mf ) + Γ0 1 − 2
Θ(m2φ − 4m2s ). (4.41)
mφ
mφ
In above equation, for simplicity, we just incorporate the decay to SM fermions (f )
and to the scalar DM S. Γ0 denotes the decay width at zero mass limit. The mass

TH-2158_146121003

96

Chapter 4. Multipartite Dark Matter with Scalar and Fermions

term for the SM fermion and DM are generated from Yukawa interactions (y and λSH )
followed by the large vev (hI ) that Higgs acquires during inflation and will be given
by:
1
1
m2f = y 2 h2I ; m2S = λ2SH h2I .
2
2

(4.42)

The Θ function in Eq.4.41 denotes the phase space blocking. Depending on whichever
is lighter between mf and mS , the effective blocking condition for the inflaton decay
(assuming mS < mf ) reads:
h2I
1
> 2 .
2
mφ
2λSH

(4.43)

As a result the reheating temperature TR can drop significantly and can be even be
less than the Higgs mass depending on the coupling and vev. The delay in reheating
may alter the CMB spectrum in terms of the spectral index of density perturbation
(ns ) and tensor-to-scalar ratio (r) or affect the heavy particle production. However,
one should note here that the maximum temperature Tmax during reheating can be
much larger than reheating temperature TR . During reheating, the temperature rises
to Tmax and then falls to TR , see for example, [116]:
1/2

Tmax = 0.6g∗−1/4 (Γφ MP l )1/4 MI ,

(4.44)

1/4

where MI = VI , VI depicts the energy density at tosc . Depending on the model,
maximum temperature can be as high as Tmax ∼ 103 TR . As a result, the heavy
particles (including dark sector particles χ1 , χ2 , N , S etc.) in general can be produced
during reheating phase itself. Once these particles are produced, irrespective of their
initial number density, they can easily thermalise due to their coupling with the SM
Higgs and other SM particles. For instance in our case N is a doublet. So it can be
easily thermalise due to its gauge coupling. On the other hand, χ1 and χ2 are singlets
under the SM gauge group. However, these particles couple to the SM Higgs through
(large) Yukawa interaction. Therefore, the dark sector particles in our case are no
more in danger being over produced even if the kinematic blocking effects in a lower
reheat temperature as discussed above.

4.8

Summary

The dark sector of the universe is still a mystery to us. In this work, we have discussed
a possible two component (WIMP-like) DM scenario with a vector like fermion (an
0
admixture of a singlet and a doublet) and a scalar singlet stabilised by Z2 ×Z2 symmetry. The proposed scenario crucially addresses the possibility of DM-DM interaction
between fermion and scalar DM candidates through another heavy vectorlike fermion
singlet which acts as mediator. We show that in absence of the mediator (which means
the absence of t- channel heavy fermion mediated DM-DM interaction), both fermion
and scalar DM components behave like two decoupled single component DMs. This is
due to suppressed s-channel Higgs mediated interaction between the DM components.
In such a situation, both of the sector turns out to fill up the corresponding underabundant regions to add to the observed relic density. Although such a non interacting
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situation satisfy observed DM relic density, the direct search limit (XENON1T) rulesout most of the parameter space, particularly for the scalar DM to a very heavy mass
>
∼ 1 TeV. For fermion DM, the necessity of co-annihilation contribution limits the
< 12 GeV).
mass difference with the charged doublet component to a small value ( ∼
However, in presence of a heavy fermion mediated t-channel DM-DM conversion,
with moderate values of mediator mass ∼ 500 GeV, the freeze out and relic density
of DM components get affected significantly. The change is observed mostly in the
relic density of the heavier DM component, which has the liberty of annihilating to the
lighter DM, unconstrained by direct search limit; while lighter DM component behaves
mostly as in single component framework. So, by allowing DM-DM conversion in the
interacting picture, we open up large parameter space allowed by both relic density
and direct search bounds which otherwise yields over-abundance in non-interacting
cases. For fermion DM (when it is heavier than scalar DM), large ∆m regions become
allowed, but scalar DM is restricted to the Higgs resonance region. In presence of
a heavy scalar, which helps co-annihilating the scalar DM component, allow a larger
mass range for scalar DM even when it is lighter than fermion DM. On the other hand,
when scalar DM is heavier than fermion DM, DM-DM conversion allows the presence
of smaller Higgs portal couplings, hiding the scalar DM from direct search to allow a
larger mass range upto TeV and beyond.
The work also demonstrates the importance of DM-DM conversion in seeing signals
of a dark sector at LHC in relic density and direct search allowed parameter space.
In the model, fermion dark sector is composed of a doublet and a singlet. Hence, the
charged companions can be produced at LHC which yields hadronically quiet oppsite
sign dilepton events plus missing energy through their decays to fermion DM. However,
in a single component framework, relic density and direct search constraints restrict
the fermion DM to have a small mass difference with the charged companion (∆m),
which makes the signal submerged into SM background. On the contrary, in presence
of a lighter DM component and an effective DM-DM conversion, ∆m can be large,
which can segregate the signal from SM background by a combination of large missing
energy and effective mass cuts as detailed in the analysis. The discovery limit of such
a signal still might be delayed to an integrated luminosity ∼ 104 fb−1 .
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Introduction

Our model under scrutiny in this chapter addresses three major issues, namely DM,
neutrino masses and Higgs vacuum stability. We address a multipartite dark sector
consisting of a SU (2)L doublet scalar (the IDM) and a scalar singlet, both stabilized by
0
additional Z2 × Z2 symmetry (for an earlier effort, see [49]) and provide a two component DM set up. The presence of DM-DM interactions enlarge the available parameter
space significatly, while the inert DM can also produce leptonic collider signature at
LHC. We augment the model with heavy RH neutrinos to address neutrino masses.
However, the presence of RH neutrino Yukawa coupling tends to destabilze the EW
vacuum while the additional scalars tend to stabilize them[117–129]. So, we take up an
interesting exercise of validating the model from DM constraints, neutrino masses and
high scale validity (absolute stability of the Higgs vacuum and perturbativity). This
analysis provides some important conclusions, which are phenomenologically viable at
LHC.
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Let us finally discuss the plan of the chapter. In section 5.2, we discuss the model
construct in details. Section 5.3 presents possible theoretical and experimental constraints on the model parameters. Then in sections 5.4,5.5 and 5.6 subsequently, we
discuss DM phenomenology. In section 5.7, we investigate the high scale validity of
the model. Section 5.8 summarises collider signature(s) in context of the proposed set
up. Finally we conclude in section 5.9. Tree level unitarity condition is elaborated in
Appendix D.

5.2

The Model

The model is intended to capture the phenomenology of two already established DM
frameworks involving that of a singlet scalar and that of an inert scalar doublet together with right handed neutrinos to address neutrino mass under the same umbrella.
Therefore, we extend SM by an inert doublet scalar (Φ) and a real scalar singlet (φ)
and include three RH Majorona neutrinos Ni (i = 1, 2, 3) in the set up. The lightest
neutral scalar mode of the IDM and φ are the DM candidates provided an appropriate
symmetry in addition to that of SM stabilizes both of them. This is minimally possible by introducing an additional Z2 ×Z 0 2 discrete symmetry under which all SM fields
along with the right handed neutrinos transform trivially and the other additional
fields transform non-trivially as tabulated in the Table 5.1. We also note the charges
of SM Higgs (H) explicitly in Table 5.1, as it will be required to form the scalar potential of the model. Note here, that charges of the two DM candidates (Φ and φ) are
complementary, i.e. odd under either Z2 or Z 0 2 for their stability. We also point out
BSM and SM Higgs
Fields


H+

Φ≡
√1 (H 0 + iA0 )
2
φ
Ni (i = 1, 2, 3)


+
w

H≡
√1 (h + v + iz)
2

≡G

SU (3)C × SU (2)L × U (1)Y × Z2 × Z 0 2
1

2

+1

-

+

1

1

0

+

-

1

1

0

+

+

1

2

+1

+

+

Table 5.1: Charge assignments of the BSM fields assumed in the model under G as well as that of
SM Higgs. The U (1)Y hypercharge is chosen as Q = T3 + Y /2.

that the U (1)Y hypercharge assignment of Φ is identical to SM doublet H. Therefore
the only SU (2)L × U (1)Y invariant terms are H † H, Φ† Φ, H † Φ and its conjugate.
The scalar Lagrangian reads as :
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1
Lscalar = |Dµ H|2 + |Dµ Φ|2 + (∂ µ φ)2 − V (H, Φ, φ),
2
a
σ
Y
where Dµ = ∂ µ − ig2 W aµ − ig1 B µ
2
2

(5.1)

and g2 , g1 denote SU (2)L and U (1)Y coupling respectively.
The most relevant renormalizable scalar potential in this case is given by,
V (H, Φ, φ) = −µ2H (H † H) + λH (H † H)2 + V (H, Φ) + V (H, φ) + V (Φ, φ), (5.2)
where,
V (H, Φ) = µ2Φ (Φ† Φ) + λΦ (Φ† Φ)2 + λ1 (H † H)(Φ† Φ)
λ3
+λ2 (H † Φ)(Φ† H) + [(H † Φ)2 + h.c.],
2
1 2 2 λφ 4 1
V (H, φ) =
µ φ + φ + λφh φ2 (H † H),
2 φ
4!
2
λc 2  † 
V (Φ, φ) =
(φ ) Φ Φ .
2

(5.3)
(5.4)
(5.5)

The Lagrangian involving right handed neutrinos can be written as,
e j − 1 MN N C Nj ,
Lν = −(Yν )ij ¯lLi HN
ij
i
2

(5.6)

where H̃ = iσ2 H ∗ . We have considered three generations of RH neutrinos with {i, j} =
1, 2, 3, which can acquire Majorana masses and can possess Yukawa interactions with
SM lepton doublet lL . Note here, that the charge assignment of the N fields then
aid us to obtain neutrino masses through standard Seesaw-I [130, 131] mechanism
(as detailed later), while it also prohibits the operator like l¯L ΦN due to Z2 charge
assignment, and hence discards the possibility of generating the light neutrino mass
radiatively. The ingredients and interactions of the model set up is described in the
cartoon as in Fig. 5.1.
After spontaneous symmetry breaking, SM Higgs doublet acquires non-zero vacuum
√ )T with v=246 GeV. Also note that neither of
expectation value (VEV) as H = (0 v+h
2
the added scalars acquire VEV to preserve Z2 ×Z 0 2 and act as DM components. After
minimizing the potential V (H, Φ, φ) along different field directions, one can obtain the
following relations between the physical masses and the couplings involved:
m2

µ2H = 2h , µ2Φ = m2H 0 − λL v 2 , λ3 = v12 (m2H 0 − m2A0 ),
λ2 = v12 (m2H 0 + m2A0 − 2m2H ± ) and λ1 = 2λL − v22 (m2H0 − m2H± ) ,

(5.7)

where λL = 12 (λ1 + λ2 + λ3 ) and mh , mH 0 , mA0 are the mass eigenvalues of SM-like
neutral scalar found at LHC (mh = 125.09 GeV), heavy or light additional neutral
scalar and the CP-odd neutral scalar respectively. mH ± denotes the mass of charged
scalar eigenstate(s). The mass for φ DM will be rescaled as m2φ = µ2φ + 12 λφh v 2 . The
independent parameters of the model, those are used to evaluate the DM, neutrino
mass constraints are as follows:
Parameters :
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{mH 0 , mA0 , mH ± , mφ , λL , λφh , λΦ , λφ , Yνij , MNij }.

(5.8)
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Figure 5.1: A schematic diagram illustrating the different sectors of the model and their connection
to SM. The dotted lines represent Higgs portal coupling, wavy line indicate gauge coupling, while the
thin solid line indicates direct DM-DM coupling through λ2c φ2 (Φ† Φ) term.

5.3

Theoretical and Experimental constraints

We would like to address possible theoretical and experimental constraints on model
parameters here.
• Stability: In oder to get the potential bounded from below, the quartic couplings of
the potential V (H, Φ, φ) must have to satisfy following co-positivity conditions denoted
as CPC{i} [82, 132],

CPC{1,2,3} : λH (µ) ≥ 0, λΦ (µ) ≥ 0,
λφ (µ) ≥ 0,

 p
CPC{4,5} : λ1 (µ) + λ2 (µ) ± λ3 (µ) + λH (µ)λΦ (µ) ≥ 0,
r
p
2
CPC{6,7} : λ1 (µ) + 2 λH (µ)λΦ (µ) ≥ 0, λφh (µ) +
λH (µ)λΦ (µ) ≥ 0,
3
r
2
CPC8 : λc (µ) +
λΦ (µ)λφ (µ) ≥ 0 ,
3

(5.9)

where µ is the running scale. The above conditions show that the model offers to
choose even negative λ1,2,3,φh satisfying the above conditions. However, as demonstrated in Eqn. 5.8, we use λL and physical masses to be the parameters. Therefore,
if we choose a specific mass hierarchy as: mH ± ≥ mA0 ≥ mH 0 with positive λL , we are
actually using λ1 to be positive while λ2,3 negative abiding by the above conditions (see
Eqn. 5.7). The conditions CPC(i) as in Eqn. 5.9, will be used later in demonstrating
stability of the potential in Sec. 5.7.
• Perturbativity: In oder to maintain perturbativity, the quartic couplings of the
scalar potential V (H, Φ, φ), gauge couplings (gi=1,2,3 ) and neutrino Yukawa coupling
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Yν should obey:
|λH (µ)| < 4π,

|λΦ (µ)| < 4π, |λφ (µ)| < 4π,
|λc (µ)| < 4π, |λφh (µ)| < 4π,
|λ1 (µ)| < 4π, |λ2 (µ)| < 4π, |λ3 (µ)| < 4π,
h
i
√
|gi=1,2,3 | < 4π and
Tr Yν† (µ)Yν (µ) < 4π .

(5.10)

• Tree Level Unitarity: Next we turn to the constraints imposed by tree level unitarity of the theory, coming from all possible 2 → 2 scattering amplitudes as detailed
in Appendix D follows as [133, 134]:
|λH | < 4π, |λΦ | < 4π,
|λc | < 8π, |λφh | < 8π,
|λ1 | < 8π, |λ1 + 2(λ2 + λ3 )| < 8π
|λ1 + λ2 + λ3 | < 8π, |λ1 − λ2 − λ3 | < 8π,
p
|(λΦ + λH ) ± (λ2 + λ3 )2 + (λH − λΦ )2 | < 8π,
and |x1,2,3 | < 16π .

