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“We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.”

-T. S. Eliot, Four Quartets
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Abstract

The discovery of the ‘Higgs” boson, the last missing piece of the Standard Model
(SM) of particle physics, at the Large Hadron Collider (LHC) in 2012 validates SM
as the fundamental governing theory of strong, weak and electromagnetic interac-
tions. SM is remarkably successful and has withstood over two decades of precision
tests. It does, however, leave several questions unanswered, motivating the search
for new physics (NP) beyond the SM. One of them being a particle description of
non-luminous and non-baryonic form of matter, popularly known as dark matter
(DM), well established via several astrophysical observations to constitute almost
26% energy budget of the universe. These observations suggest that DM is electro-
magnetically neutral and stable at the scale of universe’s life time; although we do
not have any idea about the intrinsic properties e.g., its spin (whether it is a spin-0,
spin-1 or spin-1/2 particle) or the nature of its interaction with the visible sector. The
focal theme of the thesis is to analyze the possibilities of a vector boson (spin-1) par-
ticle to be a potential DM candidate, its production via (i) thermal freeze-out and (ii)
non thermal freeze-in to achieve correct relic density and its detection possibilities
in direct and collider searches. Existence of non-zero but tiny neutrino mass is also
a known feature that can not be explained within the SM paradigm. Seesaw mecha-
nisms of different types thus have been ideated, and we aspire to address both DM
and neutrino mass generation in the same model framework and highlight the con-
nection wherever possible. Apart from Ultra Violet (UV) complete models, effective
theory (EFT) approach to address vector boson DM has also been studied here. The
thesis contains four main chapters of original work. The first work (Chapter. 3) elab-
orates upon a non-abelian (SU(2)) vector boson DM which can couple to SM quarks
(along with exotic ones), and have interesting phenomenology at direct search and
at the Large Hadron Collider (LHC). Unification of gauge couplings at high energy
provide important constraints to the available parameter space. In the second work
(Chapter. 4), a different realization of non-abelian vector DM is considered that can
give rise to a multipartite DM scenario enabling DM-DM interactions to play a part.
Freeze-in realization of vector boson DM is discussed in Chapter. 5 where the DM-
SM interaction becomes feeble and provides distinguishable phenomenological con-
sequences. In this context, we derive a generic prescription of DM freeze-in from late
decays of particle(s) frozen out of equilibrium. Finally, we focus on a dimension five
operator that inherits an abelian vector boson DM and discuss the freeze-in produc-
tion for large new physics scale in Chapter. 6. Importantly, we show the limitations
of the vanilla UV freeze-in when the reheat temperature of the universe becomes
comparable to the TeV-scale DM mass. Apart from that, SM along with its limita-
tions are introduced in Chapter. 1. Chapter. 2 provides an in-depth description of
DM, neutrino mass and GUT physics. We conclude in Chapter. 7, mentioning future
directions to explore.
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Chapter 1

Introduction

Contents
1.1 The irrefutable Standard Model . ... . ... .. .. ... ... 1
1.2 Beyond the Standard Model . . . ... ... ........... 7

1.1 The irrefutable Standard Model

At the very outset, we would like to discuss the Standard Model (SM) of particle
physics very briefly mentioning its particle content, underlying symmetry princi-
ples and some of its pitfalls to pave the way for discussion on physics beyond the
Standard Model, the thematic topic of this thesis.

The Standard Model (SM) of particle physics describes the fundamental con-
stituents of the universe and their interaction under three fundamental forces of
nature, namely: strong, weak and electromagnetic interaction [ 1-5]. Quantum field
theory is the basic building block of this model where physical particles and their
interactions are described by quantum fields. The main ingredient of interactions
between all the particles under different forces lies in the concept of gauge theory.
The underlying gauge symmetry of SM is Gsm = SU(3)e ® SU(2), ® U(1)y, where
SU(3)c describes strong interaction ('c¢’ stands for corresponding colour charge),
and SU(2);,®U(1)y embeds weak and electromagnetic interaction. The transforma-
tion properties of the fields under the above symmetry are mentioned in Tab. 1.1.
Quarks take part in all interactions and therefore transforms under all the gauge
groups, while leptons only possess weak and electromagnetic interactions and are
singlets under SU(3). Importantly, left and right-chiral components (helicity states
in massless limit) of four component Dirac fermion fields (v') transform differently
under SU(2), @ U(1)y-.

YR = 5(1+75)¢5PR¢- (1.2)

In SM, neutrinos are assumed only to be left handed with right chiral components
absent to yield a massless state.

’_‘l\DI»—
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2 Chapter 1. Introduction

Fields SUB)e®@SU2),@U(1)y
wwac-(0) [ (@)] w2
Quarks RH: ¢4 uly, ch th (3, 1, 4/3)
RH: ¢4 diy, st bl (3, 1,—-2/3)
Leptons | LF e = (i) | (i), (). () (1, 2,-1)
RH: g €Rr, R, TR (1, 1, —2)
SU(3)¢ mediator: G, (8, 1, 0)
Gauge bosons | SU(2),, mediator: W23 (1, 3, 0)
U(1)y mediator: B, (1, 1, 0)
Scalar Higgs: H (ﬁ;) (1, 2, 1)

Table 1.1: Charge assignment of SM fields under the SM gauge group Gsy = SU(3)c ® SU(2)r ®
U(1)y. Electromagnetic charge is obtained by: @ = I3+ %, where I3 is the third component of isospin
and Y is the U(1)y hypercharge quantum number. Here i = r, g,band a = 1, 2, .., 8 represent colour
charges of quarks and gluon respectively.

The left-handed (LH) fermions transform as doublet under the weak isospin
symmetry SU(2)., while the right-handed (RH) ones are singlets under the same
gauge group. Corresponding to each gauge group gauge bosons transform under
adjoint representation to allow an interaction with the fermionic matter content of
the universe and therefore dubbed as the ‘force carriers’ for that interaction. For ex-
ample, there are eight gluons corresponding to eight (3 —1 = 8) SU(3)¢ generators,
which mediate strong force. The SU(2), ® U(1)y or the electroweak sector has four
gauge bosons, out of which (W=, Z) mediate weak interaction and and photon (A)
mediates electromagnetic interaction. The only scalar field in the SM is the Higgs
boson, responsible for mass generation has been long-sought-after, which has been
discovered in 2012 at the Large Hadron Collider (LHC) and thus completes the pic-
ture of the SM. The Higgs is colour singlet but doublet under SU(2), and also has
non-zero hypercharge. With all the candidates and the symmetry introduced, the
SM Lagrangian under the gauge symmetry SU(3), x SU(2), x U(1)y can be written
as:

»CSM - £ Gauge + »C Fermion + *CYukawa + E Scalar- (13 )

The LGauge in Eqn.1.3 involving SU(3)¢, SU(2), and U(1)y gauge fields can be
written as

1
~Ge G, (1.4)

1 7 123 1 v
Lomge = —7W,W"' = BuB" — G,

where (i =1,2,3,a=1,2,..8)

TH-2387_156121033



1.1. The irrefutable Standard Model 3

B, =90,B, - 0,B,
W, = 0.W, — 0,W, + g2 "WIWE (1.5)
G, = 0,G% — 0,GY + go [ GGy
where €% feb¢ represent structure constants of SU(2) and SU(3) gauge groups; g1,
g2 and g, represent characteristic coupling constants corresponding to U(1)y, SU(2),

and SU(3). gauge groups respectively. The kinetic terms for fermions (leptons and
quark) are given by

— o XL gt A W
EFermion = QL 7’7# (a,u - ng?Gﬂ — Z92§Wu — Zgl%Bu> QL
—. AT L Y s .Xla.Yd
+  qpi” (au - nggGN 5 @91%30 qr + C]fl% " <8u - ZgS?GH - 291%30 C]}iz
—-— . o'l . A — Y
+ Ly ((% — ngEWu — zgl—SL B#> Ly, + (rin" (a# — zgl—;R Bu>€R, (1.6)

where Yg, , Ygu, Yia, Y7, and Yy, denote weak hypercharge (generator of U(1)y)
of Qr, q%, ¢%, L and (g, fields respectively, mentioned in Tab. 1.1. The kinetic term
contains the interaction pieces with the gauge bosons to respect the gauge symmetry
and serves as one of the key features of this construct. Here 2 (i = 1,2, 3) are the
generators of SU(2),, group where ¢” are the Pauli spin matrices and 2~ (a = 1...8)
denote Gell-Mann matrices, the generators of the fundamental representation of the
SU(3) group. The Lagrangian is written only for one generation for brevity and
family index o = 1, 2, 3 is suppressed.

The Yukawa Lagrangian in the SM involves the interaction with Higgs boson as,

Lviana = — 3 (yiQuHg+yiQuHal + v/ TiHtp + He),
i,j=1,2,3

(1.7)

where ¢, j denote three generation of quarks and leptons, resulting y* a three

cross three matrix and H = io2H*.
Finally, the scalar part of the Lagrangian is given by

2

.o . .Y
ﬁScalar (au —1 927 WM —1 917H BM)H - V(H)7 (18)
where the scalar potential reads
2
V(H) = 2 (HTH) + A (HTH) . (1.9)

The SM Higgs doublet, H is defined as a complex SU(2);, doublet

TH-2387_156121033



4 Chapter 1. Introduction

H:L 1+ 1 o

, (1.10)
V2 ¢3 + iy ®o

where ¢, 5 3 4 are the four real scalar degrees of freedom. Electromagnetic charge
assignments of the fields in the last step arises from ) = I3 + X2, with Y = 1 as
mentioned in Table 1.1. The fermion and gauge boson masses in the SM are gener-
ated through Higgs mechanism via spontaneous symmetry breaking (SSB) [3-5].
This is what we are going to discuss next in order to complete the review on the SM.

1.1.1 Spontaneous Symmetry Breaking & The Higgs Mechanism

As mentioned before, in the SM, the scalar potential is constructed by writing all
renormalizable Higgs (H) self couplings:

V(H) =2 (H'H) + A (HTH)". (1.11)
A few comments in order:
e If A < 0, then V is unbounded from below and there is no stable vacuum state.

e When p? > 0 and A > 0, the potential energy function has a minimum at
|H| = \/(HTH) = 0 as in the top left plotin Fig. 1.1. In this case the electroweak
symmetry is unbroken in the vacuum.

e When p* < 0 and A > 0, the potential energy as a function of |H| has a mini-
mum away from zero, as shown in the top right panel in Fig. 1.1. In this case
there are degenerate vacua, or minimum energy states. Once we choose one
vacuum to expand our theory, the symmetry of the potential is broken, or in
other words the gauge symmetry is spontaneously broken by the chosen vacuum.

Therefore, with 4> < 0 and A > 0, the minimum of this potential has a O (4)
symmetry and possesses an infinite set of degenerate states dictated by:

(0]6°] 0)] = \/;—&LQ = % (1.12)

This is shown in the bottom panel of Fig. 1.1. When one of the directions is cho-
sen among the infinite possibilities, the symmetry is spontaneously broken and the
expectation value of this Higgs field for which the potential attains the minimum
is called the vacuum expectation value (VEV). A particular choice of vacuum cor-
responds to the configuration (¢124) = 0, (¢3) = v when the neutral component
of the Higgs field acquire a VEV and respects U(1)gy symmetry. Thus, SSB breaks
SU(2), ®U(1)y gauge symmetry spontaneously to a remnant electromagnetic sym-
metry U(1)g as:

(H)=v/V?2
-

SU(2). x U(1)y U(1)ewm. (1.13)

TH-2387_156121033



1.1. The irrefutable Standard Model 5

V(H)
V(H)

w250 12<0
[HI [HI

Figure 1.1: Top panel: Plots for scalar potential V(H) as in Eq. 1.11 as a function of |H| for u? > 0
(left) and p? < 0 (right). A ~ 0.13 has been used corresponding to measured values of Higgs mass
myp, ~ 125 GeV and VEV v =~ 246 GeV. For the case p? < 0, the minimum of the potential is at
|H| = 5+ Bottom panel: 3D representation of the mexican hat potential in Eq. (1.11).

The electric charge is then obtained as the the combination of isospin and hyper-
charge keeps the vacuum intact:

Y
Q=13+ 3 (1.14)
This is required to keep photon massless. The Higgs field is expanded around

this minima and can be expressed in the unitary gauge as:

0
H = e | (1.15)

V2

where 1 is the CP even physical Higgs boson of mass ~ 125 GeV. Out of the four
degrees of freedom, three become Nambu Goldstone boson. Following Goldstone
theorem we can easily determine the number of Goldstone bosons in the theory as
follows:

TH-2387_156121033



6 Chapter 1. Introduction

No. of unbroken generators before SSB = (3 + 1) =4
No. of unbroken generators after SSB = 1 (1.16)
.. No. of broken generators = No. of Goldstone bosons = (4 — 1) = 3.

Among the four electroweak gauge bosons three become massive by ‘eating” the
Goldstone modes:

1 1
My = 50V, Mz = 34 g3 + g3v, (1.17)

while the third gauge boson remains massless m, = 0 and can be identified as
the photon corresponding to the unbroken U(1) g, symmetry. The above relations
can easily be derived from the kinetic term of the Higgs field in Eq. 1.8 using the

unitary gauge in vacuum as in Eq. 1.15. Here v = \/’T“2 is the VEV of the scalar

field, which should be ~ 246 GeV to agree with the experimentally measured masses
and couplings of the gauge bosons and the Higgs. The physical gauge fields can be
obtained by performing the rotation:

Z, _ [ 5w wp (1.18)
A, Sw  Cw I8,

where ¢,, = cosb,, and s,, = sin 6,,, and the weak mixing/Weinberg angle is given
by:

tan 0, = 2. (1.19)
g2

From Eq. 1.17 and Eq. 1.19 it is straightforward to obtain the mass relation:

my = pmy cos Oy, (1.20)

where the parameter p has been introduced. p = 1 at tree-level but radiative
quantum effects give corrections to this relation. The SU(2) gauge structure of the
electroweak theory ensures a feature known as custodial symmetry. In passing we
would like to mention that the colour symmetry remains intact after SSB, and thus
the gluons are massless.

Next we turn to the issue of generating masses for the fermions. In the uni-
tary gauge, after SSB, the fermions (leptons and quarks) obtain masses through the
Yukawa interactions as

mass yzj V— . ygjv —  d yzjv —-—
_EYukawa - Z ( q?L qJ'R+ = q;»i,; qu+ &‘L ij—FH.C). (121)
4,7=1,2,3 \/§ \/§ \/§

In a simpler form one can re-cast the fermion Yukawa interaction, together with
the fermion masses under unitary gauge as:

TH-2387_156121033



1.2. Beyond the Standard Model 7

h _
it = (142 (mad + o+ ) (1.22)

Yijv

where m;; = “/=. One can note that all Yukawa couplings are fixed in terms of
the fermion masses.

After the LHC discovery of the SM like Higgs Boson at the ATLAS and CMS [6,
7], the SM has confirmed itself as the most convincing theory at the electroweak
scale. However, experimentally we are not hundred percent sure whether the dis-
covered particle is exactly the SM Higgs as discussed here. Therefore, till we mea-
sure all the couplings of the Higgs accurately, we can not vouch that there is nothing
else but one scalar doublet as described here.

It is also important to mention here that in our case, new physics beyond the SM
that originates from a gauge extension of the SM gauge group, necessarily requires
an extended scalar sector. The reason is pretty obvious that the new gauge group
should also be broken to remnant electromagnetic symmetry. Thus, the very mass
generation mechanism brings non-minimality in the scalar sector for an extended
gauge symmetry if we wish to address vector boson dark matter that (mainly) orig-
inates from gauge extension of the SM. However, we must ensure that we have one
scalar particle that behaves very similar to observed Higgs boson.

1.2 Beyond the Standard Model

SM is an extremely successful theory to explain a host of elementary particle interac-
tions. Although SM has been tested to a remarkable precision at electroweak scales,
it leaves many questions unanswered. Here we would like to point out some of them
relevant for this thesis.

e The Dark Matter: The fact that our present universe has a large proportion
(about 27%) of its energy density contained in a mysterious, non-luminous
and non-baryonic dark matter (DM), we seek a particle explanation of this.
However, SM does not offer a potential DM candidate that can account for
the observed DM credentials. The thesis aims to discuss possibilities of vector
boson to constitute DM.

e Non-zero neutrino mass: Existence of non-zero but tiny neutrino mass has
been well established via short and long baseline neutrino oscillation experi-
ments, contrary to the assumptions of SM having zero neutrino mass and no
right handed neutrinos. It is perhaps one of the most compelling reasons to
consider physics beyond the SM and we address it in the thesis.

e The hierarchy problem: The gauge hierarchy problem is the observation that
the Higgs squared mass parameter can be much larger than the observed masses
of the electroweak gauge bosons. In the Standard Model, Higgs boson mass
is totally unprotected by any symmetry argument, while fermion masses are
protected by chiral symmetry. Higgs mass can be as large as the ‘Grand Uni-
fied Theory (GUT)’ scale (10'% GeV) or the ‘Planck Scale’ (10" GeV) when
radiative corrections are included. Its therefore a fine tuning of parameters for
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8 Chapter 1. Introduction

all orders in perturbation theory to obtain Higgs mass at 125 GeV. This is the
so called gauge hierarchy problem.

e Gauge coupling unification: Grand Unification Theory (GUT) is arguably the
complete theory of all fundamental interactions except gravity. GUT has been
a long quest for physicists after the unified picture of electromagnetism and
then electroweak unification in SU(2) ., x U(1)y gauge group of SM. GUT mod-
els are also supported by the fact that the running of the three SM gauge cou-
plings makes them approach each other at some high scale. However, within
SM they really never meet! A gauge group extension with suitable fields can
do the job as we discuss in the thesis.

e Higgs vacuum stability: Given that current measured value of Higgs boson
is my, = 125.09 GeV and top quark mass m; = 173.1 GeV [8], the electroweak
(EW) vacuum can be unstable, questioning the existence of our universe [9-
16]. This suggests that existence of another deeper minimum at high energy
scale (A; ~ 10°71° GeV) where running of Higgs quartic coupling Ay can turn
negative is a finite possibility. To study this effect systematically, one needs to
consider the radiatively corrected one loop effective Higgs potential [17, 18]:

eff
et i 4(“) ht, (1.23)

with Aeff = \SMeff | \BSMeff pyare \(BSMeff 5 the loop correction provided by
the (B)SM fields. An extended scalar sector help the SM Higgs vacuum stable
upto the Planck scale, which is also a requirement to address vector boson DM
as we discus.

On top of these, there is also strong CP problem in the QCD sector, matter-
antimatter asymmetry in the universe and many more, none of which can be ad-
dressed within the SM indicating inevitable existence of physics beyond the SM. This
thesis makes an attempt to address a few of these limitations, like, the existence of
DM & its probable nature, explanation of non-zero neutrino mass, and a possibility
of gauge coupling unification. In the next chapter we elaborate upon these topics.
Before moving on we must mention that the SM does not accommodate gravity, the
quantum description of which is long sought after. This thesis does not address this
issues.
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The Trinity: Dark Matter, Neutrino
mass, Unification

Contents
21 DarkMatter . . . . ... ... . e e 9
2.2  WIMP: Thermal freeze-out and detection possibilities . . . . . . 14
2.3 Non-thermal dark matter: Freeze-in & FIMPs . . . . . . ... .. 26
24 Dark Matterala VectorBoson . . ... .............. 29
2.5 Theoriginof NeutrinoMass . ... ... ............. 31
2.6 A theory of Grand Unification . ... ... ............ 34
2.7 ObjectiveoftheThesis . . . . ... ... ............. 35

Out of several limitations of the Standard Model (SM), the thesis emphasizes
mainly on explaining the Dark Matter (DM), while the existence of tiny neutrino
mass and possibility of gauge coupling unification are also addressed in parallel. But
since DM is the central theme of this thesis we would like to elaborate upon it in this
chapter and summarize neutrino mass generation and gauge coupling unification.

2.1 Dark Matter

2.1.1 Observational evidences of Dark Matter

The most convincing and direct evidence for dark matter on galactic scales comes
from the observations of the rotation curves of galaxies. In the early 1930s, J. H.
Oort discovered that the motion of stars in the Milky Way required a presence of
far more galactic mass than was previously imagined [19]. Later in 1933, a Swiss
astronomer named F. Zwicky found similar indications of the missing mass but on
a much larger scale. Using the Doppler shift of galaxies in the Coma cluster, Zwicky
was able to calculate the velocity dispersion of galaxies in the cluster [20]. Around
1970’s, following the discoveries of Oort, Zwicky, and others, V. Rubin and W.Ford
performed an extensive study of the rotation curves of 60 isolated galaxies [21].
Abiding Newtonian mechanics, the rotational velocity at a distance r from the centre
of a galaxy should obey the relation:

TH-2387_156121033 9



10 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

Urot (1) = 1/ M, (2.1)

where Gy is universal gravitational constant and M (r) is the total mass contained
within the radius r. In the absence of any non-luminous mass, M (r) is expected to be
approximately constant beyond the optical disk and consequently circular velocities
should fall off showing the Keplerian behaviour o \/i; Instead, rotation curves are
observed to be approximately constant up to very large radii as shown in Fig. 2.1.
The result implied M (r) o r i.e., an extended halo of non-luminous matter beyond

the optical disk.
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Figure 2.1: Left: Rotation curve of the NGC6503 galaxy, showing contributions of the gas (dotted
curve), luminous matter (dashed curve) and a DM component (dot-dashed curve) fitting the ex-
perimental data. Figure taken from [22]. Right: Rotation curve data for M31. The figure is taken
from [19].
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Figure 2.2: A schematic diagram of the gravitational lensing effect. The gravity of a foreground object
distorts the light coming from a distant object. This image is taken from One-Minute Astronomer.

In the 1970s, gravitational lensing offered a new way to probe the amount and
distribution of DM in the universe. This is an impressive way to map the total gravi-
tating mass of a galaxy cluster by exploiting the fact that gravitational fields affect the
propagation of light. A schematic diagram of this lensing effect is shown in Fig. 2.2.
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In the strong lensing regime, where a very dense region is present between a source
and an observer, light emitted from the source could follow several geodesics to
reach the observer, resulting in multiple images of the same physical source in the
tield of view. The weak lensing regime corresponds to distortions of the apparent
shape of luminous objects by the gravitational potential of some massive structure
located near to the line of sight, between the source and the observer, resulting in a
possible magnification or shear of the source image.

Figure 2.3: Image of Bullet cluster seen by NASA’s Hubble Space Telescope. The red coloured re-
gions show the distribution of gas, inferred from its X-ray emission. The blue tinted regions show
the distribution of gravitating matter, which is reconstructed using weak gravitational lensing. This
clearly shows that the total mass of the system is dominated by the non-luminous component [23].

The evidence that serves as the smoking gun signature for the existence of DM
comes from the ‘Bullet Cluster’ (1E0657-558) [23, 24|, where gravitational lensing
can be used to demonstrate a clear mismatch between the distribution of luminous
and gravitating matter as shown in Fig. 2.3. In a collision of galaxy clusters, the
hot gas of both systems dissipate energy because of electromagnetic interactions
and therefore they are held up at the point of the collision. DM halos pass straight
through one another and consequently can be separated from the gas. This expec-
tation indeed agrees with observations. These results also confirmed the collision-
lessness of the DM.

On cosmological scales, the ubiquitous Cosmic Microwave Background Radiation
(CMB) provides the strongest evidence of the existence of DM. The CMB is a ra-
diation emitted at a redshift z ~ 1100, right after the photons are decoupled from
the thermal bath due to drop in the density of the free electrons after recombina-
tion (z ~ 1300) resulting to decrease in the interaction rate of the photons with the
primordial plasma [25, 26]. The existence of background radiation originating from
the propagation of photons in the early Universe (once they decoupled from matter)
was predicted by George Gammow and his collaborators in 1948 and inadvertently
discovered by Arno Penzias and Robert Wilson in 1965 [27]. Although the temper-
ature fluctuations in the CMB are extraordinarily uniform, after many decades of
experimental effort, the CMB is known to be isotropic at the 10~ level and to fol-
low with extraordinary precision the spectrum of a black body corresponding to a
temperature 7' ~ 2.73 K. The analysis of CMB anisotropies enables accurate testing
of cosmological models and puts stringent constraints on cosmological parameters.
Data from Wilkinson Microwave Anisotropy Probe (WMAP) [28] and PLANCK
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12 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

suggest that the universe consists of: (i) around 5% baryonic matter like baryons,
leptons, gas, stars, galaxies etc. ; (ii) around 27% non baryonic matter known as Dark
matter and (iii) rest 68% is known as dark energy [28-30] assuming FRW model or
Standard Model of cosmology. This spectacular observation can be confirmed in-
dependently by comparing the predictions from Big Bang nucleosynthesis (BBN)
with the observed abundances of elements. All of these can be summarized in the
pie-chart shown in Fig. 2.4. Besides CMB, the other most reliable cosmological mea-
surements are from Sloan Digital Sky Survey (SDSS) [31, 32].

Dark Matter

Dark Energy

Figure 2.4: Approximate energy budget of the universe as predicted by WMAP and PLANCK obser-
vation of the CMB spectrum. Image from [33].

Evidence for DM is also inferred from analyzing the large-scale structures in the
universe. But as our understanding of formation of large scale structures from pri-
mordial density fluctuations is far from satisfactory level, we rely on N-body sim-
ulations. N-body simulations without DM does not form the familiar filament and
void structures as observed by SDSS and other surveys within proper timescale. The
N-body simulations also provide the evidence that not only is DM required in the
universe, it must be cold or non-relativistic during the period of structure forma-
tion [34, 35].

2.1.2 The Dark Matter Zoo

The total matter content of the universe according to recent data: Q,,,h* ~ 0.31 [36],
while the amount of luminous matter, in the form of stars, dust clouds etc, gives
a much smaller contribution: Q,,,h> ~ 0.005. On the other hand, the amount of
baryonic matter: Q,h* ~ 0.04. Thus we have:

Qlum < Qb < Qm

The inequalities suggest that DM can be either baryonic or non-baryonic. The bary-
onic nature of DM is actually strongly constrained from the big-bang nucleosyn-
thesis (BBN). The abundance of light elements predicted by BBN depends on the
baryon density and, in fact, measurements constrain the baryon density to a value
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Figure 2.5: The mass range (not to the scale) of allowed DM candidates, comprising both particle
candidates and primordial black holes. Figure from [37].

around 2, ~ 0.04, close to the value derived from CMB. Some part of the baryonic
matter density may well contribute to baryonic DM, e.g, MACHOs ' and they are de-
tectable by gravitational lensing. However, DM composed entirely of MACHOs has
been ruled out [38]. On the other hand, there exist a garden variety of non-baryonic
DM [39-43]:

e A major classification of non-baryonic dark matter is based on its temperature
at the time of galaxy formation. On the basis of this, DM can broadly divided
into:

— Hot Dark Matter (HDM): Relativistic at the time of galaxy formation.
Typically lies ~ €V scale. Light neutrinos are the example of HDM.

— Cold Dark Matter (CDM): Non-relativistic at the time of galaxy forma-
tion. The masses lie in the range {MeV-GeV }. Weakly Interacting Massive
Particles (WIMP) are the best example of CDM.

— Warm Dark Matter (WDM): Such DM candidates have properties in be-
tween cold and hot regime. Sterile neutrinos and gravitinos are popular
WDM candidates. The masses are usually ~ KeV range.

Because of extremely high velocities, HDM wipes out structures on small scale.
Hence CDMs are physically viable as they can explain small scale structure forma-
tion. A combination of theoretical and cosmological constraints have considered the
so-called ACDM (dark energy with cold dark matter) paradigm as an accurate de-
scription of our universe. Throughout the thesis, we will consider CDM as our DM
candidate.

e Based on production mechanism, DM can be divided into two categories:

MACHOs or Massive Compact Halo Objects include black holes or neutron stars or brown
dwarfs.

TH-2387_156121033



14 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

— Thermal relics: Particle DM that were in thermal equilibrium with the
primordial plasma in the early universe, e.g., neutrinos, Weakly interact-
ing massive particles (WIMP).

— Non-thermal relics: Particle DM that never came into thermal equilib-
rium in the early universe, and produced by some non-thermal mecha-
nism (for example, decay of a particle in the SM bath), e.g., feebly inter-
acting massive particles (FIMPs), axions, solitons, WIMPZILLAs.

SM neutrinos being massive, electromagnetic charge neutral and weakly inter-
acting are supposed to be excellent DM candidate. But one can easily show that if
m; is the mass of the i-th neutrino, their total relic density is predicted to be [41, 44 ]:

3
p 7, m;
07 = Z 94 eV’

=1

Now, given the present bound on neutrino mass from cosmology [45] we find that
Q,h* < 0.001, which means that neutrinos are simply not abundant enough to be
the dominant component of DM. On top of that, neutrinos being relativistic at the
time of galaxy formation, erase small-scale fluctuations [46] implying a top-down
formation of the universe which is essentially against the observational data (which
implies a bottom-up formation). Hence neutrinos fail to be viable DM candidates.
Thus, the Standard Model (SM) does not contain any potential DM candidate. As
the detailed nature of DM is not revealed yet, many DM candidates have been pro-
posed so far from the point of view of physics beyond the standard model (BSM).
Among those, WIMPs are known to be good candidate for particle DM. Assuming
that DM number density depletion occurs to SM via 2 —2 interaction of weak interac-
tion strength, then DM with masses ~ O (100) GeV can satisfy the desired relic den-
sity. This feature called the WIMP Miracle [44 ], has made WIMP models a favorite
amongst the theorists. Apart from WIMPs, there are more exotic DM candidates, for
example, the lightest Kaluza-Klein mode that emerges from the Universal Extra Di-
mensions (UED) framework (for a review see [47]), axion-like particle (ALPs) [48],
primordial black holes (PBH) [49-52], SuperWIMPs (e.g., gravitino) [53-56 ] or par-
ticles that have super weak interactions are produced non-thermally by the decay of
a heavier state etc. The schematic diagram in Fig. 2.5 shows a non-exhaustive repre-
sentation of possible DM mass range for some of the DM candidates.

2.2 WIMP: Thermal freeze-out and detection possibil-
ities

Of all the hypothetical DM candidates, none have been studied in more detail than
the weakly interacting massive particles (WIMPs). In this section we would like to
elaborate upon the thermal freeze-out of WIMPs and discuss some of its detection
prospects in different experiments.

2.2.1 Boltzmann Equation (BEQ) for single component WIMP

In thermal freeze-out scenario, DM particle is assumed to be in thermal and chemical
equilibrium with the SM bath at early Universe. As the universe expands adiabati-
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2.2. WIMP: Thermal freeze-out and detection possibilities 15

cally and the temperature drops, at a particular epoch when the interaction rate (I")
becomes smaller than the universe expansion rate (Hubble constant H): I' < H, the
DM particles decouple from the thermal bath. The DM particles then “freeze-out”
with their number asymptotically approaching a constant (in co-moving volume),
namely their thermal relic density. The DM number density in the present epoch is
found by solving the Boltzmann equation [26, 44]. For a single-component WIMP
(X) having 2 — 2 interaction with SM, the Boltzmann Equation (BEQ) governing
the number density reads

g +3Hny — — / Exd’p  Exdp Esudiq Esud’d
: " (2m)32E, (2m)32E! (2m)32E, (27)32E),

(Muxxosmsul” (fxfx — fxrafxe), (2.2)

@2m) ' p+p —q—q) x

where nx denote the number density of WIMP (X)), ny is the time derivative of the
number density, M,_, is the amplitude for the process : — f, including the spin
average and symmetry factors, H denotes the Hubble parameter and {x indicates the
internal degrees of freedom associated to the particular DM species. For example,
for a massive vector boson DM, we have £y = 3. Phase space density fy is related

to nx and equilibrium density f5© are related to corresponding ny?, as follows:
ExdPp EQ / ExdP’p Lgg EQ 1
| = [ 2 = 23
- / (27r)32Ef X T (2m)32E7X 7 IX T eB/ksT _ ] (2:3)

Thermally averaged cross section (see Appendix. A for derivation) (o xx_smsm v)
is defined as [44, 57, 58]:

(oxxosmsmv) = 1 / ExdPp  ExdPY EsmdPq  EsmdPd
B (n?ﬂ?) (2m)32E, (2m)32E! (2m)32E, (2)32E)

@m) 6 (p+ 1 — g — ¢) [ Mxxosusul e T
. /oo . £%5\/5 — 4m% Ki(*2) (0v)xxssmsm

167 mA, K(7x)? ’

(2.4)

0

where (oxx_smsmv) has been expressed in terms of annihilation cross-section
and the kinematic variable s = (px + py)?. The threshold energy required for the
reaction to occur is sy = 4m%. K () are the first and second modified Bessel func-
tions as a function of x = “* with T" being the temperature of the thermal bath. BEQ
for the single-component case then be simplified as [44]:

nx = —3Hnx — <O-XX~>SMU> (”?X - n)E(QQ) : (2.5)

On the right hand side (RHS) of the above equation, the first term accounts for dilu-
tion due to expansion while the second term corresponds to the so called ‘collision

term’ that accounts for the rate of reaction. The equation is often recasted in terms
of DM yield Y defined as:
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16 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

y =X (2.6)
s
where ny is the number density (per co-moving volume) of the DM X as defined

earlier and s is the entropy density (per co-moving volume) given by [44]

§ = %Q*S(T>T3; g*s<T) = grkgk <%) Q(T - mk)‘ (27)

Here k runs over all particles, 7T}, is the temperature of particle &, g, its number
of internal degrees of freedom and r;, = 1(7/8) when k is a bosons (fermion). It is

easy to rewrite the BEQ in terms of Y as a function of z = =

In the above,

) 4 1
H(m) = 1-66\/97%; Grp = i%mgi <§> + giferzmmsgi (;) .29
and the equilibrium distribution is given by
s
YEQ = 0.145i <%> e~ (2.10)

where g, is given by Eq. (2.7) and g is the number of internal DOF of the par-
ticle concerned. Note again, mp; = \/8—1?61 = 2.43 x 10'® GeV denotes reduced Plank
mass. Finally, one needs to solve Eq. 2.8 for thermal freeze out. As the equation can
not be solved analytically, a numerical solution is done assuming Y (z = 0) = Y€,
In Fig. 2.6 we show the freeze-out corresponding to some choices of thermally av-
eraged cross-sections (c.v) = {10712,107,107'%, 10~8}GeV * shown by black, blue,
green and red thick lines respectively. As expected, with larger interaction cross-
section the freeze-out gets delayed. Black dashed line shows the equilibrium dis-
tribution Y9 for DM mass 100 GeV. The yield in green corresponds to correct relic
abundance while the ones above (black and blue) yield over abundance and the one
below in red provide under abundance. In the DM model building exercise it is of
immense importance to find the parameters that justify correct annihilation cross-
section leading to right relic abundance. Although the thermal relic abundance is
determined by solving the BEQ e.g., Eq. (2.8) numerically, it is possible to derive an
approximate analytical expression for the DM relic density. Defining freeze out to
be the time when n (o,nv) = H, we have:

T2
N (Cann-V) ~ L (2.11)

Y
My
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2.2. WIMP: Thermal freeze-out and detection possibilities 17

where the subscript f denotes quantities at freeze out and My, is the Planck’s
mass. The ratio z; = ’:’}—;‘ has a typical value of z; ~ 20 for freeze-out. The thermal
relic abundance is then given by the cosmological density parameter defined by

3 T3
Q=X XS0 0 (o) (2.12)
Pc Pc T() Pc Mpl

Here p. is the critical density defined as: p, = 3113

5o Ho being the present day value
of the Hubble’s constant and G is the universal gravitational constant. We see that

the thermal relic density depends mainly on the annihilation cross section (o,nnv)
inversely, the kind of behaviour that we see in Fig. 2.6.