(5.11)

where x1,2,3 be the roots of the cubic equation as detailed in Appendix D.
• Electroweak precision parameters: There exists an additional SU (2)L doublet (Φ) in our model in addition to a gauge singlet scalar (φ). As the vev of Φ is
zero, it does not alter the SM predictions of electroweak ρ parameter [83]. However
IDM, being an SU (2)L doublet makes a decent contribution to S and T parameters
[135, 136] which we will identify as ∆S and ∆T . The experimental bound from the
global electroweak fit results on ∆S and ∆T using ∆U = 0 are given by:
∆S|∆U =0 = 0.06 ± 0.09, ∆T |∆U =0 = 0.1 ± 0.07,

(5.12)

at 1σ level with correlation coefficient 0.91 [137]. We show the constraint from ∆S

Figure 5.2: Constraints from ∆S (left) and ∆T (right) in mA0 − mH 0 and mH ± − mH 0 plane. For
∆S, we have taken 1σ limit for two different choices of mH 0 = {80, 500} GeV. For ∆T scan, we show
both 1σ and 2σ limits for a range of mH 0 = {80 − 500} GeV.
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and ∆T on the model parameter space in Fig. 5.2 using the standard formula as presented in [135, 136]. In left plot, we scan 1σ fluctuation on ∆S in mA0 − mH 0 versus
mH ± − mH 0 plane for two different values of mH 0 = {80, 500} GeV. We see that for
smaller mH 0 , the constraint is larger. In right panel, we show 1σ and 2σ limits from
∆T in mA0 − mH 0 versus mH ± − mH 0 plane for a range of IDM mass mH 0 = {80 − 500}
GeV. We can clearly see, that ∆T constrains the mass splitting much more than ∆S.
• Higgs invisible decay: Whenever the DM particles are lighter than half of the
SM Higgs mass, the Higgs can decay to DM and therefore it will contribute to Higgs
invisible decay. Therefore, in such circumstances, we have to employ the bound on the
invisible decay width of the 125.09 GeV Higgs as [38]:
Br(h → Inv) < 0.24
Γ(h → Inv)
< 0.24 .
Γ(h → SM) + Γ(h → Inv)

(5.13)

where
Γ(h → Inv) = Γ(h → H 0 H 0 ) + Γ(h → φ φ), when mφ , mH0 < mh /2 ∼ 62.5 GeV;
and Γ(h → SM) = 4.2 MeV [38]. In this analysis, we have mostly focused in the region
where mφ , mH0 > mh /2, actually larger than W mass, i.e. mφ , mH0 ≥ mW , so that
the above constraint is not applicable.
• Collider search constraints: Experimental searches for additional charged scalars
and pseudoscalar in LEP and LHC provide bound on IDM mass parameters and coupling coefficients of IDM with SM particles.
(i) Bounds from LEP: The observed decay widths of Z and W bosons from LEP
data restrict the decay of gauge bosons to the additional scalars and therefore provide a bound on IDM mass parameters as mA0 + mH 0 > mZ , 2 mH ± > mZ and
mH ± + mH 0 ,A0 > mW . In addition, neutralino searches at LEP-II, provides a lower
limit on the pseudoscalar Higgs (mA0 ) to 100 GeV when mH 0 < mA0 [138]. The
chargino search at LEP-II limits indicate a bound on the charged Higgs to mH ± > 70
GeV [139].
(ii) Bounds from LHC: Due to the presence of SM Higgs and IDM interaction,
charged scalars H ± take part into the decay of SM Higgs to diphoton. Thus it contributes to Higgs to diphoton signal strength µγγ which is defined as [140–143]

µγγ =

Br(h → γγ)IDM
σ(gg → h → γγ)
'
.
σ(gg → h → γγ)SM
Br(h → γγ)SM

(5.14)

Now when IDM particles are heavier than mh /2, one can further write
Br(h → γγ)IDM
Γ(h → γγ)IDM
=
.
Br(h → γγ)SM
Γ(h → γγ)SM

(5.15)

The analytic expression of Γ(h → γγ)IDM can be obtained as [140–143]:
3/2

Γ(h → γγ)IDM
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αe mh λ1 v  m2h  2
= ASM +
F
,
16π 3/2 m2H ±
4m2H ±

(5.16)
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where ASM represents pure SM contribution (see [140–143]). And F (x) = −[x −
f (x)]x−2 where

(sin−1 x)2 ,
x≤1
h
i2
√
f (x) =
(5.17)
− 1 ln 1+√1−x−1
−
iπ
x
>
1.
−1
4
1− 1−x
Therefore it turns out that IDM contribution to µγγ is function of both mass of the

Figure 5.3: µγγ as function of mH ± for different values of λ1 as defined in the inset. 1σ and 2σ
limits of µγγ from ATLAS are also shown in blue and orange colours for comparison purpose.

charged Higgs (mH ± ) and the coefficient of the trilinear coupling hH + H − i.e. λ1 .
The measured value of µγγ are given by µγγ = 1.17 ± 0.27 from ATLAS [144] and
µγγ = 1.14+0.26
−0.23 from CMS [145]. In Fig. 5.3, we show the variation of µγγ as function
of mH ± for different values of λ1 . We also present the experimental limits on µγγ from
ATLAS in Fig. 5.3. Excepting for the resonance at mh/2 , we see that our choice of λ1 is
consistent with experimental bound. The larger is mH ± GeV, µγγ → 1 i.e. approches
to SM value. Also, we see that λ1 > 0 diminishes µγγ , while λ1 < 0 tends to enhance
it. In this analysis, we mostly consider mH ± > mh/2 and positive λ1 within correct
experimental limit.
• Relic Density of DM: The PLANCK experiment [146] provides the observed
amount of relic abundance
0.1166 ≤ ΩDM h2 ≤ 0.1206 .

(5.18)

Furthermore, strong constraints exist from direct DM search experiments. In our analysis we will consider the most recent bound on direct detection cross section provided
by XENON 1T [27]. Relic density and direct search allowed parameter space of the
model will be evaluated in details.
• Neutrino observables: The parameters associated to the neutrino sector should
satisfy the bounds provided
P by different ongoing neutrino experiments. Limit on sum
of light neutrino masses
mνi ≤ 0.12 eV as provided by PLANCK data [146, 147] is
incorporated. The present values of neutrino mass hierarchies and mixing angle can be
found in [148, 149]. Due to the presence of RH neutrino in the set up, the constraint
from lepton flavor violating decay (LFV) (dominantly from µ → eγ ) will be applicable
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[150–152]. LFV constraint can be successfully evaded for MN & 103.5 GeV [95, 153]
even for neutrino Yukawa coupling of O(1). It is important to note that in our model,
the IDM does not interact with SM leptons and thus plays no role in LFV.

5.4

Single component DM frameworks involving
φ or H 0
φ

h

φ

h

φ
h

φ
φ

h

φ

SM

h

φ

SM

Figure 5.4: Annihilation processes of real scalar singlet DM (φ) to SM particles. SM in the last
graph stands for W ± , Z, h and SM fermions.

The model inherits two DM candidates: inert DM H 0 and singlet scalar DM φ.
Both the DM components have been studied extensively in literature as individual
candidates to satisfy relic density and direct search bounds. Let us first revisit the
single component frameworks for these two cases here. The relic density of scalar
singlet (φ) is obtained via thermal freeze out through annihilation to SM through the
Feynman graphs shown in Fig. 5.4. The direct search constraint for φ comes from the
t- channel Higgs portal interaction (turning the last graph of Fig. 5.4 upside down).
The relevant parameters of the model are [22, 67, 94]:
φ as single component DM : {mφ , λφh }.

(5.19)

Figure 5.5: Relic density (red dots) and direct search/XENON1T (blue dots) allowed parameter
space of the single component DM; scalar singlet (φ) on left (in mφ − λφh plane) and IDM (H 0 ) on
right (in mH 0 − λL plane). For the right hand side plot, we have used: 0 ≤ mA0 − mH 0 ≤ 200 GeV,
1 ≤ mH ± − mH 0 ≤ 400 GeV, and λΦ = 0.001.

The allowed parameter space of φ is depicted in left hand side (LHS) of Fig. 5.5 in
mφ −λφh plane by the red dots. Direct search allowed parameter space from XENON1T
data [27, 44] using spin-independent DM-nucleon scattering cross section is shown by
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the blue dots. We therefore see that the model can only survive either in the Higgs
resonance region (∼ mh /2) or at a very heavy mass & 900 GeV. The under abundant
(shown in yellow) and over abundant regions are also indicated.
IDM (H 0 ) as a single component DM have annihilation and co-annihilation chanH0

h

H0

h

H0

SM
h

H0
H0
H0

h

H0

h

W ± (Z) H 0

W + (Z) H 0

W − (Z) H 0

W + (Z)
h

H ± (A0 )
H0

SM

H0

W ∓ (Z) H 0

W + (Z)

Figure 5.6: Annihilation processes of IDM (H 0 ) to SM particles. SM in the top right graph stands
for W ± , Z, h and SM fermions.

H0

SM

H0

Z, A

SM

H±

W±

Z(W ± )

A0 (H ± )
H0

h, Z(W ± )

H0

H 0 , A0 (H ± )
A0

Z, h(W ± )

W ± (Z, h, A)
H ± (A0 )

H±

h, Z, A(W ± )

Figure 5.7: Co-annihilation processes of IDM (H 0 ) with A0 and H ± to SM particles. SM in the
top left graph stands for W ± , Z, h and SM fermions in suitable combination.

nels for freeze-out due to both gauge and Higgs portal interactions as shown by the
Feynman graphs in Figs. 5.6 and 5.7. The parameters, which govern the IDM phenomenology are [154]:
H 0 as single component DM: {mH 0 , mA0 , mH ± , λL }.

(5.20)

Relic density allowed parameter space for single component IDM is shown in right hand
side (RHS) of Fig. 5.5 in mH 0 − λL plane by red dots. Direct search (XENON1T data)
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allowed points are shown by blue dots. The scan is obtained using 1 ≤ mA0 − mH 0 ≤
200 GeV, 1 ≤ mH ± − mH 0 ≤ 400 GeV with self coupling λΦ = 0.001 kept constant.
Here we see again that allowed region from relic density and direct search constraint
for IDM lies either in the small mass region mH 0 . mW ∼ 80 GeV or in the heavy
mass region mH 0 & 550 GeV. It is a well known result coming essentially due to
too much annihilation and co-annihilation of IDM to SM through gauge interactions
[154]. The disallowed region 80 GeV < mH 0 < 550 GeV is often called desert region,
which is obviously under abundant. Another important point of single component
IDM is that the direct search allowed parameter space beyond resonance (mH 0 & 550
GeV) have significant co-annihilation dependence with mH ± − mH 0 . 10 GeV and
mA0 − mH 0 . 10 GeV.

5.5

Two component DM set-up with φ and H 0

5.5.1

Coupled Boltzmann Equations and Direct search

In presence of two DM components (φ and H 0 ) DM-DM conversion plays a crucial
role. The heavier DM can annihilate to the lighter component and thus contribute to
the freeze-out of heavier DM. The conversion processes are shown in Fig. 5.8, which
shows that they are dictated by four point contact interactions as well as by Higgs
portal coupling. It is clear that H ± , A0 are not really DM, but belongs to dark sector,
hence annihilation to them is broadly classified within DM-DM conversion. More
importantly none of them contribute to direct search. The two component DM set up
therefore requires following parameters for analysis:
φ

H 0 / A0 / H +

φ

H 0 / A0 / H +

H 0 (A0 )/ A0 / H −

φ

H 0 / A0 / H −

h

φ

Figure 5.8: DM → DM conversion processes in a model with φ and H 0 . We have assumed mφ >
mH 0 , mH ± , mA0 here. The reverse processes occur with reverse hierarchy.

Two component DM : {mH 0 , mA0 , mH ± , mφ , λL , λφh }.

(5.21)

There are two self interacting quartic couplings present in the model; namely λΦ and
λφ , which do not play an important role in DM analysis, but appear in vacuum stability
constraint that we discuss later.
When mφ > mH 0 , mH ± , mA0 , then φ can annihilate to all possible IDM components.
The dominant s- wave DM-DM conversion cross-sections (σv) of φ in non-relativistic
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approximation are given by:
(σv)φ
(σv)φ
(σv)φ

φ→H 0 H 0

φ→A0 A0

φ→H + H −

s
4m2H 0
2λL λφh v 2 i2
1 h
λ
+
1
−
=
Θ(mφ − mH 0 )
c
64πmφ 2
(4mφ 2 − m2h )
4m2φ
s
4m2A0
1 h
2λS λφh v 2 i2
=
λ
+
Θ(mφ − mA0 )
1
−
c
64πm2φ
(4mφ 2 − m2h )
4m2φ
s
4m2H ±
λ1 λφh v 2 i2
1 h
λ
+
=
1
−
Θ(mφ − mH ±(5.22)
),
c
32πm2φ
(4mφ 2 − m2h )
4m2φ

where λS = 12 (λ1 + λ2 − λ3 ). On the other hand, when mφ < mH 0 , the conversion
process will be as H 0 H 0 (A0 ) → φφ or H + H − → φφ. The corresponding cross-sections
can easily be gauged from Eqn. 5.22.
The evolution of DM number density for both components (φ and H 0 ) in early
universe as a function of time is obtained by coupled Boltzmann equations (CBEQ)
as described in Eqn. 5.23:


X
dnH 0
eq
+ 3HnH 0 = −
hσviH 0 X→SM SM nH 0 nX − neq
n
Θ(mH 0 + mX − 2 mSM ),
H0 X
dt
X


X
neq0 neq
−
hσviH 0 X→φφ nH 0 nX − Heq 2X nφ 2 Θ(mH 0 + mX − 2 mφ ),
nφ
X
2


X
neq
φ
hσviφφ→X Y nφ 2 − eq eq nX nY Θ(2mφ − mX + mY );
+
nX nY
X,Y


dnφ
eq 2
2
+ 3Hnφ = −hσviφφ→SM SM nφ − nφ
Θ(mφ − mSM ),
dt
2


X
neq
φ
2
hσviφφ→X Y nφ − eq eq nX nY Θ(2mφ − mX + mY ),
−
nX nY
X,Y


X
neq0 neq
+
hσviH 0 X→φφ nH 0 nX − Heq 2X nφ 2 Θ(mH 0 + mX − 2 mφ )
nφ
X
(5.23)
where {X, Y } = {H 0 , A0 , H ± }. We can clearly spot DM-DM conversion contributions
in second and third lines of each equation, which actually make the two equations
‘coupled’. The freeze-out of two component DM is therefore obtained by numerically
solving the above CBEQ and yields relic density (for a detailed discussion see for
example [23]). The total relic density (ΩDM ) will then have contributions from both
DM components as:
ΩDM h2 = ΩH 0 h2 + Ωφ h2 .