108 <o Vv> increases
R
S 10-10
ICID 10 freeze-out
>- ‘\
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}/EQ" o~ oml T ‘\“
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Figure 2.6: The figure shows freeze out of WIMP DM in terms of the abundance Y (as mentioned
in the text). The dashed black line shows the equilibrium abundance of the thermal relic Y £%. The
solid black, blue, green and red coloured lines correspond to different numerical values of annihila-

tion cross-section (o.v) = {10~'2,10~'*, 1071, 10~8}GeV ~* respectively, which are in the increasing

order from top to bottom. The green coloured curve gives rise to observed DM relic abundance. Here
we choose the DM mass to be mpy = 100 GeV.

It is often easier to recast Eq. (2.8) in terms of a modified yield y = \Y, where
A = (0.264 mp, \9/’;1*) such that it simplifies to:

d m
d_i - _x_f (oxxosmsnv)(y? — ¥ . (2.13)

We can also approximate (ocv) with the non-relativistic expansion in powers of
v? (since v is small):

(ov) = a+bv* + O(v?), (2.14)
where a and bv? stand for s-wave and p-wave annihilation respectively. If we con-

sider only s-wave contribution in Eq. (2.13) (present which the p-wave is negligible)
then the BEQ simply becomes:

dy _ mx[(
de 22 L°

oo(y? —yEQZ) : (2.15)
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18 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

Then following the approximate solution already described, it is possible to show
that the relic density (in terms of the reduced Hubble parameter, h = H,/100kms ™ Mpc ')
can be obtained from the yield y at a large value of x as:

MmxSo\/Jx 2.4 x 1071°GeV—2
pe 3H? mil 0.26g*$y<3j ) 00 ( )

In the above z, defines large enough x after decoupling and s, is the present day
entropy density. From the last equality in Eq. 2.16, one can see that in order to obtain
the observed relic abundance for the DM, the annihilation cross-section required is
oo ~ 1079 GeV~?, which is the typical weak interaction cross-section. This is what
has been termed as the “‘WIMP miracle’ in the end of the last section.

In many models the DM sector consists of more than one particle. If there are
two DM particles X; and X, with mx, < my, then they can annihilate into a pair of
SM particles through the set of processes:

Assuming two particles are present at the time of decoupling, then all of the
processes in Eq. (2.17) contribute to the DM relic and the BEQ can be re-written
as [59, 60]

fix + 3Hnx = —(00)et (n§( . ni‘?‘l), (2.18)

with ny = nx, +nx,, Am = mx, — mx, and

g 2 Am\ 3/2 A
(OV)eff = %(UU>X1X1 + $<00>X1X2 (1 + m) exp | —x vy +
£eff eff mx, mx, (2 19)
52 s | s .
e2ff i mx, P mx, ,
where & is the effective degrees of freedom given by
Am\3/2 A
et = &1 + &2 (1 + m) exp (—x m) +0O[Am)’. (2.20)
mx, mx,

Such processes like X1X, = ff, XyX, — ff are called co-annihilation and
serves as a very important feature of multipartite DM sector. We will provide more
concrete examples when we discuss our model set up. In order for the co-annihilation
partner X, to have a significant effect on DM relic density, its number density should
remain close to the DM number density during freeze-out. Co-annihilation is ex-
pected to be important for mx, —mx, ~ Tr, which is typically the freeze-out temper-
ature. Large mass splitting reduces co annihilation effects significantly due to Boltz-
mann suppression as seen from Eq. 2.19 and therefore contributions from X; X, —
ff usually dominates over X, X, — ff.
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2.2. WIMP: Thermal freeze-out and detection possibilities 19

2.2.2 WIMP searches: Review & Current Status

The overwhelmingly huge number of evidences of DM (as described in Sec. 2.1.1)
and a plethora of well-motivated particle DM candidates (as partially enlisted in
Sec. 2.1.2) makes the identification of DM a key challenge. Since WIMPs have a finite
weak coupling with the visible sector that gives rise to observed relic abundance,
hence they could be detected via following three ways:

e DM scattering off a SM particle via DM+SM — DM+SM: Direct Detection.

e Dark Matter annihilation via DM + DM — SM + SM: Indirect Detection.

e Dark Matter production via SM + SM — DM + SM: Collider Searches.

DM DM DM SM SM DM
SM SM DM SM SM DM
(a) Direct Detection (b) Indirect Detection (¢) Collider Detection

Figure 2.7: Illustration of the three main DM detection strategies. This cartoon is taken from [61].

In Fig. 2.7 these methods are summarized, which shows these three search strate-
gies are complementary to each other. In the following sections we would like to
elaborate upon DM direct detection and collider searches, while indirect detection,
although not addressed in this thesis, shall be discussed briefly.

Direct Detection

The principle behind DM direct search is that since we are moving through a WIMP
halo, DM can scatter off an earthly detector, deep underground, shielded from noises.
The goal of direct detection experiments is therefore to detect and record the rare oc-
casion that particle DM scatters off a target material producing measurable amount
of recoil energy. This idea was first suggested by M. Goodman and E. Witten [62].
The relevant physics behind these scattering experiments can be identified if we
look more closely into the kinematics of such a scattering process. This is depicted
in Fig. 2.8. Total initial energy and momentum, following the momentum labels in
Fig. 2.8 can be written as

Ei = —, p=mxv, (221)
while the final energy

TH-2387_156121033



20 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

-a°, &
E,= . 2.22
! 2mx + 2mpy ( )

The energy conservation then gives rise to:

pllqlcos® ¢

_ , (2.23)
mx 2uxN

where cosf = p.g and uxy = % is the DM-nucleus reduced mass. For

a WIMP scattering off a typical nucleus (say, Xenon), uxy ~ 10 — 100 GeV and
7] pax = 20 — 200 MeV. Then corresponding maximum recoil energy is given by:

Fmax ‘ﬂfnax = 2M3(NU2 ~ 20 — 200 kev7 2.24
R
2mN mn

where we have used the typical velocity of DM in the local DM halo: v ~ 1073,
For a given recoil energy, the minimum incoming speed for the DM would then be:

Umin = 1\/ mNER/ngfN. (225)

x(p) x(p')

N(k=0) N(g=p-p")

Figure 2.8: Scattering of DM candidate X from the local DM halo on a nucleus N which at rest on
earth. This diagram is taken from [37].

The key ingredients for the calculation of the signal in direct detection exper-
iments are the density and the velocity distribution of WIMPs in the solar neigh-
bourhood and the WIMP-nucleon scattering cross section. With this information,
it is then possible to evaluate the rate of events expected in an experiment (WIMP-
nucleon scattering events) per unit time, per unit detector material mass. The differ-
ential event rate expressed in terms of number of events per kilogram and per day

as:
dR do
— =N —_— 7) d*v 2.2
o =N [ STup @ @' (2.26)
where Ny is the number of nuclei per unit target mass, ny = px/mx is the

DM number density, f(v) is the DM velocity distribution in the lab frame. A sim-
ple analytic approximation for the DM velocity distribution is that of a truncated
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Maxwellian distribution, since we expect the DM in the solar neighbourhood to be
mostly virialized. The differential DM-nucleus scattering cross section do/dER de-
pends on the nature of WIMP-nucleus interaction [37]

do Oxn MN 9 myFEg
— F2(q)0|v - 2.27
iEn iy 22T 7 (U V' 2w ) (227)

where the step function enforces the DM velocity to be vmin (as in Eq. 2.25) to
produce a recoil of energy Er. Here F'(q) is the form factor containing the entire de-
pendence on the momentum transfer ¢ which may be expressed as a simple analytic
form known as the Helm form factor [63]

F(q) = % exp (—q2s2/2) , (2.28)

with r, ~ 1.14A4'3 (A is the atomic number of the nucleus) and s ~ 0.9 fm.
The likelihood of an incident DM with larger velocities eventually becomes expo-
nentially suppressed and it is typically assumed there is essentially no DM above
the local escape velocity, which is vese 2 550 km/s.

WIMP scattering of nuclei is discussed in the context of two class of possibilities:

e Elastic and inelastic scattering: The elastic scattering of a WIMP of a nucleus
in a detector is simply the interaction of the WIMP with a nucleus as a whole,
causing it to recoil, as depicted in Fig. 2.8. As we already have discussed, such
a scattering event can give rise to a recoil energy ~ O (keV). In inelastic scat-
tering, on the other hand, all of the energy does not go into the nuclear recoil;
rather a nucleus is excited into a higher energy state which decays by photon
emission leaving a detectable direct search signal.

e Spin-independent and spin-dependent scattering: Typically a scalar or a pure
vector WIMP-nucleus interaction gives rise to a spin-independent (SI) direct
search cross-section that does not depend on the spin of the target nucleus.
In this case the cross-section leads to a coherent enhancement in scattering
rates by A? (as the electrically neutral DM should identically couple to pro-
ton and neutron inside the nucleus), where A is the atomic number of the
target nucleus. An axial vector interaction between the DM and the nucleus,
on the other hand, gives rise to a spin-dependent (SD) direct search cross-
section where the cross-section ogp %, J being the total nuclear spin. The
lack of benefit from the coherent enhancement for SD interactions results in
most models being more accessible experimentally via their SI interactions
than by their SD interactions. Since the WIMPs are non relativistic, the zero-
momentum cross section for a WIMP of arbitrary spin and general Lorentz-
invariant WIMP-nucleus cross section may be written in terms of a spin-independent

(mostly scalar) and a spin-dependent (mostly axial vector) term [65]:

332Gk y J + 1
J

rxn = 23N (7 (A= 2) 5]+ (ap(5) + an(5.)) (229)
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Figure 2.9: Top Left: Upper limits on the spin-dependent WIMP-neutron scattering cross-section set
by different xenon-based experiments. Top Right: Same but for WIMP-proton scattering. Bottom:
The projected sensitivity (dashed curves) on the spin-independent WIMP-nucleon cross-sections of
a selected number of upcoming and planned direct detection experiments. The orange thick dashed
line shows the background limit from solar, atmospheric and diffuse supernovae neutrinos while the
orange shaded region below shows the neutrino floor. Figures taken from [64].

Here f, and f,, (a, and a, ) are effective SI (SD) couplings of the WIMP to the
proton and neutron, respectively. A, Z are the atomic and mass number of the
target material; (5, ,,) is the expectation values of the proton and neutron spins
within the nucleus.

At present, there is a tight ongoing race between a few xenon experiments. By
combining the 95 live days of data taken in 2013 and another 332 live days of data
taken from 2014 to 2016, LUX collaboration [66 ] has reported a minimum of 10746 ¢cm?
upper limit on SI direct search cross-section for a WIMP mass of 50 GeV /¢?. PandaX-
ITwhich also utilizes dual-phase xenon detector, has reported a similar limit STWIMP-
nucleon cross-section [67, 68]. XENONI1T experiment, the successor of XENON100,
a ~ 2000-kg-target-mass dual-phase (liquid-gas) xenon time projection chamber
currently puts the strongest limit on the spin-independent WIMP-nucleon inter-
action cross section for WIMP masses above 10 GeV /c? with a minimum of 7.7 x
107*" cm? for 35 GeV /¢ WIMPs at 90% confidence level [69, 70]. The upgrade exper-
iment XENONNT, with a 6.5-ton liquid-xenon target, is in planning. Another future
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large direct detection project, DARWIN, is aiming at a target mass up to 40-ton [71].
Spin-dependent direct search experiments have also been widely pursued. The lead-
ing experiments searching for the WIMP-neutron interaction are again using liquid
xenon. The lowest published cross-section limit is 10! cm? at 33 GeV/c? from the
LUX collaboration [72]. More recently, the PandaX-II experiment reported a more
stringent limit [73]. 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 the orange band,
where the recoil spectrum due to solar, atmospheric and supernova neutrinos will
be identical with that of DM-nucleon interaction. In such situations, distinguishing
DM signal becomes even more harder and requires a different experimental strategy
altogether (typically detectors that can measure the annual modulation of DM flux
coming from a particular direction). Before closing this section, we should briefly
comment on the fact that the detection of sub-GeV DM requires a somewhat dif-
ferent approach compared to conventional direct detection via nuclear recoils as it
becomes less effective due to the much smaller recoil energies [74-86]. In this thesis
we focus on DM of ~ O (100) GeV and conventional direct search bound.

Indirect Detection

Residual DM annihilations DM, DM — SM, SM may still occur at late universe
where the relative velocity ~ 1073, particularly in the Galactic centres. Therefore
any excess to SM final states from these regions can also hint to the presence of DM.
Among the final states of interest, photon and neutrinos, being neutral and stable,
can reach the detectors without getting much affected by the intermediate space. In
case of WIMP annihilation, the photon energy lies within an energy range that is
well within the reach of space-based telescopes like Fermi-LAT (gamma rays in the
energy range from 20 MeV to more than 300 GeV) or ground based telescopes like
MAGIC (in the range of ~ 50 GeV to ~ 50 TeV). Detectable gamma-rays can be
tested at the instruments like the Fermi Large Area Telescope (LAT)” in space or the
ground-based Cherenkov telescopes like MAGIC “. The differential gamma ray flux
produced due to WIMP-like DM annihilation in a given region of the sky (A(Q2) and
observed at the Earth reads [87-91]:

dd 1 (ov)J (AQ) dN
where dN/dE is the average gamma-ray spectrum per annihilation and
T (AQ) = / Q) / dip? (z, Q) , (2.31)
AQ LOS

is the well-known J-factor which encodes all of the relevant astrophysical in-
formation with p being the DM density profile, and the integrals running over A(2
and the line-of-sight (LOS) through the DM distribution. Since the DM can anni-
hilate into charged fermion final states: ppu~, 7777, bb etc, all such final states can

Zhttp://fermi.gsfc.nasa.gov
Shttps://magic.mpp.mpg.de/
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give rise to gamma rays. Therefore, one can constrain the DM annihilations to dif-
ferent charged final states from non observations of gamma ray excess [92-95]. At
all energies, the cosmic ray (CR) spectrum is dominated by matter over antimatter.
However, in most of the cases, DM annihilating (or decaying) to SM in the halo of
the Milky Way would produce equal amounts of matter and antimatter. This would
naturally lead to an excess of antimatter relative to that predicted by standard astro-
physical mechanisms. Thus, the indirect DM search strategies exploiting CR look
mostly for anti-proton or positron excess [96-107]. In addition to gamma rays and
cosmic rays, DM annihilation can also produce highly energetic neutrinos that are
potentially detectable by neutrino telescopes such as IceCube [108] or at low ener-
gies, Super-K [109]. DM annihilation products can also alter the abundance of light
elements during BBN or change the inonization history of the universe at the time of
formation of the CMB. The measurements of BBN and CMB put robust constraints
on DM annihilation [36]. Similar to DM annihilation, indirect search for DM decay-
ing to gamma-rays [110-112], X-rays [113, 114], neutrinos [115] and CR [116] also
provide stringent limits on DM mass, coupling etc. However, for WIMP and FIMP
like CDM cases we explore, the bounds from indirect search are milder than the one
from relic density.

Collider Searches

In this section we review the experimental strategies relevant for DM searches at
the collider (for example, at the Large Hadron Collider (LHC)). As emphasized
earlier, the same DM+DM — SM+S5M interaction that governs the freeze-out in the
early universe giving rise to observed relic abundance today, can also produce DM
at high energy collider through the reverse process: SM+SM — DM+DM. When
dark sector consists of a single DM particle, one can only rely on mono-X searches,
which are concerned with the production of a single SM particle in association with
missing transverse momentum produced by the DM. Here X can be a gluon (jet),
V e W, Z,~ or Higgs [117-122]. It is always possible to produce DM particles in
association with one or more QCD jets from initial state radiation in proton-proton
collisions. In a similar manner as in mono-jet events, DM may also be produced
together with a vector boson V' € v, W, Z which is radiated off a quark in the initial
state. While the corresponding production cross section is significantly smaller than
for QCD radiation, the process is much cleaner and can therefore be searched for
with higher sensitivity. Mono-photon searches are among the simplest searches for
DM, requiring only a high p; photon [123, 124]. SM-like Higgs boson, in association
with missing transverse momentum also turns out to be a promising signal both
when Higgs decays in v and bb final state [123, 125-127]. Also, if the DM couples
dominantly to heavy quark flavors, a promising signal at the LHC is a top-quark
pair in association with missing transverse momentum [125, 128-131]. In all such
cases, missing energy (momentum) is the key variable to segregate the DM signal,
which can be defined as

typical DM Signal : mono-X + Fr; X € {j, H, W, Z};

By = —\/< S 2+ (Y p)2 (232)

0,5, unc. £,7,unc.
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where the sum runs over all visible objects at collider detector that include the
leptons, jets, and the unclustered components. A multipartite dark sector, consisting
of heavy charged fields can produce a signal like

atypical DM signal : n.0 +m.j + Hr; ( = {e*, u*}, (2.33)

X
LHC produces
heavy BSM \
particles that
decay to WIMP Ll
pairs and SM
X

2, -
<Mgibling

Partonic ‘ LHC directly

produces
energy WIMP pairs

2m X

LHC can
not produce
WIMPs

Figure 2.10: Possible DM Signals at Collider (LHC).

where n and m are real numbers. Fig. 2.10 nicely encapsulates both of these pos-
sibilities where the DM can either leave a simple mono-X signal or can also give rise
to more complicated signatures. The figure clearly tells us that if the center of mass
(CM) energy of the collider (say, the LHC) is just above twice the DM mass 2my,
then LHC can directly produce a pair of WIMPs, and hence it is possible to probe
the mono-X signature with missing energy. If the CM energy goes beyond twice the
mass of the heavier particles in the dark sector i,e., 2mspiing then it is possible to pro-
duce those heavier multiplets in the collider which can further decay to WIMP-pairs
in association with SM leptons and jets. It is worth mentioning that if the DM mass
is less than half of the mass of the SM Higgs boson, it may be possible to produce
pairs of DM particles in Higgs decays, and therefore invisible Higgs decays can also
be a good probe for DM signal at collider, although heavily constrained by current
data [132-135]. While the searches in the context of complete theoretical frame-
works such as Supersymmetry (SUSY) remain a focus of the LHC, over the years DM
search program has been augmented by a model agnostic approach [118, 120, 136—
144]. DM searches at colliders play an important role in complementing the search
programme of non-collider searches. Especially, a non-observation of DM at the
LHC would have important implications for our understanding of the nature of DM.
We will discuss in detail the specific signal and simulation strategy in context of our
model framework.
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2.3 Non-thermal dark matter: Freeze-in & FIMPs

The basic idea of freeze-out is based on the assumption that the DM was in thermal
equilibrium with the visible sector in the early universe. However, if the coupling
between the visible sector and DM particles is very small ~ O(107'Y) the interactions
are not strong enough for the DM to remain in thermal equilibrium. Instead the ob-
served DM abundance can be produced from particles in the thermal bath, called
the freeze-in production. The particle undergoing freeze-in is (naturally) termed as
feebly interacting massive particle (FIMP). In the simplest case, the initial number
density of DM particles is either zero or negligibly small, and the observed abun-
dance is produced by bath particle decays or annihilation. As the DM production
takes place from the decay (or annihilation) of the bath particle, hence the freeze-in
yield is active until the number density of the mother particle becomes Boltzmann-
suppressed ~ e "™, The comoving number density of DM particles then becomes
a constant and the DM abundance freezes in after the temperature drops below the
DM mass.

2.3.1 Boltzmann Equation (BEQ) for FIMP

Consider the case where the FIMP X is the DM particle itself. If y has a coupling to
two bath particles via A3 B, then for mp, > mg, +m,, the freeze-in production of
x is via decay of the heavier bath particle B;. The relic abundance can be obtained
by solving the Boltzmann equation (BEQ) for the number density of x as

iy +3Hn, = / dIL,, dllg, dllg, (27)*0* (pB, — P8, — Py

X UM|%1—>X+BQ f&(l + fx)(l + f32) B |M|%32+X—>Bl fB2fX(1 + fBI)j| :
(2.34)

%
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Figure 2.11: Plot of the evolution of the relic yields for conventional freeze-out (solid coloured) and
freeze-in via a Yukawa interaction (dashed coloured) as a function of z = m/T. The black solid
line indicates the yield assuming equilibrium is maintained, while the arrows indicate the effect of
increasing coupling strength for the two processes. The figure is taken from [145].
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The second term in the above expression involving the back-reaction can be ap-
proximated to be f, =~ 0 in the early universe. Using the definition of decay width
FBlaBerx of Bl — BZX:

1 M2
FBIHXJFBQ B / 2mB ?;X+B2 (27T)454(p31 —PB, — pX)dHX dHBw (235)

and neglecting Pauli-blocking/stimulated emission effects i.e, approximating (1 + fz,) =~

1 we can re-cast Eq. (2.34) in terms of the yield Y, = 2 (using 7'~ —H.T") as [145]:

2
9B, Mp F31 Ky (ZL’)
Y, L d 2.
X / 272 sH (2.36)
where 2 = “EL and s and H are comoving entropy density and Hubble constant

respectively. Performing the x integral one can obtain:

135g5,  Mul's

~ 2.37
X7 873(1.66) gus G mg, ( )
Thus the abundance of the species in question can be obtained via:
OB — my Yy (To)  1.09 x 10*7gg, m,I's, (2.38)
X ~~ . .

2
Pe Gl mpg,

The DM y can also have a freeze-in production from the scattering/annihilation
of the bath particle. In the simplest case, for a 2 — 2 process of the form Ax3,8.8;
where B, , 5 are the bath particles, the BEQ for the freeze-in yield for x can be written
as

4
fi + 3Hn, = / 3 dI; (2m)* 6 (pgl + pB, — Py — px) M35, 5, f0 fa- (2.39)
=1

The BEQ can be re-casted in terms of the bath temperature 7" as

, T o 2 Ky (Vs/T)
nX + 3‘Elnx - m / ) deQ |]7|Bll3’2 |]7|B3X ‘M|Bll’j’2—>33x T’ (240)

s:mx

with

2

1Pl;; = QL\/E\/S — (m +mj)2\/5 — (mi —m;)”,

where m; ; are the masses of the incoming/outgoing states. Since the matrix element
is nothing but | M |Zl By—sisy = A, ON changing variable to Y, one obtains [145]

13502 M, 13502 M,

Yy ~ dexx K = )
X 25677 gren/Guy (1.66) /0 2Ky () 51277 rs/Gnp (1.66) 1y

(2.41)

TH-2387_156121033



28 Chapter 2. The Trinity: Dark Matter, Neutrino mass, Unification

As before, one can then easily obtain the relic abundance of X. From above rela-
tions, one can easily that freeze-in yield is proportional to the decay or annihilation
cross-sections, therefore it is proportional to the interaction rate between the visible
sector and DM particles. This is exactly opposite to that of the freeze-out scenario,
where larger interaction rate implies smaller final abundance. In fact this is the rea-
son, why the required coupling for freeze-in turns out that feeble to satisfy correct
relic. However, the required coupling values and assumptions of the initial abun-
dance are not the only differences between the freeze-in and freeze-out scenarios,
as also the relation between the relevant mass scale and the bath temperature at the
time of DM production is different. In the freeze-out mechanism the relic abundance
is produced at m/T = 10...30, whereas for the freeze-in mechanism it arises during
the epoch m /T = 1...5. This is depicted in Fig. 2.11, where we can clearly see how
the yield of a relic behaves exactly opposite to each other in WIMP vs FIMP scenario.

Despite these opposite features, freeze-out and freeze-in share crucial common
aspects: the final out-of-equilibrium abundance, given the relevant particle masses
and couplings, can be computed solely from an initial state of bath particles that are
in thermal equilibrium, and the resulting abundance is dominated by IR physics.
Prospects of freeze-in production of DM via renormalizable interactions has widely
been studied [145-156]. One can, however, consider an alternate possibility, where
the freeze-in production proceeds via non-renormalizable operators. In such cases
observed DM abundance usually becomes sensitive to the maximum temperature,
arguably the reheat temperature (7xy) of the universe. DM yield in such cases
becomes maximum during reheat temperature itself. This is dubbed as UV freeze-
in [157-159], as the DM abundance is set by the UV physics, in contrast to IR freeze-in,
where DM abundance piles up at much lower temperature. We will come back to
this feature in the context of a specific effective operator formalism.

Signatures of FIMP

As opposed to the WIMPs, the coupling of the FIMP to the thermal bath is very
teeble, so a crucial question is whether the freeze-in mechanism can be tested by
measurements at accelerators or by cosmological observations. Following are some
of the possible observational aspects for freeze-in scenario.

e Collider signatures: A unique signature of a feebly coupled dark sector is
the appearance of particles with macroscopic lifetimes. In many cases, the
frozen-in DM is coupled to the SM via a mediator particle with dark charge,
which itself is not necessarily feebly coupled to the visible sector. This medi-
ator particle could then be produced in collider experiments [160] which de-
cays to DM producing displaced signatures: tracks appearing away from the
collision axis, long-lived particles decaying in the calorimeter, or disappear-
ing tracks. Searches for long-lived particles have been done both by ATLAS
and CMS [161-164]. There are also dedicated collaborations which search for
long-lived and millicharged particles [164-168].

e Astrophysical and cosmological signatures: A potential solution to the small
scale problems is given by warm DM, where structure formation is suppressed
below the free-streaming scale of the light DM particles in the early Universe.
However, warm DM is severely constrained by the Lyman-a forest data. This
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discrepancy could be alleviated if the DM velocity distribution is non thermal,
which is possible if DM is produced via freeze-in. Self-interacting DM pro-
duced via the freeze-in mechanism has also been considered in [169, 170]. In
such cases it is possible to probe the strongly interacting FIMP by virtue of
several astrophysical effects. As mentioned earlier, due to the feeble couplings
generically present in the freeze-in set-up, long lived particles are a rather com-
mon feature in these models. If they decay into the SM, the energy deposited
into the SM photon bath between BBN and photon decoupling eras can lead
to observable effects in the light element abundances or in the CMB.

2.4 Dark Matter d la Vector Boson

Vector bosons (spin one particles) as fundamental particles play a significant role in
the known SM physics. Vector bosons like photon, gluon, W, Z are force carriers of
electromagnetic, strong and weak interactions respectively. In the gauge theory con-
struct of the SM they are called the ‘gauge bosons’ transforming under the adjoint
representation of the corresponding gauge group, as discussed before. For explain-
ing the nature of DM we already pointed out that there is absolute ignorance about
its intrinsic spin. Therefore, a scalar, a fermion, a vector boson or even more com-
plex spin structure can be assumed for particle DM. However, vector bosons, as they
appear in quantum gauge theories, are somewhat special as DM candidates and are
of interest for this thesis. It is therefore legitimate that we discuss some features that
vector boson DM (VDM) frameworks inherit before we dig deep into specific model
frameworks.

Compared to fermionic (spin-1/2) or scalar (spin-0) candidates, vector bosons
are relatively unexplored DM candidates. Absent any vector boson in the SM hav-
ing the credentials of DM, VDMSs can appear in the models with extended SM gauge
symmetry. One may note here that when stability and charge neutrality are con-
cerned, VDM need not necessarily appear as a gauge vector boson. However, as
discussed above, DM production in the universe either via WIMP or FIMP mecha-
nism relies on the coupling of DM with the visible sector, which is difficult to achieve
for a vector boson transforming under a global symmetry. In this thesis, we are not
going to make an exception to that and consider the VDM as a massive gauge bo-
son coming from an extended gauge sector that breaks via spontaneous symmetry
breaking. Depending on the nature of the gauge extension, the vector boson can
either be abelian or non-abelian.

An abelian VDM arises in a simple U (1) extension of the SM, where simplest pos-
sibility is to assume all the SM particles to be neutral under that U(1)x. In a phe-
nomenologically viable set up, the symmetry must be broken completely to avoid
the existence of massless fields. A discrete symmetry, say 75, is thus required on top
of the U(1) x under which the new vector boson is odd to keep it stable. Note that,
imposition of this symmetry is necessary to prevent kinetic mixing of the dark U(1)
with SM U(1)y which can lead to the decay of the U(1)x gauge boson. The model
also needs new complex scalar field which are singlet under the SM gauge symme-
try, but transform under the new U(1)x. The non-zero VEV of this scalar will lead
to massive gauge boson via spontaneous breaking of U(1)x. Hence a spin-0 scalar
mediator is always present in all these cases that connects the dark sector with the
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visible sector. The gauge boson transforming under the new U(1)x symmetry can
still remain stable due to the unbroken Z, symmetry, and thus can be identified
as a potential DM candidate. The extended scalar sector also helps to improve the
vacuum stability by making the electroweak vacuum stable upto the Planck scale
for m; ~ 173 GeV. Within the framework of abelian gauge theory, one may also
consider ‘Stueckelberg mechanism’ to generate mass term for the new gauge boson
without introducing new scalar degrees of freedom [171, 172], but in that case one
also needs additional fields so that the dark sector can communicate with the visible
sector. For non-abelian cases, however, Higgs mechanism in spontaneous symmetry
breaking remains the only presently known way to give masses to non-Abelian vec-
tor fields in a renormalizable and unitary theory. Due to the inherent simplicity and
minimal particle content, such ‘Higgs portal’ model for abelian vector DM has been
extensively studied in many different contexts [150, 173-189] both in UV complete
and effective theories. Abelian gauge boson DM also appears in the context of more
exotic theories like the large extra dimension [190] or the little Higgs model [191].
In this thesis we shall address abelian vector DM scenario within an effective the-
ory framework where the dark and the visible sector is connected via an operator of
mass dimension five.

A non-abelian VDM, on the other hand, in its simplest form, can appear from an
SU(2)x extension of the SM gauge symmetry. Following the abelian case, one also
needs a complex scalar that transforms under the same gauge group to initiate the
spontaneous symmetry breaking. As before, the scalar field that breaks the gauge
symmetry may be used as a portal to the visible sector by mixing with the SM Higgs;
the amount of mixing controls the signal at direct detection experiments or at col-
liders. In the absence of any new fields transforming under the dark SU(2)x, the
DM is naturally stable due to the emergence of a custodial symmetry giving rise
to degenerate, massive spin-1 particles as shown in [192-195]. In cases where the
SU(2)x is broken by dark scalar multiplets of larger representations e.g., a triplet or
a quadruplet or a quintet, the remnant unbroken symmetry helps in stabilizing the
DM [177,196-198]. The situation becomes a bit complicated in the presence of new
fields (e.g., fermions) that transform under the SU(2) x. In such cases, depending on
the particle content, one needs to impose a discrete or global symmetry to ensure the
stability of the DM [199-201]. Also, an extended scalar sector is required in order to
generate masses for all the fermions. A particularly interesting aspect of non-abelian
vector boson DM is the presence of self-interaction which naturally leads to a class of
DM called the strongly interacting massive particles (SIMP) [202-204]. Non-abelian
vector DM that self-interacts through low-mass, spin-1 mediators (dark photons)
has recently been studied in [205]. Finally, one may equivalently consider a massive
vector boson DM candidate emerging from a gauged hidden SU(3) sector [206, 207].
A recent exploration with SU(3) gauge group may resolve the tension in the Hub-
ble constant measurement and give rise to a smaller o8 for structure growth [208].
However, in this thesis we shall stick to UV complete theory of non-abelian VDM
(WIMP and FIMP) in the context of gauged SU(2) extension of the SM.
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2.5 The origin of Neutrino Mass

Existence of non-zero but tiny neutrino mass has been well established via short
and long baseline neutrino oscillation experiments [209-216]. On the other hand,
it is not possible to construct a renormalizable mass term for the neutrinos with the
fermionic content and gauge symmetry of the SM. The obvious consequence is that
in order to introduce a neutrino mass in the theory one must extend the particle
content of the model, depart from gauge invariance and/or renormalizability, or
do both. Although the mass of the lightest neutrino is unknown, but the sum of
masses is bounded from above: ). m,, < 0.23 eV by cosmological data from CMB
observations [45] with PLANCK satellite. A stronger bound: > . m,, < 0.12 eV can
be derived if other cosmological observations are included [36].

Since in the SM neutrinos are massless, one is compelled to transcend beyond
the realms of the SM. All fermions in the SM with the exception of neutrinos have
two properties in common: They are Dirac fermions, and their masses are gener-
ated by the Higgs mechanism. It is not clear whether this also applies to neutrinos.
Since they are neutral, they could in principle be their own antiparticles (Majorana
fermions), and it may be that their mass is not solely generated by the Higgs mech-
anism. In this section we would like to briefly go through some known mass gener-
ation mechanisms for neutrinos.

Dirac masses

We first consider the possibility that neutrinos are Dirac particles. This necessarily
requires the existence of right handed (RH) neutrinos Ny to construct mass term
via Yukawa interaction:

—Lpirac = Y, 0 HNg + H.c., (2.42)

where H = ioc?H* with H being the SM Higgs doublet, and I, denotes the left-
handed lepton doublet. After SSB, from Eq. (2.42) we can write:

—Lpie = 7LmpNp + Hee., (2.43)

with mp = Y, (H) and (H) = 246 GeV being the SM Higgs VEV. This mass matrix
can then be diagonalized by a bi-unitary transformation to obtain the light neutrino
mass. But, as one can see, since the mass term is generated from a Yukawa interac-
tion (Eq. (2.43)) in the way as all other SM fermion masses, the Yukawa coupling
then has to be very small Y, ~ 107" in order to be consistent with the observed
light neutrino mass. This is one reason why this possibility of neutrino mass gen-
eration is somewhat “unnatural.” A salient feature of massive Dirac neutrinos is
lepton number conservation, while lepton flavours are violated in this process of
mass generation. However, the observed phenomena of neutrino oscillations hint
towards the existence of neutrino flavor violation, while oscillation can happen for
neutrinos either of Dirac or Majorana nature.
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Majorana masses

The LH neutrino field v;, together with its charge conjugate partner () can in
principle form a neutrino mass term as (v,) is actually right-handed:

_£Maj0rana = VL (VL)C my, + H.c. (244)

1
2

But such a kind of term is forbidden by the SM gauge symmetry, which contains
only one SU(2), Higgs doublet and preserves lepton number. However, it is pos-
sible to generate such a mass term in a gauge invariant way from the dimension-5
Weinberg operator:

1

Y,
A

(¢LH) (HLL), (2.45)

where A is some high scale in the theory, and is the messenger of some new
physics. Thus, the small Majorana mass is obtained from AL = 2 operator after
SSB:

Y(H)?  Yu?
2A 2\

m, = (2.46)

Note that, if A is large enough (A ~ 10 GeV), light neutrino mass in the correct
ballpark can be generated even with ¥ ~ O(1) unlike the case in Sec. 2.5 which
requires an “unnatural” Yukawa coupling. This effective description can be turned
to UV complete model set ups called Seesaw models (obviously to address that a
heavy new physics generates a light neutrino mass) as we discuss next. However,
such a large new physics scale is difficult to probe. TeV scale A can be assumed, for
which Y is again very small and the situation is fine tuned.