(5.24)

Now let us turn to direct search of two component DM set up. Both the DM
candidates can be detected through the spin independent (SI) direct detection (DD)
processes through t-channel Higgs mediation as depicted in Fig. 5.9. The SI DD cross
section for H 0 (σH 0 ) and for φ (σφ ) turn out to be [22, 23]:
ef f
σH
0

=
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110

Chapter 5. Multipartite Dark Matter with Scalar and inert Higgs doublet
φ

H0

H0

h

h

N

φ

N

N

N

Figure 5.9: Spin independent direct detection processes for IDM (left) and scalar singlet DM (right).
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where µφ,N = mφφ+mNN and µH 0 ,N = m H00+mNN are the reduced masses. fN = 0.2837
H
represents the form factor of nucleon [90, 91] and mN = 0.939 GeV represents nucleon
mass. Importantly, the effective direct search cross-section for each individual component is modified by the fraction with which it is present in the universe, given by
ΩH 0 h2
Ωφ h2
for H 0 and ΩDM
for φ 1 .
ΩDM h2
h2
To obtain relic density and DD cross sections of both the DM candidates numerically, we have used MicrOmegas [155]. It is noteworthy, that version 4.3 of MicrOmegas
is capable of handling two component DM and we have cross-checked the solution from
the code to match very closely to the numerical solution of CBEQ in Eqn. 5.23. For
generating the model files compatible with MicrOmegas, we have implemented the
model in LanHEP [156].

5.5.2

Role of DM-DM conversion in relic density

We first study the variation of relic density with respect to DM mass and other relevant
parameters to extract the importance of DM-DM conversion in this two-component set
up before elaborating on the relic density and direct search allowed parameter space
of the model.
In Fig. 5.10 we plot relic densities of two DM candidates: ΩH 0 h2 in left panel and
Ωφ h2 in right panel figures as function of mH 0 for different values of λc . We also keep
mφ fixed at 200 GeV here. Other parameters are chosen as mentioned in the inset of
individual plots.
• Top left of Fig. 5.10: In this figure we have shown the variation of ΩH 0 h2 with
mH 0 for different values of λc = 0, 10−5 , 0.01, 0.2 by yellow, blue, purple and black solid
lines respectively. Pure IDM case (in a single component framework) is depicted by red
dotted line, where also evidently λc = 0. It is important to note the other parameters
kept fixed for this plot are: λφh = 10−5 , λL = 0.1, mH ± − mA0 = mA0 − mH 0 = 5 GeV.
We see that for mH 0 < mφ , relic density of H 0 changes significantly with the variation
of λc . We also see that λc = 0 (in two component set-up) is way above the pure IDM
case yielding a large relic density. Now, with slight increase in λc = 10−5 , relic density
goes further up and then reduces significantly for larger λc = 0.01, 0.2. The interesting
point is that the case of λc = 0.2 lies very close to the pure IDM case. It is therefore
evident that the presence of the second DM component φ plays an important role in
ΩH 0 h2 through the coupling λc . For mH 0 < mφ , relic density of the heavier component
1

A more comprehensive bound on multipartite DM from direct search can be obtained from the
recoil rate of the nucleus [54, 63].

TH-2158_146121003

5.5. Two component DM set-up with φ and H 0

111

Figure 5.10: Relic Density of IDM, H 0 (left panel) and scalar DM, φ (right panel) as a function
of IDM mass mH 0 , with different choices of λc . We illustrate two different combinations of DM-SM
couplings, in the top panel: {λφh = 10−5 , λL = 0.1} and in bottom panel: {λφh = 0.1, λL = 10−5 }.
Other parameters kept fixed, are mentioned in the inset of each figure.

φ can easily inherit the annihilation to other DM components {X, Y } = {H 0 , A0 , H ± }
in addition to SM as[15, 23]:
Ωφ h2 ' √

854.45 × 10−13 xf
'
g∗ (hσviφφ→ SM SM + hσviφφ→XY )
hσviφφ→

0.1 pb
, (5.26)
SM SM + hσviφφ→XY

where in the last step, we have used g∗ = 106.7 and xf = 20 [15]. However it is
difficult to envisage the relic density for the lighter DM component due to such DMDM conversion. This can be understood from the CBEQ for the two component DM
as in Eqn. 5.23. Let us define the following notations first:
hσviH 0 X→SM nH 0 nX = FH 0 ; hσviφφ→XY n2φ = FφΦ ;

hσviφφ→SM n2φ = Fφ ;

hσviH 0 X→φφ nH 0 nX = FΦφ .

(5.27)

Again {X, Y } = H 0 , A0 , H ± ; as earlier. The CBEQ with above notation, turns out to
be (assuming mφ > mH 0 ):
dnH 0
+ 3HnH 0 ' −FH 0 + FφΦ ;
dt
dnφ
+ 3Hnφ ' −Fφ − FφΦ .
dt

(5.28)

In Eqn. 5.28, we neglected the equilibrium number densities as they are tiny near freezeout, where the dynamics is under study. With λc = 0, and λφh = 10−5 , annihilation
cross-sections for φ, (hσviφ φ→SM SM and hσviφ φ→X Y ) are very small. Hence φ freezes
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out early and the number density of φ turns out to be large since nφ ∝ 1/hσvieff
φ


eff
where hσviφ ' hσviφφ→ SM SM + hσviφφ→ X Y following Eqn. 5.26. Now, it is easy

to appreciate that with λc = 0, and λφh = 10−5 , annihilation of φ to SM is larger
than conversion to other DM (H 0 ), i.e. hσviφφ→ SM SM  hσviφφ→XY . However due
to large φ abundance (nφ ∼ 0.1)2 , FφΦ becomes comparable with FH 0 . As these two
terms (FφΦ and FH 0 ) appear in the evolution of nH 0 (Eqn. 5.28) with opposite sign,
it is quite evident that effective annihilation cross-section for H 0 becomes small and
hence nH 0 after freeze out turns out to be much larger than the pure IDM case. Next
let us consider non zero but small λc (= 10−5 ). Then hσviφφ→ X Y increases compared
to the earlier case of λc = 0. However due to smallness of the coupling λc , this does
not make any significant change in the number density of φ and nφ ∼ 0.1 remains the
same (as φ φ → SM SM still dominantly contributes to the total annihilation cross
section of φ). Therefore, FφΦ increases and reduces the separation with FH 0 . Hence the
effective annihilation cross-section for H 0 turns out to be even smaller than λc = 0 case.
Therefore, for λc = 10−5 relic density increases further than that of λc = 0. For larger
value of λc = 0.01, contribution from DM-DM conversion, hσviφφ→ X Y significantly
rises and therefore the number density of nφ drops to nφ ∼ 10−5 , and therefore FφΦ
becomes much smaller than FH 0 . This increases the effective annihilation for H 0 and
reduces relic density. This trend continues for higher values of λc and eventually leads
to a vanishingly small FφΦ to closely mimic the case of single component IDM. The
case of mH 0 > mφ can also be understood from the CBEQ in this limit:
dnH 0
+ 3HnH 0 ' −FH 0 − FΦφ ;
dt
dnφ
+ 3Hnφ ' −Fφ + FΦφ .
dt

(5.29)

For mH 0 > mφ , relic density of H 0 can be written simply as
ΩH 0 h2 '

hσviH 0 X→

0.1 pb
.
SM SM + hσviH 0 X→φφ

(5.30)

The annihilation to SM (hσviH 0 X→ SM SM ) due to gauge coupling is much larger than
the conversion cross-section hσviH 0 X→φφ for all the choices of λc , so we do not find any
distinction between all those cases.
• Top right of Fig. 5.10: In the top right panel, the same parameter space is used
to show the variation of Ωφ h2 with respect to mH 0 . The dynamics is much simpler for
0.1 pb
mφ > mH 0 (see BEQ. 5.28) where Ωφ h2 ' hσvi
. With larger λc ,
φφ→ SM SM + hσviφφ→ X Y
the conversion to other DM (FφΦ ) becomes larger and relic density drops accordingly.
For mφ < mH 0 , we see from Eqn. 5.29, that there is a competition between Fφ and FΦφ .
With increasing mH 0 , hσviH 0 X→φφ decreases, therefore FΦφ decreases and eventually
it becomes vanishingly small for mH 0 & 400 GeV. The equation for nφ then becomes
equivalent to the single component case of φ where mH 0 is no more relevant for Ωφ h2 .
• The bottom panel figures of Fig. 5.10 essentially indicate that with larger λφh ,
annihilation of φ to SM becomes large, resulting a smaller nφ after freeze out. Therefore
FφΦ in Eqn. 5.28 turns insignificant. On the other hand, FΦφ also becomes smaller
than Fφ in Eqn. 5.29. Together, relic density of the lighter DM component is not
affected by the presence of a heavy DM component.
2

nφ can be calculated by using the formula Ωφ =
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nφ mφ
ρc ,

where ρc = 1.05 × 10−5 h2 GeV cm−3 [15].
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Before we move on, let us summarise the outcome of Fig. 5.10. We see here that relic
density of lighter DM component is affected by the heavier one, when the annihilation
cross-section to SM is tiny.

Figure 5.11: ΩH 0 h2 vs mH0 for λc = 0.001 (left panel) and λc = 0.1 (right panel) with different
choices of mA0 −mH 0 which are depicted by different coloured lines in the figure. The other parameters
kept fixed are mentioned in the inset of each figure.

There is an interesting feature of IDM relic density coming from co-annihilation
channels that we illustrate next in Fig. 5.11. We plot the variation of IDM relic
density as function of DM mass mH 0 for different choices of ∆m = mA0 − mH 0 :
{1 − 50} GeV shown by different coloured lines. The other parameters are kept fixed
and mentioned explicitly in the figure insets. Let us first focus on the left panel
plot. We see that for mH 0 < mW , with larger ∆m = mA0 − mH 0 , relic density
is larger, which follows the usual convention of co-annihilation cross-section being
reduced by Boltzmann suppression (e−∆m/T ) with larger splitting (∆m). However, for
mH 0 > mW , the phenomena is reverse and with larger mass splitting, relic density
decreases. This is indeed intriguing, which can be understood by looking at the coannihilation channels in Fig. 5.7. When mH 0 < mW , co-annihilation occurs to SM
only through the s-channel graph. However, for mH 0 > mW , W final state opens
up including that of t-channel graphs. The t-channel contributions inherit a negative
sign to that of s-channel or contact interaction. This therefore causes a destructive
interference and reduces the co-annihilation cross-section significantly for small ∆m.
When the splitting ∆m increases, the t-channel term gets larger and reduces the
effective destructive interference to increase the co-annihilation contribution even on
top of the larger Boltzmann suppression. Therefore, we see that relic density in mH 0 >
mW region becomes larger with larger ∆m. The same feature prevails in the right
panel figure. Here, for a larger λc , the relic density of H 0 goes further down due to
annihilation to φ beyond mH 0 > mφ .

5.6

Relic density and Direct Search allowed parameter space

One of the important motivations of this analysis is to study interacting multi-component
DM phenomenology for DM mass lying between 80 ≤ mDM ≤ 500 GeV for both the
components in view of relic density (0.1166 ≤ ΩDM h2 (≡ ΩH 0 h2 +Ωφ h2 ) ≤ 0.1206 [146])
and direct detection (XENON 1T [27]) bounds. We would like to recall that for the
individual scenarios, none of the DM components satisfy relic and direct detection
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bounds simultaneously within this mass range (see section 5.4). Now in order to find a
consistent parameter space in the set up, we perform a numerical scan of the relevant
parameters within the specified ranges as mentioned below.
80 ≤ mH 0 ≤ 500 GeV, 80 ≤ mφ ≤ 500 GeV,
0 ≤ mA0 − mH 0 ≤ 200 GeV, 0 ≤ mH ± − mA0 ≤ 180 GeV,
0.001 ≤ λL ≤ 0.30, 0.001 ≤ λφh ≤ 0.20 , 0.01 ≤ λc ≤ 1.00 .

(5.31)

We also note here that as λL and λφh enters into direct search cross-sections for H 0
and φ DMs respectively, we keep those couplings in a moderate range, while λc governs
DM-DM interactions, but do not directly enter into direct search bounds, therefore
we choose a larger range (with natural values) for scanning λc . λφ = 0.001 and
λΦ = 0.001 are kept fixed throughout the analysis since those are not relevant for DM
phenomenology.
There are two possible mass hierarchies for the two-component DM set up relevant
for phenomenological analysis: (i) mφ > mH 0 and (ii) mφ ≤ mH 0 , which we address
separately below.
Case I: mφ > mH 0
Primarily, in such a scenario, the main physics arises due to annihilation of φ to H 0 ,
on top of their individual annihilation to SM to govern the freeze-out.

Figure 5.12: Relic Density allowed parameter space is shown in mφ − λφh plane (top left), mH 0 − λL
plane (top right), mφ − mH 0 plane (bottom left) and Ωφ h2 /ΩDM h2 (%) − ΩH 0 h2 /ΩDM h2 (%) plane
(bottom right) for the mass hierarchy mφ > mH 0 .