Hybrid mass term

The right handed neutrino (RHN) Np, together with its charge conjugate counter-
part (Ng)‘ can also form a Majorana mass term just as in Sec. 2.5. Hence, it is possible
to write the following neutrino mass matrix in terms of v, (v1,) and Ng, (Ng)‘ fields:

1 . 1—
—Liybria = VLmpNg + 7L (v)"mp + §<NR) Nrmpg
2.47)
1/ —=\ [ ™Mz mp . (

where m, r are the Majorana mass matrices corresponding to LH and RH neu-
trinos. There are two particularly interesting limits Eq. (2.47):

o If the mass m, is absent, one will be left with the canonical or type-I seesaw

relation: m, ~ —mpmpz'm¥,.
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L L
Type-I seesaw Type-ll seesaw Type-lll seesaw
T - 2 . _ T BA 2 T 1 .2
my = Y N ”ll\r Y N m,, = Y A .”,_2 1 gy, = Y 2 m > Y 5t
: A

Figure 2.12: Different types of seesaw mechanisms.

o If only the mass term my, is present, one will be left with the type-II seesaw
relation: m, = my.

Without loss of the gauge symmetry and Lorentz invariance, the essential spirit
of seesaw mechanisms is to add a few new particles into the SM. Tiny masses of
three known neutrinos are attributed to the existence of heavy degrees of freedom
and lepton number violation. There are three celebrated seesaw mechanisms that
are available in the literature:

o Type-I seesaw: Three heavy right-handed neutrinos are added into the SM
and the lepton number is violated by their Majorana mass term [217-219]:

. 1—
—Liype1 D Yl HNR + §(NR)CNRmN + H.c. (2.48)

o Type-II seesaw: one heavy Higgs triplet is added into the SM and the lepton
number is violated by its interactions with both the lepton doublet and the
Higgs doublet [220-224]:

1 —
—Liypen D §yV€LA@'02€E —yapuaH io?AH + H.c., (2.49)

A= —2A°
where A = is the SU(2), scalar triplet.
V2ATT —AT

o Type-III seesaw: Three heavy triplet fermions are added into the SM and the
lepton number is violated by their Majorana mass term [225-229]:
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o~ 1 —
—Luypemn O V2y, (3°H + STr (Sms¥) + Hee, (2.50)

20/\/§ v+
with ¥ = is the SU(2), fermion triplet
> -20V2

where H = ioyH*. Fig. 2.12 gives a nice pictorial description of all the seesaw
mechanisms discussed above. Not to mention that there are a number of variations
or combinations of these three typical seesaw mechanisms in the literature [230-
236]. In context with a particular model we shall discuss one of the variants of
seesaw mechanism, namley the ‘inverse seesaw’, which is interesting possibility of
generating tiny neutrino masses at the TeV scale. The very fact that neutrinos have
similar charge neutrality and weak interaction as similar to WIMP DM, it is intrigu-
ing to study DM and neutrino under the same umbrella of physics beyond the SM.

2.6 A theory of Grand Unification

As elaborated in Sec. 1.1, the SM is a product of three gauge groups: SU(3). ®
SU(2), ® U(1)y and so involves three independent couplings: {gs, g2, 91} corre-
sponding to SU(3)., SU(2)., and U(1)y respectively. The values of these couplings
are different at Electroweak scale, which is one of the reasons that we see the nature
the way it is. However, the question why they are so different leads to the idea of
a possible gauge coupling unification, where we ideate that three SM gauge forces
might have a common origin at some high scales, where they are described by a
single unified gauge group, characterized by a single gauge coupling. The Grand
Unified Theory (GUT) [217,219, 237-241], thus, aims for the unification of the three
couplings. Hence GUT is argued to be a complete and unique theory of all funda-
mental forces except gravity. The running of gauge couplings with energy stems
from a sacred principle called renormalization, leading to renormalization group
equations (RGE). GUT not only aims for a coupling unification, but family unifica-
tion as well. Hence it also ensures the presence of quarks and leptons in a common
multiplet of a single gauge group. Thus the fermions all originate from a single irre-
ducible representation (irrep) of some larger gauge group, like SU(5), SO(10), E(6)
etc.

Though SU(5) was found to be the simplest GUT group, it has been ruled out by
the proton decay lifetime measurements [243]. GUT models are also supported by
the fact that the running of the three SM gauge couplings makes them approach each
other at some high scale (artifact of the gauge groups and corresponding RGEs),
which approximately happens at ~ 10'* GeV in the SM. However, as shown in Fig.
2.13, SM particle content do not allow the couplings to unify at one point. This might
be taken as another reason for believing in physics beyond the SM. The other two
main drawbacks of the SM like dark matter and neutrino mass, which we already
have discussed in some details, can be well be addressed within unified gauge the-
ories. For example, the 16 dimensional spinorial representation of SO(10) can ac-
commodate the 15 SM fermions per generation. The extra fermion can be the right
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4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)

Figure 2.13: Running of the SM gauge couplings a4 2 3 corresponding to the gauge groups U(1)y,
SU(2)r and SU(3). with the renormalization scale Q. As it can be seen, gauge unification dos not
work within the SM particle content. This figure is taken from [242].

handed neutrino (RHN) needed for mass generation of the SM neutrinos and can
also be a potential DM candidate. The thesis explores one such possibilities where
a non-abelian DM model is derivable from a decomposition of £(6) or its maximal
subgroup [SU(3)]°.

2.7 Obijective of the Thesis

The purpose of this thesis is to investigate models of vector boson DM and their phe-
nomenological implications mainly in direct and collider searches. Vector bosons, as
DM, require a gauge extension of the SM and in order to have a massive vector boson
DM (by maintaining the gauge invariance of the underlying theory) the new gauge
symmetry has to be spontaneously broken as explained before. This also demands
an extended scalar sector to serve the purpose, together with a remnant symmetry
that keeps the DM stable. As a result, vector boson DM models are difficult to con-
struct, while they offer very rich phenomenology. One may have an abelian vector
boson DM with U(1) gauge group extension, or non-abelian vector boson DM with
at least SU(2) extension of the SM gauge symmetry. As mentioned in Sec. 2.4, the
idea of an abelian extension being comparatively easier to conceive, has been ad-
dressed in the literature in profound detail. While the non-abelian construction is
less explored. The thesis elaborates upon different possibilities of non-abelian vector
boson DM within UV complete framework where the DM emerges from a gauged
SU(2) x extension of the SM. An abelian DM prescription is also being addressed in
a model-independent manner from the effective theory perspective where the SM is
augmented with a gauged U(1) x symmetry that is broken spontaneously by a very
heavy decoupled scalar such that the DM communicates with the SM exclusively
through suppressed operator of dimension five.

Due to its simplicity and predictability with less fine tuning, we primarily focus
on the WIMP paradigm. We show, for a single-component non-abelian WIMP-like
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VDM it is possible to evade stringent spin-independent direct search bounds via:
(a) co-annihilation and (b) unique s-channel direct search in presence of other ex-
otic heavy fermions. The later has not been pointed out in the literature so far to
the best of our knowledge. To this end, a multipartite WIMP scenario can also pro-
vide a cushion to disentangle annihilation cross-section to SM from direct search
interaction, where the DM-DM conversion, viz., heavier DM component annihilat-
ing to the lighter one can produce adequate thermal relic, and do not contribute to
direct search cross-sections. The presence of exotic fermions and heavy scalars give
rise to several interesting collider signatures, including multilepton plus missing en-
ergy signature for such WIMP-like VDM models, which can provide complementary
search strategies to those due to direct search and serves as a key distinctive feature
of a WIMP like vector boson DM framework.

As an alternate prescription to the WIMP paradigm, the thesis also sheds light
on FIMP scenario where the VDM is produced via freeze-in from the decay of a bath
particle. In case the interaction of the DM with the thermal bath is renormalizable,
the resulting DM abundance is determined by “IR” freeze-in, where the dominant
DM production occurs at low temperature, more accurately, around the mass of the
decaying particle. The incredibly tiny coupling strength of the DM with the visible
sector, which is required to keep the DM out of equilibrium, automatically saves the
DM from direct search or collider search bounds. However, such scenarios are very
tightly constrained from early universe measurements like the abundance of light
elements during BBN or the observed pattern of CMB spectrum. The thesis explores
the non-negligible contribution of the so-called ‘late” decay of the bath particle to
the observed DM abundance, which has not been pursued before. It is important to
note how a FIMP-like non-abelian VDM gives rise to exclusive collider signal that is
strikingly distinguishable from WIMP-like case. A comparison of the same model
set up in WIMP and FIMP limit provides a clearer picture of the difference in allowed
parameter space of the model. This may be helpful in reconstructing a DM model
given a signal excess.

Finally, an effective theory formalism for vector boson DM is also analysed. This
allows us to explore the advantages and limitations of a model independent ap-
proach to study vector boson DM. We adhere to the freeze-in mechanism where
the VDM is feebly coupled to the visible sector via dimension five operator. In this
case, the DM abundance is usually sensitive to the reheat temperature and reaches
maximum. However, we show that once the reheat temperature is close to the mass
scale of DM, the “IR” nature of the freeze-in re-surfaces. Thus, depending on the
choice of scale of the reheat temperature, it is possible to have a pure UV freeze-in,
an assorted set-up consisting both UV and IR or a pure IR freeze-in.

To summarize, the main idea of the thesis is to portray different phenomeno-
logical aspects of vector boson DM from collider and direct detection perspective
encompassing both single or multi-component WIMP-like or FIMP-like DM in UV
complete and effective model set ups and relate to other important issues like neu-
trino mass generation, grand unification etc.
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Non-Abelian Vector Boson Dark Matter
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3.1 Introduction

In this chapter we will analyze the phenomenology of a non-abelian vector boson
DM which arises in an SU(2) y extension of the SM. SU(2) y is broken subsequently
and results in massive gauge bosons. The SU(2) y is dark in the sense that the SU(2) v
charges do not contribute to the hypercharge. Thus, all three SU(2)y gauge bosons
are electromagnetic charge neutral and the lightest one can in principle be a DM.
The stability of the DM is ensured by an extra global symmetry U(1)p, breaking of
which explicitly breaks the generalized lepton number L = P+ Ty to (—1)" leading
to a discrete R—parity as in supersymmetric theory. One of the main motivations
of such a framework is to envisage a unified theory, £(6) [200], which subsequently
breaks to SM ® SU(2) . In the process of E(6) — SM ® SU(2) y, D-parity is broken
in presence of an SU(2) y scalar triplet which allows gy to be different from SU(2),,
gauge coupling. A non-zero vacuum expectation value (VEV) of this triplet scalar
breaks the degeneracy of the dark gauge bosons and ensures a single component
DM. Absence of the SU(2)y triplet (D-parity even case), on the other hand, leads
to a constrained degenerate DM scenario which is ruled out from direct detection
exclusion limits. Intermediate symmetry breaking takes care of the fact that hyper-
charge is determined without SU(2)y contribution, ensuring charge neutrality of
the SU(2)n gauge bosons.
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Phenomenology of the non-abelian vector boson DM in a similar framework was
taken up in [201], but was not elaborate. In particular, non observation of DM
in the direct search experiments is putting a huge constraint on the single com-
ponent DM parameter space, eventually ruling out a large class of WIMP mod-
els from spin-independent direct search cross-sections. However, the model dis-
cussed here survives in a large region of relic density allowed parameter space from
WMAP [29]/PLANCK [244] data satisfying current direct search bounds from LUX [66].
This is mainly due to its t-channel annihilation along with co-annihilation with heav-
ier gauge boson and dominant s-channel direct search interaction. This has been
validated through elaborate parameter space scan, assuming SU(2)x coupling as
an independent parameter (and obeying unification prescription) [245].

The presence of exotic fermions lead to interesting signatures at the Large Hadron
Collider (LHC). These fermions subsequently decay to DM providing a variety of
signals of multilepton/jets final states that can testify such a framework in future
runs of LHC. Two most promising signals of this model are leptonic: ‘opposite sign
dilepton” and ‘hadronically quiet four lepton” with large missing energy. It has been
explicitly shown, by analyzing different benchmark points, the ‘hadronically quiet
four lepton’ signal is a smoking-gun signature for this model, typically because of
less SM background.

This chapter is organized as follows: the model and the basic formalism is dis-
cussed in Sec. 3.2; DM phenomenology is discussed elaborately in Sec. 3.3 including
relic density and direct search constraints. In Sec. 3.4, we study unified framework
under Es and subsequent constraints on the model parameters. Some benchmark
points, identified thereafter, are studied for collider signatures in Sec. 3.5. We finally
conclude in Sec. 3.6.

3.2 Dark vector multiplet and exotic particles

The theory under consideration is SU(2)y ® SU(2), ® U(1)y ® SU(3)c gauge sym-
metric. An additional global abelian symmetry U(1)p has also been introduced.
This redefines the lepton number of the particles as L = P + T5x. Explicit break-
ing of U(1)p breaks L to (—1)! and results in conservation of a discrete symme-
try R = (—1)3#+5+2/ (very similar to R-parity in supersymmetry). This stabilizes
the lightest particle odd under R-parity and serves as DM. SU(2)y charges do not
contribute to the hypercharge (Y) and thus to electromagnetic charge, defined as
Q) = T3, +Y. Hence, SU(2) y gauge bosons X , 5 are electromagnetic charge neutral
and the lightest of them, X; (odd under R), aptly fits into the criterion of a DM.
Once SU(2)y symmetry is broken completely, the gauge bosons acquire masses of
the scale of TeV. We adopt the same particle configuration as in [200, 201] to realise
its high-scale origin, DM constraints, and collider signatures through elaborate anal-
ysis. Following is the particle content of the model, where the quantum numbers
are mentioned under SU(2);, ® SU2)y ® U(1)y @ SU(3)c @ U(1)p:
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Fermions:

u _
( ) =02,1,1/6,3;0], u‘=[1,1,—-2/3,3;0],
d

(hg d°) =11,2,1/3,3;=1/2] ,hg = [1,1,-1/3,3;1]

(3.1)
(N V) =[2,2,-1/2,1;1/2], (E° N°) =1[2,1,1/2,1;0]
E e
(v° n°) =[1,2,0,1;—1/2]
Scalars:
(b[l) (bg . 0 0 ,
¢_ ¢_ = [2’27_1/2’ Il 1/2]7 (Xl XQ) = [1’2707 17_1/2]
1 3
Oy AY/V2 A (5.2)
s =250, | ; ~ [1,3,0,1;1].
% AL <AY/N2

Vertical parentheses indicate doublet under SU(2), and the horizontal ones in-
dicate doublet under SU(2)y. For brevity, we mention one family of the particle
spectrum and assume that gauge and Yukawa interactions are flavour diagonal. The
fermion sector is augmented by an exotic quark ,, an exotic electron £ and two ex-
otic neutrinos N, n. The scalar sector consists of one SU(2), doublet, one SU(2)y
doublet, a bi-doublet and an SU(2)y triplet. With this scalar sector at hand, the
most general scalar potential of the model can be written as:

V= i Tr (6ls01s) + 13 (0h62) + 12 (1) + 1 Tr (ATA) + (1 detA + hc.)
+ (Mmiﬂﬁg@ + 1o X AXT + pasXAx' + h.c.> + %Al (Tr <¢13¢13>>2 + %M <¢§¢2)2
+ %Ag Tr (¢{3¢13¢}3¢13) + %M (o)’ + %AS [Tr (ATA)]?

+ 2 Tr (ATA = AAY? + Sxlbind + Toxdladinn! + Ksslorsolads

+ Aidhdradlsds + A (¢$¢2) (x'x) + X (xxf) Tr (ATA)

+Rox (ATA = AAT) T+ &5 (6hen) Tr (ATA) + KTr (0ly01) Tr (A7A)

+ Mo Tr (1 (ATA = AAT) 6], ) (3.3)

SU(2)y gauge bosons X 53, are not assigned any global U(1)p charge as they
transform under adjoint representation. Their respective 755 quantum numbers are
[1,0,—1], leading to R-charges for X; 5 as (-1), and X3 as (+1) (since J = 1). The
odd R-charged dark gauge bosons are stable as they cannot decay to a pair of SM
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particles or to other heavier (by construction) exotic particles. Thus, in our scenario,
the lightest of X » qualifies to be DM and in case of a degeneracy, both may serve
as DM candidates. We shall elaborate upon this point later. We would also like
to mention that with the given particle content (particularly in presence of n¢, )
the model is capable of generating light neutrino mass via usual seesaw mechanism
through Yukawa interaction as explained in [199, 201], but the choice of parameters
for the neutrino sector does not affect the DM sector, hence we do not elaborate on
neutrino mass generation here.

3.3 X; as Vector Boson Dark Matter

In this section we explore the allowed parameter space of the vector boson DM
through detailed parameter scan. In our scenario, the neutral scalars that acquire
vacuum expectation values (VEV) are x9 ,, ¢! ,, and A{ ;. SU(2)y and electroweak
symmetry is spontaneously broken through the VEV of x9 (x2) and ¢, (v12) re-
spectively. Due to the presence of a bi-doublet and an SU(2), Higgs doublet, the
physical Higgs field (k) can be written as a linear combination of CP-even neutral
components (¢12) (h = (v; @) + va ¢3)/v; where v = /v + v} = 246 GeV is
the electroweak symmetry breaking scale). Physical scalar fields and their masses
after spontaneous symmetry breaking of the model has been elaborated in [201].
VEV of the SU(2)y triplet components A ; (d12) contribute to the SU(2)y gauge
boson masses and causes the mass splitting between two lighter dark gauge bosons
as [200, 201]:

1
My, = 59y K+ 00+ 2001 F 5)°] (3.4)
where the ‘-’ sign corresponds to the mass of X; and the ‘+’ sign is for the mass

of ;Xiz.
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Figure 3.1: Contours of triplet VEV §; with DM mass mx, is shown for mx, = 1 TeV for different
choices of SU(2) y coupling (gn ) in the maximum splitting scenario (6; = dz). All the points below
these lines are ruled out as they predict X3 lighter than TeV.
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Therefore, the absence of the triplets (with ¢; = d; = 0) will make X » degener-
ate: m%, = m%, = 9% [x3 + vi]. The other gauge boson X; (even under R) mixes
with the usual SM neutral gauge boson Z [200, 201]:

. (91 + 93) (v} 4 v3) —gnV9i + g3 v}

2
—gnV 9T+ g3 v gx (K3 T +4(07 +03)]

The mass term for X; can then be assumed as: m%, ~ 393 [r3 + vi + 4(6] + 63)] as
Z — X3 mixing is very much constrained [246]. Now, it is also evident from Eq. (3.4)
that the maximum splitting between X, X, can be achieved for §; = J, = J, where

1 1
my, = 5912\, (k5 +vi], my, =mk, = 5912\, (k5 + 0] +867]. (3.6)

In this framework, using the exclusion limit of m ,» ~ O(TeV) from heavy neutral
gauge boson search [247], we can put tentative lower limits on DM mass (my, )
depending on the choice of ¢,. For different values of SU(2) y gauge coupling (gn),
the lower limit on mx, is shown in Fig. 3.1 which essentially follows from Eq. (3.6)
as

m2, =mb, =mk, +46% 2 (1 TeV)? (3.7)

When the triplet is absent or the VEV is zero, all three gauge bosons are degener-
ate, yielding a multipartite DM framework, which necessarily requires to be heavier
than ~ 1 TeV asm, 2 1 TeV.

3.3.1 DM Annihilation channels

Here we assume the VDM (.X;) to remain in thermal equilibrium in early universe
and therefore a WIMP like candidate. This is natural for this particular scenario, as
SM particles also share dark (SU(2) y) charge. Relic density of DM is then evaluated
through thermal freeze out of X; that is governed by the number changing processes
for the DM. X being odd under R-charge, can not directly couple to a pair of SM
particles, but can connect to them via the exotic fermions odd under R. For example,
one can have couplings like d hy Xi or E e X;. Hence, there are different channels
through which X, can annihilate to SM particles which eventually help the DM to
freeze out:

e Annihilations to fermion pairs dd; e¢; v by exchanging h,, E, N respectively
as shown in Fig. 3.2,

e Annihilation to pair of Higgs by exchanging ¢3, h and through four point
contact term shown in Fig. 3.3,
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Xy dje/v
hq/E/N
X d/e/v

Figure 3.2: Annihilations (Co-annihilations with ¢ # j, {4, j} = {1,2}) to SM fermion pairs by exotic
quark exchange.

Figure 3.4: Annihilations (Co-annihilations with ¢ # j, {i,j} = {1,2}) to SM fermions and gauge
bosons through Higgs exchange

e Annihilation to pair of SM fermions and gauge bosons through Higgs exchange
as in Fig. 3.4.

Total annihilation cross-section (in s-wave limit), computed from diagrams in
Figs. (3.2), (3.3) and (3.4), can be found in Appendix. B.0.1 (Eq. (B.1)). Now, the in-
dependent parameters which control the phenomenological outcome of this model
are: SU(2)y gauge coupling gy ' and the masses of the exotic non-SM particles.
This results in an effective four dimensional parameter space characterizing the DM
sector of the model:

{gNamXpmhqam}) (38)

where we simplify the situation by assuming the uncoloured exotic masses to be

This, in principle, is not equal to SM SU (2) 1, coupling g1, (except for D-parity conserving scenario
as discussed later). The freedom of choosing gx was not considered in earlier analysis [200, 201].
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the same: mp = my = mgy, = m. This still keeps phenomenological implications of
the model intact.

3.3.2 Boltzmann Equation and thermal freeze out

10'6L my,=380 GeV, gn*=0.28 || 106 my,=300 GeV, gr*=0.2 |

— my,=740 GeV, gr*= 0.58 -- my,=300 GeV, gr*=0.4

r r \ .= mx,=300 GeV, gn*=0.6 [|
101 101 \ : P
\
- 1012, 1 = 1012,
~< ~<
1 I
> 1010+ 1 > 10}

108+ 108+

10% 1 10°

1 5 10 50 100 1 5 10 50 100

my, mx,
P — X=—F
T r

Figure 3.5: Patterns of thermal freeze out of X; has been framed iny = A Y vs z = mx, /T plane.
Left-panel: {mx,, gy} = {380 GeV,0.28}, {740 GeV,0.58} are chosen as illustration. Dashed lines
show the respective equilibrium distributions. Right-panel: different values of gy = {0.2,0.4,0.6}
are chosen for DM mass mx, = 300 GeV.

To compute thermal freeze out of the DM we need to solve Boltzmann equation
(BEQ) [44] that can be written in a compact form following Sec. 2.2.1 as

0 e [ooy? = v™9%)] (39)

dx 2

wherey = \Y with A = (0.264 mp; f’/’%), 00 = (OUrel) x, x, »smsm givenin Eq. (B.1).
We demonstrate the patterns of DM freeze out in Fig. 3.5. Left panel shows two dif-
ferent combinations of {mx,, gn?} = {380 GeV,0.28}, {740 GeV, 0.58}; right panel
shows freeze out for three different values of gn? = {0.2,0.4,0.6} for same DM mass
mx, = 300 GeV. In the left plot, due to different choices of the DM masses, the equi-
librium distributions (shown by dashed lines) are different, lighter (mx, = 380 GeV
shown by the green line) appears above the heavier one (myx, = 740 GeV shown by
the red line). Decoupling for these two cases occur at x = 20 (" ~ 19 GeV) and
x =7 (T ~ 105 GeV). Heavier component still has a smaller yield due to signifi-
cantly larger coupling (gn? = 0.58), thanks to larger annihilation cross section.

3.3.3 Relic Density and allowed parameter space

After freeze-out, relic density for the DM is obtained from the yield following Eq. (2.16):

mMx, S04/ 9x
Oh? = 3H§ ml?’l 0.269 Y(Too), (3.10)
D . *S

where y(z) is the solution of Eq. (3.9) at large values of . This can be written
in terms of annihilation cross-section under s-wave approximation as [44]:
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Figure 3.6: Relic density allowed parameter space in mx, — mj, plane for four different values of
m =mpg = my: 550 GeV (top left), 1050 GeV (top right), 1550 GeV (bottom left), 1950 GeV (bottom
right) for different values of g%, — {0.1—0.7}. The hatched region is excluded by the VEV constraints.
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Figure 3.7: Relic density allowed parameter space in mx,-my,, plane when m = my = mg is varied
between {20 — 2000} GeV for different g3, — {0.1 — 0.7}. The hatched region is discarded by VEV

limit. Benchmark points (BP1, BP2, BP3) as discussed in Tab. 3.1 of the next section are also indicated
in the plot.

To find the allowed region of parameter space satisfying Eq. (3.11) we vary the

parameters {gy, Mp,, My = Mg = M, M x, } as discussed earlier. In mx,-my, plane,
the allowed parameter space is shown in Fig. 3.6 for different g3, and m. Each figure
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3.3. X, as Vector Boson Dark Matter 45

is for a specific value of m and contains different colour coded regions corresponding
to different values of ¢%. For each of these regions, upper and lower boundaries cor-
respond to maximum and minimum allowed values of m,, . This pattern is expected
as relic density is closed from both sides. Annihilation cross-section decreases for
larger my,,, causing more contribution to the relic density. Thus, for a given g%, a cut-
off in m},** corresponds to the maximum allowed relic density. Similarly, the lower
cut-off in my,, corresponds to the maximum annihilation cross-section i.e, minimum
relic density. From different figures in Fig. 3.6, we observe that for small values
of m only a small part of my, is allowed. This is a consequence of the constraint:
myx, < m. Now, there exists a lower limit of my, for a given value of gy allowed by
the VEV constraints as depicted in Fig. 3.1. The hatched regions on the left hand side
of each figure in Fig. 3.6 shows the parameter space disallowed by VEV. In addition,
using PLANCK limit shrinks the allowed region but keeps the interpretations same.
Fig. 3.7 summarizes the allowed parameter space in mx, vs m,,, plane when m is
varied upto 2 TeV. Three benchmark points (BP1, BP2, BP3), identified after impos-
ing all constraints, are indicated in this plot which we shall use further for collider
analysis.

3.3.4 Direct detection of VBDM

Spin-independent direct search cross-section for vector boson DM scattering off nu-
clei can be expressed as [248, 249]:
pr + (A — Z)fn ?

1 2
oPl == o
DD — )
T \Mx, + My A

where Z and (A — Z) are the number of protons and neutrons in Xe nucleus
respectively. The mass of nucleus is given as m,, = Zm, + (A — Z)m,,. Here, m,,
and f,) are the mass and form factor for proton (neutron). The ratios of the form
factors of proton and neutron w. r. t. their respective masses are computed using
the diagrams in Fig. 3.8 by incorporating the gluonic contributions along with the
twist-2 operators. Here also the sub-dominant ¢-channel contribution due to Higgs
mediation has been taken into account which was ignored in earlier analysis [201].
The ratios therefore read:

(3.12)

% (ﬂ)l@ ",
4m? \ v 16 (m%q —m%y)?

L= (1)

2

In U1\ 2 912\7
—(K; 1.1 — =
(K) <( 9)54m%Z (v) + 36

2
mhq

T A T m%ﬁ)])

where i stands either for proton (p) or neutron (n) and their respective form
factors are [,(,y = 0.052 (0.061); Jp) = 0.222 (0.330); Kpny = 0.925 (0.922).

Variation of o%}, with my, is summarized in Fig. 3.9. In the upper panel, dif-
ferent colour coded regions correspond to different g3, scanned over my, upto 2
TeV, allowed by relic density. Again, the maximum and minimum m,, boundaries
of each g3 region correspond to maximum and minimum relic density for a given
DM mass. opp has s-channel contribution from %, as shown in Fig. 3.8, where m,,
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Figure 3.8: Relevant interactions of dark matter (X;) with quarks (nucleons) for direct-search ex-
periments.
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Figure 3.9: Spin independent direct search cross-section for the vector boson DM X; with respect to
DM mass (myx, ) for relic density allowed parameter space. Top: Different values of g% is shown by
different colours where my,, is varied appropriately to yield correct relic density. Bottom: Different
my,, values are shown by different coloured regions where g3 is varied to yield correct relic density.
Limits from LUX2016, XENON1T and XENONRNT predictions are depicted by the dashed, solid and
dot-dashed black lines respectively. The orange thick dashed line shows the background limit from
solar, atmospheric and diffuse supernovae neutrinos while the grey shaded region below shows the
neutrino floor. VEV constraints are shown by hatched regions.

appears in the propagator and therefore, smaller opp indicates larger my;,. The
t-channel Higgs mediation yields sub-dominant contribution to the direct search
cross-section. The VEV disallowed points are shown by hatched regions which al-
most entirely discard low DM masses for small g3 = {0.1,0.2}. In the bottom-panel,
different coloured regions depict relic density allowed parameter space for fixed m,,
and for g3 : 0.1 —0.6. LUX and XENONI1T exclusion limits as well as the future pre-
diction from XENONNT are shown in both the figure. The main outcome of this
analysis is to observe a huge region of parameter space still allowed by direct search
limits. This can be attributed to the direct search cross-section of the DM guided by
my, mediation in s-channel.
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3.3. X, as Vector Boson Dark Matter 47

3.3.5 Co-annihilation of X; with X,

One of the important aspects of the model under consideration is the co-annihilation
effect, which further helps it to evade direct search bounds. There are two R-charge
odd gauge bosons (X; 2) present in this model. With my, > my,, the lightest one
(X)) is stable and serves as DM candidate as discussed so far. The heavier one (X5)
can contribute to the relic density of X; by co-annihilation to a pair of SM particles.
The possible co-annihilation channels are already depicted in Figs. 3.2, 3.3, 3.4 (with
i =1,j = 2). Total effective cross-section, including co-annihilation, can be written
following Eq. (2.19) as:

N

m) exp (—Am/mx, )(3.14)

<UU>eff = (0V) x,x,55M sm + (OV) x, Xo—s5M SM (1 + 3
X1

1800
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Figure 3.10: Direct search (spin independent) cross-section for relic density allowed parameter space
for X, with co-annihilation taken into account. Different colour codes indicate different values of
mp,. LUX 2016 and XENON 1T exclusion limits are shown along with XENONNT sensitivity by the
dashed, solid and dot-dashed black lines respectively. Orange thick dashed line shows the back-
ground limit estimated from solar, atmospheric and diffuse supernovae neutrinos while the orange
shaded region below indicates the neutrino floor. VEV exclusion limit is represented by the grey
region.

where Am = mx, — my,. Co-annihilation cross sections are significant for small
Am (mx, ~ my,), or has a Boltzmann suppression otherwise. Following previ-
ous arguments, co-annihilation cross-sections are also computed at the threshold
so = (mx, + mx,)? considering only the dominant s-wave contribution. A scan
of the relic density allowed parameter space of the model after incorporating co-
annihilation effects is shown in Fig. 3.10. Here we have chosen a specific g3 (= 0.4)
for illustration. Different values of m,, are shown by different coloured regions.
VEV exclusion limit is shown in the left hand side by the grey band, which puts a
limit on the low DM mass ~ 200 GeV. The orange thick dotted line points to the neu-
trino background (3-10 neutrino events), with the shaded region below depicting
the neutrino floor. Noteworthy feature of Fig. 3.10 is that the relic-density allowed
parameter space lies safely much below the current direct search exclusion limits, a
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48 Chapter 3. Non-Abelian Vector Boson Dark Matter with quark connection

significant part of it going even lower than the XENONNT proposed limit. To sum-
marize, the model predicts that direct search of this DM is going to be difficult and
direct search exclusions will not be able to rule out a significant part of this model.

3.4 Road to unification

Here we have analyzed in detail how the gauge symmetry of our interest, SU(2); ®
SU2)y@U(1)y ®SU(3)¢, can be realized within an unified scenario. To understand
this, we have adopted E(6) as the unified group that has already been outlined in
[200, 201]. We consider the following breaking patterns to achieve the low scale
theory:

/

E6) M2 SU3), @ SUB)R © SUB)e 2 SU2), @ U(1)z ® SU2)r © U(1)z © SU(3).

My 5U(2), @ U(l)y © SU(2)y ® SU(3)e M SU2), ® ULy ® SU(3). (3.15)

EV5B, sU(3). ® U(1) g

In this section, we will first discuss the spontaneous symmetry breaking of £/(6)
to the SM through multiple intermediate scales. We have computed the beta-function
coefficients [250] for gauge coupling evolutions” for different intermediate scales.
In the process, we have also used the extended survival hypothesis (ESH) [251] to
allow the minimal fine tuning in the scalar potential. All contributing field repre-
sentations and the beta coefficients for different scales are appended below:

e From M;» — Mjy;:

E(6) can be spontaneously broken to SU(3) ,@SU (3) R®SU (3)¢ = G333 through
the vacuum expectation value (VEV) of 650, (650};) scalar keeping D-parity
intact (broken). The scalar and fermion fields that contribute to the running
of the gauge couplings { g3, g3r, gsc }, associated with SU(3), SU(3) g, SU(3)c
respectively, are’:

27r = [3,3,1] 4+ [3,1,3] +[1,3,3], 6505 D [8,8,1] +[1,8,1],
27y D [3, 3, 1]

Here we would like to mention, when this breaking occurs via VEV of 650,
then only [8, 8, 1] contributes to the beta-functions and D-parity remains con-
served. This can be understood intuitively as one can see, the fields contribut-
ing to the beta-coefficients in the running of gs;, and g3 are identical. Thus
931, = gsr Will be maintained as long as G333 is unbroken. We compute the
beta-coefficients as:

2We have considered the running of gauge couplings only, and ignored the contributions from
Yukawa couplings.

3We have relied on extended survival hypothesis (ESH) which tells that only those scalars are
light which are participating in the symmetry breaking. Thus, even if we start with an unified £(6)
group, only relevant submultiplets are considered.
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Figure 3.11: The unification within D-parity odd scenario has been encapsulated. The range of
SU(2)n gauge coupling, gn, and one of the intermediate scales (M;) have been explored with al-
lowed unification scale (My), i.e., within {10'® — 101} GeV. Here, M, is considered to be degenerate
with M, and M IN is chosen to be TeV scale.

bsr, = 7/2,bsgr = 7/2(9/2), bs. = =5,

where the value of b3y in parenthesis denote the D-odd case.

e From M; — M

SU(3), ® SU(3)r ® SU(3)¢ is further broken to SU(2);, ® U(1), @ SU(2)r ®
U(1)r®@SU(3)c(= Gara13) through VEV of (3, 3, 1). The particles that contribute
in the beta-functions are:

27p=[2,—1/2/3,1,-1/v/3,1] + [2,1/2v/3,1,0,3] + [1,1/+/3,2,1/2V/3,1]
+[1,0,2,—1/2v/3,3] +[2, —1/2v/3,2,1/V/3,1] +[1,0,1,1//3, 3]+
[1,—1/4/3,1,0,3] + [1,1/v/3,1,—1//3,1]

27, D [2,—1/2v/3,1, —1/v/3,1] + [1,1/V/3,2,1/2¢/3,1] + [2, —1/2v/3,2,1/2/3, 1]
6505 O [1,0,3,0,1],

under the symmetry group Gsi213. The corresponding beta-coefficients are
given by:

bar, = —5/6, bag = —5/6 (1/6), by, = brr = 115/18, bry = brr = 1/9, by. = —5.

e From M} — M:

Go1213 is broken to SM ® SU(2) y in such a way that the hypercharge generator
is originated as one of the linear combination of U(1),, and U(1)x generators.
The fermion and scalar fields that contribute to the evolutions of the gauge

Couphngs’ {92L7 gan, 91, 930}/ are:
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27F - [27 ]-7 1/67 3] + []-7 ]-7 _2/373] + [17 27 1/373] + [17 ]-7 _1/373] + [2727 _1/27 1]
+(2,1,1/2,1] + [1,1,1,1] + [1,2,0, 1]

27y O [2,2,-1/2,1] +[2,1,1/2,1] + [1,2,0, 1]

6505 D [1,3,0,1],

under the symmetry group SU(2) ,®SU(2) y®&U(1)y®@SU(3)c. Corresponding
beta-coefficients are:

bar, = —5/6, bag = 1/6, biy = 21/2, by, = —5,

respectively.

The sub-multiplet 650, O [1,8,1] D [1, 3,0, 1] is considered for D-parity break-
ing case only. This SU(2)y triplet A = [1,3,0, 1] plays a crucial role in this
analysis. The VEV of this triplet breaks the mass degeneracy of the SU(2)x
gauge bosons, leading to one component dark matter scenario. Otherwise, for
D-parity conserving case where this triplet is absent, this framework will have
two degenerate dark matter candidates.

e From Mgw — M}:

In the next step, [1,2,0,1] € 27y, singlet under SU(2);, ® U(1l)y ® SU(3).,
acquires VEV and causes spontaneous braking of SU(2) y leading to SM gauge
symmetry. The fermion and scalar fields which participate in the evolution of
gauge couplings are (under SU(2).,U(1)y, SU(3).):

27y D [2,—1/2,1] + [2,1/2,1]
27r D [2,1/6,3] +[1,-2/3,3] + [1,1/3,3] + [2,—1/2,1] + [1,1,1],

and the corresponding beta-coefficients are:
bar, = =3, by = 21/5,b3. = T,
associated with {gar,, g1v, gsc } respectively”.

In the breaking pattern of £(6) — SU(2)y®SM — SM, we have considered both
D-parity conserving and non-conserving cases. For D-parity broken case, we will
have one extra SU(2) y triplet at the TeV scale, and its respective parent multiplet will
be present at high scales. We have introduced three intermediate symmetry groups
in between E(6) and SM. In principle, these intermediate scales are different. But we
have noted, as almost all the fermions (27-dimensional) stick till SU(2)y breaking
scale, beta coefficients for U(1);, and U(1)p are quite large (~ 115/18). This results

gy is GUT normalized U(1)y coupling and normalization factor 3/5 is used to fit within this
framework.
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Figure 3.12: Relic density (blue shaded), direct search (red shaded) and unification (green shaded)
allowed parameter space in g%, — mx, plane. Three chosen benchmark points BP1, BP2 and BP3 (see
Tab. 3.1) are also shown.

in rapid growth of the respective gauge couplings, making them non-perturbative.
Thus, to avoid such catastrophe, we have assumed that Gs33 is broken directly to
SM®SU(2)y,ie. M; coincides with M;. Hence, in our scenario, M and M; are the
free parameters. In order to estimate the freedom of choosing gy different from g/, in
D-parity odd scenario, we restrict M/} to be around TeV scale for phenomenological
considerations, while unification scale to be within [10'? : 10'°] GeV. The allowed
range of gy therefore turns to be [0.60 : 0.63], as shown in Fig. 3.11.

For D-parity even case, gy is no more a free parameter and equals to ¢»;. Here
also, we find consistent solutions for unification with A/; ranging between [10" :
10'%] GeV. The D-parity even case will lead to degenerate mass (mx, = my,), as the
triplet VEV is absent. Thus, we will have a degenerate two component dark matter
scenario which is itself an interesting possibility. However, in that case we found that
the DM has to be less than a TeV in order to satisfy the relic abundance and direct
search. Since this is in conflict with our choice m, > 1 TeV, hence the situation
is phenomenologically nonviable and D-parity even case with degenerate DM does
not work for this model.

Before we proceed further, we would like to summarize the outcome of DM phe-
nomenology in the light of relic density, direct search and unification constraints.
As we have argued to stick to the D-parity broken scenario, gy is not identical to
SU(2)L, coupling, and in principle, a free parameter. Hence DM mass (my,) is a
function of gy and SU(2) y symmetry breaking VEVs (k9,61 2). In Fig. 3.12, on top of
relic density allowed (blue) and VEV disallowed (grey) parameter space, we incor-
porate direct detection constraint provided by LUX in (red) region and unification
constraint (green). For further phenomenological exploration in context of LHC,
we have chosen three benchmark points (BP): BP1 (x), BP2 (4) and BP3 (x). The
details of these benchmark points are listed in Tab. 3.1.

3.5 Signals at the LHC

Collider signatures of this model yield a lot of interesting possibilities due to the
presence of a number of beyond SM particles, which interact with the SM through
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Benchmark mx, mx, Mp, m opD
Points gy | (GeV) | (GeV) | (GeV) | (GeV) | Qh? | (cm?)
BP1 0.59 480 1000 1200 600 0.09 | 10750
BP2 0.63 700 1000 1160 860 0.1 1049
BP3 0.70 900 1000 1740 920 0.09 | 10~49

Table 3.1: Three benchmark points (BP1, BP2, BP3) of the model are identified with input parameters
{98, mx,,mn,,m = my = mg}. Relic density and direct detection cross-sections for these points
are also mentioned. We have set mx, at 1000 GeV to obey maximum splitting scenario.

the SU(2) y or Yukawa interactions. We will particularly highlight two multi-leptonic
final states:

e Opposite sign dilepton plus a single jet and missing energy (OSD: ¢/~ +1 j +
ET) ’

e Hadronically quiet four lepton and missing energy (HQ41: 2¢2(~ + Fr).

Leptonic final states are interesting for study at LHC as the SM background con-
tribution is relatively less. Unfortunately no excess has been reported from the ex-
isting data yet. In this section, we will predict signal events in the aforementioned
channels at /s = 14 TeV. The excess of signal is subject to the final state event se-
lection criteria and we will discuss corresponding SM background contributions in
each of the cases accordingly. The details of the simulation methodology and defi-
nition of re-constructed leptons, jets etc can be found in Appendix. C.

3.5.1 Opposite sign dilepton signal

LHC being a proton-proton collider, exotic particles with colour charge (A, in our
case) can be produced copiously. Opposite sign dilepton (OSD) with 15 + Ef- arises
in the model from two different production processes: (i) pp — h,X;, through the
Feynman graphs shown in the top panel of Fig. 3.13, and (ii) pp — h,h,, as shown
by the Feynman graphs in the top panel of Fig. 3.14. Variation in production cross-
sections of these processes with exotic quark mass m,, is shown in the bottom panels
of Fig. 3.13 and Fig. 3.14 respectively.

Now h,, once produced through SU(2)y gauge interactions, can only decay via
hqy — X1 d (Fig. 3.15), depending on the availability of phase space. The branching
fractions are plotted with respect to my, in the bottom panel of Fig. 3.15. Given
a specific my, and my,, the branching fraction to X, d reduces and X, d increases
with my,. In the limiting case, when my, = myx,, the branching fractions of h, are
same for both the final states. When h, decays to d.X;, the production of pp — h,X;
will end in single jet plus missing energy events and pp — h,h, will end with two
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Figure 3.13: Top panel: Feynman diagrams for producing pp — h,X; at the LHC. Bottom panel:
Production cross-section of pp — hy X is plotted as a function of m;,, (GeV) at LHC for /s = 14 TeV,
keeping the DM mass fixed at mx, = 700 GeV and g3, = 0.4.
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Figure 3.14: Top panel: Feynman diagram for producing pp — h,h, at the LHC. Bottom panel:

Production cross-section of pp — h,h,, is plotted as a function of mp, (GeV) at LHC for /s = 14 TeV
with g%, = 0.4.

jets plus missing energy events, which are standard signatures of many DM models
including those of minimal scalar singlet extensions. SM background for such final
states are also huge and hence reducing the background for a possible excess in the
signal is difficult if not impossible. However, h, — dX, may yield some interesting
possibilities if we choose the following mass hierarchy in the spectrum:

mp, > Mx, > M =mg=my > mx, . (3.16)

X, can then decay to Nv, Ete~ (see Fig. 3.16). The branching fraction of X,
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Figure 3.15: Top panel: Feynman diagrams for possible decay modes of h,. Bottom panel: Decay
branching fractions of h, as a function of mx,, Br(h; — dX;) on the left and Br(h, — dX5) on the
right. We have chosen mj,, = 1160 GeV and mx, = 1000 GeV for illustration.
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Figure 3.16: Feynman diagrams showing decays of X to N 7, Ete™ and their conjugate final states.
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Figure 3.17: Feynman diagrams showing decays of ' and N to X; and SM particles.

to neutrino and charged lepton final states are equal in the limit of my = mg,
which is assumed throughout the analysis. Now, exotic leptons will decay to DM
with 100% branching fraction: N — vX;, E — eX; as shown in Fig. 3.17. Hence,
pp — hyX1, hy — dXo, Xo — ETe™ will lead to opposite sign same flavour dilep-
ton, a soft jet, and missing energy in the final state. Similarly, pp — h,h,, h, —
dX,, Xy — Ete” will also mostly yield opposite sign same flavour dilepton, two
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Benchmark Points | mx, | mx, | mp, | Br(hg — dX1) | Br(hg — dX2)
BP1 480 1000 | 1200 94.8 5.2
BP2 700 1000 | 1160 89.7 10.3
BP3 900 1000 | 1740 57.7 42.3

Table 3.2: Branching ratio of A, — dX; 5 for three benchmark points: BP1, BP2 and BP3.

Benchmark | oppsngxi | Oppsnghy Ef U;?pS—PthI UpopiDhqﬁq N
Points (in pb) (in pb) (in GeV) (in pb) (in pb) (100 fb—1)

> 100 1.77 x 1073 | 8.37 x 10~ 260

BP1 0.331 1.13 > 200 1.53 x 1073 | 7.26 x 10~ 225

> 300 9.70 x 1074 | 5.95 x 107* 156

> 100 1.62 x 1073 | 1.58 x 1073 320

BP2 0.172 0.758 > 200 1.04 x 1073 | 1.23 x 1073 227

> 300 5.45 x 10=* | 7.81 x 104 132

> 100 2.73 x 1074 | 1.42 x 10~° 28

BP3 0.0199 0.102 >200 | 247 x107* | 1.36 x 10~° 25

> 300 2.10 x 10=% | 1.20 x 10~° 22

Table 3.3: OSD (¢ ¢~ +1jet+ 1) events at LHC for chosen benchmark points with pr, > 20, pr, > 40

and |mz — 15| £ my £ |mz + 15| at \/s = 14 TeV. Number of events predicted for £ = 100 fb™!
luminosity.

jets, and missing energy events. In the second case, many of those two jet events
qualify for single jet case as the jets are soft due to their production in association
with a sufficiently heavy particle X5, which carries away most of the momentum in
the decay chain. We will perform collider analysis only for the selected benchmark
points BP1, BP2, and BP3 (Tab. 3.1). Branching fractions of &, at those benchmark
points are specified in Tab. 3.2.

The dominant SM processes which can mimic OSD signal and can serve as po-
tential background are identified as t{+jets, WW +jets, W Z+jets, ZZ+jets, and the
Drell-Y an. The cross-section of the background is much larger than that of the sig-
nal and one needs to judicially choose the cuts on the final state observables to retain
the signal and reduce the background. Missing energy (Ef-) signature of the signal
is characteristically different from that of the SM background. For background, Ef-
dominantly comes from neutrinos and energy mismatch (due to smearing and de-
tector inefficiency). Ef distributions for the signal for the BPs are plotted along with
the dominant SM backgrounds in Fig. 3.18. Ef peaks at a larger value for the signal
and at a smaller value for the background, thus allowing us to distinguish between
the model(signal) from the background. This is done by putting a sufficiently large

Cross-sections for OSD events at the LHC with /s = 14 TeV and integrated lu-
minosity £ = 100 fb~" are listed in Tab. 3.3 in terms of actual number of events °. On
top of the basic cuts (as discussed in C), we have used following cuts to effectively

> Actual number of events N for luminosity £ can be obtained for seed simulation points N; and
final state events Ny as N = (0, x Na x £) /N1, where 0, is the corresponding production cross-section.
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Process ‘ ap (in pb) ‘ BEr(inGeV) | ¢95P (inpb) | N(100fb~1)
> 100 137.66 x 10~3 13766
tt+j 809.79 > 200 < 8.09 x 10~3 <1
> 300 < 8.09 x 1073 <1
> 100 64.82 6482
WW + 3 60.58 > 200 5.45 x 102 545
> 300 1.81 x 102 181
> 100 2.16 x 104 21
WZ+3j 0.15 > 200 5.55 x 10~° 5
> 300 2.40 x 1075 2
> 100 2.28 x 104 22
27 +j 7.63 > 200 < 7.63 x107° <1
> 300 < 7.63 x 1072 <1
> 100 < 8.79 x 1073 <1
Drell — Yan 879.19 > 200 <879x 1073 <1
> 300 < 879 x 1073 <1

Table 3.4: OSD (¢*¢~ + 1jet + Er) events for dominant SM background at LHC with pr, > 20,
pr, > 40 and |[mz — 15| £ my £ |mz + 15| at \/s = 14 TeV and £ = 100 tb~' luminosity. Appropri-
ate K —factors are used for different processes to match to the NLO-NLL cross-sections available in

literature (see text for details).
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Figure 3.18: Missing energy distribution for ({7¢~ + 1j + Ejf) events at the LHC from pp — hX,
production for the benchmark points BP1 (top left), BP2 (top right) and BP3 (bottom) with dominant

SM background.

separate signal from background:

e Missing Energy cut (Ef): Ef > 100, 200, 300 GeV are used. Large Ejf retains
the signal due to large DM masses of the benchmark points and reduces back-

ground.
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Figure 3.19: Significance plot of OSD (¢4~ +1jet+ K1) events at the benchmark points with Z7> 300
GeV versus luminosity (in fb™1).

e Invariant mass cut: Invariant mass is defined as my?> = (pe- + pg+)2 for oppo-
site sign same flavour dileptons. We require invariant mass not to lie within
the Z mass window (Jm, — 15| € my £ |m. + 15| GeV') to reduce background
events from Z production.

e For jets, a moderate cut pr > 40 GeV is demanded. This is particularly because
of the fact that the jets produced in the signal events carry only a small fraction
of the momentum and are mostly soft.

Cross-sections for the dominant SM background processes contributing to OSD
events at LHC is tabulated in Tab. 3.4. We have multiplied the production cross-
sections generated atleading order (LO) by appropriate K factors to match the NLO
cross-section available in the literature. For example, for ¢t : K = 1.31, WWj: K =
130, WZj . K =127,Z7Zj: K =131, Drell-Yan : K = 1.2 [252]. We estimate
a limit on the final state event cross-section (o.) as o. < 0,/N where N events are
simulated with production cross section g,,. A discovery significance for OSD events
is shown in Fig. 3.19 in terms of luminosity (in fb~'). Thus, there is a possibility to
see an excess in BP1 and BP2 benchmark points in OSD final states at the LHC for
high luminosity, while BP3 might be a little harder to explore.

3.5.2 Hadronically quiet four lepton signal

One of the unique collider signatures that this model offers, is the hadronically
quiet four lepton (HQA4l1). This can arise from the production of the heavier SU(2) 5
gauge boson X, following the Feynman graph in left panel of Fig. 3.20. X, fur-
ther decays through the exotic leptons following Fig. 3.16 and Fig. 3.17 and pro-
duces two pairs of same flavour opposite sign dilepton with large missing energy
((X0F(*(F + Fr). The corresponding signal can have any of the following combi-
nations: e*eFeteT efeTutu™, p*uTu*u™. We however choose final states inclusive
of both the flavours. The production cross-section of pp — XX, is much smaller as
it is an SU(2)y gauge interaction process. With heavier my,, the cross-section falls
off sharply to a vanishingly small value as shown in the right panel of Fig. 3.20. We
again note here that pp — h,h, also contributes to HQ4l events, where in both legs ,,
decays via h, — dX, with X; — eTe” X; through exotic charged leptons. The signal
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event rates at the benchmark points are mentioned in Tab. 3.5. The lepton selection
criteria remains similar to OSD search, while we demand the absence of jets with
pr >20 GeV. Although the number of signal events is small in this case, SM back-
ground is even more rare. Dominant contributions come from ZZ, WWWW and
Ztt as estimated in Tab. 3.6. Again we show that missing energy is one of the main
discriminators for separating signal and background. This is shown in Fig. 3.21 for
three benchmark points and for the dominant SM backgrounds.

20

15

Opp X, X, [fb]

2y

1]
Xo 1000 1200 1400 1600 1800 2000
my, [GeV]

Figure 3.20: Left: Feynman diagram for producing a pair of X, at the LHC. Right: Cross-section of
pp — XX, as a function of mx, at 14 TeV LHC.

o
)

0.8
= W = 480GeV ] W mx,=700GeV

Wz W Zz
W wwww B Wwww

o
>

0.6
0.4
—
“]D‘—\_.‘:;\\ > JﬁEEE_‘\—'\
¥ 0.0 !
200 400 600 800 1000 0 200 400 600 800 1000
Missing Energy [GeV] Missing Energy [GeV]

Normalized Number of Events
(=} (=}
P o IS
Normalized Number of Events

| N

/|

0.8
W x=900GeV

W7z
W Wwww
0.6

0.4

0.2 |

ool

0 200 400 600 800
Missing Energy [GeV]

Normalized Number of Events

Figure 3.21: Missing energy (#r) distribution for HQ4l events for the benchmark points BP1 (top
left), BP2 (top right) and BP3 (bottom) with dominant SM background.

We have also checked the efficiency of invariant mass (m) cut employed in the
analysis and explicitly demonstrated the m,, distributions in Fig. 3.22. In the left
panel, we plot my, for OSD (¢7¢~ + 1jet + Fr) events for signal from BP2 and domi-
nant SM background from ZZ+jets, W W~ Z+jets. On the right-panel we plot my,
of any two same flavour opposite sign dilepton pair of HQ4l events for signal at
BP2 with dominant SM backgrounds from ZZ,Ztt. For OSD, both the backgrounds
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Benchmark | o5 x,x, O pp—shghg Ufpci:l)lh X aZfiA‘}quhfq N
Points (in pb) (in pb) Epmiss (in pb) (in pb) (100fb~1)

>100 | 1.88x 1072 | 3.32 x 10~ 221

BP1 0.0193 1.13 >200 | 1.53x 1073 | 2.82 x 10~ 181

>300 | 1.07 x 1073 | 2.01 x 104 127

> 100 | 2.27 x 1073 | 5.99 x 1074 286

BP2 0.0264 0.758 >200 | 1.36 x 1073 | 4.11 x 10~4 177

>300 | 543 x107% | 2.15x 10~4 75

>100 | 1.73x 10~* | 2.61 x 10~4 43

BP3 0.0205 0.102 >200 | 3.93x107° | 2.47 x 104 27

>300 | 1.56 x 107°% | 2.23 x 1074 23

Table 3.5: HQ4l (¢t¢~¢+¢'~ + Fr ) events at LHC for chosen benchmark points with pr, > 20
and [mz — 15| £ my £ |mz + 15| for all opposite sign same flavour dilepton at /s = 14 TV and
£ =100fb~" luminosity.

’ Process ‘ Oproduction (in pb) ‘ Emiss ‘ oHQai(in pb) ‘ N(100fb~1) ‘

> 100 1.68 x 107° 1

27 0.024 >200 | <1.2x1076 <1

>300 | <1.2x1076 <1

> 100 | <7.8x 10712 <1

WHw-w+w-— 1.17 x 10=6 >200 | <7.8x 10712 <1

>300 | <7.8x 10712 <1

> 100 1.8 x 1074 18

Ztt 0.90 > 200 4.5 x 1072 4

>300 | <4.5x107° <1

Table 3.6: HQ41 (¢+¢~ ¢ ¢~ + Ep ) events for dominant SM background at LHC with py, > 20
and [mz — 15| £ my £ |mz + 15| for all opposite sign same flavour dilepton at /s = 14 TV and
£ = 100fb~! luminosity. Appropriate K—factors are used for different processes to match to the
NLO-NLL cross-sections available in literature (see text for details).

ZZ+jets, W W~ Z+jets have my, peaks around Z mass window and reduce drasti-
cally with the invariant mass cut. For HQ41, we can form dilepton invariant mass m
depending upon same flavour or two different flavour leptons in the final state re-
spectively. The my, distribution for HQ41 events are shown for highest m, obtained
in the events. As can easily be seen that for ZZ events, the distribution peaks at
Z-mass, while signal events for BP2 peaks at a larger value. We therefore employ
imz — 15| £ my £ |mz + 15| cut for all the opposite sign same flavour invariant
mass pairs formed in HQ4l events, which retains the signal to a large extent while
the background drops significantly.

It is clear that hadronically quiet four lepton channel provides a smoking gun
signature of the model as the significance plot suggests in Fig. 3.23. Such a signature
is not often studied and should be analyzed with existing data for a possible excess.
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Figure 3.22: Invariant mass (my;) distribution for OSD (left) and HQ4l channel (right) for BP2 com-
pared with Z background.
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Figure 3.23: Significance plot for hadronically quiet four lepton final state (HQ4l) events for bench-
mark points at LHC for £r> 300 GeV with luminosity (in fb=!).

3.6 Summary

In this chapter we have analyzed the phenomenology of one possible variant of a
non-abelian vector boson DM that appears as an SU(2)y extension of the SM. We
elaborate on relic abundance and direct search outcome of the DM through detailed
parameter space scan taking care of the freedom in choosing the SU(2) y gauge cou-
pling. Several new features have emerged from this analysis including the crucial
effects of co-annihilation.

The unification of the low scale model into gauge group F(6) with consistent
intermediate symmetries and breaking scheme has been discussed in this context.
The breaking adopted here suggests that in D-parity conserved case, SU(2)y and
SU(2), couplings are equal (gy = g1 ) with two degenerate vector boson DM, while
for D-parity broken scenario we may have non-universality through gy # g, and a
single component DM emerges. The spread in the gauge coupling for D-odd case is
determined by explicit calculation and the freedom is utilized for phenomenological
analysis. Relic density constraint of the model correlates coupling and mass of the
DM to the exotic quark mass m;,, and exotic lepton mass m. Dominant annihilation
processes are t-channel diagrams through exotic fermion exchange. This allows a
large range of DM masses above ~200 GeV, lower than that is discarded from the
bound on Z — Z' mixing.

Direct search interaction for this model is mainly s-channel process and medi-
ates only via exotic quarks. Hence, except for those regions where m;,, ~ mp;, the
model is very loosely constrained by spin independent direct search bounds. Co-
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annihilation of DM with X, helps the DM to evade direct search constraints and
the detection may go beyond the reach of XENONNT sensitivity. This is simply be-
cause co-annihilation only contributes to relic density and does not take part in direct
search due to kinematical constraints. We also analyzed degenerate DM scenario in
D-parity even case, where the DM mass has to be at least my, = m, 2 1 TeV, as
three of the gauge bosons (including the DM) become degenerate. But this situation
is ruled out because of relic density constraints.

The exotic particles present in the model can be produced at the LHC and their
subsequent decays yield multi-lepton signatures with large missing energy. Oppo-
site sign dilepton and hadronically quiet four lepton channels are discussed in con-
text of the present LHC data through detailed simulations. We note that the pres-
ence of only one soft jet in two lepton channel can help to distinguish this model
from SM background events like ¢t and also from other supersymmetric signals.
Large missing energy cuts are shown to be effective to reduce the backgrounds and
a possibility of seeing such a signal at 14 TeV emerges, albeit with large luminosity.
A strong Hy cut, as provided in the current LHC analysis of the data, washes away
signal cross-section of this model. We therefore propose a minimal or no Hr cut for
seeing opposite sign dilepton signature of this particular scenario. However, a more
crucial signal appears in the form of hadronically quiet four lepton with a provision
to be probed at future LHC runs due to much less SM background.
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4.1 Introduction

A multi-particle dark matter (DM) framework consisting of non-abelian vector bo-
son (VBDM) and scalar components is addressed in this chapter []|. As before, the
vector boson DM arises in an SU(2) 5 extension of the SM. An unbroken U(1) sym-
metry is also imposed in order to ensure the stability of the new electromagnetic
charge neutral gauge bosons. The key feature of this model is to assume that SM
particles do not transform under additional SU(2)y symmetry unlike the case in
previous chapter. Therefore, the VBDM lacks a direct search cross-section except
for the Higgs portal which is constrained from Higgs data to avoid large mixing.
This indeed helps the model to be allowed in a large parameter space from non-
observation of DM in direct searches, for example in PANDA data [67]. Another
interesting aspect of this analysis is to show the presence of scalar triplet as addi-
tional DM component apart from the VBDM as pointed out in [253]. The scalar DM
will again have interactions to SM via Higgs portal and has direct search prospect.
The analysis explores such a two-component DM parameter space of the model in
the presence of non-zero DM-DM interactions [254].

The model also permits not-so-heavy neutrinos to generate light neutrino masses
through inverse seesaw mechanism. This allows, in one hand, the heavy neutrinos to
be stable and contribute as DM, while on the other hand, they can be produced in
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4.2. Fields and interactions 63

the Large Hadron Collider (LHC) via hadronically quiet single lepton and hadron-
ically quiet opposite sign dilepton (OSD) channel with missing energy. This is one
of the important features of this analysis that was not addressed in the earlier pro-
posal of the model [253]. The SM background can be tamed down to some extent
by large missing energy cut (Fr) and Hy cut (Hr). The discovery potential thus
can be reached with a high luminosity. Generation of light neutrino masses (with
not-so-heavy neutrinos (~ O(500)GeV)) also necessitates the VBDM (X, X) to be
degenerate with the third gauge boson component X;. Therefore, co-annihilations
play a crucial part on top of annihilation for VBDM and bridges a connection be-
tween the neutrino and the dark sector.

This chapter is organized as follows: we discuss the model in Sec. 4.2, neutrino
mass generation mechanism in Sec. 4.3, followed by the vector boson DM analysis
in Sec. 4.4. The multipartite DM set-up is elaborated in subsection. 4.4.3. Possible
collider signatures are analysed in Sec. 4.5. Finally we summarize in Sec. 4.6.

4.2 Fields and interactions

The particle content for this model is chosen minimally in order to have a sponta-
neous symmetry breaking (SSB) of the extended SU(2)y gauge group to produce
massive gauge bosons, and also to have a successful neutrino mass generation [253].
An important difference from the SU(2) y model discussed in last chapter [200,201],
is that all of the SM fermions here are singlet under SU(2)y. The stability of DM is
ensured by an added global U(1) symmetry (S"), imposed on the new particles (as
in [253]), so that S = S’ + Tsy remains unbroken. The stability of DM under an
unbroken global continuous symmetry may however be broken by the presence of
a possible quantum theory of gravity [255], which will therefore have observable
effects in gamma ray, X-ray, neutrino and CMB data through DM decay, thus con-
straining such a case. The analysis in [255] shows that the limits on DM mass scale
can be as stringent as few MeVs, by assuming dimension five effective operators sup-
pressed by Planck scale, which explicitly breaks the DM symmetry. However, due to
the lack of our knowledge of a possible quantum theory of gravity, and the fact that
S is generated by a combination of global symmetry S’ together with Ty (isospin
of a broken gauge symmetry), we assume S to be unbroken up to Planck scale and
avoid such constraints.
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The new particles and their charges under SU(3)c ® SU(2), @ U(1)y® SU(2)y®
S’ are given as:

Three SU(2) 5 gauge bosons: X123 =(1,1,0,3,0),
1
Three Dirac fermion doublets: n=(ny,n)rr=(1,1,0,2, 5),
1
One scalar doublet: X = (x1,x2) = (1, 1,0, 2, 5),
0 /0
1 1
One scalar bi-doublet: (= GG = (1,2, ~3 2, —5),
SNy

where ( transforms (vertically) under SU(2),, and (horizontally) under SU(2) y.
Furthermore, an SU(2)y scalar triplet (A) is introduced:

A= <A2/\/§ = )(1,1,0,3,1),
A —A/V2

for generating neutrino masses, which will be discussed in the next section. The
crucial construct of the model lies in the choice of S’ charges, which will be clear in
a moment.

The scalar potential of this model reads [253]:

V = 1ZTe(C10) + pg®'® + 1 x x + paATe(ATA) + (11 DT Cx + paX ' Ax + H.oc.)
| | 1 1 |
FIMIHCTOPR + SMa(@10) 4 DMTHCICCTE) + LAl 4 o[ Tr(ATA)P

FINTHANA — AATY + XIS+ oy + e 4 fipictle (D)

+ f5(@T0) (xy) + fe(xX ) Tr(ATA) + foxf(AAT — ATA)x + f5(@1D)Tr(ATA)
+ foTr(CTOTr(ATA) + fioTr[¢(ATA — AATCH.

Spontaneous symmetry breaking of SU(2)y ® S to S = S’ + Ty happens via
the non-zero vacuum expectation value (VEV) of SU(2)y scalar doublet: (x2) = us.
S charge assignment for the new particles is given as:

ny, X1~ +17 n27X27C27A3 ~ 07 Cl?AZ ~ _17 A1 ~ _27
X1 FiXo
V2

All the SM particles have zero S charge. Therefore, particles with non-zero S
charge will be protected from decaying into the SM. We can assume X to be the

X(X) = ~ =1, 7' = X3~ 0.

TH-2387_156121033



4.3. Neutrino Mass 65

lightest of the particles with non-zero S charge, and therefore a possible DM candi-
date. Furthermore, A 5 5 scalars can become kinematically stable in certain regions
of parameter space [253], and be part of a multi-component DM framework. We will
investigate this possibility in details. The three other scalars which acquire VEV are:
(€Y = va, (A3) = uz, and (¢°) = v;. Note that the VEV assignment is different here
from the SU(2)y extension considered in Chapter 3, where (AY) is also non-zero.
Therefore, the X, ; bosons will have equal masses in this model, and more impor-
tantly S = 5’ + 75y global symmetry remains unbroken unlike in [201]. The masses
of the gauge bosons are given by:

1 1
miy = 503 (01 +03) . mk = ook (Bl 4 2u),  my o~ ook (w4l + ).

(4.2)

DN | —

where Z — Z' mixing matrix is given by:

. 1 ( (g7 +93) (v +v3) —gn\/97+ 9505
mz7zl:_ . (43)

—gvV gt + 95 v;  gx (u3 + 3 + 4ug)

To ensure small Z-Z' mixing [246], we assume v, < uy. Furthermore, u; is as-
sumed to be small which breaks the lepton number global symmetry (L) to lepton
parity ((—1)%) as explained in Sec. 4.3. Therefore, the X boson masses are nearly
degenerate, i.e. my (my,) =~ mx. This still makes the model phenomenologically
viable in a large parameter space as Z’ doesn’t have a tree level coupling to SM. This
hides Z' of this model from being observed at the LHC, and adds to the the free-
dom of choosing my: as a free parameter. This should again be contrasted to the
case in [245], where there is a minimum limit on my, ,, > 1 TeV, for the degenerate
vector boson DM case to respect the bound from Z' search data.

4.3 Neutrino Mass

One of the important features of the model is to generate neutrino mass successfully
and thus addressing dark matter and neutrinos under one umbrella. The scalar bi-
doublet (¢), which acts as a mediator between the dark and visible sectors, also helps
in generating masses for the neutrinos. The relevant Yukawa terms are:

fo (@ +2G) mr+ (Fred + 8Ly ) nag) (4.4)
fa [nlnlAl + (nang + ngna) Ay /v/2 — n2n2A3] ; (4.5)

where in the second line nn includes both of n;n;, and ngng. The lepton number
is conserved in (4.4) with n carrying L = 1, and is broken to lepton parity, i.e. (—1)"
by the nn terms in (4.5). After SSB this turns out to be:

fC Vo vL’I’LgR — fﬁ us NarNay, — fg us NoRMN2R + h.C. (46)

where f; and fa are 3 x 3 matrices, and the neutrino mass matrix in the (7, nog, 721
basis is given by:
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0 mp 0
Ml/ = | mp m’2 M s (47)
0 M mo

where each entry is a 3 x 3 matrix with mp = f; vo, mh = fRuz, my = 5" u3, and
M is a free Dirac mass term in M (Mapnogr + Marnar). The inverse seesaw neutrino
mass is thus generated and given by:

(4.8)

0.7
- uz[MeV]=0.1

- u3[MeV]=0.2
0.6/  u3[MeV]=0.3
u3[MeV]=0.4
0.5/ - us[MeV]=0.5
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Figure 4.1: Top Left: fa versus heavy neutrino mass M (~ O (hundreds of GeVs)) for different
choices of u3 (~ MeV) to keep m, ~ 0.1 eV with f- ~ O(1); Top Right: f¢ versus heavy neutrino
mass M (~ O (hundreds of GeVs)) corresponding to different values of the VEV u3 to obtain right
neutrino mass for fa ~ O(1). The black dashed line shows the mass of the heavy neutral chosen for
selecting the BPs (Tab. 4.1). Bottom: ug (in GeV) versus M (~ O(107) GeV) for different values of
coupling fa, where each contour satisfies m, ~ 0.1 eV.

Assuming mq, my, mp < M, n remains pseudo-dirac with m,, ~ M. Since, ¢
is the portal between the SM and the hidden sector, the collider signatures of this
model involve processes with n in the final states. Therefore, a phenomenologically
interesting choice of parameters would be M ~ O(TeV), with f. ~ 1. Furthermore,
we assume vy >~ 1 GeV in order to have a small Z — Z’ mixing. Using > m, < 0.17
eV [45], we take m, ~ O(0.1 V) such that:
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s ~ 2L Mev. (4.9)
Ia

A contour plot for correct neutrino mass m, ~ O(0.1 V), following Eq. (4.8), is
depicted in Fig. 4.1. The contours in M — fa plane has been shown for f; ~ O(1)
for different choices of u3 in the LHS of top panel in Fig. 4.1. The same exercise
is done in M — f; plane for fo ~ O(1) ' in top RHS graph for different uz. The
other possible regime is to assume M ~ O(107) GeV, which allows larger uz (~
hundreds of GeVs). This is shown on the bottom panel of Fig. 4.1 for f ~ O(1) and
fa : {0.01,0.9}. The mass degeneracy between X, X3 is broken in such a scenario
and thus co-annihilations become subdominant to the annihilation processes for X
DM. For M ~ 500 GeV, the heavy neutrinos are stable and can be DM candidate,
while heavy neutrinos with M ~ 107 GeV will decay and will not contribute as
DM. Therefore such heavy neutrinos are also viable from neutrino mass and DM
constraints, but will complicate the model in collider detection. We will therefore
choose lighter n, » scenario (as in the top panel of Fig. 4.1) and show that it plays a
crucial role in yielding possible leptonic signature at the LHC.