In Fig. 5.12, we show relic density allowed parameter space for the model in terms
of different relevant parameters. In top left panel of Fig. 5.12, we have shown the relic
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density satisfied (considering contribution from both φ and H 0 components) points
in mφ − λφh plane for different ranges of λc , as depicted in the figure with different
colour codes. As seen from the plot, for a fixed mφ , there is a maximum λφh . All
possible values less than the maximum λφh is also allowed subject to different choices
of λc . The larger is λc , the smaller is the required λφh thanks to the conversion of
φ → H 0 to yield relic density. It is also noted that for large λc & 0.5, as the DMDM conversion is very high, the DM mass mφ has to lie in the high mass region
(& 400 GeV) to tame the annihilation cross-section within acceptable range. To
summarise, this figure shows that due to the presence of second DM component, much
larger parameter space (actually the over-abundant regions of the single component
framework, compare Fig. 5.5) is allowed. Top right panel figure shows the relic density
allowed parameter space in mH 0 − λL plane again for different ranges of λc as in the
left plot. It naturally depicts that λL is insensitive to mH 0 as the annihilation and
co-annihilation cross-section of H 0 is mainly dictated by gauge interaction. However,
we see a mild dependence on λc , such that when λc & 0.5, the DM mass mH 0 has to
be heavy & 400 GeV. This is because with large λc , DM-DM conversion is large; to
achieve relic density of correct order, mφ requires to be large and the conversion can
only be tamed down by phase space suppression, i.e. by choosing H 0 mass as close
as possible to φ mass (mH 0 ∼ mφ ). Bottom left figure correlates the DM masses to
obtain correct density within mφ > mH 0 . We see that for small λc , particularly with
higher mφ , large mH 0 values are disfavoured in order to keep the DM-DM conversion in
the right order. While for large λc , mass degeneracy is required (mH 0 ∼ mφ ) to tame
the DM-DM conversion. Bottom right figure shows the relative contribution of relic
density of the two DM components. First of all, this shows that φ contributes with
larger share of relic density, while the relic density of H 0 can at most be 40% of the
total. For small λc , contribution from H 0 is even smaller, as relic density contribution
from φ gets larger due to small DM-DM conversion. However, with large λc , the DMDM conversion for φ becomes larger and therefore the relic density of φ can easily
span between 60 − 100%. With very high λc ∼ 1, DM-DM conversion becomes too
large, therefore to keep relic density in the correct ballpark, the DM mass (mφ ) has
to be heavy and almost degenerate with the heavier DM (mH 0 ∼ mφ ). λφh in such
cases, requires to be very small, which are validated by some dark blue points with
Ωφ h2 /ΩDM h2 ∼ 60%.
Relic density allowed parameters space consistent with direct search constraints
where both DMs φ and H 0 simultaneously satisfy XENON 1T 2018 [157] bound (for
different ranges of λc ) are shown next in Fig. 5.13. This is illustrated in mφ − λφh
plane (top left panel), mH 0 − λL plane (top right panel) and in mφ − mH 0 plane
(bottom panel) similar to Fig. 5.12. We have already mentioned that spin independent
(SI) DM-nucleon cross-section depends on square of Higgs portal couplings of the
respective DM candidates, λφh for φ and λL for H 0 scaled by a pre-factor of the relative
number density Ωi h2 /ΩDM h2 (i = φ, H 0 ). Since in this two component scenario, the
dominant contribution is coming from φ DM, the pre-factor Ωφ h2 /ΩDM h2 ∼ 1. On
the other hand, for H 0 the pre-factor is small, ΩH 0 h2 /ΩDM h2 < 1, and will help H 0
reducing the effective direct search cross-section. Therefore, portal coupling λφh is
tightly constrained from XENON 1T bound to λφh . 0.1 for DM mass mφ . 500
GeV, as shown in top left panel of Fig. 5.13 (compare it with the top left panel of
Fig. 5.12). Similarly in top right panel, the direct search allowed mH 0 − λL plane for
H 0 shows that a large region corresponding to higher λL is excluded as a function of
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Figure 5.13: Relic Density and direct detection (XENON 1T 2018) allowed parameter space is
shown in: mφ − λφh plane (top left panel), mH 0 − λL plane (top right panel) and mφ − mH 0 plane
(bottom panel). The scans are performed for for the mass hierarchy mφ > mH 0 .

mH 0 (again, compare it with top right panel of Fig. 5.12). A possible mass correlation
after direct search bound are plotted in bottom panel of Fig. 5.13 in mφ − mH 0 plane.
The main outcomes from this figure are: (i) For λc ≤ 0.1, small mH 0 ∼ 200 GeV is
favoured, (ii) for moderate values of λc ∼ {0.1 − 0.5}, there is no correlation and (iii)
for large λc , only degenerate mass scenario (mφ ∼ mH 0 ) with large mφ ∼ 400 GeV is
allowed.
Case II: mφ ≤ mH 0
Naturally here the conversion of heavier H 0 to the lighter component φ will mainly dictate the relic density of DM components on top their annihilations to SM. Relic density
allowed parameter space for mφ ≤ mH 0 is shown in Fig. 5.14. Again, this is illustrated
in mφ − λφh plane (top left), mH 0 − λL plane (top right), mφ − mH 0 plane (bottom left)
and Ωφ h2 /ΩDM h2 (%)−ΩH 0 h2 /ΩDM h2 (%) plane (bottom right). Different ranges of λc
are shown by the same colour code as in Fig. 5.12, 5.13. Let us first focus on the top
left figure. It shows that for small values of λc , relic density allowed parameter space
points lie in the vicinity of single component framework of φ (red points in figure). In
absence of a lighter mode, the relic density of φ is essentially governed by its annihilation to SM and due to small conversion cross-section the production of φ is also not
large enough to change the conclusion. However, the situation changes significantly
with larger λc (cyan and blue points), where we see again that the overabundant region
of the single component scenario is getting allowed by relic density. In order to understand this let us remind ourself of the CBEQ for mφ < mH 0 as depicted in Eqn. 5.29.
In particular, the number density of φ is dictated by n˙φ + 3Hnφ ' −Fφ + FΦφ .
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Figure 5.14: Relic Density allowed parameter space is shown in mφ − λφh plane (top left), mH 0 − λL
plane (top right), mφ − mH 0 plane (bottom left) and Ωφ h2 /ΩDM h2 (%) − ΩH 0 h2 /ΩDM h2 (%) plane
(bottom right) for the mass hierarchy mφ ≤ mH 0 .

With larger λc and larger conversion, FΦφ increases to reduce the effective Fφ that
determines the relic of φ. Therefore, to keep the relic density of φ to correct order,
Fφ has to increase. Now recall, Fφ = hσviφφ→SM SM (nφ )2 ∼ 1/hσviφφ→SM SM as
nφ ∼ 1/hσviφφ→SM SM . Therefore, to increase Fφ , one has to reduce the annihilation
cross-section hσviφφ→SM SM . This is possible by reducing λφh as we see here in the
plot. Next let us discuss the top right figure. This figure in mH 0 − λL plane essentially
depicts that with larger λc , larger mH 0 is favoured to tame the DM conversion as well
as annihilation cross-section to keep the relic within limit. The dependence however
is not that much significant due to the presence of large number of co-annihilation
channels which remain unaffected by λc . In the bottom left panel, mass correlation
has been plotted and carries no information. Lastly, bottom right figure shows the
relative relic density contributions of these two components. It is well understood that
an additional channel for annihilation of H 0 only reduces the possibility of bringing
ΩH 0 h2 in the correct ballpark due to already existing gauge mediated annihilation and
co-annihilation channels. Therefore, for small λc , it is still possible to get a contribution from ΩH 0 h2 ∼ 40%, but that becomes harder with large λc , where the relic
density contribution of H 0 is further limited to ΩH 0 h2 ∼ 20%.
Direct search constraints from XENON 1T 2018 on the relic density allowed points
are shown in Fig. 5.15. To emphasise again, the demand of these plots are simultaneous
satisfaction of XENON1T limit for both DM components. The main outcome of this
plot is to see the absence of small λc points (red dots) upto λc ∼ 0.30. This is simply
due to the fact that, with small λc , the required λφh is high enough for φ DM to be
discarded by XENON1T data. The other important feature is that with larger λc ,
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Figure 5.15: Relic Density and direct detection (XENON 1T 2018) allowed parameter space is
shown in: mφ − λφh plane (top left panel), mH 0 − λL plane (top right panel) and mφ − mH 0 plane
(bottom panel). The scans are performed for for the mass hierarchy mφ ≤ mH 0 .

larger DM masses are favoured. Lastly a very important conclusion comes from the
bottom panel figure in the mass correlation plot. This shows, as only high λc region is
allowed, the conversion of H 0 to φ still needs to be restricted and therefore the mass
difference between the two DM components (mH 0 − mφ ) has to be very very small.
These features are all distinct from that of mφ > mH 0 region.
So far our discussion has been focused on DM mass region mW ± ≤ mH 0 , mφ ≤ 500
GeV. But if mH 0 < mW ± or mφ < mW ± , while other DM mass is heavier than mW ± ,
the only region available for lighter DM with mass < mW ± are the Higgs and Z
resonance regions: mH 0 ∼ m2Z , m2h and mφ ∼ m2h . It is important to remind that
the resonance regions are already available in absence of second DM component and
therefore brings no new phenomenological outcome.

5.7

Electroweak Vacuum stability and High Scale
Perturbativity in presence of RH neutrino and
DM

One of the motivations of this work is to show that the presence of right handed
neutrinos to yield correct neutrino masses in presence of multipartite DM. Although the
neutrino sector considered here seems decoupled from the dark sector, is not completely
true. The effect of the RH neutrinos alter the allowed DM parameter space when the
model is validated at high scale. As already stated before, we employ type-I seesaw
mechanism to generate the light neutrino mass, for which three RH neutrinos are
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included in the set up.

5.7.1

Neutrino Yukawa couplings

We first describe the strategy in order to study their impact on RG evolution. For
simplicity, the RH neutrino mass matrix MN is considered to be diagonal with degenerate entries, i.e. MNi=1,2,3 = MR . It is to be noted that in the RG equation,
Tr[Yν† Yν ] enters. In order to extract the information on Yν , we use the type-I seesaw
v2
formula for neutrino mass mν = YνT Yν 2M
. Then, naively one would expect that large
R
Yukawa couplings are possible with even heavier RH neutrino masses. For example
with MR ∼ 1014 GeV, Yν comes out to be 0.3 in order to obtain mν ' 0.05 eV. However, contrary to this, it can be shown that even with smaller MR one can achieve
large values of Tr[Yν† Yν ], but effectively keeping YνT Yν small, using a special flavor
structure of Yν through Casas-Ibarra parametrization [119]. Note that our aim is to
study the maximum effect coming from the right handed neutrino Yukawa, i.e. with
large Tr[Yν† Yν ], on EW vacuum stability. For this purpose, we use the parametrisation
by [158] and write Yν as
Yν =

√

2

√

MR p d †
R mν UPMNS ,
v

(5.32)

where mdν is the diagonal light neutrino mass matrix and UPMNS is the unitary matrix
†
∗
mdν UPMNS
. Here
diagonalizing the neutrino mass matrix mν such that mν = UPMNS
R represents a complex orthogonal matrix which can be written as R = Oexp(iA)
with O as real orthogonal matrix and A as real antisymmetric matrices. Using above
parametrisation, then one gets,
Tr[Yν† Yν ] =

2MR hp d 2iA p d i
Tr mν e
mν .
v2

(5.33)

Note that the real antisymmetric matrix A however does not appear in the seesaw
T
2
expression for neutrino mass as mν = Yν2MYνRv . Therefore with any suitable choice of
A, it would actually be possible to have relatively large Yukawa even with light MR .

5.7.2

β functions and RG running

To study the high scale validity of this multi-component DM model with neutrino
mass (including perturbativity and vacuum stability), we need to consider the RG
running of the associated couplings. The framework contains few additional mass
scales: one extra scalar singlet, one inert doublet and three RH neutrinos with mass
MNi=1,2,3 (= MR ). Hence in the study of RG running, different couplings will enter into
different mass scales. In DM phenomenology, we have considered the physical masses
of DM sector particles within ∼ 500 GeV. Then for simplicity, we can safely ignore
the small differences between the dark sector particle masses and identify the single
additional mass scale as mDM . On the other hand, RH neutrinos are considered to
be heavier than the scalars present in the model (MR > mDM ). Hence, for running
energy scale µ > mDM , we need to consider the couplings associated to DM sector in
addition to SM while while for µ > MNi=1,2,3 , the neutrino couplings will additionally
enter into the scenario. Below we provide the one loop β functions for the additional
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for the couplings involved in our model, when µ > MR .
β functions of quartic scalar couplings [159]:
9
9
9
27 4
g1 + g12 g22 + g24 − g12 λH − 9g22 λH + 24λ2H + 12λH yt2 − 6yt4
200
20
8
5
1
2
2
2
+ 2λ1 + 2λ1 λ2 + λ2 + λ3 + λ2φh + 4λH Tr[Yν† Yν ] − 2Tr[(Yν† Yν )2 ]
(5.34)
2
9
= − g12 λ3 − 9g22 λ3 + 8λ1 λ3 + 12λ2 λ3 + 4λ3 λH + 4λ3 λΦ + 6λ3 yt2 + 2λ3 Tr[Yν† Yν ],
5
9 2 2 9 2
= + g1 g2 − g1 λ2 − 9g22 λ2 + 8λ1 λ2 + 4λ22 + 8λ23 + 4λ2 λH + 4λ2 λΦ
5
5
+ 6λ2 yt2 + 2λ2 Tr[Yν† Yν ],
9
9
9
27 4
=
g1 − g12 g22 + g24 − g12 λ1 − 9g22 λ1 + 4λ21 + 2λ22 + 2λ23 + 12λ1 λH
100
10
4
5
+ 4λ2 λH + 12λ1 λΦ + 4λ2 λΦ + 6λ1 yt2 + λc λφh + 2λ1 Tr[Yν† Yν ],
 9
27 4
9 
g1 + g12 − 4λΦ + g22 + g24
= 24λ2Φ + 2λ21 + 2λ1 λ2 − 9g22 λΦ +
200
20
8
1
+ λ22 + λ23 + λ2c ,
2
9 2
9 2
= − g1 λφh − g2 λφh + 4λ2φh + 12λφh λH + λφh λφ + 6λφh yt2
10
2
+ 4λ1 λc + 2λ2 λc + 2λφh T r[Yν† Yν ],
9
9
= − g12 λc − g22 λc + 12λc λΦ + 4λ1 λφh + 2λ2 λφh + λc λΦ + 4λ2c ,
2
10

2
2
= 3 4λc + 4λφh + λ2φ .
(5.35)

βλH =

βλ3
βλ2

βλ1

βλΦ

βλφh

βλc
βλφ

β functions of gauge couplings [159]:
21 3
g ,
5 1
= −3g23 ,
= −7g33 .