4.4 Dark Matter Phenomenology

In this chapter also we assume all DM candidates to be present in the thermal bath
and acquire correct relic via thermal freeze out. In particular, we highlight a cou-
ple of interesting features regarding DM phenomenology of the model : (i) The
alteration to the single component vector boson DM freeze-out and its relic density
due to co-annihilation contribution, which was not taken into account in the ear-
lier analysis [253] and (ii) the presence of a second DM candidate (A) in a large
region of parameter space of the model, which is significantly influenced by DM-
DM interactions. The heavy neutrinos (7, n2), assumed in this framework, can also
be kinematically stable and serve as DM. However, for generating correct neutrino
masses, the contribution of these particles to DM relic density will be very small.

4.4.1 Possible DM candidates of the model

At the very outset, we will sketch the parameter space of the model, where we can
have different DM components coexisting together.

A; and A, component of the SU(2)y scalar triplet have non-zero S charges. As
they are charge neutral, they can qualify as DM if their stability is ensured. Az hav-
ing zero S charge, mixes with the SM Higgs due to non-zero VEV (instigated by
fs®T®Tr(ATA) term in the scalar potential) and decaying to SM. Therefore, A3 does
not qualify as DM. On the other hand, A; and A, have the following interaction ver-
tices with the vector boson X:A; A X, Ay Az X, Ay XX, Ay X X;. Asaresult, possible
decay of A, to SM can occur via off-shell A3 as shown in left hand side (LHS) of
Fig. 4.2. Similarly, A; can also decay to SM via off-shell A, and A3, shown in right
hand side (RHS) of Fig. 4.2. So, A and/or A, can be potential DM candidates if we

!'While a large Yukawa may cause trouble to vacuum stability, the extended scalar sector is ex-
pected to save it.
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Figure 4.2: Decay of the triplet scalars to vector boson X for ma, , , > mx. Left: Decay of A, to SM
via Ag; Right: Decay of Ay to SM and X via off-shell Az and A,.

1000 =
sy
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i 600 X} ,
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Figure 4.3: Regions of mx — ma (in GeV) parameter space, where single component and multi-
component DM frameworks can be realised for degenerate scalar triplet masses ma, = ma, =
ma, = ma. In the white region (2mx < ma), only X can be a single component DM. In the pink
region (ma/2 < mx < ma), two component DM with {X, A} is operative. In the green region
(mx > ma), {A1, As} forms degenerate two-component DM.

can stop the decays shown in Fig. 4.2. The viability of A; and A, as DM are discussed
in two possible scenarios: (i) Degenerate triplet scalar (ma, = ma, = ma, = ma),
(ii) Non-degenerate triplet scalar (ma, # ma, # ma,).

(a) Degenerate triplet scalar: The triplet scalar components can be degenerate
in the limit of f; = 0 [253]. In this limit,

e when ma > Mmx:

i) X is stable and a DM.

i) Ay — Xbbis always possible with mx < ma, hence A, can never be a
DM.

iii) If ma < 2mx then A, is stable and becomes second DM component.

iv) If ma > 2my, then Ay decays and is not a DM candidate.
e when ma < mx:

i) By default this implies ma < 2myx and hence A is stable and a DM.

ii) A, is also stable and acts as second degenerate DM component with A;.
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Figure 4.4: Main kinematic regions for single and two component DMs for non-degenerate scalar
triplet scenario. They are: {A1, Ag}, {A1, X}, {X}, {A2}.

iii) X can decay into A, (and subsequently to bb) so it can not be a DM can-
didate.

Therefore, when ma > my, we can have both two-component (for ma < 2mx :
{X,A;}) and one-component DM scenario (for ma > 2mx : {X}). On the other
hand, when ma < myx, we will have a degenerate 2-component DM scenario com-
prising of A; and A,. The above situation for degenerate scalar triplet case is sum-
marised in Fig. 4.3.

(b) Non-Degenerate triplet scalar: Non-degenerate scalar triplet scenario ( f7 #
0) can have four possible DM framework depending on the hierarchy of ma,, ma,, mx.
It is quite understood from Figure 4.2, between A, and X, we can have one of them
as a DM, while the possibility of A; as DM will be guided by the hierarchy between
ma, vs 2myx. Therefore, the situations of interest are:

1. Ay, Ay forming non-degenerate DM components : whenmy > ma, and ma, <
2m X/

2. A4, X forming non-degenerate DM components : when my < ma, and ma, <
2m X

3. X as single component DM: when ma, > mx, ma, > 2mx

4. A, as single component DM: when ma, < mx, ma, > 2mx

This is also summarised in Fig. 4.4. We will analyze the degenerate scalar triplet
model here for simplicity and economy of parameters. This itself offers a variety of

single component (X') or a multi-component interacting DM set-up (in the form of
{Ah X} or {Al, Ag})

4.4.2 X as single component vector boson DM

X can appear as a single component DM in degenerate scalar triplet case when ma >
mx and ma > 2my. It can also be a single component DM for non-degenerate
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scalar triplet case when ma, > mx and ma, > 2myx. The dominant annihilation
channels for X, shown in Fig. 4.5 are: (i) annihilation to heavy scalars (¢), (shown
in the upper panel) and (ii) annihilation to the SM through Higgs portal (shown
in the lower panel). Throughout the analysis, all the annihilation cross sections are
calculated on threshold: sy = 4m? as the s-wave contribution is non-zero. The total
annihilation cross section of X can be found in Appendix. B.0.1 (Eq. (B.2)).

1 X ,"C2
1 ’
161 /,
1 ’
1
1 \\
M \
~ ~
\\ N
\\ N
¢ i X §
Ca <5
X wt(z) X h X f
n h
____________________________
X w~(z) X h X f

Figure 4.5: Top: Annihilation of X DM into heavy scalar (s, CQT via t-channel mediation of (; and
four pint interaction assuming m¢, < mx < m¢,. Bottom: Annihilation of X into SM via Higgs
mediation in s-channel.

Figure 4.6: Co-annihilation of X with X3 to Cld for 3 (me, + me,) < mx < m¢, +me, (see text for
details).

Importantly, X can undergo co-annihilation with X3 via the diagram shown in
Fig. 4.6. The effective cross section in this case can be written as:

3
Am )\ 2
(TV)ett = (00) x5 L5, cact T TV) % Xumtrhhe (1 + m_x) exp(—Am z/mx), (4.10)

where Am = my, —mx and x = . For co-annihilation to occur:

1
me, +me, <mx +mx, =— Mmx > §(mcl +m<2),

in the limit mx ~ mx,. Again, for stability of X:
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mx < meg + Mme,.

Together, we have the following condition:

1

5 (mcl + m@) <mx < mg¢ + Me,. (411)
We would once again remind that co-annihilation contributions become very im-

portant in this model as Am = myx, — mx — 0. This happens for small u3 (~ MeV),

which is required for neutrino mass generation with heavy neutrinos of the order of

hundreds of GeVs, as discussed earlier.

S3lAq

200 400 600 800 ' 300 400 500 600 700 800 900

my [GeV] my [GeV]

Figure 4.7: Relic density allowed parameter space for X as a single component DM. On the left panel,
allowed mx — g3 parameter space is shown for different f5/)4; and on the right panel, mx — f5/\4
allowed parameter space is shown for different choices of g%

With these kinematic conditions, we will now proceed to scan the relic density
allowed parameter space of single component X in two different regions: (i) m¢, >
myx > mg, and (ii) mx < mg,,. In the first case, annihilation occurs to the heavy
scalar ¢, and to SM, while in the second the annihilation occurs only to SM. The free
parameters for the DM analysis can be chosen as:

J:
{g?\,,/\—i,mx,mcl,mQ}. (412)

Both the couplings are varied in the range {g%: 0.01-0.6} and {{—Z 0.01-0.6} for
scanning the parameter space. The relic density (PLANCK data: 0.1165 < Qh? <
0.1227) allowed parameter space for X is shown in Fig. 4.7. On the left panel, we have
shown the allowed parameter space in terms of mx (in GeV) versus g3 for different
choices of {—Z On the right panel, we show it in terms of mx (in GeV) versus {—i for
different choices of g%;. First of all, we see that for larger g3, we obtain a larger range
of DM mass, that can satisfy relic density constraints. On the other hand, we see
that the effect of {—i is milder than g¢3. Essentially this is due to the fact that the t-
channel annihilation of the DM to the heavy scalars ((») is larger than the s-channel
annihilation to SM particles through Higgs mediation. Low DM mass is favored by
smaller {¢3%;, {—i} For the same reason, g% or f5/\; need to be as large as ~ 0.6 for

DM mass ~ 1 TeV.
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Figure 4.8: Direct search diagram for vector boson DM X.

The direct detection interaction for X occurs via t-channel Higgs mediation as
shown in Fig. 4.8. The spin-independent direct detection cross section scattering off
a nucleus with Z protons and A — Z neutrons normalized to one nucleon is given

by:

05121( my )Q(pr+<i—2>fn>27 (4.13)

T \mx + Amy

where f, and f,, are the form factors given by [256]

Ip i 93 (f5/A4) ga (f5/ M)
Jn - 93 (f5/M\) 93 (f5/M\4)
B W 0.155 {—N e ] —0.845 [—N5 e } (4.15)

where we used:

N N gn (f 5/ A1)
e Trealo o] e

The above equations yield a bound on f; / )\4 from non-observation of X in direct
search experiment for a given g¢3,. Spin independent direct search cross-section for
relic density allowed parameter space for the single component X DM is shown
in Fig. 4.9, as a function of DM mass, where m¢, > mx > m¢,. On the upper
panel, we show g% dependence through different colour shades, while on the lower
panel, we show the dependence on £ > through different colour shades. The exclu-
sion limit from PandaX is shown by “the black dashed line and future limit from
XENONRNT [257] is also shown by the black dot-dashed line. We see that single com-
ponent X DM fits nicely between these two curves, giving this model a chance to
be discovered by future direct search experiments. Note that g% has low sensitivity
to the direct search cross-sections as the constant g3, planes are placed horizontally
along larger DM mass. On the other hand, constant {—i planes are stacked vertically,

yielding larger direct search cross-sections for larger {—i
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Figure 4.9: Spin independent direct search cross-section for relic density allowed parameter space for
a single component X. Top: different g% regions are shown with different colours. Bottom: different
f5/A4 regions are shown. The exclusion limit from PandaX and future limit from XENONRT are
shown through black dashed and black dot-dashed lines respectively.

Finally, we tabulate some benchmark points (BP) in Tab. 4.1, which satisfy both
relic density and direct search constraints. These BPs will be used further for the
collider analysis in section 4.5.

Benchmark gN {—i mx me, me, Mpy g Qx h? O'gD in,zhz
Point (GeV) | (GeV) | (GeV) | (GeV) (cm?)
BP1 0.64 | 0.56 480 330 620 450 0.12 10—45.7802 0.004
BP2 0.70 | 0.60 660 350 700 450 0.12 10—45-7918 0.004
BP3 0.77 | 0.59 800 410 820 450 0.12 10457839 0.004

Table 4.1: Choices of the benchmark points used for collider analysis. Masses, couplings, relic density
and direct search cross-sections for the DM candidates are tabulated where 2ma > mx > ma. X
has dominant contribution to relic density, while a subdominant contribution comes from n, .

44.3 A;and X as two component DM

X and A; can form two component DM when my < ma < 2mx (see Fig. 4.3) in
degenerate triplet scenario. First of all here A, can additionally annihilate to X X
(upper panel of Fig. 4.10), which was not accessible earlier when ma < mx. This
DM-DM conversion will play a crucial role in this region of the parameter space as
we will elaborate. The annihilation cross-section for A; will include the contribu-
tions from these additional graphs that appear in Appendix. B.0.1 (Eq. (B.3)).

The parameters for DM analysis in this case are given by:

{g% fs,ma, mx}. (4.17)

As we have already elucidated before, the BEQ can be expressed in terms of the
dimensionless quantity x = m/T, where m is the mass of the DM. However, in the
two-component case, we have a coupled Boltzmann equation, due to DM-DM in-
teractions. Here, using a common x is problematic since now there are two DM
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candidates with different masses: {ma,mx}. This issue did not arise in the previ-
ous case of Ay, Ay as they were degenerate and did not have an effective DM-DM
interactions. The way-out for this non-degenerate scenario is to introduce a reduced
mass: = —A™X in terms of which the BEQs read [258]:

ma+mx’/

dy, 2 EQ? 2 ylEQ2 2
dr =A [{ovan-—smsm) (yl ~— Y ) + (ovansxx) | vi — FEr Y2 ||
x Yo
dys 2 EQ? 2 ?J1E < 2
dr =A | (ovxxsmsm) (?Jz — Yo ) —(ovan-—xx) | ¥1 — “Fo? Y2 ) (4.18)
Yo
where A = —0.264 Mpy./g.%; and the equilibrium distribution, recast in terms

of 11 has the form:

N\ 3/2
yP? () = 0.145 %32 <ﬁ> emmmilh, (4.19)
9« 1%
A
R X A X
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Figure 4.10: Annihilation of A; to X and SM when myx < ma < 2mx.

with i € (X, A). The relic density allowed parameter space of this two compo-
nent model is shown in Fig. 4.11. In the left panel, we show the allowed region in
mx — g plane while the colour shades indicate 2x /2. The right panel shows a
similar graph in ma — g% plane while the colour shades indicate the fraction of A
DM in total abundance 24 /€Qr. The main take from these two graphs are that, the
relic density is dominated here by the X component. This can be explained simply
as X is the lighter component, it has less annihilations to the SM. On the contrary,
larger annihilations of A compared to X, depletes the abundance of this component
down to 20% of the total.

In the LHS of Fig. 4.12 we show the fate of A in direct search plane, where in
the x-axis we have ma (GeV) and along y-axis we have effective spin-independent

direct search cross section | £2 ) x oA n_.ax in log-scale. Here different colour shades
Qr

represent different values of fs : {0.01,0.03,0.05,0.09} chosen for the scan. We can
see that except for the low mass region of A (ma <250 GeV) for fs = 0.09, the whole
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Figure 4.11: Left: Relic density allowed parameter space for two component DM set-up in mx — g%
plane, where the colour shades indicate 2x /Q7. Right: Same in ma — gJQV plane, where the colour
shades indicate QA /Q7.

relic density allowed parameter space is available through direct search constraints.
It is easy to understand that the higher the values of fs, the higher is the effective
direct search cross-section is. Therefore, direct search crucially tames the coupling
fs < 0.1

|
N
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Flgure 4.12: LHS: Spin independent effective direct search cross-section for A, in terms of ma vs.
Log( X oaN—AN), when it is a part of two component dark matter scenario with DM : {A,X}.
Allowed region of relic density parameter space have been divided into different fs values. RHS:
Same for X in terms of mx vs. Log (—K X 0x N—xN), where different coloured regions correspond
to different values of f5/A4. Inboth the plots the bound from PANDA, future sensitivity of XENONNT
and neutrino floor are depicted.

In the RHS of Fig. 4.12 we show the parameter space allowed by relic density and
direct search for X in the two-component DM scenario. All of the parameter space
allowed by relic density lies below the PandaX limit and a part of it even goes below
the neutrino floor [64]. Different coloured regions in this plot correspond to differ-
ent values of f5/\y, which typically controls the direct detection cross-section of X
as discussed earlier. As expected, smaller values of f;/\, (shown for example by
the black region) produces smaller cross-section, while a larger f5/\4 is ruled out
by XENONNT.
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Benchmark | gy {—z mx me, me, ma Qxh? | Qah? | o5, X
Point (GeV) | (GeV) | (GeV) | (GeV) (cm?) (cm?)
BP4 0.63 | 0.30 481 320 621 500 0.077 | 0.043 | 10750 | 10—46:35
BP5 0.70 | 0.10 541 380 701 560 0.079 0.037 | 10750 | 10—47-20
BP6 0.83 | 0.20 681 540 821 700 0.087 | 0.033 | 10750 | 10—46-47

Table 4.2: Choices of the benchmark points (BPs) for two-component {X,A} DM scenario. Masses,
couplings, relic density and direct search cross-sections for both the DM candidates are tabulated.

In Tab. 4.2 we have tabulated possible values of masses of the dark gauge boson
and triplet scalar for different couplings satisfying relic density and direct search
for two-component DM scenario {A;,X}. As the collider signature of the model is
independent of the choice of m and dependent only on the masses of the charged
scalars {(i7,¢;°}, the model would give rise to the same final states as that of single
component vector boson DM framework as the mass hierarchy between X and ¢
remains unaltered.

4.5 Collider Phenomenology

Out of all the BSM particles introduced in the model, only the scalar bi-doublet ¢
transforms under SM SU (2), and one can produce both the charged (sz) and neu-
tral components ((?,) at the collider. The Feynman graphs for the production of
such particles in the Large Hadron Collider (LHC) is shown in Fig. 4.13. These
processes involve derivative couplings arising from the gauge kinetic term. Here
we have elucidated two different processes which yield leptonic final states. One
possibility is the charged current production of (i*, (Y shown in the left panel of
Fig. 4.13, and the other possibility is to have a neutral current production of ({, (.
Subsequent decays of these scalars to SM fermions and to RHN n, z via the Yukawa
interactions enlisted in Eq. (4.5), are also shown in the figure. Here we assume the
same mass hierarchy as chosen for DM phenomenology: m¢, < mx < m¢, and
M, < M¢. Insuch a hierarchy, the decay of the scalar bi-doublet components
occur with 100 % branching ratios to the final states: (i — (*n,z and ¢} — vnz.

4.5.1 Signals at the LHC

Following the mass hierarchy, the production of the scalar bi-doublets at LHC will
end up with two different leptonic final states:

e Single lepton plus missing energy (1¢* + F;) due to charged current interac-
tion, as shown in the left panel of Fig. 4.13.

e Opposite sign di-lepton plus missing energy (OSD+ £ ;) due to neutral current
interaction, as shown in the right panel of Fig. 4.13.

These channels are essentially hadronically quiet, as they contain no jets at the
parton level, except for those which may arise due to initial state radiation (ISR).
We will therefore focus only on the leptonic final states with zero jet veto, as we
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Figure 4.13: Figure showing production of heavy charged scalars and their subsequent decays into
a hadronically quiet single lepton ¢* + £, channel (on left) and hadronically quiet opposite sign
dilepton channel T/~ + Fr onright.

know, they are cleaner and suffer less from SM background contamination. We will
analyze these two hadronically quiet lepton channels in details for the chosen bench-
mark points (BPs) as in Tab. 4.1. We also note here, that the right handed neutrinos
are stable for the chosen hierarchy, and hence contribute to missing energy. As has
already been stated, given the interactions proposed in this model, the other two
DMs, namely A, X are harder to produce, if not impossible. Before proceeding fur-
ther we would also like to note, since both (; and ¢, belong to the same bi-doublet,
(57, ¢Y can also be produced in the collider via similar diagrams. But since ¢§ mixes
with SM Higgs, it decays to bb, while the charged companion will decay ¢;° — (J/*v
through off-shell V.

4.5.2 Event selection criteria

The details of the simulation methodology and the definition of re-constructed lep-
tons and jets, along with different observables are elaborated in Appendix. C. For
the backgrounds, the contribution to MET comes from the neutrinos, while for the
signal, it comes dominantly from the stable RHN (as shown in Fig. 4.13). The MET
distribution for the chosen BPs are plotted in the upper panel of Fig. 4.14 for single
lepton and in Fig. 4.15 for OSD final states. Corresponding H7 distributions are also
shown in the lower panel of the same figures. In both cases, the dominant SM back-
grounds are also shown. As it is clear from both Fig. 4.14 and Fig. 4.15, a high MET
cut can reduce SM background, while retaining some of the signal strength in both
single and two lepton channels. This is also true for Hy-cut as well. Therefore, the
final state event selection required to have the following selection criteria on top of
the trigger level cuts:

e Missing energy cut of £ > 100, 200 and 300 GeV have been employed in both
single and two-lepton cases to reduce SM backgrounds.

e Hp cut of 200 and 300 GeV are also applied on top of MET cut to reduce the
backgrounds further.

e For OSD events, an invariant mass cut over the Z-window |m, — 15| < my <
|mz + 15| has been applied to get rid-off the ZZ background to a significant
extent.
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Figure 4.14: Top: Missing energy distribution for 1¢* + [ final state for the benchmark points (BP1,
BP2, BP3) are shown in red. Those of the dominant SM backgrounds are also shown. Bottom: Hr
distribution for the same. The simulation is done assuming LHC with /s = 14 TeV.
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Figure 4.15: Top: Missing energy distribution for (/¥ + [ final state for the benchmark points
(BP1, BP2, BP3) are shown in red. Those of the dominant SM backgrounds are also shown. Bottom:
Hry distribution for the same. The simulation is done assuming LHC with /s = 14 TeV.

4.5.3 Event rates for the signal and the SM background

Cross sections of 1/ + Fr and (*(F + F; channels and corresponding number of
events at a luminosity £ = 100 fb~ ! for Ecy, = 14 TeV at the LHC are listed in Tab. 4.3
for the Benchmark points (BP1, BP2, BP3). Here, the production cross-sections are
also mentioned, so that we see the sensitivity of the missing energy cut as has been
used with f > 100, 200, 300 GeVs.
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‘ Benchmark Point ‘ o+ o () ‘ o 00/0 4 — (1) | By (GeV) | Hr (GeV) ‘ ot (fb) ‘ N ‘ OSD ‘ NOSD ‘
(SRSt [SES AR SRS eff off

>100 > 100 0.25 25 0.04 4

> 200 0.14 14 0.04 4

> 300 0.06 6 0.03 3

BP1 1.89 1.29 >200 > 100 0.15 15 0.02 2
> 200 0.14 14 0.02 2

> 300 0.06 6 0.01 1

>300 > 100 0.06 6 0 0

> 200 0.06 6 0 0

> 300 0.06 6 0 0

>100 > 100 0.17 17 0.03 3

> 200 0.12 12 0.03 3

> 300 0.07 7 0.02 2

BP2 1.16 0.81 >200 > 100 0.12 12 0.02 2
> 200 0.11 11 0.02 2

> 300 0.07 7 0.02 2

>300 > 100 0.07 7 0.01 1

> 200 0.07 7 0.01 1

> 300 0.07 7 0.01 1

>100 > 100 0.09 9% 0.02 2

> 200 0.07 7 0.02 2

> 300 0.05 5 0.02 2

BP3 0.59 0.43 >200 > 100 0.07 7 0.01 1
> 200 0.07 7 0.01 1

> 300 0.05 5 0.01 1

>300 > 100 0.05 5 0.01 1

> 200 0.05 5 0.01 1

> 300 0.05 5 0.01 1

Table 4.3: Signal events with /s = 14 TeV at the LHC for luminosity £ = 100 fb~' for benchmark
points (BP1, BP2, BP3). The variation of number of final state signal events with Hr and Hr cut-flow
are also tabulated.

The first obvious thing to notice is, with heavier masses for the charged bi-doublet
scalars for the BPs, the cross-section in both the final states diminishes accordingly
due to larger phase space suppression. Secondly, the number of events in OSD is
smaller than that of single lepton ones, owing to (i) the hierarchy of the charge cur-
rent and neutral current production cross-section itself and (ii) those cases, where
the neutral current production may also yield an effective single lepton event, if one
of the leptons is soft and fails to register with the desired p; cut. The production
cross-section is small for all the BPs, and so is the numbers of expected events at a
luminosity as high as ~ 100 fb~'. We define the effective number of final state events
as:

Op XN
Neff: N

x L, (4.20)

where n is the simulated number of events obtained by simulating /V events cor-
responding to production cross-section of o, and L is the integrated luminosity. Us-
ing the same selection criteria, the number of final state events for dominant SM
backgrounds are tabulated in Tab. 4.4. Here we have multiplied the cross section
in leading order (LO) with the appropriate K-factors to obtain the cross section
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| Process | oproduction (Pb) | Br (GeV) | Hr Gev) | o (1) | N4 | 0% | NGP

>100 >100 22.80 2280 17.10 1710
>200 1.62 162 244 244
>300 < 0.81 <1 < 0.81 <1
tt 814.64 >200 > 100 1.62 162 < 0.81 <1
>200 0.81 81 < 0.81 <1
>300 < 0.81 <1 < 0.81 <1
>300 > 100 < 0.81 <1 < 0.81 <1
>200 < 0.81 <1 < 0.81 <1
>300 < 0.81 <1 < 0.81 <1
>100 > 100 54.48 5448 20.49 2049
>200 3.99 399 9.99 999
>300 0.49 49 1.99 199
WTw-— 99.98 >200 > 100 1.99 199 1.99 199
>200 0.49 49 1.99 199
>300 0.49 49 0.49 49
>300 > 100 0.49 49 < 0.49 <1
>200 0.49 49 < 0.49 <1
>300 0.49 49 < 0.49 <1
>100 > 100 0.14 14 0 0
>200 0.01 1 0 0
>300 0 0 0 0
wtZz 0.15 >200 >100 0.012 1 0 0
>200 0 0 0 0
>300 0 0 0 0
>300 > 100 0 0 0 0
>200 0 0 0 0
>300 0 0 0 0
>100 >100 7.07 707 0.21 21
>200 0.35 35 0.14 14
>300 < 0.07 <1 0.07 7
YA 14.01 >200 > 100 0.35 35 < 0.07 <1
>200 0.28 28 < 0.07 <1
>300 < 0.07 < < 0.07 <1
>300 >100 < 0.07 <1 < 0.07 <1
>200 < 0.07 <1 < 0.07 <1
>300 < 0.07 <1 < 0.07 <1

Table 4.4: SM background events at /s = 14 TéV for luminosity £ = 100 fb~" at the LHC. The cross
sections have been multiplied by the appropriate K-factors to match with their NLO order cross-
section (see text for details). The variation of number of final state background events with F/r and
Hy cut-flow are also tabulated.

in the NLO approximation. The K-factors for the different SM processes are chosen
as[252]: fortt: K =147, WW : K =138, WZ: K =1.61,ZZj: K = 1.33, Drell-
Yan : K = 1.2. Again, in Tab. 4.4, we show that we can reduce SM backgrounds
to a significant extent, by employing the MET cut. However, for £ > 100,200 GeV,
a significant number of events are still left from W* W~ final state. This can only
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be reduced with £ > 300 GeV for two lepton but single lepton case will still be
submerged under a large W* W~ background events.

1llepton+missing Er+Hr
T T

T
10+ E™iss > 200 GeV
Hr > 200 GeV

sl\/s+B

. . — BRI
17 T - B2
- -= BP3
— 50Line
-+ 30Line

057" ‘ ‘ ‘ ‘
100 500 1000 5000  10%

Luminosity [fb™!]

Figure 4.16: Significance plot for the signal 1/* + F';- events for the chosen benchmark points in terms
of luminosity. The red solid (dashed) line shows the 50 (30) discovery limit.

From this analysis it is evident that, although it is possible to eliminate or at
least reduce the SM background with judicious choice of different cuts, but as the
production cross section for the signals itself is very low, it is only possible to see
such a signal at the LHC at a very high integrated luminosity for both single lepton
and opposite-sign-dilepton cases. And as it is evident from Tab. 4.3, the OSD case
is even harder to probe at LHC. In Fig. 4.16, we show the significance for the single
lepton channel only. As it is seen, with £ > 200 GeV and H; > 200 GeV (which
removes most of the backgrounds), the significance reaches the discovery limit (50)
at a luminosity of > 1000 fb~'. As the OSD case fails to reach at least 30 confidence
even at > 1000 fb~! luminosity, we are not showing its discovery potential.

4.6 Summary

The model of our interest in this chapter is an SU(2)y gauge extension of the SM,
where the lightest vector boson X is stabilized by an unbroken S charge arising from
SU((2)x x S — S through spontaneous symmetry breaking. We assume symme-
try S remains intact up to the Planck scale to avoid constraints coming from CMB,
Gamma ray, neutrino flux etc due to the DM decay. The model offers a multipartite
DM framework, involving the scalar triplet A and heavy neutrinos, depending on
the kinematics. We highlighted the role of DM-DM interactions to govern thermal
freeze-out of the heavier component. For example, when {A, X'} can both be DM,
we show that X always has the larger part of relic density while obeying DD bound
(thanks to its annihilation to non-SM particles). A being heavier in such a case, can
annihilate to X yielding a larger annihilation cross-section and smaller relic density.
However, as the freeze-out is mainly governed by DM-DM interaction, it is saved
from direct search.

We have explored the collider signal of this model framework and see that this
model might manifest itself through hadronically quiet leptonic final states along
with missing energy at LHC. We note here, that as no SM particle are charged under
the additional SU(2) v, the phenomenology is in sharp contrast to what we discussed
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in previous chapter [245]. The leptonic signals arise from the production and subse-
quent decays of the scalar bi-doublets present in the theory. Although, the missing
energy (MET) and Hr allows us to separate the signal from the SM background, the
small strength of EW production cross-section does only allow it to be explored at
large luminosity regime.

The model also addresses the generation of neutrino masses through inverse see-
saw mechanism by assuming the presence of heavy chiral neutrinos (n,n2). The
proportionality of neutrino mass to the vev (Aj), requires it to have a small value
thus making the vector boson (X)) degenerate with X3. This predicts additional
contribution to the thermal freeze-out of X DM through X — X3 co-annihilation.
Hence the model offers a very interesting connection between the neutrino sector
and DM phenomenology.
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Non-Abelian Vector Boson Dark Matter
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5.1 Introduction

So far we have discussed the freeze-out aspects of WIMP-like vector boson DM.
However, FIMP-like situation is equally probable and offers new phenomenology
to explore. This chapter, thus, aims to address the non-thermal freeze-in production
of a non-abelian vector boson dark matter (DM) in the context of a UV complete
model. The particle content and symmetry assignment of the model [253] is exactly
same as that appeared in the last chapter where we performed the analysis in the
context of freeze-out. Thus, the DM arises in an SU(2)y extension (/N stands for
neutral) of the Standard Model (SM) where an additional U(1) = S global sym-
metry stabilizes the lightest of the vector boson (X, X) as DM through unbroken
S = Tyx + S'. The DM (X, X) in this model is produced from the decay of a scalar
bi-doublet (", owing to SU(2)y interaction'. Naturally, the correct relic density of
X, X via freeze-in indicates that the SU(2) y gauge coupling needs to be ~ O(10719).
One of the salient features of this study is to show that the contribution to DM pro-
duction from the decay of (" remains significant even after the freeze-out of ({"™.
We point out that such a feature is inevitable whenever the decay is slow enough,

!If the decay is kinematically forbidden, then annihilation of C?’i to produce (X, X) becomes
important.
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84 Chapter 5. Non-Abelian Vector Boson Dark Matter via freeze-in

although not much elaborated in FIMP literature. Moreover, our formulae for com-
puting the yield of the DM from the decay of a decoupled species is actually model-
independent, and can be applied to any scenario where the freeze-in production of
the DM is taking place via the decay of a heavy particle, which shared a common
temperature with the thermal bath in the early universe. The subsequent change in
the allowed parameter space due to the ‘late decay’ turns out to be quite notewor-
thy [259]. The SU(2)y scalar triplet (A) required for neutrino mass generation also
provides with additional DM components in this model. The neutral components
of A turn out to be stable at the scale of the universe life time, thanks to the small
SU(2)n gauge coupling in the freeze-in mechanism advocated here. Therefore the
model also serves as a multipartite FIMP DM set up, although the DM components
do not have sizable interaction with each other. As mentioned in the beginning, the
same model from WIMP perspective, has already been thoroughly explored in the
last chapter. The present exercise therefore provides an opportunity to compare two
different realizations (freeze out versus freeze in) of the same model.

The chapter is organised as follows: in Sec. 5.2 we have provided the details of
the model including the symmetry breaking and spectrum of the physical particles
that are important for the present phenomenology. Then in Sec. 5.3 we have shown
how light neutrino mass can be generated via inverse seesaw mechanism in this
framework. Sec. 5.4 contains the main DM analysis under which in subsection 5.4.1
and 5.4.1 we have discussed in detail the yield for X and A by solving the Boltzmann
equation (BEQ). In Sec. 5.5 we have shown the possible signatures that this model
may yield at the colliders. Finally in Sec. 5.6 we have summarized our findings.

5.2 Particle content

Particles SUB). | SU©2). | Uy | SU2)N | S
X123 1 1 0 3 0
n = (nan)LR 1 1 0 2 1/2
X = (X1, X2) 1 1 0 2 1/2
N RSN
(= 1 2 -1/2 2 -1/2
G G
A 2 A
A= 2/V2 ’ 1 1 0 3 -1
Ay —Ao/V?2
+
o = ¢ 1 2 1/2 1 0
¢U

Table 5.1: Relevant particle content of the model and their charges under SU(3). @ SU(2),@U (1)y ®
SU2)y ® S". SU(2)1, doublets are indicated by vertical parenthesis with T3, = 41/2 for up and
down components respectively. SU(2)x doublet is depicted by entries in horizontal parenthesis with
T3y = £1/2 to left and right fields respectively.
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Particles | S° | S =S5+ Tyy
X(X) | 0 +1(-1)
X, 0
nmpr | 1/2 +1
NarL R 0

X1 1/2 +1
X2 0
G -1/2 -1
G 0
Ay -2
A, Al -1
As 0

Table 5.2: S charge assignment for the new particles added in the model as introduced in Tab. 5.1.

As mentioned in the beginning, the particle content of the model considered in
this chapter is exactly same as that in Chapter. 4. Therefore we refrain from repeating
all the details here once more. However, for the reader’s ease, the charges of different
tields appearing in this model under the prescribed symmetry are mentioned in
Tab. 5.1 and Tab. 5.2. The choice of the VEVs and couplings required in the present
scenario is mainly dictated by the DM phenomenology. Since in this work we are
interested to see the freeze-in aspect of the SU(2)y vector bosons (as mentioned in
Sec. 6.1), we require the gauge coupling gy to be extremely small ( < O(107'?)) in
order to keep the lightest gauge boson out of equilibrium. We will carefully evaluate
the correct order of the coupling and explore effects of such small coupling in the DM
phenomenology. An immediate consequence of this is that gy < O(107'°) results in
a very large uy ~ O(10'%) GeV for myx ~ O(TeV). Therefore vy < uy and gy < g12,
which ensures small Z-Z' mixing [246]. As before, due to the absence of any tree-
level coupling of the Z' with the SM, one has the freedom of choosing m as a free
parameter. Furthermore, owing to us < uy, it is clear that the X boson masses are
nearly degenerate, i.e. my (mx,) ~ my.

The minimization conditions corresponding to the VEV hierarchy us, v1, v, < us
can be found in Appendix. B.0.2. The VEV u, being very large, dictates the scalar
masses predominantly. Note that x, and A, 5 are at the same scale as us. For other
scalars, dominant contribution arises from the presence of terms proportional to
piugvy /vy (except the SM Higgs). If we require the masses of these new scalars to be
at TeV scale, we should have m ~ 10,/1u; ~ 1 TeV, which requires || < 107 GeV.
In that case, H*,7°, &) can all be at O(1 TeV) scale. Without any further assumptions
Aya3, &) ¢, x¥ are all around the u; scale and very heavy: O(10'® GeV). However,
as we will demonstrate, the freeze-in of X is mainly dictated by ¢~ decays, and
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Scale 1] £ 1072 GeV | 1| £ 1072 GeV, f1 = fo
O(10" GeV) | Ayas, ¢, €0 X2 Aoz X5
O(1 TeV) Hn &0 ny,ng | HY n® 0,83, ¢,ny,na
O(100 GeV) W=, 7, H,t
O(1 GeV) X, 7' be,T
O(< 1GeV) €, by Ve, Vy, S, Uy d

Table 5.3: Spectrum of physical particles appearing at different scales assuming gy ~ 10~'%, compat-
ible with freeze-in requirement of X (X ). In the dark matter analysis we will further assume f; ~ fo,
such that both ¢;” are brought down to ~ TeV scale.

a large mo.- mass will produce over abundance of the DM. In order to avoid the
overabundance of X, we need m - < 10 TeV; which can be achieved by setting f, =
f1 and cancelling the over powering u, term (see Eq. (B.21)). In Tab. 5.3 we have
listed the physical particles in our model (including SM) with their corresponding
mass scales that fit the freeze-in requirement for the vector boson DM. It is also
important to mention here that the correct DM relic density via freeze in of X allows
mx tovary in a large range between few GeV’s to few hundred GeV’s, but the heavier
DM masses are constrained by BBN data. Therefore we have listed them in the range
of O(1 GeV) in Tab. 5.3. Similarly, n; » masses can also be as large as ~ O(10°) GeV
depending on the Yukawa coupling as we demonstrate in the next section although
they have been classified to lie in O(1 TeV) in the Tab. 5.3.

5.3 Neutrino mass

As already elaborated in chapter 4, the generation of light neutrino mass is a novel
feature of this model addressed together with DM. In principle, the light neutrino
mass generation mechanism is independent of DM phenomenology. However, we
will take a quick tour of the neutrino sector here and advocate a subtle phenomeno-
logical connection to the freeze-in prospect of the DM, in the light of mass scales
introduced in Tab. 5.3.

The gauge and S invariant Yukawa terms responsible for neutrino mass genera-
tion in this model are given by:

fo o [(7e@ +elr) mp + (7063 + 06y ) nor] (5.1)
fA [nmlAl + (n1n2 -+ ngnl) AQ/\/§ — ngngAg] . (52)

The lepton number is conserved in (5.1) with n carrying L = 1, and is broken to
lepton parity, i.e. (—1)" by the nn terms in (5.2). After SSB we have the following
mass terms for the neutrinos:

fC () ﬁLnQR — fé U3 NorNoy, — fﬁ us NarMN2R + h.C., (53)
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Figure 5.1: LHS: Contours showing light neutrino mass m, ~ 0.1 eV for different choices of the
Yukawa coupling fa = {1075,107%} (in blue and red respectively) in f; — u3 plane when uz ~
O(100 GeV) and M ~ O(TeV). RHS: Contours satistying light neutrino mass (m, ~ 0.1 V) in
fe-fa plane for two different choices of n; 2 masses M : {10%,10%} GeV (in red and blue curves
respectively) with u3 = 100 GeV.

where f-and fa are 3 x 3 matrices and fa is further classified to address left handed
(fX) and righthanded (f£F) Yukawa couplings separately. The neutrino mass matrix
in the (7, nag, Nay,) basis is then given by:

0 mp 0
MV — mp m’2 M ) (54)
0 M mo

where each entry is a 3 x 3 matrix with mp = feve, my = fRuz, my = 5" us,
and M is a free Dirac mass term in M (Tiapnag + Tiagnar). Thus, the inverse seesaw
neutrino mass is given in the form (assuming f& ~ L ~ fa):

sz mo

my e TRI g (2) (55)

From here we see that if we assume uz ~ O (100 GeV) and M ~ O (1 TeV),
we can generate light neutrino mass in the correct ballpark for fao ~ O (107%) and
fe ~ O(1). This is shown in the LHS of Fig. 5.1 where the two contours correspond
to light neutrino mass m, ~ 0.1 eV for smaller values of fa : {107°,107%} in blue
and red respectively. One can however, choose a less fine-tuned fa ~ O (1) at the
expense of making the RHNs super heavy ~ 10° GeV. This is depicted in the RHS
of Fig. 5.1 where we have chosen a fixed u3 = 100 GeV and obtained contours of
correct neutrino mass (m, ~ 0.1 ¢V) for two different choices of M : {10*,10°} GeV
(red and blue curves respectively) in the plane of f; — fo. We would like to mention
here that the second choice of heavy 7, » is more desirable as it does not require the
Yukawa couplings to be extremely fine-tuned, i.e. ~ O(107%) and secondly will help
us in addressing the freeze-in of X (X) as the only possible decay mode of ¢;°. More
interestingly, it will also distinguish the collider signature of this model from that of
the WIMP example [254].
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5.4 Dark sector

Degenerate A (f; = 0) | Non-degenerate A (f7 # 0)

Production mechanism of A | Freeze-Out | Freeze-In | Freeze-Out Freeze-In

Scalar quartic coupling fs O(1) O(10712) o(1) O(10712)

Table 5.4: Different production scenarios for A’s, and their dependence on f7 g couplings. Through-
out this study the freeze-in of X is assumed.

In this set-up we assume X to be the lightest non-zero S charge particle and hence
a DM candidate as stated in Sec. 5.2. This choice is even more natural when gy is
considered small as we have here for the freeze-in of X. Because of this, X is not in
thermal equilibrium in the early universe and is produced via the decay or annihi-
lation of an odd-S particle that can be in thermal bath. Therefore, in our model, X
can be produced via freeze-in from the decays of the scalar triplet A (Fig. 5.2) and
the bi-doublet scalar components ¢;"* (Fig. 5.3) when kinematically accessible. The
mass hierarchy among different components of the A (namely, A, 5 3) is controlled
by the parameter f;. If we assume f; = 0 then all three components have the same
mass. A’s can be produced from the Higgs quartic interaction, which is a function
of fs. Therefore, freeze-in production of A requires fs ~ 10~'2, while for freeze-out:
fs ~ 1. The Feynman graph for the production of A is shown in Fig. 5.4. For sim-
plification, we assume fg19 < fs so that the A <+ ( mixing and conversions can be
neglected. We will show that A’s are naturally stable in the freeze-in scenario (for
gy ~ 1071 —1071%, fs ~ 107'?), and we have {A; 53} as long-lived relics that con-
tribute to the DM abundance in addition to X (X ). Different production possibilities
of A, depending on the choice of the model parameters and possible degeneracy is
classified in Tab. 5.4. We primarily focus on the degenerate scalar triplet scenario
with f7 = 0 and calculate the yield of the DM components ({ X, Ay 2 3}) via freeze-in
by solving Boltzmann equations (BEQ) in subsection. 5.4.1.

5.4.1 Degenerate A’s with fg ~ O(1071?)

The masses of particles in A triplet are degenerate if f; = 0. In this case, A3
can decay via the tree level diagram on the LHS of Fig. 5.2. This diagram is only
possible after the EWSB when A3 mixes with the Higgs via fs (®7®) ¢tr (ATA). The
effective vertex for Ay — tt decay is ~ fsmyuz/m3,. Since ma, ~ O(10'* GeV) and
fs ~ O(107'2) in the freeze-in scenario, the decay vertex factor is tiny. This results
in a very large lifetime for A;. As an estimate, if we set ma, = 10" GeV, fg = 1012
and ug = 100 GeV, this decay width turns out to be 2 x 10757 GeV, which dubs into
~ 6 x 10% sec in terms of decay lifetime. This is of course much larger than lifetime
of the universe, which is ~ 107 sec. This makes all of the A’s stable °.

21f we calculate the lifetime of A; from the decay A; — X Xt turns out to be 6 x 1034 sec for
similar choices of gy = 10713, fs = 10712 and mx = 5 GeV.

TH-2387_156121033



5.4. Dark sector 89

Figure 5.3: Left: Decay of ¢ % to ¢J * and X resulting in production of X via freeze-in for gy ~
O (10713). Right: Decay of ¢; to SM final states after SU(2) y is broken.

On the other hand, the loop-induced decay of A; to SM neutrinos (RHS of Fig. 5.2),
is possible even before the EWSB mediated by Yukawa couplings with n,. The de-
cay width for this process is understandably small as it is proportional to the SM
neutrino mass. Even if we assume the Yukawa couplings involved in this decay to
be f; ~ O(1) and fa ~ O(107°), the decay width turns out to be ~ 4.75 x 1079 GeV
for m,, ~ 1 TeV and m¢, ~ 200 GeV. Therefore, with a lifetime of 10*! sec, we con-
clude that A3 (and hence A, ,) is always a long-lived relic. X is kinematically stable
and the prime DM candidate of the model with mx < m¢,, ma,. If we further as-
sume gy ~ O(10713), then ¢}~ — X + (3"~ will produce X via freeze-in mechanism
(LHS of Fig. 5.3). Note that after spontaneous breakdown of SU(2)y, bi-doublet ¢
breaks into two doublets, i.e. (¢f,¢) & (¢9,¢;). After the electroweak SSB, ¢,
components will decay as shown in the RHS of Fig. 5.3. As mentioned above, we are
assuming fg 19 < fs for simplicity, such that A <+ ¢ conversion is negligible. In the
following subsection we calculate abundance for both X and A using appropriate
BEQ.

Computation of yield for A and X

Let us first estimate the yield of A, which become stable due to small fs and con-
tribute to DM relic density as elaborated in the last section. The rate of change of
number density of A is governed by the following BEQ:
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Figure 5.4: Production of A via contact interaction from the annihilation of SM Higgs before EWSB.
This channel is proportional to the coupling fs.

hAi + 3HnAl = / dH@ dHcp* dHA, dHAf (271’)454<pq> + Pox — PA; — ij)
X [‘M’é{>*—>AiA; fofo-(L+ fa,)(1+ far) (5.6)
—|M QAiA;aN)* faifa:(L+ fa)(1 + foe)]

where dII; = d®p;/(2m)?2E; is the Lorentz invariant phase space factor. Following
Fig. 5.4, the only way of producing A or depleting its number density occurs through
the quartic interaction with Higgs (/). We are focusing on the freeze-in production
of A before EWSB and after SSB of SU(2) . Higgs can then produce a pair of super-
heavy A only beyond the threshold center-of-mass (C.O.M) energy s > 4m3.

Now, assuming negligible initial abundance for A;’s, we can set fa, = 0. We
can also neglect the Pauli-blocking/stimulated emission effects, i.e. f; < 1. Then,
following Eq. (2.41) one can simply write Eq. (5.6) as

13512 M, o8 1352 M,
YA, >~ - Js My / dex Ky (z) = - Js Mp1 )
25677 Gus+/Gup (1.66) ma, Jo 51277 Gus+/Gup (1.66) moa,

(5.7)

The total relic abundance of A’s,i.e. Qa = 3(25, owing to its degeneracy is given
by
2970 ma YO cm ™3
1.88 x 10-¥g.cm=3

We see that for fs € 6.19 x [107'%,107'?] we get relic density in the correct ball
park, when the corresponding relic density of A is Qa - h? ~ [%1, %100] of the ob-
served DM relic density.

We now focus on X. The relic abundance of X is coming from the ¢{"~ decays.
We also assume that n, » is heavier than ¢, so that (; — (2 + X constitutes 100%
decay branching fraction of ¢;. The contributions from the A decays are exceed-
ingly slow for small fs. This makes A a DM candidate (as explained before) with
negligible contribution to the freeze-in production of X. The production of X from
annihilation ((;¢; — X X) is much more suppressed due to the presence of g3 in the
amplitude and can be neglected. Therefore, the contribution to the number density
of X can then be written as:

Qa-h?=3x ~ 1021 f2. (5.8)
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nx +3Hng =2 / dllx dll¢, dlle, (2m)*6* (pe, — e, — Px)
X [’M‘é_»ﬁ@ fCl(l + f)_()(l + sz) - ’M|§2+X—>C1 szf)_((l + fCl)

:2/dH<1 e (Bey=ne)/T" o= (mey /B )0—t0)T(t10) (9 ) IV
(5.9)

where 0 is the step function, ¢y is the ( decoupling time from the SM particles,
and the factor of 2 arises from same contribution of ¢} and (;” decays to X produc-
tion. It is important to note that when (; is in thermal equilibrium with the hot
plasma, 7' = 17, but after (; decouples: T' # T". We have set fy = 0 in accordance
with freeze-in prescription and used:

1 IME 5
I'= FC1—>C2+X — / 9 ‘U (27T)464(pC1 — D¢ — p)_() dH)_( dHCza (510)
Mgy 9a

where g., = 1. Since ( is a cold relic then E., ~ m¢, for t > tp, which simplifies
Eq. (5.9):

: B(t—tp)T-(t— $Ppe, (B, - /
Ax +3Hng =2¢ "(-to)(t=tn) / —(QW)?’C’ch e (Bamna) Ty
1 (5.11)
2 _
:mCl FC12—>C2+X T K, (m<1/T/) e“TL}6—6(1t—tp)1“~(1t—tD)7
s

where v, = E, /mg,. Using the comoving yield Yy = ng/Sand T ~ —T - H we
have:
dYy _ miTogex T

dT 2 s Kilma/T) e o)), (5.12)
m

The presence of 7" in BEQ segregates the equation to the cases (i) before de-
coupling and (ii) after decoupling of (; from thermal bath. It is important to relate
temperature 7' to the decoupling temperature (Tp). Throughout our calculations
we use:

o R<tD) ? no_ T’
T —(R(t)) Ty m—plT) = o), (5.13)

for cold relics (see Appendix. D for the derivation). We now express 7" in terms
of the temperature of the hot plasma (7") using the conservation of entropy, i.e. S =
S R3t) = g7 T3 R3(t) = const.”:

T (¢%)F R (5.14)

397 and ¢f are the effective number of relativistic degrees of freedom for entropy and energy
respectively.
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Now, since at the decoupling T}, = T)p, we then have:

= (gg;(%)é <gg<<z€)>) (%) (515)

The total X yield from ¢ decays is then given by:

ve - ([ PR
Y664t \ Sy gi(a) Vi)
>¢

—0.3
o) L(x) ($2—$2D) Tp - x? I2 a(w,xD)w27:c2D
+ eV Ky |a(x,zp) | — || e *p dx | .
Tp U(Ia .Z'D) ID

The second integral within the parenthesis (from z to 0o) indicates the contribution
of the late decays of (; (after its decoupling from thermal bath) to the production of
DM (X). We would like to point out that an elaborate estimation of such contribu-
tion has not been carried out before in literature. The relic abundance of X and X is
then given by

(5.16)

2970 myx Y cm™®
1.88 x 10~ g - cm™3’

O, h?=2xQy - h2=2x (5.17)

where the factor of two is due to the contribution from both X and X. Note that,
Eq. (5.16) is practically independent of the model concerned (except for the cou-
plings and masses appearing in X¢) as it solely involves the number of degrees of
freedom ¢ and ¢? and the dimensionless quantity =, which for all practical pur-
poses can be taken to be zp ~ 25. Hence this is a generic expression for computing
yield in all such cases where the DM is produced via freeze-in from the decay of a
heavy species before and after its decoupling from the thermal bath.

In Fig. 5.5 we have plotted the evolution of the relic abundances of A and X as a
function of the dimensionless parameter © = M., /T. The parameters in Fig. 5.5 are
chosen such that Qx +Qx = Qpum- % = 0.1198. We have chosen four different values
of m¢, to generate four different relative contributions of X and A to the total relic
density as Qx/Qpm = {%25, %50, %75, %99} from top-left to bottom-right respec-
tively. The evolution of yield for A (shown by solid blue line in each of the plots)
follows the familiar pattern of freeze-in production, which initially increases with
x, and finally becomes constant as the temperature of the universe falls below the
mass of A. For X (the solid magenta curve), note that the first point where the relic
abundance function flattens is around z 2, 10, where the exponential suppression
inside the Bessel function becomes dominant. However, the function then rises for
a second time, and captures the contribution from the decay after decoupling of (.
First of all, the second rise in freeze-in curve for X shows that the yield from decays
after the decoupling can be as large as the yield before decoupling. This indicates the
importance of the late decay to be considered for correct evaluation of freeze-in relic
density. The effect of late decay can be understood in more details from Eq. (5.16).
The share from the second integral (z > xp) in Eq. (5.16) is at first suppressed by
K|z p] and therefore it takes a long time (not until z ~ 10*) for the yield to build up
to an amount comparable to the yield before xp. This happens because the asymp-
totic exponential suppression in K (az?/xp) cancels out the increasing exponential
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Figure 5.5: The evolution of the relic abundances Qx - h? and Qx - h? as a function of x = M, /T for
four different cases with Q x /Qpm = {%25, %50, %75, %99} from top-left to bottom-right respectively.
We have also assumed gy = 10713, Ma = 102 GeV, M, = 200 GeV, mx = 5 GeV. The green dotted
line corresponds to Qa +Qx = Qpm - h? = 0.1198, and the dashed magenta curve is the contribution

just from the late ¢; decays, i.e. after {; decoupling for x > xp.

term exp(axz?/zp). This gain stops later as the exponential suppression from the
decays becomes dominant around z ~ 10 - m¢, /v/MpI ~ (5 - 10* — 10°)*. The sole
contribution of the late decays to the yield are separately plotted by dashed magenta
curves in each plot in Fig. 5.5, to show the exact z for the late rise of the yield. It is
also clear that if the decay rate was much faster, the second integral would become

suppressed and we wouldn't see any effect of late production.

Bounds on decaying relic particles from BBN and CMB

Standard BBN may be significantly perturbed by the energy injections due to both
neutral decays [260] ¢? — X + ¢ and charged decays [261] (; — X + (;. In the
case of decaying electrically charged particles with 7 > 100 seconds, the existence of
bound states between nuclei and the relics may significantly change nuclear reaction
rates. Here, we analyze the decays with 0.05s < 7 < 100 s using the results from
Ref. [260], and rule out the ones with 7 > 100 s for simplicity. As a result, this puts
a lower bound on gy, depending on different choices of DM masses. The hadronic
branching ratio (By,) for ¢ decays is B} & 0.695, and for ¢; depends on parameters
like M,,, fc. We can assume for heavy n, and/or small f;, the weak decays ¢; —
X + ¢ — X + ¢ + W~ become dominant and so the hadronic branching ratio of

4 Assuming m¢, ~ 300 - 700 GeV, m¢, = 200 GeV, mx = 5 GeV, we have I' ~ 10723 — 1072 GeV,

where g ~ 10.75.
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the charged component is B; ~ 0.9. Therefore, for a conservative bound we assume
hadronic branching for the both cases to be B;, = 1 throughout our analysis. We also
assume that the mass difference (m, —m¢, ) generated during the EWSB is negligible
compared to their masses before EWSB. We then extrapolate the results in [260] for
arbitrary m¢,. The total energy of the resulting quarks in these decays is taken to be
the same as m,, following [260].

A decaying long-lived DM candidate can be constrained by various observations.
For example, it can alter the ionization and heating history of the CMB and its power
spectrum [255]. Decays to several decay modes e.g. bb, WW, uji can also be con-
strained by the AMS-02 precise measurements of the antiproton/proton (p/p ) frac-
tion [262], as no evidence of new source of antiproton has been found in these data.
This in turn, results in the following bounds on the hadronic decay life time of the
DM [255]:

CMB:  7(DM — bb) 2 10**s, (5.18)
AMS-02: (DM — bb) %, 10%"s. (5.19)
As we already have shown, the A’s have lifetime comparable to that of the uni-

verse. Now, if we set my = 5 GeV, gy = 1072 and fg = 107! then for u; = 100 GeV
we obtain the following decay width and corresponding decay lifetime for the A’s:

I'(A; = XXbb) =41 x 107 GeV  —  7a, ~ 10° sec (5.20)
[ (Ay — Xbb) =51 x 107 GeV  —  7p, ~ 10% sec (5.21)
I'(Az = bb) =12 x 107 GeV —  7a, ~ 10** sec. (5.22)

All these decay rates turn out to be much longer than the bounds mentioned in
Eq. (5.18), and so only the bounds from the (; decays are relevant for final estimate
of allowed parameter space. Note that, since some of the energy of A; goes into X’s,
the actual bounds are smaller, and these numbers are conservative.

Summary of available parameter space

The relic density allowed parameter space for X is plotted in m., — my plane in
Fig. 5.6 for different choices of gy = {107'2,107'%,10714,107%} (clockwise from top
left). Each plot contains several contours corresponding to a specific percentage of
the total DM density coming from X (numbers inside parenthesis). Therefore, each
curve corresponds to a specific value of fs such that the rest of the DM abundance
(100%— the percentage in the parenthesis) is coming from A. This is possible be-
cause the relic density of X and that of A are uncorrelated in the model. We see
from the plots that constant {2x curves rises in m¢, — mx plane for larger mx and
then takes a sharp turn to decrease the required m, to satisfy relic density and then
rises again. In order to interpret the shape of the contours in Fig. 5.6, let’s first take
a look at the parameter space assuming the late decays are ignored. This is shown
in Fig. 5.7 with the dashed upward moving faint lines in the background. These
contours basically correspond to constant relic density (2y/?), which is mainly dic-
tated by Qy o ¢ = mx - X, since the second integral in Eq. (5.16) is to be ignored.
Therefore, it is straightforward to see that the larger is the value of myx, the smaller
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Figure 5.6: Parameter space of the model satisfying relic abundance constraint in m¢,-mx plane
when gy = {10712,10713,107 14,1015} (clockwise from top left) and M., = 200 GeV are kept fixed
for each plot. Each contour satisfies total relic abundance of Qpy - h% = 0.1198 for different choices
of the scalar quartic coupling fs. The numbers inside the parentheses are the percentage of DM
comprised of X. The dashed portion in each curve is ruled out by the BBN constraints.
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Figure 5.7: Parameter space of satisfying the relic abundance constraint for gx = 1073 in m¢,-mx
plane. The opaque dotted curves in the background are the corresponding contours if the late decays
are ignored. The dashed regions are ruled out by the BBN constraints.

¥¢ has to be and therefore m, will needs to be larger as ¥¢ oc 1/mZ. Itis also clear, for
small mx (as we require larger ;) the second integral in Eq. (5.16) has smaller con-

TH-2387_156121033



96 Chapter 5. Non-Abelian Vector Boson Dark Matter via freeze-in

tribution due to exponential suppression from ;. This is reflected in Fig. 5.7 where
the case with late decays and the case without them merge together at low mx. As
we trace these contours from low myx region (left) to high mx regions (right), we
observe a departure for the curves where the late decays are involved. Now, with
larger my, 3 decreases. This increases the contribution from the late decays as the
second integral in Eq. (5.16) is proportional to e >¢. Therefore, if we compare the
case with late decay (X}) to that without late decay (%?), it is easy to see that:

%> 5%
— my, <mg, (5.23)

which is reflected in the drop of the curve beyond certain myx. Also note that
as m¢, is lowered and mx is increased, we get into a region where the decay rate
is so slow that it violates the BBN bounds (dashed region). As my is increased
even further, all the contours converge to the kinematically forbidden boundary i.e.
me, = mx + mg,. This characteristic feature is reflected in each plot in Fig. 5.6 for
different choices of gy with m, fixed at 200 GeV.

5.4.2 Degenerate A’s with 2mx < ma and fs ~ O(1)

In this case let us first compute the lifetime of the A’s assuming fs ~ O(1). We
once again recall here that ma ~ O(10'®) GeV. Let us choose my = 5 GeV and
gy ~ O(107') for which X vyields relic density in correct ballpark. We then find,
A, — tt = 1.3 x 1072° GeV which dubs into a lifetime of ~ 5 x 10" sec < Tuniverse-
With the same set of parameters, we find I'y__, 57 = 5.5 x 107°° GeV, which gives
rise to a lifetime of ~ 10" sec. The decay width for A; turns out otbe I'y 5, =
4.5 x 10737 GeV, with a lifetime of ~ 10'? sec. Therefore, with f3 ~ O(1) we end
up with a situationwhere all of the triplet scalar components are unstable and don’t
contribute to the DM relic abundance. Therefore we end up with a single component
X DM set up.

5.5 Collider search

Possible collider signatures of this model in the context of usual freeze-out of X
was elaborated in [254]. It was pointed out that, the only field connecting the dark
sector (having SU(2)y charge) with the SM is the scalar bi-doublet. Therefore, the
charged and neutral components of the scalar bi-doublet can be produced at the
LHC via the diagrams shown in the top panel of Fig. 5.8. The variation of produc-
tion cross-section of the charged and neutral components of the scalar bi-doublet at
the LHC with respect to its mass m¢, for Ecy =14 TeV is shown in the bottom panel
of Fig. 5.8. It should be noted that charge current contribution is more pronounced
than the neutral current contribution which we pointed out in our earlier analy-
sis [254]. We have implemented the model in CalcHEP [263] and used CTEQ61 [264 ]
as a representative parton distribution function for generating this process. The SM
gauge coupling is mostly responsible for the production of the bi-doublet compo-
nents at the LHC. The Higgs portal interactions are again assumed to be small to be
compatible with the Higgs data.
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Figure 5.8: Top: Associated and pair production of heavy charged scalars at the LHC via charged
current (LHS) and neutral current (RHS) interaction. Bottom: Variation of production cross section
of pp — Cli ¢V, ¢ ¢ at the LHC with Ecy =14 TeV. Contributions are from charged current (solid)
and neutral current (dashed) interactions for m = 1 MeV.

If the additional neutrinos (n;, ny) are lighter than ¢;° (which is quite legitimate
in WIMP scenario even after addressing correct neutrino mass generation), then
these bi-doublet scalars can further decay to neutrinos and SM leptons ( ¢ — ¢+ +
nir) via Yukawa interaction given in Eq. (5.2), giving rise to the following signatures
in colliders [254]:

e Single lepton with missing energy (1¢* + F;) due to charged current interac-
tion.

e Opposite sign di-lepton with missing energy (¢* ¢~ + F;) due to neutral current
interaction.

In the WIMP-like freeze-out scenario of X, therefore this model may leave an
imprint of leptonic signal excess at the colliders. However, in the present frame-
work, we assume that the DM production is from the decay of (; — (; + X, and
the additional neutrinos (n;,ny) to be heavier than (;. It is understandable that the
DM analysis will be modified by the corresponding decay branching ratio if n, » are
lighter than ¢;. It is also instructive to remind that heavier n; 5 (~ 10° GeV) arises
naturally when we assume the Yukawa in a legitimate ball park fa ~ 0.1 via a large
ug ~ 100 GeV to address the required neutrino mass (see Sec. 5.3). One may still as-
sume the presence of lighter n; 5 (~ TeV) with fine tuned fa ~ 107" and m,,,,, < m¢,,
yielding single lepton and di-lepton signature as before. In that case, the DM pro-
duction will be further suppressed and appropriate decay branching ratios have to
be assumed. Therefore, in the light of DM analysis performed here, the neutrinos
(n12) are heavier than the scalar bi-doublet (ﬁ, (75 As a result, these scalars can
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98 Chapter 5. Non-Abelian Vector Boson Dark Matter via freeze-in

not decay to RHN plus SM leptons. However, there can be a small mass splitting
dm between the charged and neutral components of the bi-doublet. As a result, the
charged scalars, once produced, can undergo the decays shown in Fig. 5.9 via off-
shell W or via off-shell n; o5 to ¢ + ¢ + vy,

vr,

Figure 5.9: Decay of the charged components of the scalar bi-doublet which is kinematically possible
since m .+ —meo = om > 0.

om (GeV) | Br(¢E — ¢, 0%, vp) (via W) | Br(¢E — ¢, 0%, vp) (vianig)

0.1 0.99 0.0007
0.5 0.99 0.0007

Table 5.5: Decay branching ratio of Cli — (Y, ¢* via W and via n;z. Here we have chosen me, =
1.2 TeV and ém = 100 MeV with RHNs of mass M = 10° GeV.

om (GeV) I' (GeV) L =cr (m)

0.1 3.12x 10718 63.05
0.3 7.58 x 10716 0.26
0.5 9.76 x 1071 0.20

Table 5.6: Decay lengths for the three-body decay of (;° assuming maximum mass splitting dm of
500 MeV for m .+ = 1.2 TeV, RHN mass M = 10° GeV and f; ~ O(1).

Note that the diagram in the LHS of Fig. 5.9 involves the vertex ¢;"¢(?W, which
is proportional to g, (p1 + p2), where p; and p, are the momenta of the incoming
and outgoing scalars, while the other vertex involves only the SM gauge coupling
gr- The diagram on the RHS of Fig. 5.9, on the other hand, only depends on the
Yukawa coupling f., which we assume to be ~ O(1). Since n;  is heavy, these decays
are dominated by the WW-mediated process as in the LHS of Fig. 5.9. In Tab. 5.5,
we show a couple of sample points with two different mass splitting, where 99%
of the branching is carried away by the WW-mediated decay as my < m,,,. Also
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Figure 5.10: Left: The variation of production cross section of pp — ¢E¢?, ¢ ¢, at the LHC with
Ecyv =13 TeV (solid black curve) and Ecy =14 TeV (dashed black curve). The red solid curve shows
the bound from CMS searches for HSCP at /s = 13 TeV and luminosity 12.9 fb~!. The vertical
dashed line shows the minimum mass that is allowed by the CMS exclusion limit; Right: Decay
length of ¢;* — (¥ + ¢~ + 7, (in meter) in terms of mass splitting dm ~ O(100 MeV) (in GeV). We
show the possibilities of displaced vertex or stable charged track segregated via dashed red line at
collider assuming a legitimate m + = 1.2 TeV .

note that in the limit m < mc,, the decay width mostly depends on dm (which
controls the phase space) and not on m+. For example, if we fix dm = 0.1 GeV,
then for m.+ = 1.2 TeV, the decay width is 3.127 x 10~'* GeV, which changes to
3.126 x 107 GeV for mez = 1.5 TeV. For dm ~ O(100 MeV) this model can give rise
to charge track and/or displaced vertex [ 147] at the colliders that can be probed by
current or future experiments [168, 265]. A heavy stable charged particle (HSCP)
such as ¢{” in our model, will typically travel with a velocity 3 = 2 < 1. Hence,
as it passes through the silicon detectors, it produces an ionizing track with higher
ionization energy loss rate (larger dE'/dx) compared to the SM particles [266]. Also,
if the HSCP decays outside the detectors, the time of flight (TOF) measured by the
muon system will be longer than that of relativistic muons. These two features can
distinguish non-standard HSCPs from the SM particles.

Typically, for cr £ O(10 m) the searches for HSCPs are done via displaced vertex
signatures, while for ¢ > O(10 m) a sizable fraction will decay only after crossing
the tracker and/or muon chamber [266]. We use the CMS bound on HSCP produc-
tion cross-section at the LHC [267] to constrain the mass of (; in our model. The (;
production cross-section is plotted in the LHS of Fig. 5.10 with respect to {; mass.
We have also shown the limit from the CMS tracker+TOF analysis [267] (for lumi-
nosity of 12.9 fb™!) with a solid red curve. As one can see, these constraints rule out
mex X 1 TeV. We have tabulated the decay lengths for some selected values of dm
with me+ = 1.2 TeV in Tab. 5.6. The same is also shown in RHS of Fig. 5.10 where
we have plotted the variation of the decay length with respect to mass splitting om
for m.+ = 1.2 TeV. As mentioned, the decay length decreases as the mass splitting
dm increases. We have indicated a red dashed line, above which (¢7 > 10 m) the
model can give rise to stable charged track and below (c¢7 < 10 m) displaced vertex
signature.
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5.6 Summary

In this chapter we have analysed FIMP realization of a non-abelian vector boson DM
in SU(2)y extension of the SM. The model at hand also addresses neutrino mass
generation and neutrino mass constraint plays an important role in identifying the
allowed parameters of the model together with DM constraints. For example, this
exercise has led us to conclude (i) scalar triplets are super heavy (of the scale of
SU(2)n breaking), (ii) sterile neutrinos assumed in the model can also be naturally
heavier than scalar bi-doublet. Now, both of these two conclusions have immense
phenomenological consequence. Therefore, the exercise performed in this analysis
can serve as a benchmark to address non-thermal DM production together with
neutrino mass and Higgs phenomenology.

One of the important outcomes of this analysis turns out to be out-of-equilibrium
decay of a heavier particle to DM. In the present context, scalar bi-doublet ¢{"* de-
cays into its lighter partner ¢~ plus DM X, and this is solely responsible for non-
thermal production of the DM. The production of DM occurs after SU(2)y sym-
metry breaking (~ 10'? GeV) and before electroweak symmetry breaking. We find
that, the decay of (" provides a significant contribution to DM relic density even
after the freeze-out of (" from thermal bath. This results in a sharp deviation of
relic density contour in M, —mx allowed plane compared to the case where the late
productions are neglected. The impact of this conclusion can be made in a generic
and model independent way, to demand that any particle in thermal bath whose de-
cay is slow enough (~ 107* GeV) can contribute significantly after freeze out and
alter the available parameter space to a significant extent. We provide with a generic
expression for the DM yield including the late decays that may serve useful in iden-
tifying such contributions for any model. CMB data constrains the decay life time
of long lived DM particles to hadronic final states (A — bb in our case) to be greater
than 7(DM — bb) 2 10?* s. However, since the correct relic density is achieved for
7a % 10% s, this bound does not affect that part of the parameter space where A is
a viable DM candidate. There are bounds from AMS-02 that constrains life time of
hadronically decaying DM (again A — bb in our case), while BBN data constrains
life time of semi-stable hadronically decaying charged and neutral particle (Cﬁ’f in
our case).