βg 1 =
βg2
βg3

(5.36)

β functions of Yukawa couplings [159, 160]:


17
9
3
βyt = yt3 + yt 3yt2 − 8g32 − g12 − g22 + yt Tr[Yν† Yν ] ,
2
20
4


9
9
βTr[Yν† Yν ] = 3Tr[(Yν† Yν )2 ] + Tr[Yν† Yν ] − g12 − g22 + 6yt2 + 2Tr[Yν† Yν ] .
10
2

(5.37)

The above β functions are generated using the model implementation in the code
SARAH [161]. The running of λH as in Eqn.(5.34) is influenced adversely mostly by top
Yukawa coupling yt ∼ O(1) and right handed neutrino Yukawa coupling as Tr[Yν† Yν ].
On the other hand, multiparticle scalar DM couplings present in the model help in
compensating the strong negative effect from yt and Tr[Yν† Yν ]. To evaluate Tr[Yν† Yν ],
we employ Eq. 5.33. As an example, let us consider magnitude of all the entries of A
to be equal, say a with all diagonal entries to be zero. Then using the best fit values
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of neutrino mixing angles and cosnidering the mass of lightest neutrino zero, one can
find forMR = 1 TeV, Tr[Yν† Yν ] can be as large as 1 with a = 8.1[158, 162]. Equipped
with all these β functions and strategy to estimate the relevant couplings present in
them, let us now analyse the SM Higgs vacuum stability at high energy scale. Below
we provide the stability and metastability criteria.
• Stability criteria: The stability of Higgs vacuum can be ensured by the condition λH > 0 at any scale. However, we have multiple scalars (SM Higgs doublet, one
inert doublet and one gauge real singlet) in the model. Therefore we should ensure
the boundedness or stability of the entire scalar potential in any field direction. This
can be guaranteed by using the co-positivity criterion in Eqn. 5.9. Note that once λH
becomes negative the other copositivity conditions no longer remain valid.
• Metastability criteria: On the other hand, when λH becomes negative, there
may exist another deeper minimum other than the EW one. Then the estimate of the
tunnelling probability PT of the EW vacuum to the second minimum is essential to
confirm the metastability of the Higgs vacuum. Obviously, the Universe can be in a
metastable state only, provided the decay time of the EW vacuum is longer than the
age of the Universe. The tunnelling probability is given by [163, 164],
2

− 3|λ 8π(µ

PT = TU4 µ4B e

H

B )|

,

(5.38)

where TU is the age of the Universe, µB is the scale at which tunnelling probability is
maximized, determined from βλH = 0. Therefore, solving above equation, we see that
metastable Universe requires [163, 164] :
λH (µB ) >

−0.065
 .
1 − ln µvB

(5.39)

As noted in [163], for µB > MP (Planck Scale, MP = 1.22 × 1019 GeV), one can safely
consider λH (µB ) = λH (MP ). One should also note, that even with meatstability of
Higgs vacuum, the instability in other field direction may also occur. The conditions
to avoid the possible instability along various field directions for λH < 0 are listed
below [165]:
(i) λΦ > 0 to avoid the unboundedness of the potential along H 0 , A0 and H ±
directions,
(ii) λ1 > 0 to ensure the stability along a direction between H ± and h,
(iii) λL > 0 to ensure the stability along a direction between H 0 and h,
(iv) λS > 0, to avoid unboundedness of the potential along a direction between A0
and h,
(v) λφ > 0, otherwise the potential will be unbounded along φ direction,
(vi) λφh > 0, to ensure the stability along a direction between φ and h.
Now to begin the vacuum stability analysis in the present multi-component DM
scenario, we first choose two benchmark values of DM masses (φ and H 0 ) which satisfy
both the relic density and direct detection bounds. These along with corresponding
values of other relevant parameters are denoted by the set of two benchmark points,
BP1 and BP2, as tabulated in Table 5.2. These parameters are mentioned in the
caption of Table 5.2 for both benchmark points. We also show the value of electroweak
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BPs

mH 0

mφ

mA0

mH ±

λL

λφh

λc

ΩH 0 h2

Ωφ h2

ef f
2
σH
0 (cm )

σφef f (cm2 )

BP1

330

343

333

339

0.043

0.065

0.2

0.033

0.086

1.6 × 10−46

2.2 × 10−46

BP2

427

449

438

440

0.086

0.017

0.3

0.027

0.088

3.3 × 10−46

1.0 × 10−47

Table 5.2: Benchmark points used to analyse EW vacuum stability in our model. All masses are in
GeVs. The other couplings used in these benchmark points play an important role; they are: BP1:
{λ1 = 0.285, λ2 = −0.17, λ3 = −0.033}, BP2: {λ1 = 0.544, λ2 = −0.215, λ3 = −0.157}.

BPs

∆S (10−4 )

∆T (10−4 )

µγγ (10−5 )

BP1

-12

5.1

3

BP2

-9

2.5

3

Table 5.3: Estimate of electroweak precision parameters and µγγ for the two benchmark points as
chosen in Table 5.2.

Figure 5.16: RG running of λH with energy scale for BP1. In left panel, we have shown the effect of
different right handed neutrinos masses, MR (indicated by different colours and mentioned in figure
inset) for a fixed top quark mass mt = 173.1 GeV. The black dotted line corresponds to the case when
right handed neutrinos are absent in the scenario. In right panel, we choose a specific MR = 108 GeV
and consider top mass in 2σ range: mt = 173.1 ± 0.9 GeV. Tr[Yν† Yν ] = 0.5 is kept constant in both
plots.

Figure 5.17: RG running of λH with energy scale µ for different values of Tr[Yν† Yν ] (shown in
different colours and values are mentioned in the figure inset) for the benchmark points BP1 (left)
and BP2 (right). Here we have chosen MR = 108 GeV for illustration. The black dotted line here
corresponds to the case when right handed neutrinos are absent in this scenario.
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parameters and µγγ for these two benchmark points in Table 5.3.
We run the two
loops RG equations for all the SM couplings and one loop RG equations for the other
relevant couplings in the model from µ = mt to MP energy scale. We use the inital
boundary values of all the SM couplings as provided in [163]. The boundary values
have been evaluated at µ = mt in [163] by taking various threshold corrections and
mismatch between top pole mass and M S renormalised couplings into account.
In Fig. 5.16, we show the running of λH for BP1 as a function of energy scale
µ. The left panel shows running of λH for different values of RH neutrino mass MR ,
considering top quark mass mt = 173.1 GeV, Higgs mass mh = 125.09 GeV and
Tr[Yν† Yν ] = 0.5. As it is visible that for low value of MR ∼ 104 GeV, λH enters into
unstable region at very early stage of its evolution (blue line in the figure). This
has happened as the scalar couplings in βλH (Eqn. 5.34) are not sufficiently large to
counter the strong negative impact of Tr[Yν† Yν ] which brings down the λH shraply
towards unstable region. On contrary, for large value of MR ∼ 1014 GeV, the effect
of Yν in βλH starts at a comparatively larger energy scale than the earlier case. As
a consequence, although λH becomes negative at some high energy scale, it stays in
metastable region till MP energy scale (violate line). Green region here describes
stable, white region describes metastable (see Eqn. 5.39) and the red region indicates
unstable solution for the potential. For comparison, we also display the evolution of
λH (black dotted curve) in absence of RH neutrinos in the theory with the inclusion
of scalar couplings (related to DM) only. This clearly shows that in absence of RH
neutrinos, EW vacuum could be absolutely stable till MP energy scale. In right panel
of Fig. 5.16, we study the evolution of λH considering 2σ uncertainty of measured top
mass mt , keeping mh = 125.09 GeV, MR = 108 GeV and Tr[Yν† Yν ] = 0.5 fixed. It is
trivial to find that with the increase of top mass, λH crosses zero at earlier stage in its
evolution.
Next we show the effect of Tr[Yν† Yν ] in the RG evolution of λH in Fig. 5.17 for BP1

Figure 5.18: RG running of all the quartic couplings in metastability criteria for BP1 (left) and
BP2 (right) to ensure the boundedness of the scalar potential in various field directions with energy
scale µ for Tr[Yν† Yν ] = 0.3 (left) and 0.84 (right). The choices of Tr[Yν† Yν ] are demonstrated in cyan
(0.3) and in orange (0.84) in left and right panels of Fig. 5.17 to yield metastability.

(left) and BP2 (right). For the purpose we fix the RH neutrino mass scale MR = 108
GeV. It can be seen from left panel that large value of Tr[Yν† Yν ] ∼ 0.7 brings down λH
towards the negative values at earlier energy scale. This is obvious from the β function
of λH as the amount of scalar couplings for BP1 are not that effective in presence of
such large value of Tr[Yν† Yν ]. With comparatively lesser value of Tr[Yν† Yν ] ∼ 0.3,
the EW vacuum might be in metastable state provided other conditions ((i) − (vi))
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Figure 5.19: RG running of all copositivity criteria in Eqn. 5.9 for BP1 (left) and BP2 (right)
to ensure the boundedness of the scalar potential in any field direction with energy scale µ for
Tr[Yν† Yν ] = 0.2 (left) and 0.7 (right) The choices of Tr[Yν† Yν ] are shown in dark blue and purple
colours in left and right panels of Fig. 5.17 respectively to yield stability.

Figure 5.20: Stability, metastability and instability regions plot on MR − Tr[Yν† Yν ] plane for the
benchmark point BP1 (left panel) and BP2 (right panel). For illustration we have considered top
mass variation in 1σ range : 173.1 ± 0.9 GeV.

are satisfied as shown in left panel of Fig. 5.18. If we further reduce the value of
Tr[Yν† Yν ] ∼ 0.2 the EW vacuum might be absolutely stable. For the stability case
we also show the satisfaction of all the copositivity criterias (Eqn. 5.9) in left panel
of Fig. 5.19. This ensures the boundness of the scalar potential in any arbitary field
direction. The analysis for BP2 turns out to be similar as observed from right panels
of Fig. 5.17-5.19. Note that due to comparatively larger values of the scalar couplings
in BP2, we achieve a better results in stability point of view than BP1.
Based on the inputs from above analysis, now we constrain Tr[Yν† Yν ] − MR parameter space using the stability, metastability and instability criteria (green, white and
red regions respectively) for BP1 (left panel) and BP2 (right panel) in Fig. 5.20. The
criteria has been set at Planck scale (MP ). We use αS = 0.1184 and mh = 125.09 GeV
for both the plots. The solid lines indicate the contour for mt = 173.1 GeV while the
dotted lines denote 2σ uncertainty of the measured value of mt . It can be concluded
from Fig. 5.20, that to have a stable/metastable EW vacuum, smaller values of MR
requires low Tr[Yν† Yν ] and vice versa. One important distinction between the left and
right panel figures, corresponding to two different benchmark points, is that BP2 has
significantly larger parameter space available from high scale stability. This is because
of the larger values of λ1,2,3 parameters used in BP2 compared to BP1 (see Table 5.4
for details). Therefore, it can be concluded, that larger is the mass splitting in IDM
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sector, the more favourable it is from the stability point of view. However there is an
important catch to this statement, which we will illustrate next.

Figure 5.21: RG running of relevant coupling parameters for BP1 (left panel) and BP2 (right panel).
MR = 108 GeV, Tr[Yν† Yν ] = 0.5 and mt = 173.1 GeV have been kept fixed in both plots.

In Fig. 5.21 we plot the running of all the individual couplings present in the set up.
We see that (fortunately) for the two benchmark points used in the analysis, we are
still okay with the perturbative limit at the high scale, i.e. all the couplings obey the
perturbative limit, |λi | < 4π, |Tr[Yν† Yν ]| < 4π at Planck scale. However, for BP1, with
MR = 108 GeV, and Tr[Yν† Yν ] = 0.5 as shown in the left panel yields unstable solution
to EW vacuum with λH running negative. On the other hand, BP2 with same choices
of right handed neutrino mass and Yukawa yields a stable vacuum. Therefore, once
again we find that larger splitting in IDM sector is more favourable for EW vacuum
stability, as we have also inferred before from Fig. 5.20. But, it turns out that as larger
splitting in the IDM sector also uses larger values of λ1,2,3 , it is possible, that many of
those points become non-perturbative i.e. |λi | > 4π when run upto Planck scale. We
will show in the next section, that this very phenomena disallows many of the relic
density and direct search allowed parameter space of the model. Another point to end
this section is to note that our available parameter space from DM constraints heavily
depend on large DM-DM conversion, which naturally comes from large choices of the
conversion coupling λc . It is natural, that some of those cases will also be discarded
by the perturbative limit |λc | < 4π, when we evaluate the validity of the model at high
scale.