The same model has been studied for WIMP realization as mentioned before. It
is therefore important to identify the difference in their phenomenological implica-
tion. While freeze-in makes the DM insensitive to direct search, the WIMP can be
detected via future direct search experiments. It is important to note that WIMP-
like X is allowed upto ~TeV, but FIMP realization restricts it within ~ 50 GeV. The
most crucial distinction however may arise from collider searches. While the WIMP
realization could provide a signal excess in single or opposite sign di-lepton events
associated with large missing energy, the FIMP case predicts stable charge track or
displaced vertex signature.
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6.1 Introduction

Effective DM-SM operators provide a model-independent framework to probe DM
characteristics like relic density, direct search and collider search prospects. Such
operators are usually written as O = OgyOpy, where Og) consists of SM fields
and Op), consists of additional DM fields (scalar, fermion or vector boson). The
Lagrangian is assumed to be invariant under Ggys x Gpyr, where SM fields in Og),
transform only under SM gauge symmetry (Gsyr = SU(3). x SU(2)r x U(1)y) and
neutral under Gpy, while DM fields transform only under dark symmetry (Gpas,
often assumed to be Z,) and are singlets under Gs,;. A heavy mediator is assumed
to couple to both dark and visible sector weakly and the operators are expected to
vanish when the mass of the heavy mediator goes to infinity following decoupling
theorem. A complete set of such operators have been written upto dimension six
assuming Ggys to be SM gauge group [268, 269] as well as assuming Gsa ~ U (1) g
after spontaneous electroweak symmetry breaking [136] keeping dark symmetry
intact.

In this chapter we elaborate a model where the dark sector is coupled to visible
sector only via effective dimension 5 (dim.5) operator [270]. We choose the simplest
extension of the SM by Abelian U(1)x gauge group. The U(1)x vector boson is EM
charge neutral and must be stable for becoming DM. The stability is guaranteed by
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102 Chapter 6. Feebly coupled vector dark matter in effective theory

imposing an additional Z, symmetry under which the dark vector boson is odd,
then the kinetic mixing X*B,, is forbidden. However a direct connection between
DM and the visible sector (SM) still could be introduced if an extra real scalar (P)
odd under the stabilizing symmetry is present. Then an operator of mass dim.5,
X" B,,®/A,is allowed. For dimensional reasons the interaction must be suppressed
by an unknown new physics (NP) scale A. Itis worthy to mention here, even without
X" B,,® term, dark sector can couple to the SM, via the mixing of scalar boson (call
it ) that breaks U(1)x and the Higgs doublet (H) via a portal term |S|*|H|* [150].
Here however, we will assume that the scalar S is super heavy and decouples. In
addition a quartic portal interaction of the scalar ®, ®?|H|? is also allowed by the
symmetry. The coupling is relevant for ® being in thermal equilibrium with the
SM, however fails to produce vector boson DM without the dim.5 operator. For the
consistency of Effective Field Theory (EFT), the NP scale also requires to be larger
than the maximum reheat temperature A > Tgy. Together, it is more appealing
to assume that the VDM is feebly connected to the SM and it freezes-in. We also
demonstrate the limitation of UV freeze-in which is advocated in context of effective
operators [157].

Finally we note that owing to feeble DM-SM interaction to account for correct
relic density in FIMP like models, the possibility of detecting such DM candidates
at direct or collider searches is limited. However, if one has an extended dark sector,
like we have ® having same Z, symmetry as of VDM (X*), there can still be a pos-
sibility. We comment on observing mono-X (where X stands for jet, photon, IV, Z or
H) plus missing energy signature in this framework at the upcoming run of Large
Hadron Collider (LHC).

The chapter is arranged as follows. Sec. 6.1 contains an introduction to VDM
models. In Sec. 6.2 the model considered here is described and its Stueckelberg for-
mulation specified. Sec. 6.3 discusses properties of the Boltzmann equation relevant
for the DM production. Sec. 6.4 contains our findings for the DM abundance via the
freeze-in and shows regions of the parameter space consistent with the observed
DM abundance. In Sec. 6.5 we comment on experimental constraints and collider
signatures of the model. Sec. 6.6 shows summary and conclusions.

6.2 The Model

The minimal VDM model contains a U(1)x gauge boson denoted here by X,,. In
order to establish direct interactions between X, and the SM one also requires pres-
ence of a real scalar ®. Both of them should be odd under a Z, which stabilises
DM candidate, i.e. the vector boson (mx < mg). Therefore the symmetry group of
the modelis G = SU(3)¢ x SU(2), x U(1l)y x U(1)x x Z,. To generate a mass for
the dark gauge boson we also introduce a complex scalar S charged under U(1)x,
which acquires a vacuum expectation value to break U(1)x spontaneously. The Z,
transformation acts on these fields as follows:

Zy: X, = —X,, S8, & —b. (6.1)

The quantum numbers under SU(3). x SU(2), x U(1)y x Z of the new fields
are tabulated in Tab. 6.1.

TH-2387_156121033
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) 1 1 0 -
X 1 1 0 -X
S 1 1 0 S*

Table 6.1: Charges of the new particles under SU(3). x SU(2)r x U(1)y x Z; symmetry.

With these fields and the charges, we can write the renormalizable SU(3). x
SU(2)r, x U(1)y x Z, invariant scalar potential as:

V(H,S,®) = —uy|H|*> — u3|S)?+ p3®* + Ag|H|* + As|S|* + Aa®?

6.2
+ Agao|H|?®* + Asa|S|2®* + Asu | H|?|S|?, (62)

The total renormalizable Lagrangian then reads:

1 , 1 ,
Liot = —ZXWX“ +|DXSP + (DM H) (DM H) + 5@@3' O —V(H,S,®) + Lsn(6.3)

where H is the SU(2), SM Higgs doublet and D;;"" is the SM covariant derivative.
The X, field tensor and corresponding covariant derivative are defined as

Xy = 0,X, — 0,X,; DYS=0,5—igxSX,; (6.4)

where gx denotes U(1)x gauge coupling. Below we are going to investigate limit
of the above model when the mass of one of the physical scalars contained in the
spectrum becomes very large. We expect to reproduce a version of the Stueckelberg
model coupled to the extra scalar ¢ and the SM Higgs doublet H. The goal is to
determine, among the degrees of freedom of the considered model, the Stueckelberg
scalar introduced in order to make the Stueckelberg Lagrangian gauge symmetric.

6.2.1 Positivity criteria

In order to formulate conditions for asymptotic positivity (for large field strengths)
of the potential in Eq. (6.2) we shall first write down the matrix of quartic couplings
in the basis: |S|?, 2, |H|?:

Ase  AsH
As 2 2
— A A
W= e A K (6.5)
A A
52'H HP )\Hy

2

Now, a scalar potential biquadratic in fields is bounded from below if the matrix
W is co-positive [271]. Thus, the vacuum stability conditions for the potential in
Eq. (6.2) are given by the Sylvester criteria for the co-positivity of W [271, 272]:
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104 Chapter 6. Feebly coupled vector dark matter in effective theory

As >0, o >0, A\g >0, (6.6)
also,

Ase = Asa + 2(Ashp) /2 > 0, (6.7)

Ao = Ao + 2(hedg)V? > 0, (6.8)

Asi = Asu +2(AgAg)/? >0, (6.9)

A Asm + AP Ao + A Ase + 20 dodm) Y2 + 2(AsoAmarsm )2 > 0. (6.10)
We emphasize that these are necessary and sufficient conditions for vacuum sta-

bility [271].

6.2.2 Minimization conditions and spontaneous symmetry break-
ing

We parametrize the scalar fields as follows:

Jr
H= gb, . S = L gios/vs (6.11)
h+ig® V2
V2

The extrema conditions for the potential in Eq. (6.2) read

o
oh

4
Y ap

o
0P

=0. (6.12)

P=vg

h=vp, p=us

Hereafter we assume p3;, p%, pg > 0 in order to generate proper symmetry
breaking. We will require that the above conditions are satisfied by non-zero vac-
uum expectation values (vevs) of (H) = v, # 0 and (S) = vg # 0, while for ® we
require zero-vev; (®) = vg = 0.

The following relations are implied by the minimization conditions (6.12):

v (2Agv; + AspvE = 2u3) =0
0s(2As0% + Asr vy — 2ug) = 0 (6.13)
U@(Qﬂ?{) + 4/\.:1)1)(% + /\Hq;.l)}% + )\S(p?}g) =0.

We will therefore expand H and S around the non-zero vevs as follows

+
)= s s, (6.14)
h+vp,+i¢° \/§
V2

where we have used the same notation for the fluctuations around the vacuum
as earlier for the initial fields. In the expression above oy is the Goldstone boson
that constitutes the longitudinal component of the X,, while the SM Goldstone
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2 2 2
# v}, Vg (% V|extr
1 0 0 0 0
2 4
Es _LlHg
2 0 s 0 4 Ag
2 4

Hi _ 1Ky
3 Py O 0 4 Ay
4 | 2@sphAsuig) [ 22updAsuigy) [ o | AsuhAsmududtdnud

DHAs Ly AN s Ny ApAs Aoy

Table 6.2: The table shows possible extrema with v = 0 and corresponding values of the potential
6.2.

bosons are ¢*. Note that there is no potential for o5. We have adopted a Carte-
sian parametrization for the doublet I/ together with a polar parametrization for
the complex singlet S. The purpose was to find out the degree of freedom that cor-
responds to the Stueckelberg scalar, it will be discussed in details shortly.

In Table 6.2 we list all possible extrema that satisfy (6.13) for vs = 0 together
with corresponding values of the potential. There may exist three other extrema
with vy # 0, however for the stability of ® we are going to choose parameters that
ensure vp = 0. We are going to find conditions that guarantee the solution #4 to be
the global minimum. First we must make sure that v = 0 is the only possible vev
for @, for that purpose we will assume that for given quartic couplings we adjust 13,
such that 2u2 + 4\sv2 + Agav? + Asev% > 0, then indeed vg = 0 is the only solution
of (6.13). Next, we observe that

(=2Xspdy + Asmpiz)”
Vi-Vy = — 6.15
o Arg(@hgrs — A%p) (6:15)

(—2Xgpg + Asupdp)?
ViV = — : 6.16
—-—" A pg(Ahgrs — X2p) (6.16)

As it will be seen, we assume 4\ s — A%, > 0 in order to ensure positivity of
masses squared, in addition Agy > 0 for the positivity of the potential, therefore
hereby we have shown that the extremum #4 is the deepest one, and it must be the
global minimum regardless what is the nature of solutions #1, #2 and #3 (refer to
tabl. 6.2).

The mass matrix squared corresponding to the solution #4 for physical degrees
of freedom expressed in the basis {h, s, ®} reads:

22};21)\]{ Uhvs)\SH 0
M2 = UhUS/\SH 21)%)\5 0 ) (617)
0 0 2M<2D + /\Hdﬂ)}% + )\Sq;.v?q

where it is clearly seen that only {#, p} mixes (as they get non-zero vevs) while ¢
(the (3,3) element of the matrix) only receives contribution proportional to the vev
of the other two fields. The eigenvalues of the mass matrix read:
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106 Chapter 6. Feebly coupled vector dark matter in effective theory

mh = Ao+ Asvd &\ Qrvd + As02)? — (ons)2(BAsh — Aby),  (6.18)

mé, = 2/1% + )\Hq;.UI% + )\S(I)’Ugv . (619)
Hereafter we will adopt the convention that £, is always the 125 GeV SM-like
Higgs boson discovered in 2012 at the LHC. Therefore m; = my and my = mz
for hy heavier (upper sign) or lighter (lower sign) than h,. Hereafter we are going
to consider the case of very heavy hy, i.e. my > m4. As it is seen from (6.18), for
quartic couplings not exceeding perturbative limits ~ 47, heavy h, requires large vg,
i.e. vg > vy, Itis clear that the presence of a minimum at the extremum #4 requires:

DA —Aey >0 and 243 + Agov; + Asevz > 0. (6.20)
The first condition above together with the potential positivity condition (6.9)
implies A\sy < 2v/AsAx. Note also that 4AsAy — A%y > 0 guarantees positivity of v}
and v%, see tabl. 6.2.
Now we can now rotate the weak basis to get the mass basis via:

hy h
hy | =R7! s |, (6.21)
d ®

where R is the Euler rotation matrix of the form:

cose —sina 0

R = sinaw cosa O] . (6.22)
0 0 1

The mixing angle « is determined by the entries of the mass matrix as follows':

sign(Asar — Aw)2Mi, sign(Asy — A ) (MY — M3,)

sin 2a = cos 2a =
V(M = MB,)? + 4(M5,) Vv (Miy = M3,)? + 4(/\4%26)223)
The potential (6.2) has 9 real parameters:
{nms: o, Ams.@; Ao, Ase, Asm |- (6.24)

Amongst these, 11y, s can be replaced by the vevs vy, and vg following Eq. (6.13).
Adopting (6.18) for m; = m_ one can express vg through {m? = 2\sxv2, Ay, As, Asur
as follows:

s o Adsn(Ag — Asm)
v: = v} .
4)\5()\H — )\SM) — )‘%H

This reduces the number of free parameters in the scalar sector to seven:

(6.25)

{1e, Ams., As, Ago, Ass }-
1See [183, 273] for a detailed discussion of the H — S system.
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6.2.3 Decoupling limit

Here we would like to explore the decoupling limit of a very heavy new scalar (hs).
From (6.18) it is clear that the limit my; — oo requires vg — oco. In order to do that,
it is useful to define:

A= 4)\3()\}[ - )\S]VI) - )‘%H (626)
From (6.25) we find:

Agar (A — A
v =0 s Z SM), (6.27)

from where we see that large vZ corresponds to A — 0. From the parameters of
the scalar potential (listed in Appendix. E) we obtain:

2 8AgAsm (A — Aswr)
h A

So, clearly A — 0 implies my — oo unless Ay = Agp. Now we can investigate the
behavior of the mixing angle for A ~ 07, it is easy to see that:

+O(AY), (6.28)

2 _
my =

1/2
sin 2 = sign(Asy — Air) ( ) +0(A%?), (6.29)

AsAsm
so it is evident that « — 0 as A — 0 (mg — 00). From now on we shall use the

following set of parameters: *
(m17m27/0h7)\57)\H) and (mq)))\q)?)\H@;)\S@)- (630)

Using therelationsin Eq. (E.11) and Eq. (E.12) assuming large m,, we are now going
to construct an effective residual theory in the limit of large m,. Note that this leads
to sin 2ac — 0, such that

hy = —cosah+sinap—h (6.31)

he = —sinah+cosap— p. (6.32)

Therefore all we need to do is to expand the Lagrangian for the SM supplemented

by S, X, and ® around the vacuum adopting the parametrization (6.14) and drop

the hy <+ p and rename h; by h. It turns out that the resulting effective Lagrangian
reads:

1 y 1
Lim = =7 X X" + |DXSPP+ (DMH) (DM *H) + 5Ou®0"® — Viim(h, @), (6.33)
where the potential is independent of o4 and given by:
1 1
Vim(h, ®) = §m§h2 + Aguph® + ZAH/# + (6.34)

1 1
+§mé¢2 + )\Hqﬂ}hhqDQ + >\q>(1)4 + 5)\Hq>h2q>2 + const.

2We consider the case my > mq, SO A > Ags.
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108 Chapter 6. Feebly coupled vector dark matter in effective theory

where m;, = m;.
The kinetic terms in the limit m, — oo should be written after expanding around
the vacuum and decoupling/removing p as follows:

1

|DMS’2:§<mxXM—aMO'S)(mxXM—aMJs) ( )
6.35

1

(DM H)Y(DMPH) = 5Ouh0" -

where the ellipsis contain all the interaction terms.

6.2.4 Stueckelberg Lagrangian in decoupling limit

One can easily notice that the effective Lagrangian (6.33) coincides with the standard
form of the Stueckelberg Lagrangian invariant under the following transformation:

X, = X=X, +9,0
gs —r a’szas—i-mxﬁ (636)
o — P =0

In other words we have just proven that in the limit m, — oo the theory defined
by the Lagrangian (6.3) reduces to the Stueckelberg Lagrangian.
In addition our model is invariant under the Z,:

X, = —-X,, og — —0g, o — -9 (6.37)

There are various comments here in order. First, note that the Stueckelberg scalar
is just the Goldstone boson os. To see this, the polar parametrization of S adopted
in Eq. (6.14) was crucial. A consequence of that was also the disappearance of the
potential for os. Since our model is gauge invariant, the quantization requires fixing
a gauge. We adopt the following gauge fixing term

1
2%

The advantage of the adopted gauge fixing is that it cancels mixing between 0" X,
and og. Expanding the Lagrangian one obtains eventually

L= (0" X, + Emxas)®. (6.38)

1 m2 1
L = Lim+ Ly = —ZXWX“” + 7XXMX“ %

1 1
50, 80" ® + 20,10 h = Vign(h, @) + - (6.39)

1 1
(0" X,)* + 5@058"05 — igmg(a?g +

In order to gauge-fix away og one must adopt the unitary gauge, which corresponds
to & — oo. In the Stueckelberg formalism, in the unitary gauge, in presence of @,
one could expect presence of a term like X, X*®? since it is allowed by symmetries.
However, it turns out that the operator X, X*®? may only originate from dim.6 term
|D,,S|?*®? and therefore must be suppressed by 1/A?. This is the only gauge invari-
ant way to generate an operator x X, X*®?. It explains why the operator X, X*®?
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v[GeV] my[GeV]
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Figure 6.1: Top: The contours show allowed range of the vev vg and mass of the decoupled heavy
scalar ms as a function of Ay and Agg for fixed A\s = 0.1. Bottom left: Agy as a functions of ms for
fixed values of \y. Bottom right: sin(2a) as a functions of ms for fixed values of Ay. Decoupling of
the dark sector is clearly seen in the limit of large m..

can not appear as an unsuppressed dim.4 operator, even though naively it could be
added within the Stueckelberg strategy.

The decoupling limit of the scalar potential consistent with all the theoretical
constraints is illustrated in Fig. 6.1. In the top left panel, we show the allowed region
in the (Ay, Asm) plane for my > m; where the colors varying from blue to yellow
show larger v,. Top right panel shows the same but coloring is with respect to m..
Both these top panels show the decoupling limit at the outer edge of the allowed
parameter space. In bottom left panel, we show Agy as a function of m, at fixed
values of \y. Similarly the bottom right figure shows sin(2a) as a function of m,,
the convergence to zero-mixing angle is clearly shown. Summarizing, to reach the
Stueckelberg limit starting from the Lagrangian (6.3) a carefully adjusted trajectory
in the parameter space must be adopted. An important consequence of approaching
the my — oo limit is the decoupling of the dark sector from the SM at dimension-4
operators by sin(2c) — 0 and decoupling of X, from S by gx — 0. It should also be
recalled that to avoid instability of the potential m, must be finite (although can be
large).

6.2.5 Higher dimensional operator to connect DM and SM sectors

Note that the coupling ) 6, which parametrizes the quartic portal interactions 2| H 2,
remains unsuppressed in the decoupling limit. Besides CP-violating operator X, X~
this is the only renormalizable (dim-4) communication between the dark and visi-

3That is irrelevant for DM phenomenology considered in this paper.

TH-2387_156121033



110 Chapter 6. Feebly coupled vector dark matter in effective theory

ble sectors in the limit. Leading corrections to this communication will be provided

by dim-5 operators that are invariant under transformations from G = SU(3)¢c x

SU(2)p, x U(l)y x U(1l)x x Z and under Lorentz transformations and which are

made of the scalar ®, the vector X, and possibly combinations of SM fields. It is

easy to see that there are only two non-trivial operators that satisfy required sym-
metry conditions *:

Lams = SBuX"d + £ B, Xm0 6.40
dim-5 — K % + K 1% . ( . )
This operator has already been introduced in [269 |, where it was mentioned that

such an operator can be generated at the tree level only via antisymmetric tensor
mediators. Finally, one can then write down the complete Lagrangian as:

Etot = ‘Clim + ‘Cgf + 'Cdim—S

1 uv m%( m 1 n 2 1 L 1 2 2
= —ZLXHVX +TX“X —i(a Xﬂ) +58M058 O'S—§£mXO'S+
1 1 1 5., 3 1 4
+50,80D + S0,h0"h — § SR+ Aunh® + TAhi+ (6.41)

1 1
+§m?{>@2 + Agovph®? + \p®t + §>\H¢h2q>2 + const,} 4. T

c

A

¢

ABWX“”@,

+—B,, X" +

where ellipsis denote interactions of the SM Higgs boson h with other SM com-
ponents that are not relevant here. We note here that we necessarily assume A >
ms, otherwise higher dimensional operators (neglected in this work) would appear

in the scalar potential. We also adopt the following notations hereafter: a(a) =

4, p=4.

6.3 DM yield via freeze-in

It is clear from the preceeding section that the couplings ®®h,h, and ®Ph; remain
unsuppressed in the decoupling limit that we are exercising here. These interactions
are < Ago, which is not suppressed. This is the only renormalizable communication
between the dark and visible sectors. So, it is quite likely to assume that in the early
universe ¢ is abundant being in equilibrium with the SM (i.e. with h). Since @ is
the next lightest Z,-odd dark component its decays and annihilations may produce
DM (i.e. X) non-thermally. This the mechanism (freeze-in) we will investigate
hereafter. The Boltzmann equations governing X production in the early universe
are derived in Appendix. F.1. We will discuss the applicability of neglecting various
masses while calculating the amplitudes for decays and annihilations. Before going
into the details, we would like to clarify that in the following sections, in order to
satisfy the EFT limit and also have a successful freeze-in, we will adopt the following
hierarchy amongst the scales and masses involved in the model:

% Another dim-5 operator would require a presence of right-handed neutrinos vx. This option will
not be pursued hereafter.
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6.3. DM yield via freeze-in 111

A Z mo Z TRH > me > My, (642)

where Ty is the reheating temperature at which the inflation ends.

6.3.1 DM production: decay and annihilation channels

The processes that produce VDM, can easily be cooked up from interactions intro-
duced in the preceding section and vertices collected in Appendix E.3. We clas-
sify all the DM number changing processes on the basis of their occurrences before
electroweak (EW) symmetry breaking (EWSB) i.e. for thermal bath temperature
T > Tgw ~ 160 GeV or after EWSB, i.e. for T' < Tgw. Due to the presence of the X B
vertex the VDM X can always be produced from the decay of the scalar ¢ that main-
tains thermal equilibrium with the SM bath via the portal interaction \yq |H|* ®2.
This decay channel, shown in Fig. 6.2, is always present before and after EWSB as
me > mx, which is anyway our prime assumption for the stability of the VDM. After
EWSB, the decay occurs to Z, . Apart from the decay, we also have four 2 — 2 anni-
hilation channels with one DM in the final state as shown in Fig. 6.3 before EWSB .
The processes include two t-channel and two s-channel graphs including Goldstone
bosons (¢"*). Note that, before EWSB all the SM states are massless and the Gold-
stone bosons (GB) are propagating degrees of freedom as the SU(2),, scalar has the
form:

¢+
H= . (6.43)
(bO
X
e~ e i (i )
B

Figure 6.2: Decay of & — X B before EWSB and & — X+(Z) after EWSB, which contributes to the
freeze-in production of X. The vertex factor shown here is the one for & — X B.

The dark sector fields {®, X }, on the other hand, are massive due to U(1) x break-
ing, which occurs at much higher energy scale. Due of the presence of totally anti-
symmetric rank four Levi-Civita symbol in the interaction vertex X B and the mo-
menta dependent interaction vertices for the GB’s, all the processes involving Gold-
stone bosons in t-channel and s-channel identically become zero at the level of am-
plitude squared. Therefore, all those processes with GB’s drop out leaving only
the ® — X, B decay channel, along with the two 2 — 2 annihilation diagrams
f® — fX, ff = X (the top right and bottom left diagram of Fig. 6.3) for DM pro-
duction via freeze-in before EWSB. However, as we shall see in subsequent sections,
the decay before EWSB is sub-dominant as compared to the annihilation processes
for large reheat temperature (Try > m).
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¥ b »0. % x
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Figure 6.3: Annihilations via ¢-channel (top) and s-channel (bottom) leading to the production of
VDM X before EWSB. The diagrams with Goldstone bosons identically vanish, leaving only two dia-
grams with SM fermions.
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Figure 6.4: Annihilations via ¢-channel (left panel) and s-channel (right panel) leading to the pro-
duction of X after EWSB.

Once the EW symmetry is broken, the GB’s are no more individual physical de-
grees of freedom, instead they become longitudinal polarizations of the charged and
neutral SM gauge bosons with v, = 246 GeV. Also, the physical gauge bosons can
be obtained in the mass basis by rotating the weak basis as:

B, _ Cw —Suw A, (6.44)
Wy, Suwt ECY )

where ¢(s),, is the (co)sine of the Weinberg angle. Thus, after EWSB, the decay
corresponds to ® — X,~v(Z), while all 2 — 2 annihilation channels giving rise to
DM final states are shown in Fig. 6.4. Due to massive propagator contributions after
EWSB, the decay becomes more relevant for the determination of the DM yield, as
we will demonstrate and discuss later.

>All such processes with a pair of DM in the final state are suppressed by ~ 1/A? and hence
sub-dominant.
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6.3.2 Validity of UV freeze-in

In this section, we demonstrate the difference between massless and massive limit of
DM production cross-section and therefore we will be able comment on limitations
of the Ultra Violet (UV) freeze-in advocated in [157, 274]. Here we limit ourself
to the period before EWSB so all the SM particles are massless. The masses of the
dark sector ® and X are assumed to be of the same order, typically me ~ mx ~
m ~ O(1TeV). Hereafter the “massless limit” refers to zero-mass approximations,
i.e. both SM and dark masses are zero. Our task in this section is to estimate size of
mass effects, i.e. contributions to the yield that depend on the dark masses. Since we
limit ourself to the temperatures above Ty therefore Eq. (F.12) can be simplified °
as:

1 Trer el
Vi (Tow) =0 -
x(Tew) = 3557 /TEW s(TYH(T)

e { [ a2 o g]ﬁj_)m} B, (%) .

Here onward we shall refer to MPEWSE ag M. For strictly massless case the inte-
gration over s can be performed analytically, so the result reads

(6.45)

45Thy  16My,
51277 1669451/ Tnp

where A contains all the couplings and constant factors that arise in the computation
of |M™=0[s, cos ] |f isx s and it is defined through the following relation:

Ym=0 = A[<0mzn)

(6.46)

2
1,j—> Xk

| M™=0[s, cos ]| = Asm(cosb), (6.47)

with m(cos §) containing all the angular dependance of the amplitude squared
while

€08 Omin
I(Omin) = % / d cos @m(cos 0), (6.48)
—1

where 0, is an angular cutoff necessary to avoid singularities that appear in
the forward direction for t-channel diagrams, in the following 6y, = 1072 will be
adopted.

Now, we would like to estimate the difference between the massless and massive
limit. For that, let us define:

AY(T) = Y (T o — Y (T (6.49)
Also, note that,
. 2 - 2 m?
M 70[s, cos HHi’jﬁX’k = [M™=[s, cos HHMHX’]c +0 <?> . (6.50)

®The contribution from ® decays are negligible here.
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Figure 6.5: Top panels: Comparison of the yield at Tgyw in the massive case versus that in the massless
case with respect to the reheat temperature, where the red, green and blue curves correspond to
the massive cases while the black curve represents the massless case. Bottom panel: Variation of
AY/Y,,—o with the reheat temperature for different choices of the masses shown in different colours.
In all the plots “massless” refers to — m = 0.

We assume here that the terms O ( > are negligible, note however that the mass

dependance remains in smin = m?. Then, for processes with amplitude squared of
the form given in Eq. (6.47) we find:

45 mln MPI TRH 77
(Tew) ~ Agpa T, 66 (0.)2g3 /0 v a Ky (x), (6.51)

Tegw
where © = /s/T. As an example, let’s consider a ¢-channel process ®f — X f,
where f stands for the SM fermions. Then we find I (6pin) = 1/2 "™ dcos §(5 +

cosf — cos20)/(1 — cos¥) ~ 75. For Tgy > m,Tegw we can estlmate AY (Tgw) as
follows

AY (Tgw) ~ Al (Omin) 57 mél 65m. (6.52)

Note that AY (Tgw) is linear in m as it obviously should vanish in the limit m — 0.
We should also note that Eq. (6.52) is process independent and can be written in this
particular form whenever the matrix element squared can be expressed in the form
of Eq. (6.47).

Now, let us find out the condition under which AY becomes as large as Yassless,
as that will dictate the condition for which massless limit can be no longer adopted
for the UV freeze-in scenario. This can simply be found out by equating Eq. (6.52)
and Eq. (6.46):
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45 M, That/m
AY = AI(Opmin) m dug(u) | < Y=o
51277 1.66 .51 /Gp 0 (6.53)

This implies that, as long as the masses involved in the freeze-in process are ap-
proximately less that three times of the reheat temperature, one can overlook the
masses and the yield can be computed in the massless limit. This, in other words,
justifies the fact that for large reheat temperature the massless limit is a good approx-
imation for obtaining the UV freeze-in yield. In Fig. 6.5, we demonstrate the differ-
ence between the yield obtained for massive and massless case of DM production
for all the processes before EWSB put together. We plot Yx (7' = Ty ) as a function
of Try and see that massive case sharply differs from the massless case (black line)
at small Try, while they exactly merge as the reheat temperature becomes large. In
the bottom panel we show the same feature in terms of % for different choices of

mx .

6.4 DM relic abundance via freeze-in

As described in details in the last section, within the freeze-in paradigm, the DM
yield is controlled by the annihilation and/or decay of SM as well as dark sector
particles. Following Eq. (F.13) in Appendix F.1 we write down the BEQ governing
the DM yield as [150]:

stdﬁ = Yann + YD, (6.54)
dz

where Yy = nx/s. H is the Hubble parameter given by H = 1.66\/9_*%,T2 /My
and x = mx/T is a dimensionless quantity to parametrize the temperature of the
thermal bath. As mentioned earlier, the 7’s denote the so-called reaction density for
different particles annihilating (decaying) to the DM. The detail expressions of the
reaction densities for 2 — 2 annihilations and 1 — 2 decays are given in Appendix. F.
In order to compute the DM yield, we solve Eq. (6.54) with the initial condition
Yx =~ 0 atlarge T i.e., small x in accordance with the usual FIMP set-up ’. By solving
Eq. (6.54) one can obtain the total DM yield Yy at the present epoch i.e., Yx (7p). The

relic abundance of X at present temperature can then be obtained via:

Qxh? = (275 x 10%) (&) Yx(To). (6.55)

We must also remind that the PLANCK [36] allowed relic density reads:

Qh? = 0.11933 & 0.00091, (6.56)

"The zero intial abundance of the DM could be a result of reheating itself when the inflaton decays
preferentially to the visible sector without reheating the hidden sector, or may be due to some other
mechanism.
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116 Chapter 6. Feebly coupled vector dark matter in effective theory

which we will use to find the relic density allowed parameter space of the model.

Since in our case the connection between the dark and the visible sector proceeds
via a non-renormalizable interaction, the DM abundance is usually characterized
by UV freeze-in [157, 274] limit, where the DM abundance is sensitive to the reheat
temperature Try of the universe and NP scale A only. This is in sharp contrast to
the Infra-Red or IR freeze-in scenario where the two sectors communicate via renor-
malizable operators, and the DM abundance is set by the IR physics i.e., the yield
becomes maximum at low temperature, typically at 7' ~ mx [145]. As we have al-
ready shown in the preceding section, when reheat temperature drops close to the
masses involved in the annihilation or DM production process, massive kinemat-
ics start playing a key role in the yield and UV limit can not be trusted. Therefore
our analysis will be divided into two regimes, depending on the scale of the reheat
temperature (Try):

o Try >> m;, where the reheat temperature lies way above different masses that
appear in the model.

o Try 2 m;, where the reheat temperature lies close to the masses in the theory.

In the following sub-sections we will take a closer look into above two cases.

6.4.1 Large reheat temperature: Tgy > m

In this sub-section the reheat temperature is assumed to be much larger than the
dark sector masses. We would like to mention that computing the reaction densities,
we consider both 2 — 2 annihilation channels and ® — X B decay channel before
EWSB, while after EWSB we only take into account the ® — X Z(v) decays for rea-
sons elaborated soon. Also note that, all the SM fields are massless before EWSB but
the dark sector fields (me, mx) are massive irrespective of the era, thanks to U(1)x
breaking at very high scale. First we compare reactions densities for annihilation
and the decay as a function of x = mx /7. Often we use a dimensionless variable
r = X <1toillustrate scan results.

Me=500GeV,mx=100GeV,a=10"°GeV"',8=0.1 Me=100GeV,my=20GeV,a=10""°GeV" B=0.1

10"~

----- Yiisxo i e (]

Yoisxi Yotsxi
-------- yp(before EWSB) ; «---eee- yp(before EWSB)

1078 1074 0.01 1 1076 1074 0.01 1
x=mx/T x=mx/T

Figure 6.6: Comparison of reaction densities (7annp) for annihilation and the decay. Before EWSB
we show the s-channel ff — X® process (black dashed) and t-channel ®f — X f (red) and also
the decay contribution (black doted), while after EWSB we plot the density for the decay (solid
black) only. The solid black line (hidden beneath the red line before EWSB) shows both contributions
from the annihilation and the decay together. In the left panel we choose mg = 500 GeV, myx =
100 GeV, while in the right, we choose me = 100 GeV, mx = 20 GeV. In both cases we have oo =
10710 GeV ™', 3 = 0.1. The vertical dashed-dotted lines shows x corresponding to EWSB.
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Figure 6.7: Top left: evolution of the DM yield Yx for parameters which imply correct relic DM
abundance as a function of z = mx /T obtained by solving Eq. (6.54). Here different colored curves
indicate different choices of = X = {0.1,0.2,0.4,0.6} in red, green, blue and black respectively

for a fixed mg = 100 GeV,« = 10716 GeV ', 8 = 0.1 and reheat temperature Tryz = 10% GeV. The
vertical dashed-dotted lines correspond to zgw = mx /Tgw for different values of mx. Top right:
same as top left but with me = 500 GeV. Bottom left: relic density allowed parameter space in terms
of mx — a where different colored contours correspond to mg = 500 GeV (red) and mg = 100 GeV
(blue) for a fixed 8 = & = 0.1 and reheat temperature Tk = 10° GeV. Bottom right: same as bottom
left but with Try = 105 GeV.

In Fig. 6.6 we show individual contributions of annihilations and the decay to the
reaction densities as a function of = keeping the DM mass, the  mass, and the cou-
pling a(&) fixed. The vertical dashed-dotted line represents EWSB zpw = mx /Tew.
Here we clearly see that the reaction densities due to the s-channel and ¢-channel
annihilation processes are much larger than that due to decay before EWSB, while
after EWSB the reaction density falls to a very small value. The suppression of the
decay before EWSB can be understood comparing the analytical forms of reaction
densities for annihilation (in massless limit) and decay as follows:

(6.57)

ot A e V) (T

. a%(1 + B2)ymi Ky (me/T) me me/T)

where c,,,(s) o« a?(1 + $?) x const. was assumed. It then follows that for
T >>me = q>landforT ~ meg =— q ~ 1. We however, would like to
caution the reader that above formula is not strictly valid at 7" close to EWSB when
massive kinematics become important for computing annihilation cross-sections as
elaborated in Sec. 6.3.2. This implies that the DM is dominantly produced before
EWSB, while the yield accumulated after EWSB is negligibly small. This is a typi-
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cal feature of UV freeze-in where the maximum yield production happens at high
temperature.