5.7.3

Allowed parameter space of the model from high scale
validity

Finally, we come to the point where we can assimilate all the constraints together,
from DM constraints to high scale validity. In order to do that, we choose relic density
and direct search allowed parameter space of the model as discussed in Section 5.6 and
impose the high scale validity of the model till some energy scale µ by demanding:
• Stability of the scalar potential (Eqn.(5.9)) determined by satisfying copositivity
conditions for any energy scale µ.
• Non-violation of perturbativity and unitarity of all the relevant couplings present in
the model as defined in Eqns. 5.10 and 5.11.
Note that the high scale validity of the models does not depend on the structure of
mass hierarchy of the DM candidates (i.e. on the sign of mass difference mH 0 − mφ ).
To study the EW vacuum stability we demand the positivity of λH at each energy scale
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Figure 5.22: Relic density and direct search allowed points in 2λ21 + λ22 + λ23 + 2λ1 λ2 versus λ1 plane
(left figure) and mH ± − mH 0 versus λ1 plane (right figure) at EW scale (orange points). We also find
high scale validity of the model following Eqns. 5.9, 5.10 and 5.11 by considering the high scale to be
1010 GeV (green), 1016 GeV (blue) and 1019 GeV (red). Right handed neutrino mass and Yukawa
couplings are kept fixed at MR = 108 GeV, Tr[Yν† Yν ] = 0.5 with mt = 173.1 GeV.

from EW to high scale µ. As evident from βλH in Eqn. 5.34, a particular combination
of the scalar couplings in the form of 2λ21 + λ22 + λ23 + 2λ1 λ2 + 12 λ2φh determines the positivity of λH during its running. However the factor λφh . 0.1 is strongly constrained
from the SI DD cross section bound for mφ < 500 GeV. Hence, we can assume safely
that the factor 2λ21 + λ22 + λ23 + 2λ1 λ2 without λφh effectively determines the stability of
Higgs vacuum in relic density and direct search allowed parameter space. It turns out
that when λH > 0. all other copositivity conditions for all relic and DD cross section
satisfied points in our model stays positive from µ = mt to µ = MP .
In Fig. 5.22, we constrain relic density and direct search allowed points of the model

Figure 5.23: Relic density and direct search allowed points in λ2 − λ3 plane for different values of
λ1 (left). Allowed points in the same parameter space from DM constraints (orange), stability and
perturbativity conditions following Eqns. 5.9-5.11 considering the high scale µ = µEW , 1010 GeV
(green), 1016 GeV (blue) and 1019 GeV (purple) (right).

in 2λ21 + λ22 + λ23 + 2λ1 λ2 − λ1 plane to additionally satisfy perturbativity and vacuum
stability conditions following Eqns. 5.9-5.11. Orange points satisfy relic density and
DD bounds, while the green, blue and red points on top of that satisfy perturbativity
and vacuum stability conditions upto high energy scales µ = 1010 GeV, 1016 GeV and
1019 GeV respectively. This very figure essentially shows that all those points with
either small values of λ1 (i.e. small mH ± − mH 0 )are discarded due to stability of EW

TH-2158_146121003

5.7. Electroweak Vacuum stability and High Scale Perturbativity in presence of RH
neutrino and DM
127

Figure 5.24: Relic density and direct search allowed points (orange) in mA0 − mH 0 (top left),
mH ± − mH 0 (top left) and ∆m(= mA0 − mH 0 ) − ∆M (= mH ± − mH 0 ) (bottom). We further apply
stability and perturbativity conditions following Eqns. 5.9-5.11 at different energy scales µ = 1010
GeV (light blue), 1016 GeV (dark blue) and 1019 GeV (red).

vacuum, while those with large λ1 (i.e. large mH ± −mH 0 )are discarded by perturbative
limits of the coupling at high scale.
In Fig. 5.23 we study the correlation between the individual scalar couplings to
satisfy the DM constraints, perturbativity limits and vacuum stability criteria. In
left panel of Fig. 5.23, we show the DM relic density and DD cross section satisfied
points in λ2 − λ3 plane for different values of λ1 . In right panel we first identify the
relevant parameter space in the same plane which satisfy the DM constraints, the
perturbativity bound and vacuum stability criteria till EW energy scale. Then we
further impose perturbativity bound and vacuum stability conditions considering the
high scale as µ = 1010 GeV, 106 GeV and 1019 GeV in addition to the DM constraints.
It is seen that the lower portion of the available parameter space gets discarded by
vacuum stability or high value of λc while perturbativity bounds constrain the higher
values of the couplings. In this plot also we kept MR = 108 GeV, Tr[Yν† Yν ] = 0.5
with mt = 173.1 GeV. We must also note that with larger MR and smaller Yukawa
Tr[Yν† Yν ], we could obtain a larger available parameter space from high scale validity.
In Fig. 5.24, we show the high scale validity of relic density and direct search
allowed parameter space of the model in mH 0 − mA0 (top left), mH 0 − mH ± (top
right) and ∆m(= mA0 − mH 0 ) − ∆M (= mH ± − mH 0 ) planes with MR = 108 GeV
and Tr[Yν† Yν ] = 0.5 at different high energy scales µ = {1010 , 1016 , 1019 } GeVs denoted by light blue, dark blue and red points. The orange points are corresponding
to relic and direct search allowed parameter space at EW scale. We see that larger
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mass difference between inert higgs components, ∆m − ∆M which are related with
quartic couplings, λ1,2,3 (see Eqn. 5.7), are discarded from perturbativity conditions
mentioned in Eqn. 5.10. While the small mass differences between inert components
are also excluded from stability criteria of Higgs potential.

5.8

Collider signature of Inert doublet DM at LHC

Inert doublet has been an attractive DM framework, due to the possibility of collider
detection [166, 167]. Here, we relook into the possible collider search strategies of
IDM at LHC in presence of a second scalar singlet DM component. It is also worth
mentioning here that the real scalar singlet, which interacts with SM only through
Higgs portal coupling, does not have any promising collider signature excepting monoX signature arising out of initial state radiation (ISR), where X stands for W, Z, jet.
Such signals are heavily submerged in SM background due to weak production crosssection of DM in relic density and direct search allowed parameter space [65]. The
charge components H + , H − of inert DM can be produced at LHC via Drell-Yan
Z and γ mediation as well as through Higgs mediation. Further decay of H ± to
DM (H 0 ) and leptonic final states through on/off shell W ± yields hadronically quiet
/ T )3 , as shown in left panel of
opposite sign di-lepton plus missing energy (OSDL+E
Fig. 5.25. In this study, we focus on this particular signal of inert dark matter as
detailed below:
/ T ≡ `+ `− + (E
/T) :
Signal :: OSDL + E

p p → H + H − , (H − → `− ν` H 0 ),
(H + → `+ ν` H 0 ); where ` = {e, µ} .(5.40)

In the right panel of Fig. 5.25, we show variation of charged pair (H + H − ) production

H0
p
H−
γ/ Z/ h

H0
H+

p

l

W−

W+

νl
l

νl

/ T signature of IDM at LHC. [Right] Variation of
Figure 5.25: [Left] Feynman graph for OSDL+E
production cross-section σpp→H + H − (in √
fb) with mH ± (= mH 0 + ∆M ) in GeV for different choices
of mH ± − mH 0 for center-of-mass energy s = 14 TeV at LHC. LEP limit on charged scalar is shown
by the shaded region.

cross-section at LHC for center-of-mass energy
3

√
s = 14 TeV as a function of mH ± =

There are other possible signatures (for example, three lepton final state) of inert DM arising
from the the combination of H ± , A0 production and their subsequent decays, for a detailed list see
[61, 167].
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BPs

{ mH 0 , mφ , mA0 , mH ± , λL , λφh , λc }

ΩH 0 h2

Ωφ h2

ef f
2
σH
0 (cm )

σφef f (cm2 )

BPC1

{ 209, 483, 213, 239, 0.006, 0.09, 0.13 }

0.0082

0.1084

3.7 × 10−47

2.8 × 10−46

BPC2

{ 129, 476, 158, 180, 0.011, 0.069, 0.13 }

0.0032

0.1175

6.7 × 10−47

1.8 × 10−46

BPC3

{ 100, 96, 127, 178, 0.010, 0.002, 0.56 }

0.0021

0.1156

6.8 × 10−47

3.7 × 10−48

BPs

mH ± − mH 0

{ λ1 , λ2 , λ3 }

{ MR , Tr[Yν† Yν ] }

Validity Scale (µ)

BPC1

30 (< mW )

{ 0.456, −0.416, −0.028 }

{108 , 0.5}

1.22 × 1019 (Mpl )

BPC2

51 (< mW )

{ 0.543, −0.383, −0.137 }

{108 , 0.5}

1.22 × 1019 (Mpl )

BPC3

78 (∼ mW )

{ 0.737, −0.615, −0.101 }

{108 , 0.5}

∼ 1014

Table 5.4: DM masses, quartic couplings, relic densities and spin independent effective DM-neucleon
cross-section of selected benchmark points for collider study. All benchmark points chosen here have
mH ± − mH 0 < mW ± for off-shell production of W ± . The maximum scale (µ) of Higgs vacuum
satability and peturbativity in presence of right handed neutrinos are also noted. All masses and
scales are in GeV.

mH 0 + ∆M , where ∆M indicates the mass difference with the inert DM and serves as
a very important variable for the signal characteristics. The plot on RHS show that
production cross-section is decreasing with larger charged scalar mass mH ± , where we
have demonstrated three fixed values of mH ± − mH 0 = 5, 50 and 100 GeV. Around
mH ± ∼ mh /2, there is a sharpe fall of production cross-section. This is because, for
mH ± ≤ mh /2, there is a significant contribution arising from Higgs production and its
subsequent decay to the charged scalar components, which otherwise turns into an offshell propagator to yield a subdued contribution to Drell-Yan production. Following
[168], a conservative bound on the charge scalars is applied here as mH ± ≥ 70 GeV,
as indicated in the RHS plot of Fig. 5.25.
We next choose a set of benchmark points (BPs) allowed from DM relic, direct
search constraints as well as from Higgs invisible decay constraints for performing
collider simulation, shown in Table 5.4 and Table 5.5. The BPs are also allowed
from absolute Higgs vacuum stability and perturbativity limits in presence of right
handed neutrinos, valid upto scale µ as mentioned in the tables. The benchmark
points are divided into two categories: (BPC1-BPC3) in Table 5.4 correspond to ∆M =
mH ± − mH 0 . mW ± where the charged scalar, H ± decay through off-shell W ± . On the
other hand, benchmark points (BPD1-BPD2) in Table 5.5 correspond to ∆M = mH ± −
mH 0 > mW ± , where the charged scalar H ± decay through on-shell W ± . Each table
(Table 5.4 and Table 5.5) consists of two parts: the first part contains all the relevant
dark sector masses, couplings, relic density and direct search cross-sections of both DM
components. The second part demonstrates the mass difference (∆M = mH ± − mH 0 ),
choice of right handed neutrino mass, neutrino Yukawa and the maximum scale of
validity (µ) of the Higgs vacuum.
The simulation technique adopted here is as follows. We first implemented the
model in FeynRule [108] to generate UFO file which is required to feed into event generator Madgraph[109]. Then these events are passed to Pythia [110] for hadronization.
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BPs

{ mH 0 , mφ , mA0 , mH ± , λL , λφh , λc }

ΩH 0 h2

Ωφ h2

ef f
2
σH
0 (cm )

σφef f (cm2 )

BPD1

{ 92, 386, 155, 198, 0.004, 0.063, 0.10 }

0.0032

0.1167

4.5 × 10−47

2.2 × 10−46

BPD2

{ 90, 437, 136, 233, 0.006, 0.077, 0.11 }

0.0030

0.1150

6.9 × 10−47

2.6 × 10−46

BPs

mH ± − mH 0

{ λ1 , λ 2 , λ 3 }

{ MR , Tr[Yν† Yν ] }

Validity Scale (µ)

BPD1

106 (> mW )

{ 1.024, −0.7588, −0.2571 }

{108 , 0.5}

1010

BPD2

143 (> mW )

{ 1.538, −1.354, −0.1718 }

{106 , 0.5}

108

Table 5.5: DM masses, quartic couplings, relic densities and spin independent effective DM-neucleon
cross-section of selected benchmark points for collider study. All benchmark points chosen here have
mH ± − mH 0 > mW ± for on-shell production of W ± . The maximum scale (µ) of Higgs vacuum
satability and peturbativity in presence of right handed neutrinos are also noted. All masses and
scales are in GeV.

All parton level leading√order (LO) signal events and SM background events4 are generated in Madgraph at s = 14 TeV using cteq6l1 [112] parton distribution. Leptons
(` = e, µ) isolation, jet and unclustered event formation to mimic to the actual collider
environment are performed as follows:
(i) Lepton isolation: The minimum transverse momentum required to identify a lepton
(` = e, µ) has been kept as pT > 20 GeV and we also require the lepton to be produced
in the central region of detector followed by pseudorapidity selection as |η| < 2.5. Two
leptons are separated from each other with minimum distance ∆R ≥ 0.2 in η − φ
plane. To separate leptons from jets we further imposed ∆R ≥ 0.4.
(ii) Jet formation: For jet formation, we used cone algorithm PYCELL in built in Pythia.
All partons within a cone of ∆R ≤ 0.4 around a jet initiator with pT > 20 GeV is
identified to form a jet. It is important to identify jets in our case because we require
the final state signal to be hadronically quiet i.e. to have zero jets.
(iii) Unclustered Objects: All final state objects with 0.5 < pT < 20 GeV and
2.5 < |η| < 5 are considered as unclustered objects. Those objects neither form
jets nor identified as isolated leptons and they only contribute to missing energy.
The main idea is to see if the signal events rise over SM background. For that there
are three key kinematic variables where the signal and background show different sensitivity. They are:
• Missing Energy (E/T ): The most important signature of DM being produced at
collider. This is defined by a vector sum of transverse momentum of all the
missing particles (those are not registered in the detector); this in turn can be
estimated form the momentum imbalance in the transverse direction associated
to the visible particles. Thus missing energy (MET) is defined as:
sX
X
px )2 + (
py )2 ,
(5.41)
E/T = − (
`,j

`,j

where the sum runs over all visible objects that include the leptons, jets and the
unclustered components.
/ T ) signal, dominant
There are several SM process which contribute to the chosen `+ `− + (E
processes are: tt, W + W − , ZZ and W + W − Z.
4
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• Transverse Mass (HT ): Transverse mass of an event is identified with the scalar
sum of the transverse momentum of objects reconstructed in a collider event,
namely lepton and jets as defined above.
Xq
(px )2 + (py )2 .
(5.42)
HT =
`,j

• Invariant mass (m`` ): Invariant mass of opposite sign dilepton hints to the parent
particle, from which the leptons have been produced and thus helps segregating
signal from background. This is defined as:
s X
X
X
m`+ `− = (
px )2 + (
p y )2 + (
pz )2 .
(5.43)
`+ `−

`+ `−

`+ `−

/ T ), invariant mass of OSDL (m`+ `− ) and transverse
Figure 5.26: Distribution of missing energy (E
√
+ −
/
mass (HT ) for signal events ` ` + (E T ) and dominant SM background events at LHC with s =
14 TeV .

/ T ), invariant mass of opposite sign dilepton
The distribution of missing energy (E
(m`+ `− ) and transverse mass (HT ) for the BPs along with dominant SM background
events are shown in Fig. 5.26 top left, top right and bottom panel respectively. All BPs
depicted in Fig. 5.26 correspond to mH ± − mH 0 ≡ ∆M < mW ± where opposite sign dilepton are produced from off-shell W ± mediator. All the distributions are normalised
to one event. Missing energy (as well as HT ) distributions of BPs (BPC1-BPC3) show
that the peak of distribution for the signal is on the left of SM background. This
is because the benchmark points are characterised by small ∆M , where the charged
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/ T ), invariant mass of OSDL (m`+ `− ) and transverse
Figure 5.27: Distribution of missing energy (E
√
/ T ) and dominant SM background events at LHC with s =
mass (HT ) for signal events `+ `− + (E
14 TeV .

scalars and inert DM have small mass splitting. Therefore, such situations are visibly
segregated from SM background by MET and HT distribution. Clearly, when ∆M
becomes mW ± (for example, BPC3) the distribution closely mimic SM background.
Therefore the signal events for this class of benchmark points can survive for a suit/ T and HT cut while reducing SM backgrounds. It is important to take
able upper E
a note that OSDL events coming from ZZ background naturally peaks at mZ in m``
distribution. Therefore, we use invariant mass cut in the Z mass window to get rid of
this background.
The situation is reversed for larger splitting between the charged scalar component
with DM, i.e ∆M ≡ mH ± − mH 0 > mW ± corresponding to BPs (BPD1-BPD2) as in
/ T , m`` and HT therefore become flatter and peak of
Table 5.5. The distributions of E
the distribution shifts to higher value as shown in Fig. 5.27. In such cases the signal
events for large ∆M can be separated from SM background at a suitable lower end
/ T and HT .
cut of E
Therefore the selection cuts used in this analysis are summarised as follows:
• Invariant mass (m`` ) cuts: m`` < (mZ − 15) GeV and m`` > (mZ + 15) GeV.
• HT cuts:
– HT < 70 when mH ± − mH 0 < mW ± .

– HT > 150, 200 when mH ± − mH 0 > mW ± .
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/ T cuts:
• E
/ T < 30, 40 when mH ± − mH 0 < mW ± .
– E

/ T > 100, 150 when mH ± − mH 0 > mW ± .
– E

BPs

σ OSD (fb)

/ T (GeV)
E

HT (GeV)

OSD
σeff
(fb)

OSD
Neff
@L = 102 fb−1

BPC1

9.16

< 30

< 70

0.28

28

0.33

33

0.72

72

0.97

97

0.35

35

0.55

55

< 40
BPC2

27.14

< 30

< 70

< 40
BPC3

28.65

< 30

< 70

< 40

Table 5.6: Signal cross-section for BPC1-BPC3 after the selection cuts are employed.

We next turn to signal and background events that survive after the selection cuts are
employed. The signal events are listed in Table 5.6 for BPC1-BPC3.
Similarly, signal events for BPD1-BPD2 are listed in Table 5.7 using a lower cut on

BPs

σ OSD (fb)

/ T (GeV)
E

HT (GeV)

OSD
σeff
(fb)

OSD
Neff
@L = 102 fb−1

BPD1

19.91

>100

>150

0.75

75

>200

0.48

48

> 150

0.23

23

>200

0.21

21

>150

0.87

87

>200

0.59

59

> 150

0.34

34

>200

0.29

29

>150

BPD2

11.16

>100

>150

Table 5.7: Signal cross-section for BPD1-BPD2 after the selection cuts are employed.

/ T and HT . The signal cross-section and event numbers for this class of points are
E
much smaller due to the fact that the charged scalar masses are on higher side as for
all of the cases ∆m > mW independent of DM masses. However, the SM background
/ T , HT cuts. The SM background
events get even more suppressed with the set of E
cross-section and event numbers after cut flow is mentioned in Table 5.8. Therefore, in
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SM Bkg.

σ OSD (fb)

/ T (GeV)
E

HT (GeV)

OSD
σeff
(fb)

OSD
Neff
@L = 102 fb−1

< 30

< 70

6.23

623

10.27

1027

>150

10.64

1064

>200

4.40

440

> 150

1.47

147

>200

1.10

110

< 70

131.18

13118

187.89

18789

>150

7.72

772

>200

4.97

4.97

> 150

1.23

123

>200

1.18

118

< 70

0.53

53

0.69

69

>150

0.18

18

>200

0.05

5

> 150

0.09

9

>200

0.04

4

< 70

0.01

1

0.02

2

>150

0.06

6

>200

0.04

4

> 150

0.03

3

>200

0.02

2

< 40
t t̄

36.69 × 103

>100

>150

< 30
< 40
W+ W−

4.74 × 103

>100

>150

< 30
< 40
ZZ

0.25 × 103

>100

>150

< 30
< 40
W + W −Z

1.00

>100

>150

√
/ T ) signal events for s = 14 TeV
Table 5.8: Dominant SM background contribution to `+ `− + (E
/ T , HT and m`` cuts
at LHC. The effective number of final state background events with different E
are tabulated for luminosity L = 100 f b−1 . To incorporate the Next-to-Leading order (NLO) cross
section of SM background we have used appropriate K-factors [111].

spite of smaller signal events in this region of parameter space with BPD benchmark
points, the discovery potential of the signal requires similar luminosity to that of BPC
cases.
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Finally we present the discovery reach of the signal events in terms of significance
S
, where S denotes signal events and B denotes SM background events in
σ = √S+B
terms of luminosity. This is shown in Fig. 5.28. This shows that the benchmark points
that characterise the two component DM framework, can yield a visible signature at
high luminosity with L ∼ 500 fb−1 depending on the charged scalar mass and its
splitting with DM for the case mH ± − mH 0 > mW ± .

√
Figure 5.28: Signal significance of some select benchmark points at LHC for s = 14 TeV, in terms
of Luminosity (fb−1 ). 3σ and 5σ lines are shown. Left: Points with ∆M < mW ; Right: Points with
∆M > mW .

5.9

Summary and Conclusions

We have studied a two component scalar DM model in presence of right handed neutrinos that address neutrino mass generation through type I seesaw. The DM components
are (i) a singlet scalar and (ii) an inert scalar doublet, both studied extensively as single
component DM in literature. We show that the presence of second component enlarges
the available parameter space significantly considering relic density and direct search
constraints. In particular, the inert scalar DM will now be allowed in the so called
‘desert region’: {mW − 550} GeV. Also for singlet scalar, we can now revive it below
TeV, which is otherwise discarded (except Higgs resonance) from direct search in single component framework. The results obtained for DM analysis crucially depends on
DM-DM conversion, which have been demonstrated in details.
We also study the high scale perturbativity and vacuum stability of the Higgs
potential by analysing two loop RGE β functions. This in turn puts further constraints on the available DM parameter space of the model. One of the important
conclusions obtained are that the mass splitting of the charged scalar component to
the corresponding DM component of inert doublet is crucially tamed depending on
the absolute stability scale of the scalar potential, coming from the perturbativity
constraint on the quartic and Yukawa coupling. For example, we find :
• Validity scale (µ) ∼ intermediate scale (1010 GeV): ∆M = mH ± − mH 0 ∼ {7 −
120} GeV,
• Validity scale (µ) ∼ Planck scale (1019 GeV): ∆M = mH ± − mH 0 ∼ {11 − 70}
GeV,
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with RH neutrino mass MR = 108 GeV and Yukawa Tr[Yν† Yν ] = 0.5. The presence of
RHNs in the model not only helps us addressing the neutrino masses but also controls
the high scale validity of the model parameters, for example, low ∆M regions. This
is how the neutrino and dark sector constraints affect each other.
Inert Higgs having charged scalars have collider detectability. We point out that
the collider search prospect of the charged components are not only limited to low
DM masses (< mW ), but is open to a larger mass range in presence of the second DM
component, even after taking the high scale validity constraints. We exemplified this
at LHC for hadronically quiet dilepton channel with missing energy, where ∆M , turns
out to be a crucial kinematic parameter, constrained from DM, high scale validity and
neutrino sector. At LHC, due to its tt̄ background, high ∆M regions can be segregated
from SM background more efficiently at the cost of small production cross section. Low
∆M regions are more affected by SM background, although the signal cross-section
is high. Therefore, collider discovery of this model requires higher than the currently
proposed high luminosity limit of LHC. On the other hand, e+ e− annihilation have
better possibility to explore low ∆M regions absent tt̄ background. Here, we would like
to comment that there are several studies that have been done in this direction, but the
high scale validity constraint may alter the conclusion significantly as we demonstrate.
Finally, we would like to mention that the analysis performed here, although focus
on a specific model set up, but there are some generic conclusions that can be borrowed.
For example, if the two DM components have sufficient interaction in between, the
available parameter space will be enlarged significantly from both relic density and
direct search. The conversion of one DM into the other may also affect the collider
outcome of the DM significantly. It is obvious that richer signal is obtained when we
have larger multiplets in dark sector (as scalar doublet produces two lepton final state
in the analysis). It is also possible that the dark sector and neutrino sector although
may not inherit a common origin, the high scale validity of the model can bring them
together.
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Sumarry and Future Direction
In summary, multipartite DM models with DM-DM interaction within dark sector
does not affect direct search cross section at tree level but affects freeze-out of heavier
DM component (and of lighter component when the annihilation to SM is low). Hence
evidently multipartite frameworks yield a larger region of parameter space available
from relic density and direct detection constraints. Such effects are demonstrated by
our works considered in the thesis [16, 23, 169]. Beyond the models considered in
the thesis, we also worked in several other multipartite frameworks, where DM-DM
conversion together with semi-annihilation and co-annihilation effects bring down the
available parameter space to future sensitivities of direct search. One such example
was the multipartite scalar DM framework with Z3 symmetry[94].
The effect of DM-DM conversion also plays a crucial role in DM searches at LHC by
for example, enlarging the mass splitting between charged and DM component which
can help to segregate the signal from SM background by missing energy cut at collider.
Such features may be key in discovery of DM in near future collider run as pointed out
by our work [169] and have never been mentioned before to the best of our knowledge.
High scale validity constraints on single component scalar DM framework in presence
of right handed neutrinos may completely wash away the parameter space sensitive to
collider detection, which one may reinstate in presence of two DM components [16].
Together, multipartite DM frameworks provide with a lot of possibilities to explore. Some key features are described in the thesis. These efforts still leave many
other possibilities of multipartite DM scenarios involving an admixture of WIMPFIMP, WIMP-SIMP and FIMP-SIMP scenarios to explore. They may offer some new
dynamics and discovery potential of this ‘known-unknown’ dark sector.
However, discovery potential of a multipartite DM models at direct search require
a lot more effort. For example, while projecting the direct search prospect of an individual component (say, ith component) in a multipartite DM framework, we use
effective DM-nucleon cross-section by multiplying with the fraction of relic density
Ωi
i
σef
f = Ωtot σDM −N with which the DM is present in the universe. It is a naive mechanism and a concrete idea of how multipartite DM can actually leave its imprint in the
direct search detector through recoil is not very clear. Recently, a more comprehensive analysis for multipartite DM to interact with direct search experiment have been
proposed [54, 63, 170]. The total recoil rate at energy ER of the target nucleus (A, Z)
with mass mA for a two-component DM scenario is used so that
(1)

(2)

RA (ER ) = RA (ER ) + RA (ER ),
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(1,2)

where the individual recoil rates (RA (ER )) depends on the local DM density of that
individual component, its velocity distribution in the DM halo and its interaction crosssection with nucleon (σi ) folded with nuclear form factor. It has also been pointed
that a kink may be observed in the combined rate which might reveal the presence of
multipartite DM framework. Now it is important to investigate such possibilities in
simpler WIMP like frameworks (two scalar singlets, one scalar one fermion etc) as we
have addressed and a possible change in mixed (eg: WIMP-SIMP) frameworks. One
may also address the same using DM effective field theory in a model independent
analysis. It is also important to note that direct search sensitivity will soon hit the
so-called neutrino floor when the direct search signal strength reaches cosmic neutrino
interaction strength with nucleon. It will be interesting to address how one may
disentangle the two cases (may be through the studies of annual signal modulation
!) when DM-Nucleon interaction cross-section is predicted to be that low in many
multipartite DM scenarios as we demonstrated.
Similarly, enhancement in collider search sensitivity due to the presence of multipartite DM has been guided mainly by the larger parameter space available due
to DM-DM conversion or co-annihilation effects. However, that do not confront the
question, that how one may discover multipartite frameworks at collider. There is
no uniform guiding principle, but a more systematic analysis can be performed by
addressing the following situations:
• Two DM components yielding same signature, but have different masses and
couplings to visible sector and both are of WIMP nature. One may explore a
/ T , HT variables in terms of peak and end point together to
possible change to E
infer something out of it.
• Two DM components, both of WIMP nature may yield different signal but the
strengths of them are guided by their contribution to relic density.
• Two DM components, one of WIMP nature and one of FIMP category may yield
a combination of signal excess versus a stable charge track. Again, the signal
strengths may indicate their contribution to relic abundance.
• Finally, the signal at collider will have a correlation to direct search signal of
DM. This also needs be addressed in multipartite DM frameworks.
To conclude, the thesis has addressed some possibilities of multipartite DM frameowrks, but leaves many unexplored. While plethora of DM interpretations require to
be studied, a more concrete idea of a possible dark sector can only come from a signal
at either direct or collider search to pin down further search strategy of DM.
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A

Thermal average cross-section
Here we show the details derivation of BEQ in terms of DM number density as in
Eqn.2.6. The number changing process considered here are:
DM(p1 ) DM(p2 ) ↔ SM(p3 ) SM(p4 ) .
The expression of (σv 2 )2DM →2SM is given by,
Z
gSM d3 p3 gSM d3 p4
1
2
(σv )2DM →2SM =
(2E1 )(2E2 )
(2π)3 2E3 (2π)3 2E4
× (2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2 (A.1)
The definition of thermal average cross section, hσv 2 i2DM →2SM is given by
2

hσv i2DM →2SM

Z
gDM d3 p1
1
=
EQ
(2π)3 2E1
nEQ
DM nDM
Z
1
gDM d3 p1
=
EQ
(2π)3 2E1
nEQ
DM nDM

gDM d3 p2
(2π)3 2E2

EQ
EQ
fDM
fDM
(σv 2 )2DM →2SM

gDM d3 p2 gSM d3 p3 gSM d3 p4
(2π)3 2E2 (2π)3 2E3 (2π)3 2E4

EQ
EQ
×(2π)4 δ 4 (p1 + p2 − p3 − p4 )|MDM→SM |2 fDM
fDM
,

(A.2)

where
nEQ
DM

gDM
=
(2π)3

Z

EQ
d3 p fDM
.

(A.3)

The BEQ for the process 2DM → 2SM can be expressed as
gDM d3 p1 gDM d3 p2 gSM d3 p3 gSM d3 p4
(2π)3 2E1 (2π)3 2E2 (2π)3 2E3 (2π)3 2E4
h
i
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2 fDM fDM − fSM fSM
Z
gDM d3 p1 gDM d3 p2 gSM d3 p3 gSM d3 p4
= −
(2π)3 2E1 (2π)3 2E2 (2π)3 2E3 (2π)3 2E4
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2
EQ EQ
h f EQ f EQ
i
fSM
fSM
DM
× DM
n
n
−
n
n
(A.4)
DM DM
SM SM ,
EQ
EQ
nEQ
nEQ
DM nDM
SM nSM

nDM
+ 3HnDM = −
dt
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EQ

EQ
EQ
where f replaced as f = nf EQ n. At equilibrium : fSM
= fDM
and nEQ
SM = nSM . Now
above BEQ reads as
Z
gDM d3 p1 gDM d3 p2 gSM d3 p3 gSM d3 p4
nDM
+ 3HnDM = −
dt
(2π)3 2E1 (2π)3 2E2 (2π)3 2E3 (2π)3 2E4
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2
EQ EQ h
i
fDM
fDM
EQ
EQ
‘ × EQ
n
n
−
n
n
DM DM
DM DM
nDM nEQ
DM
Z
gDM d3 p1 gDM d3 p2 gSM d3 p3 gSM d3 p4
1
= − EQ EQ
(2π)3 2E1 (2π)3 2E2 (2π)3 2E3 (2π)3 2E4
nDM nDM
×(2π)4 δ 4 (p1 + p2 − p3 − p4 ) × |MDM→SM |2
h
i
EQ EQ
EQ
×fDM
fDM nDM nDM − nEQ
n
DM DM
h

2 i
= −hσvi2DM →2SM n2DM − nEQ
(A.5)
DM

Now we derive general expression of hσv 2 i2DM →2SM for any 2DM → 2SM process considering squre of the matrix amplitude, |MDM→SM |2 independent of outgoing particles
momentum. Then the Eqn. A.1 is expressed as
Z
|MDM→SM |2
gSM d3 p3 gSM d3 p4
1
2
(σv )2DM →2SM =
(2E1 )(2E2 )
(2π)6
2E3
2E4
4 3
× (2π) δ (p1 + p2 − p3 − p4 )δ(E1 + E2 − E3 − E4 ) (A.6)
√

In the center of mass frame p1 + p2 = 0 and E1 = E2 = 2s . Now,
Z
1 |MDM→SM |2
d3 p3 d3 p4
2
(σv )2DM →2SM =
s
(2π)2
2E3 2E4
q
q


3
2
2
2
2
δ (p3 + p4 ) δ 2 mDM − p3 + mSM − p4 + mSM
Z
q
√
1 |MDM→SM |2
1
d3 p3
p
=
δ( s − 2 p3 2 + m2SM )
s
(2π)2
2E3 2 p3 2 + m2SM
Z
q

1 |MDM→SM |2
p3 2 dp3 √
2
2
=
π
δ s − 2 p3 + mSM
s
(2π)2
p3 2 + m2SM
√
Z
q

1 |MDM→SM |2 π
p3 2 dp3  s
2 + m2
=
δ
−
p
3
SM
s
(2π)2
2
p3 2 + m2SM
2
r
1
4m2SM
|MDM→SM |2 1 −
.
(A.7)
=
8πs
s
nEQ
can be expressed in terms of modified Bessel’s function as [22],
i
Z
gDM
EQ
EQ
nDM =
d3 p fDM
3
(2π)
 s
2



Z 
E
m
gDM
E
EDM
E
−( mDM )( DM
)
DM
DM
3
=
− 1 e DM T d
× 4πmDM
(2π)3
mDM
mDM
mDM
gDM
=
4πm2DM T K2 (mDM /T ).
(A.8)
(2π)3
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B

Two Loop SM Beta functions
Here we write the two loop β functions for gauge couplings, Yukawa coupling and
Higgs quartic couplings in SM.
Gauge Couplings
41 3
g
10 1

1 
= g13 135g22 + 199g12 + 440g32 − 85yt2
50
19
= − g23
6

1 3
= g2 175g22 + 27g12 + 360g32 − 45yt2
30
= −7g33

1 
= − g33 − 11g12 + 20yt2 + 260g32 − 45g22
10

βg(1)
=
1

(B.1)

βg(2)
1

(B.2)

βg(1)
2
βg(2)
2
βg(1)
3
βg(2)
3

(B.3)
(B.4)
(B.5)
(B.6)

Quartic scalar couplings
9
9
9
27 4
(1)
g1 + g12 g22 + g24 − g12 λH − 9g22 λH + 24λ2H + 12λH yt2 − 6yt4
βλH = +
8
5
 200
20
2
2
+ λah + λch
(2)

(B.7)

3411 6 1677 4 2 289 2 4 305 6 1887 4
117 2 2
73
g1 −
g1 g2 −
g1 g2 +
g2 +
g1 λH +
g1 g2 λH − g24 λH
2000
400
80
16
200
20
8
171
63
9
108 2 2
+
g λ + 108g22 λ2H − 312λ3 −
g4y2 + g2g2y2 − g4y2
5 1 H
100 1 t 10 1 2 t 4 2 t
17
45
8
+ g12 λH yt2 + g22 λH yt2 + 80g32 λH yt2 − 144λ2H yt2 − g12 yt4 − 32g32 yt4 − 3λH yt4 + 30yt6
2
2
5
(B.8)

βλH = −
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Yukawa Couplings

3 3
17 2 9 2 
2
2
βy(1)
=
y
+
y
3y
−
8g
−
g − g
(B.9)
t
t
3
t
2 t
20 1 4 2


1
5
3
2
2
2
2
βy(2)
=
+
120y
+
y
1280g
+
223g
−
540y
+
675g
−
960λ
H
t
t
3
1
t
2
t
80
 1187
9
23
19
g14 − g12 g22 − g24 + g12 g32 + 9g22 g32 − 108g34 + 6λ2H
+ yt
600
20
4
15

17 2 2 45 2 2
27
+ g1 yt + g2 yt + 20g32 yt2 − yt4
(B.10)
8
8
4
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C

Single Component vector-like fermion DM
We demonstrate the Feynman graphs and annihilation cross-section of a single component singlet doublet vector like fermion in this Appendix. The freeze-out of N1 DM
is controlled by the annihilation and co-annihilation channels as shown in Fig. C.1,
C.2, C.3. This is mainly driven by gauge mediation and Higgs mediation apart from
the t-channel heavy fermion (N2 , N ± ) mediation.
Z/Z/h

Ni

h

Nk
Nj

h/Z/h
W+

Ni

f /W + /Z/h

Ni

Nj

f /W − /Z/h
f /W + /h

Ni
Z

N−
Nj

W−

Nj

f /W − /Z

Figure C.1: Annihilation (i = j) and Co-annihilation (i 6= j) of fermion DM. Here (i, j, k = 1, 2).

Z/h

Ni

W

Nj
N−

f /h/W/W

Ni

W − /W −

N−

f 0 /W/A/Z
A/Z
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Figure C.2: Co-annihilation process of Ni (i = 1, 2) with the charge component N − to SM particles.
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N+
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h
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Figure C.3: Co-Annihilation process of charged fermions N ± to SM particles in final states .

Relic density of vector like fermion DM is then governed by the effective number
changing cross-section following [171],

f
hσvief
N1


2g1 g2
∆m  32 −x m∆m
g12
N1
hσvi
+
hσvi
1
+
e
N1 N1
N1 N2
2
2
gef
gef
mN1
f
f

∆m  32 −x m∆m
2g1 g3
N1
+ 2 hσviN1 N − 1 +
e
gef f
mN1

2g2 g3
∆m 3 −2x m∆m
N1
+ 2 hσviN + N2 1 +
e
gef f
mN1

g2
∆m 3 −2x m∆m
N1
e
+ 22 hσviN2 N2 1 +
gef f
mN1

∆m 3 −2x m∆m
g32
N1
.
+ 2 hσviN + N − 1 +
e
gef f
mN1
=

(C.1)

In above equation, gef f , defined as effective degrees of freedom, is given by

gef f


∆m  32 −x m∆m
∆m  32 −x m∆m
N1
N1
= g1 + g2 1 +
e
e
+ g3 1 +
,
mN1
mN1


(C.2)

where g1 , g2 and g3 are the degrees of freedom of N1 , N2 and N− respectively and
m
x = xf = TNf 1 , where Tf is the freeze out temperature of N1 . Then relic density will
be given by [15, 23] :

Ωh2 =

assuming xf ∼ 20.
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Figure
sin θ =
∆m: =
ΩDM h2

C.4: Relic density of N1 as a function of DM mass, mN1 with different mixing angle,
0.05 (blue), sin θ = 0.1 (green) and sin θ = 0.2 (orange). Each plot corresponds to fixed
10 GeV (left), 100 GeV (right). Black dashed line indicates observed relic density 0.1133 ≤
≤ 0.1189.

Variation of relic density of fermion DM is shown as a function of DM mass, for
a fixed ∆m = 10 GeV (left panel of the Fig. C.4) and 100 GeV (right panel of the
Fig. C.4) and different choices of mixing angle,sin θ. We note that the annihilation
cross-section is larger when we take larger values of sin θ, due to larger SU (2) component, resulting smaller relic density. The resonance drop at mZ /2 and at mh /2 is
observed due to s-channel Z and H mediated contributions. For ∆m = 100 GeV, due
to smaller co-annihilation contribution relic density increases compared to ∆m = 10
GeV case.
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Appendix

D

Tree Level Unitarity Constraints
In this section, we perform the analysis to find the tree level unitarity limits on quartic
couplings present in our model at high energy. The scattering amplitude for any 2 →
2 process can be expressed in terms of the Legendre polynomial as [172]
M2→2 = 16π

∞
X

al (2l + 1)Pl (cos θ),

(D.1)

l=0

where θ is the scattering angle and Pl (cos θ) is the Legendre polynomial of order l. In
the high-energy limit, only the s-wave (l = 0) partial amplitude a0 will determine the
leading energy dependence of the scattering processes. The unitarity constraint turns
out to be [133, 134, 172]
1
Re |a0 | < .
2

(D.2)

The constraint in Eqn.(D.2) can be further converted to a bound on the scattering
amplitude M [133, 134, 172]:
|M| < 8π.

(D.3)

In the present set up, we have multiple possible 2 → 2 scattering processes. Therefore,
2→2
we need to construct a matrix (Mi;j
= Mi→j ) by considering all possible two particle
states. Finally, we calculate the eigenvalues of M and employ the boundas in Eqn.

√
(D.3). In the high-energy limit, we express the SM Higgs doublet as H T = w+ h+iz
.
2
Then, the scalar potential in Eqn.(5.2) gives rise to 19 neutral combinations of two
particle states:
hh zz H 0 H 0 A0 A0 φφ
w+ w− , H + H − , √ , √ , √ , √ , √ , h z, H 0 A0 , w+ H − , H + w− ,
2
2
2
2
2
0
0
0
h H , h A , z H , z A0 , h φ, z φ, H 0 φ, A0 φ . (D.4)
and 10 singly charged two-particle states:
h w + , z w + , H 0 H + , A0 H + , h H + , z H + , H 0 w + , A0 w + , φ w + , φ H + .
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Therefore, we can write the scattering amplitude matrix (M) in block-diagonal form
by decomposing it into a neutral (N C) and singly charged(SC) sector as


NC
M19×19
0
.
M =
(D.6)
SC
0
M10×10
where the sub-matrices are given by

0
0
0
(M1N C )7×7



0
0
0
(M2N C )2×2
NC

M 19×19 = 

0
0
(M3N C )6×6
0

0
0
0
(M4N C )4×4










(D.7)
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M3N C
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and


2λH
0

M

SC





=





λ
λ2
+ 23
2
iλ
iλ
− 22 − 23

0
2λH
iλ2
2
λ2
2

+
+

iλ3
2
λ3
2

λ2
λ
+ 23
2
iλ
iλ
− 22 − 23

iλ2
2
λ2
2

+
+

2λΦ

0

iλ3
2
λ3
2

0

0

0

0

0

0

0

0

0

0

2λΦ

0

0

0

0

0

0

λ1

0

0

0

0

0

0

λ1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

λ2
2
iλ2
2

λ

+ 23
iλ
+ 23

iλ

0

0
λ2
2
iλ2
2
iλ

0

0

0

0

0

0

0

0

0
λ

+ 23
iλ
+ 23

0

0

− 22 − 23
λ2
λ
+ 23
2

0

0

0

0

0

0
0

iλ

iλ

− 22 − 23
λ2
λ
+ 23
2

λ1

0

0

λ1

0

0

0

0

0

λφh

0

0

0

0

0

0

λc











(D.11)

TH-2158_146121003

149
After determining the eigenvalues of Eqn.(D.6) we conclude that tree level unitarity
constraints in this set up are following:
|λH | < 4π, |λΦ | < 4π,
|λc | < 8π, |λφh | < 8π,
|λ1 | < 8π, |λ1 + 2(λ2 + λ3 )| < 8π
|λ1 + λ2 + λ3 | < 8π, |λ1 − λ2 − λ3 | < 8π,
p
|(λΦ + λH ) ± (λ2 + λ3 )2 + (λH − λΦ )2 | < 8π,
and |x1,2,3 | < 16π

(D.12)

where x1,2,3 be the roots of following cubic equation
x3 + x2 (−12λH − 12λΦ − λφ ) + x(−16λ21 − 16λ1 λ2 − 16λ1 λ3 − 4λ22 − 8λ2 λ3
−4λ23 − 4λ2c + 144λH λΦ + 12λH λφ + 12λΦ λφ − 4λ2φh ) + 16λ21 λφ + 16λ1 λ2 λφ
+16λ1 λ3 λφ − 32λ1 λc λφh + 4λ22 λφ + 8λ2 λ3 λφ − 16λ2 λc λφh + 4λ23 λφ
−16λ3 λc λφh + 48λ2c λH − 144λH λΦ λφ + 48λΦ λ2φh = 0
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