The effect of large reheat temperature and large reaction densities at high temper-
ature is reflected in the DM yield shown in the top panels of Fig. 6.7. In both scans
we keep Try = 10° GeV. In the top panel of Fig. 6.7 we see that the DM yield builds
up quickly with z (i.e. with lowering temperature) and reaches its maximal value
already at very high temperature 7" ~ Try. Then it freezes-in immediately produc-
ing an yield that remains constant till 7" = T, ~ 2.73 K. The asymptotic value of
the yield, Yy = Y (1), directly implies the PLANCK observed DM relic abundance
via Eq. (6.55). As seen from Eq. (6.55) each choice of the DM mass requires appro-
priate Y, what results in the splitting of the colored curves at large x observed in
Fig. 6.7. On the other hand each Y|, requires the couplings «, & tuned appropriately,
as shown in the legend of Fig. 6.7. The left top panel corresponds to mg = 500 GeV,
while the top right panel to slightly smaller value ms = 100 GeV. The vertical dashed
lines show the locations of EWSB, although its effect on the final yield is invisible. In
the bottom panels of Fig. 6.7 we show contours corresponding to the central value
of the PLANCK observed relic abundance (2% ~ 0.1199) in the o — my plane for
fixed me = 500 GeV and 100 GeV and two different values of Try. Since Qx x mx,
we see for larger DM mass smaller « is required to compensate for the over abun-
dance. Note, that in each panel the kinematical condition mg¢ 2 mx is obeyed. As
expected, for the same DM mass, growing Ty requires lower couplings. We would
finally note that to find yield in such a scenario, the masses in all reactions can be
safely neglected and the processes after EWSB contributes negligibly.

6.4.2 Low reheat temperature: Trg = m

It turns out that when the reheat temperature drops down to ~ TeV scale, then pro-
cesses that take place after EWSB are relevant and contribute significantly to final
yield making this scenario more interesting. In the upper left panel of Fig. 6.8 we
have shown the DM yield as a function of x for Try = 10 TeV and varying DM
masses. In order to satisfy the relic abundance, we need larger a as Yy ~ Trua?
as the reheat temperature is smaller than before. In the upper right panel we have
shown the yield for even smaller reheat temperature Try = 1 TeV. Note the visible
enhancement of the yield caused by the after-EWSB decay contributionat x ~ 1. The
enhancement is more prominent for smaller Tgy. In the lower panel we have shown
curves in the mx — a plane that reproduce proper DM abundance for a fixed Tgy.
It is seen that in this low Try regime the required « is by two orders of magnitude
larger in order to satisfy correct relic abundance (compare bottom panels of Fig. 6.8
with those of Fig. 6.7).

6.4.3 Summary of the parameter space

Effects of varying reheat temperature for DM yield evolution has been shown in
the top panels of Fig. 6.9 for two different sets of dark sector masses. For Try =
10® GeV (shown by the red curve) i.e. for the Try > m, we observe yield that follows
typical UV freeze-in pattern and becomes maximum at 7' ~ Tgy. With gradual
decrease in Try, although the characteristic UV freeze-in is still visible at smaller
x, however the yield also builds up at larger « and final freeze-in occurs at 7' ~
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Figure 6.8: Top left: DM yield as a function of x = mx /T for a reheat temperature Try = 10 TeV
considering both annihilation and decay to be active before EWSB, while keeping only decay after
EWSB. We choose mg = 100 GeV and = 0.1 while for each value of mx, o is adjusted to reproduce
the central value of the measured relic abundance. Top right: Same as top left but with Tgy = 1 TeV.
In both of the plots the vertical dashed lines denote EWSB (z gy ). Bottom left: Relic density allowed
parameter space in mx — « plane for Try = 10 TeV and « adjusted to reproduce the DM abundance.
Bottom right: Same as bottom left but with gy = 1 TeV.

mx, as shown by the blue (Try = 10* GeV) and black curves (Try = 10° GeV).
For Tgy = 1 TeV the IR characteristic of freeze-in is more prominent. Note that,
all the parameters chosen in these plots reproduce the observed relic abundance
and hence the yields for the same my at low x converge to the same asymptotic
value, as they indeed must do according to (6.55). Colorful curves in the upper
panels correspond to different values of « adjusted so that in spite of varying Try, the
asymptotic value is the same and corresponds to the observed abundance. ® For large
Tru one requires a smaller o to obtain the right abundance to compensate the effect
of larger integration region. We also note that the yield Y (x — 0) values in these
the two upper panels are different due to different choices of DM masses. In the
middle panel of Fig. 6.9 we show curves in the oo — Ty space that imply proper DM
abundance. It is interesting to note that for Try S 1 TeV, the relic density becomes
independent of the reheat temperature as the IR freeze-in dominates over UV freeze-
in. Beyond 1 TeV the effective coupling oo must decreases with grow of Try for a
tixed DM mass in order to satisfy the central value of the PLANCK observed relic
abundance as Yx x Trua?. Also for a fixed Try, larger DM mass requires smaller «
simply because Q2x o< myx following Eq. (6.55). In the bottom panel of Fig. 6.9, we

8The initial condition for all our solutions of the freeze-in BEQ assumes no DM at Tgy, i.e.
Yx(mx/Tru) = 0. On the other hand « is adjusted so that the observed abundance is satisfied,
i.e. for the same mx the curves in upper panels of Fig. 6.9 converge to the same value for z — 0.
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illustrate the effect of @ by varying 5 = £ = {0.001,0.1,0.3,0.5,1.0,3.0,5.0} (shown
in different colors) on the resulting relic density allowed parameter space. Note
that quantities like reaction rates, DM yields or ®-lifetime depend on a and 3 via
o +a%=a*(1+ 3?).
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Figure 6.9: Top panel: DM yield as a function of temperature for different choices of the reheat
temperature TRy : {10°,102,10,1} TeV shown in red, green, blue and black curves respectively.
Here we have considered both annihilation and decay channels before EWSB where SM particles are
massless while the dark particles are massive. In the post-EWSB scenario we have considered only the
decays with massive states. The parameters chosen correspond to right relic abundance. In each of
these plots the vertical dashed-dotted lines denote EWSB (xgw ). Middle left: Relic density allowed
parameter space in terms of «—Try where different colored contours correspond to different m x for a
fixed me = 100 GeV. Middle right: Same as middle left panel, but for a different fixed ms = 500 GeV.
Bottom left: Same as middle panel but for different choices of 5 : {0.001,0.1,0.3,0.5, 1.0, 3.0, 5.0} for
me = 100 GeV and mx 10 GeV. Bottom right: Same as bottom left with ms = 500 GeV and
mx = 100 GeV.

We have decided to present those quantities for fixed 8 = 0.1 and various values
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of . Equivalently the numbers shown in plots could be parametrized by « (1 + /3 2)1/ 2=

Qo (1 + (0.1)2)1/ ? where agq is the parameter specified in our plots with 8 = 0.1.
Clearly, larger § requires smaller o and this is what we see in the orange (8 = 1.0),
magenta (5 = 3.0) and cyan (5 = 5.0) colored contours.

6.5 Signature of the model
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Figure 6.10: Left: Inelastic DM scattering off the nuclei IV for direct search of DM; right: DM annihi-
lating to photon final states via ® mediation for indirect search of DM.

As we have already demonstrated, the dimensionful ® — B — X vertex («(&))
is constrained by relic density of DM to be a(a) < 10712 GeV™! for Ty = 10° GeV.
Therefore, assuming ¢ ~ O(1) ?, one can conclude that freeze-in of the VDM re-
quires the NP scale A 2 10'? GeV at least or higher for larger reheat temperature.
If the effective operators (6.40) where n-loop generated, then we would roughly
conclude that A 2, 10'*7?" GeV. Hereafter we assume that the Lagrangian (6.40) is
indeed tree-level generated. Therefore, the phenomenology of the model is severely
constrained. First of all, note that there is no X X — SM vertex, therefore no elastic
scattering of the DM against nuclei is possible. So, this model easily avoids stringent
constraints from non-observation of DM scattering at direct search experiments. DM
can only scatter off nuclei inelastically with ® in the final state as shown in left panel
of Fig. 6.10. Since mg > myx, hence such an inelastic scattering is forbidden even
if the mass difference dm = me — mx = O(100) MeV [275]. On the other hand,
due to the presence of ® — X — v vertex, the DM pair annihilation may give rise
to monochromatic X-ray line (right panel of Fig. 6.10) but such photon flux will be
hugely suppressed by 1/A? and can not account for the, say, galactic-center gamma
ray excess as observed. Hence this model in its freeze-in realization of DM can not
be probed from either direct nor indirect DM search experiments.

However, since the portal coupling A ;4 is unconstrained by existing observations
and as argued before this coupling can be as large as Ay ~ O(1), hence the non-
standard scalar ® can be produced at the collider via Higgs mediation (see Fig. 6.12).
Once these ¢’s get produced at colliders they will eventually decay via Fig. 6.2 to
DM and SM final states like Z, . This is the same channel that also gives rise to DM
production via freeze-in. For particular choice of the effective coupling « that gives
rise to right relic abundance, the ¢ remain stable over the detector length. This is
shown in Fig. 6.11, where we see that fora = 1074 — 1073 GeV ! the average decay
length of @ is Ly = ¢79 2 100 km, where ¢ = 3 x 10% m/sec. In such a case the ®’s

~

basically escapes LHC detector and gives rise to missing energy (), which can be

? As mentioned in ref. [269] the Lagrangian (6.40) can be generated at the tree-level by integrating
out anti-symmetric tensor mediators, then indeed ¢ ~ O(1).
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Figure 6.11: The contours show different decay lengths of ® for particular choices of the parameters
that can produce right relic abundance for the DM. This can result in missing energy signature within
the collider. The gray shaded region is where 76 > TgpN.

Figure 6.12: ' + jets signature that the model can produce at the collider.

constructed out of the recoil of an initial state radiation (ISR) of a gluon, v, W*, Z, H
as

ET T (Z]%) + (Zpy> ) (658)

where the sum runs over all visible objects that include leptons and jets, and
unclustered components. Therefore, the model can finally produce monojet ' plus
missing energy signal that has extensively been searched at the LHC [123, 276, 277]
as a vanilla DM signal particularly for Higgs portal DM models. However, usually,
when one produces DM that is connected with the SM via a Higgs portal, then the
coupling is tightly constrained from direct search. Therefore, such signals are pretty
small and submerged into huge SM background. In our case, as mentioned, the
coupling (M) can be large and can produce a significant number of such mono-X
signal events, that may be of interest for next run of LHC. It is worth noting that
decays of ¢ have to be completed before the onset of Big Bang Nucleosynthesis

10Multijet final states will be infested with huge SM backgrounds.
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(BBN) [44, 278], so that it does not alter the standard BBN picture. Therefore here
we will require that 74 < 78sn ~ 1 sec which, for fixed mg¢ and my < mg, puts
a lower bound on « as illustrated by the gray shaded region in both the panels of
Fig. 6.12.

6.6 Summary

In this chapter we have presented a vector boson DM that is weakly coupled to the
visible SM sector via dim.5 operator. The advantage of the model is the absence of
tree-level elastic DM scattering against nuclei and a double suppression of present
time DM annihilation in, for instance, dwarf galaxies. Therefore this scenario easily
and naturally satisfies existing experimental constraints. The model contains a dark
sector composed, in a unitary gauge, of a massive vector X, and a real scalar ®. X,
is a gauge boson of spontaneously broken extra U(1) x gauge symmetry. The vector
X, and the scalar ® are odd under a Z, symmetry introduced to stabilize the DM
candidate, X,,. ¢ is assumed to be heavier than X,,. The SM sector is extended by an
extra heavy neutral Higgs boson that decouples when its mass goes to infinity, as we
assume here. The lowest dimensional operator responsible for DM-SM interaction
are 1/A X*”B,,® and 1/A X**B,,®.

We have investigated a possibility of DM production via a freeze-in mechanism
through decays of ® and annihilations including ®. It turned out to be convenient
to consider two distinct regimes of the reheat temperature. The first one is when the
reheat temperature is significantly higher than masses involved in the production
process. This situation mimics the case of UV freeze-in, when the production hap-
pens mostly before EWSB and all processes after EWSB are insignificant. However
the situation alters, when reheat temperature (which can be thought of a free param-
eter, being very loosely constrained by BBN) drops to lower values close to the mass
scale (m) typical for the dark sector. It has been shown that UV freeze-in, although
advertised to describe the case of freeze-in production of DM in EFT formalism, is
not fully correct, massive contributions start playing an important role and effects
of IR freeze-in i.e. DM yield building even up to lower temperature (7' ~ m) starts
showing up.

In order to predict properly the observed DM abundance, the scale of the dimension-
5 operators must be large A ~ 102 — 10'® GeV depending on the DM mass my,
the reheat temperature Try and an underlying mechanism for the generation of the
relevant effective operators. The huge size of A implies that at the lowest level of
perturbative expansion neither elastic scattering off nuclei is allowed nor present
time annihilations of DM in e.g. centers of galaxies are possible. However, it turns
out that LHC collider signals mediated by Higgs boson exchange are possible, gg —
H* — ®®. Since the scale of A required by the DM abundance is large A ~ 10'* —
10' GeV the heavier scalar @ is effectively stable at the detector length scale and
hence can produce mono-jet, photon, Z, W* or H events accompanied by missing
energy drifted away by pairs of ® bosons.The signal cross-section could be quite
substantial as the portal coupling between ® and the SM remains unconstrained.
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Chapter 7

Conclusion and future directions

The thesis describes possibilities of vector boson constituting DM content of the
universe. Unlike scalar and fermion DM, vector boson DM models are not much
abundant in the literature due to the requirement of non-trivial model extensions.
A vector boson DM, in its simplest form, can be ideated to emerge from a gauged
abelian extension of the Standard Model (SM) gauge symmetry where the extended
symmetry can be spontaneously broken by the non-zero vacuum expectation value
(VEV) of a scalar charged under the same symmetry. The DM, thus obtained, can
be stabilized either by some additional symmetry or some remnant symmetry of the
broken gauge group. Electromagnetic charge neutrality of the DM can be ensured
by assigning zero hypercharge, provided it is also a singlet under SM SU (2), gauge
group. In the same spirit, a gauged non-abelian SU(2)x extension of the SM can
give rise to minimal non-abelian vector boson DM (when the symmetry is sponta-
neously broken by a scalar, fundamental under SU (2) x ) that can be made naturally
stable in the absence of extra fermions transforming under SU(2) x. However, in that
case, the model is a simple ‘Higgs portal model” that although satisfies stringent di-
rect search limits but loses its phenomenological richness. As we have illustrated in
this thesis, in the presence of new fermions (coloured and/or uncoloured) and ex-
tended scalar sector, non-abelian vector boson DM models emerging from a SU(2) 5
extension (/V stands for electromagnetic charge neutrality) can have a plethora of
interesting phenomenological outcome. But in all such cases one needs to impose
an additional symmetry to ensure the stability of the DM. In the first case (Chap-
ter 3), an additional U(1)p symmetry is assumed that generates generalized lepton
number L = P + T3y which breaks to (—1)” to render DM stable, similar to R parity
in Supersymmetry. In the next model also (Chapter 4 and Chapter 5) an additional
global U(1) symmetry (S') is imposed on the new particles so that S = S + Tyy
remains unbroken and keeps the lightest particle (vector boson DM) stable. In the
final chapter (Chapter 6), the effective theory realization of an abelian vector boson
DM is considered with an unbroken additional Z; symmetry under which the DM
transforms as X* — —X*".

For a weakly interacting massive particle (WIMP) DM the most serious bound
comes from non-observation of DM in spin-independent direct search interaction.
Therefore, WIMP-like vector boson DM requires some way to disentangle its annihi-
lation channels from direct search to achieve correct relic abundance satisfying direct
search exclusion limits. In the simplest case, with no additional particle under dark
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symmetry, this is difficult to achieve. One established way of evading this bound is
to assume heavier particles in the dark sector with which DM can co-annihilate to
efficiently deplete its number density. Direct search, on the other hand, being low en-
ergy process, can not up-scatter into such heavier states, and thus can address right
abundance satisfying direct search constraint. In this thesis we highlight two more
additional processes that may help to circumvent the direct search bound. One pos-
sibility is the presence of a t-channel DM annihilation and s-channel direct search
graphs. Aided by heavy mediators in the s-channel, WIMP-like vector boson DM
can evade rigorous spin-independent direct detection and survive over a huge pa-
rameter space satisfying relic abundance. Such a scenario is possible in the presence
of heavy fermions which also transform under the SM gauge symmetry as demon-
strated Chapter 3. The conclusion is generic and goes beyond the specific model
construct. The other way is to exploit DM-DM interaction in multipartite frame-
works as in Chapter 4, where the heavier DM component can dominantly annihilate
to lighter DM component for acquiring relic under-abundance so that DM-SM cou-
pling can be relaxed to obey the correct bound. Again, the feature is generic and
pertinent to multipartite DM frameworks in general.

As advertised throughout the thesis, two concrete motivations to look for physics
beyond the SM are DM and the generation of tiny neutrino mass. In the process of
accommodating vector boson DM in the non-abelian extensions of the SM, we have
simultaneously addressed both. In the first case (Chapter 3) the neutrino mass can
be generated via the usual seesaw mechanism, but the two sectors namely neutrino
and DM are mutually exclusive and the choice of parameters for one hardly affects
the other. This is also true for the outcome of the collider analysis in this model. In
the second (as well as in the third in Chapter 5) case in Chapter 4 , the generation
of light neutrino mass occurs via inverse seesaw of type-III due to the presence of a
SU(2)n scalar triplet in the theory. Neutrino mass constraints, typically the choice
of the heavy neutrino mass, crucially dictates the phenomenology of the model as
elaborated in Chapter 4 and Chapter 5.

The presence of exotic fermions and scalars in the theory paves the path of prob-
ing the vector boson DM models at the collider. For high luminosity and sufficient
center of mass energy it is possible to produce those heavier multiplets in collider
experiments which can further decay to WIMP-pairs in association with SM lep-
tons (and jets) giving rise to distinctive missing energy signature that can be dis-
tinguished from the SM background with judicious cuts on missing energy, effec-
tive mass etc. For example, in the first model (Chapter 3), we have exotic leptonic
signatures like opposite sign dilepton with jets and hadronically quiet four lepton
channels with missing energy to probe due to the exotic quark production at LHC.
In the second model (Chapter 4), absent heavy fermions with SU(2), charge, one
can produce the scalar bi-doublet which finally decays to single lepton and opposite
sign dilepton with missing energy that can be separated from the SM background.
The signature space of the model(s) have been explored with numerical event sim-
ulation in relic density and direct search allowed parameter space. Neutrino mass
constraint plays a crucial role in choosing the mass hierarchy (particularly in the
second and in the third model) which results in specific signal observables.

Beyond the WIMP-paradigm, one can also account for the observed DM abun-
dance when DM is produced via the non-thermal ‘freeze-in" process. Two Chapters
of the thesis elaborates on it in context of a non-abelian vector boson DM (in Chap-
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126 Chapter 7. Conclusion and future directions

ter 5) and an abelian vector boson DM in effective theory (in Chapter 6). Although
the generic freeze-in technology is well understood and immensely exploited in the
literature in several contexts, we had two very important points to address. Firstly,
we have estimated the contribution of late time decay of the mother particle to DM
relic. Although, it has been explained for a non-abelian vector boson DM (Chap-
ter 5), it is applicable for any IR freeze-in scenario where the dark sector and the vis-
ible sector communicate via some renormalizable interaction. In such cases the DM
yield freezes in to the right abundance at a lower temperature. Secondly, in scenar-
ios where the dark and visible sectors are conjoined through a non-renormalizable
interaction (via operators with a minimum mass dimension of five), DM yield is
usually assumed to be sensitive to the highest temperature of the thermal bath (ar-
guably the reheat temperature of the universe) giving rise to usual UV freeze-in ap-
proximation. We however show that for a lower reheat temperature one can identify
the DM yield builds slowly, bearing the signature of IR freeze-in. This, again, is a
model-independent statement and points out the caveat of usual UV freeze-in ap-
proximation where, in general, masses of all the particles involved in the theory are
ignored (compared to the reheat temperature and the NP scale) for the computation
of the DM yield. For FIMP-like DM, due to the lack of strong enough coupling with
the visible sector, the most common signatures are the presence of stable charged
tracks, displaced vertices and disappearing tracks as explored in Chapter 5. Inter-
estingly, for the FIMP like case as advocated in Chapter 6, we see there is a possibility
of enhanced the mono-X (X € jet, photon, gauge/Higgs boson) plus missing en-
ergy signature at colliders.

Finally, let us comment on some of the issues that have not been addressed in
this thesis and can be pursued further. Even though the presence of several scalar
multiplets makes the tree-level scalar potential a bit complicated, but it is under-
standable that such extended scalar sector can improve the vacuum stability of the
theory. However, such analysis requires a detailed study of the vacuum structure
of the scalar potential which the thesis does not address. Indirect search bounds
on vector DM, which generally constraints DM annihilation cross-section to differ-
ent hadronic/leptonic final states, may turn out to be important for WIMP-like DM.
Even though such constraints are not discussed in the present context but under-
standing the complementarity and interplay of different search strategies can be the
key to drawing robust conclusions on the fate of all these models. In this regard, the
cosmological and astrophysical data are stupendously important in providing com-
plementary search strategies for DM detection. Non-abelian vector boson DM can
naturally be a good candidate for strongly self interacting DM (SIMP) that can have
implications for structure formation, successfully addressing the so called ‘core vs.
cusp’ and “too big to fail” problems, not addressed in the thesis. Complementarity
between direct and collider search strategies can be further pinned down specifically
in context of generic vector boson DM in effective theory construct. The most im-
portant question however is how to decipher which one among a scalar, a fermion
or a vector boson DM (if any) or a combination of several may constitute the un-
known component of the universe. This perhaps can be addressed, given a specific
signal observed either at direct or at collider searches, by a comparative analysis
between class of models yielding similar final state together with other constraints
taken under consideration.
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Appendix A

Thermally averaged cross-section

We define the thermally averaged annihilation cross section times velocity (o v) as

r Jov exp(=E1/T) exp(=E,/T) d’p1 d’ps

(ov) = fexp(—El/T) exp(—FEy/T) d3py d3p, (A1)

where p, » are the three-momenta and F; ; the energies of the colliding particles in
the cosmic comoving frame. The momentum-space volume element can be written
as

1
d3p1 d3p2 = 47Tp1dE1 47Tp2dE2 5 dcosf o (AZ)

where ¢ is the angle between p; ». On changing the integration variables from { £, E» }
to {E£,, E_}, where

E.,=E +E, E_=FE,—Ey,5s=2m>+2E,Fy — 2pipcos b, (A.3)

the Jacobian of the transformation turns out to be

b e |
/= % % N dpipa (A4)
0 0 _2p1p2
Therefore, the volume element in Eq. (A.2) becomes
&Ppy Ppy = 2m* E\Ey dE, dE_ ds . (A5)

Thus, the numerator in (A.1) can be computed as follows:
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128 Appendix A. Thermally averaged cross-section

[ o vexp(~Eu/T) exp(-Eo/T) i 'y

2
1—4% Ei—s

P / o w—mfﬁ o8 / dso F exp(—E, /T) »

A2
:47T2/dsaF\/1—%/dEJrexp(—EJr/T)\/Ei—s

:27T2T/d30(3—4m2)\/§[(1 (Vs/T) .

In the above, we have used the following integral representation of the modified
Bessel function

=

K.(z) = 2’/1“\/(7?%%) /dtexp(—zt) -1)"*, (A7)

to calculate K(z) as

o0

Ki(z) = z/dtexp(—zt) (—1)%.

1

N|=
—~~
>
Qo
~—

Similarly, the denominator in (A.1) becomes

2

[ exv(- BT exp(- /) 1 = | [ expl=Eu/T)
= {47? / dE exp(—FE,/T) plEl} : (A9)
— {zm / dEy exp(—Ey /T) ) E? — mZEl] T [47m?T K, (m/T)]* .

Thus, the thermally averaged cross-section turns out to be

/ dso (s —4m*) /s Ky (Vs/T) . (A.10)

4m?2

1
-~ 8mAT K3 (m/T)

{ov)
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Appendix B

Annihilation cross-sections and
minimization conditions

Here we gather relevant cross-sections for the DM annihilation processes that ap-
pear in Chapter. 3 and Chapter. 4, together with the physical scalar mass spectrum
that appear in Chapter. 5 and relevant for Tab. 5.3.

B.0.1 Annihilation cross-sections

The annihilation cross-section (s-wave) for the channel X;X; — SM, SM in Chap-
ter. 3 is given by

4 0,2

I, N, 1 1
(OVrel) X1 X, 55M M o { hzq (miq +m2 )2 + ; (M2 + m%)? + ; (m3, + m%,)? }
2 2 (1 - m2 \ 2
+ 3N (2)74 ! (1 A )
2r \ v 6 (4m%, —m3)? +m;, i,

N 1 m?, ( _mg )
4m%, (dm%, —m3)? +Timj m%,

1 m: |1, fo\4 3 gim} V12
T 5oz \ LT §gN<_>+ 2 2)2 | 12 2<_>
Ty, Mx, v (4mX1 — mh) +Iimy NV
2g3mi (4mi, —m3) (111)3 }

(4m3, —mp)? 4+ Thim; \v

[SIE

(B.1)

N

N 1 1y ( miy )
dmk (4mi, —mi)? + hm;, mi,

For the process X X — CZT (2 appeared in Chapter. 4 the s-wave annihilation cross-
section reads
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130 Appendix B. Annihilation cross-sections and minimization conditions

gh mg
ity = 1——% 2
<0-Urel>XX—>§2(jg 57671’771%( m%{ +

miy s 1”%z[ gl (s/2)’

Semg \ T A [(ang —m2) + Timl

3+ 4f (552)4 - (ﬂTVfZ)Z }]B.Z)

3/2
+@O‘ﬁ>< ﬁmmf2»%Miltﬁ
( my,

247 m3 4m3, — m%)2 + T2 1287m3% m%

g (fs/ M) ].

(4m3 — m})* + Ty}

The s-wave cross-section for the pair annihilation process AA — SM,SM in

Chapter 5 is given by
A m3 2m3% ?
. = = L —1
(0Urel) An—sM.5M 3272 m2, + < il )

2 2 2 2 4
1-vaR(£) A s () v
M) (4mi —m2)" +T2m? 2 Ar) (4mi —m?)” + T2m?

2
32mm3 mA (4m% — m%b)2 + I?m? 8m s, (4m3% — mi)2 n FZm%

2 2 4 Im2 — 2 32

2 2 2 2
STMA MA (4mA_mh

g my my
)2

2 2 2 2

B.0.2 Minimization conditions

The minimization conditions for the scalar potential appearing in Chapter. 5:

2 Fy

~ M B.4
uQ )\4 ( )

2 1g + f5u3
o} LIt (B.5)

2
H1U1U2

Vo Y ——— = B.6
ST R (B

2
uy o -y H2 (87)

Tt e+ fu

where from the last line it follows that unless u; < pua, we should have s &~ us.
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The SU(2) y triplet scalars A 5 3, remain complex with masses given by:

2 2
m2A1 ~ _4f7ug - N2u27 (BS)
us3
219u
mZAg ~ _2f7u§ - e 27 (Bg)
usg
2
mi, ~ 2212 (B.10)
Uus
The rest of the neutral physical scalars of our model are:
1 0
h = —=— (uiRe(¢s) + vRe(() ) (B.11)
vy + V3
1
& = == (—wRe(dy) + viRe((3) ), (B.12)
vy + V)
1
0 ~ . 0
61 ~ \/m ( U2C1 + U?Xl) ) (Bl?))
n’ ~ ! (uQIm ((bo) 4l 929 m (CO) + v1Im (X2)> (B.14)
VU2 +ud(1 4 vE/0d) 2 Vo 2 ’
with masses
mj, & Aavy, (B.15)
2
mly v — L (B.16)
2 Vg
2
m,'270 ~ — /“LI’UUQ/Ul (1 _|_ (UQ/U1)2> ' (B17)
2
2
ng) ~ 2 (f2 i fl) (Ug T U;) — ,ulvu2vl — 4f10u§, (818)
2
Mg ™ At (B.19)

From the two charged scalars, ;" does not mix and is physical, while H™ is an
admixture of ¢ and (;':

[‘[Jr = ;2 (’UQ(bJr + ’U1C2+) . (BZO)

v} + v3

The masses of the charged scalars:

2/ u2v
m?; ~ 2(fo — fr)us — Mlvj - — 4f10u3, (B.21)
u
e =2 (4 (fa- - 222, (B22)
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Appendix C

Collider simulation methodology

For the LHC simulation describd in Chapter. 3 and 4 we adopted a general strategy.

We implemented the model in CalcHEP [263] to generate the parton level events.

These events are then fed into PYTHIA [279] for showering and hadronization. We

have used CTEQ6L [264 ] parton distribution function with renormalization (yz) and

factorization (ur) scales set to the sub-process center-of-mass-energy (v/3). To mimic
the experimental environment at LHC, we use the following identification criteria:

o Lepton (¢ = e, pu): They are identified with minimum transverse momentum
(pr) of 20 GeV, and with pseudorapidity |n| < 2.5 to identify them in the central
region of the detector. Two leptons are treated as isolated objects if their mutual
separation satisfy AR = /(An)2 + (A¢)2 > 0.2. Lepton-jet separation must
satisfy AR > 0.4. 7 leptons are difficult to observe in electromagnetic and
muon calorimeters due to their shorter lifetime and so they are not usually
classified into lepton category.

o Jet (jet): We have used PYCELL, the cone jet formation algorithm built within
PYHTIA, to define the clustered hadrons as jets. The detector is assumed to
span || < 5and is segmented in 100-n and 70-¢ bins. The minimum transverse
energy Ep of each cell is taken as 0.5 GeV, while we require Fr > 2 GeV for a
cell to act as a jet initiator. All the partons within AR = 0.4 from the jet initiator
cell are included in the formation of the jet, and we require £y > 20 GeV for a
group to be considered as a jet. For isolation of the jets from the unclustered
objects (see below), we also impose a cut of AR > 0.4.

o Unclustered Objects: All the other final state particles, which are not isolated
leptons and separated from jets, are considered as unclustered objects. This
clearly means all the particles (electron/photon/muon) with 0.5 < Er < 10GeV
and |n| < 5 and jets with 0.5 < Er < 20 GeV and || < 5, which leave their
presence in the detector, are considered as unclustered objects.

o Missing energy (Ef ) : Though the invisible particles produced in the decay
chain of exotic particles will be missed in the detector, their transverse mo-
mentum can be estimated from the momentum imbalance in the associated
visible particles (leptons and jets). This missing energy is thus defined as:
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Eﬂ/”: (pT)mis = _(pT)visa (pT)vis = \/(sz)2 + (Zpy)Q . (Cl)

Note that the negative sign in the definition of missing energy do not carry any
significance and we will always refer to the absolute value. We also note that
missing energy identification takes the unclustered objects, which do not fall
into the lepton or jet category as defined by detector sensitivity, into account.

SM background for the corresponding signal events play a crucial role in iden-
tifying the signal significance and discovery potential of the underlying model. We
generate dominant SM backgrounds using MADGRAPH [ 252 ] and shower them in PYTHIA.
We have appropriately used K-factor to match the next-to-leading-order (NLO)
cross-sections for the processes contributing to SM background.
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Appendix D

Evolution of chemical potential

Let d®p d°x be the phase space element at temperature 7' and d®p’ d°z’ is that at tem-
perature Tp. Since the distance scales as R and the momentum (of a free particle)
scales as R~!, we can write:

3 3
dPp d*z' = (Ri) d’p <%) d*r = d*pd’z. (D.1)
D

Since N = n.R? is fixed we have

I ’ E - E —
flp)Ppd’s = f(p)d’p d*x = f(p )d’pd’r = exp (TM) = eXp( TD'MD)(D.Z)

We consider two cases:

(a) Hot Relic: If particles are relativistic at the time of decoupling (£ ~ p), then:

() (52) = Crtm?)

Hence, for hot relics: Tp = RIE”E;)) T and Tp = T?D L.

(b) Cold Relic: If the particles are non-relativistic at the time of decoupling, then:
E~m+ %.

- (¥> o (pz/Qm ; - M> - <pl2/2m ;Dm - MD) (D.4)
—ex p?/2m + (Rp/R)?.(m — up) | .
’ ( Tp.(Rp/R)? )

Comparing Tp = T(35)? with m — p = (%2)2.(m — pp) implies p(t) = m +

(kp —m) %
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Appendix E

Parameters of the scalar potential &
relevant vertices

E.1 Scalar potential parameters

Here we collect useful relations between potential parameters corresponding to the
scalar potential described in Chapter. 6:

mi = sec(2a) (2Agv;, cos® o — 2Agvg sin® a)
mj3 = sec(2a) (2Asv3 cos® o — 2Ayv; sin® a) (E.1)

m3 = 23 + A\gaov; + AsaUs-

The couplings, likewise, can be expressed in terms of the physical masses and mix-

ing:
m3 cos? o + m3 sin® m?sin® a + m3 cos? o
/\H - P) ) )\S an )
202 20%
- 2 2 2 2 2 (E.2)
sin v cos v (m3 — m3) 245 +m5 — Agov;
Asg = , Asp = 5 »
VrUs Vg
with,
sin (2av) L2omvs A (E.3)
1 = . .
m?—m3) "
Now, from Eq. (E.1) we see:
mi 4+ mj =2 (A\gvj + Asvz) . (E4)
From Eq. (6.25)-(E.4) we find a useful expression for m:
2(A\g — A dAghs — N2
me = v? (Ar — Asar)(4AmAs — Ag) (E.5)

(At — Asar) — Ay
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136 Appendix E. Parameters of the scalar potential & relevant vertices

E.2 Expansion of parameters in powers of m,

The mass parameters, along with v%, Ay and sin 2« can be calculated and expanded
in powers of m; as follows:

2
m5  AsM — AH

2
= E.
Ug Ihe + P Uy, (E.6)
A2y = 4hg | Ay — Asnrm; = dAs(Ag — Asu) + O * (E.7)
SH S m3 + 2(Asy — Ag)vi S\ SM m3 '
1
sin2a = —2 2(/\H - )\SM>& + 0 <—3> (E8)
1 )\S (/\ — )\S ) >\S
1 = 5 [mé—i—vi( 2 };S M Mo —img (E.9)
1 A — Asar ) 1
2 1 2 2 m% 1
Hs = 5 (2)\57]5 + )\SHUh) =5 7 4= @ m_g . (El].)

Also one can note:

2

v 1
AAs(Ag — Aspr) — /\?gH = 8AsAsm( Ay — ASM)# + O (E‘j) . (E.12)

2

E.3 Relevant vertices

Adopting the Lagrangian of the model in Eq. (6.41) in Chapter. 6, one finds relevant
vertices and propagators collected here.
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E.3. Relevant vertices

’ Vertex ‘ Vertex factors
P
: ide;wprrplfpg +ia (U;wP1~P2 - PluPQH)
Xpu(p1) Bu(p2)
By
—4 (py —pa),
qb“'i&;) <b\“\’1(m)
Zp/ A (k)
—ie [(kl - k2)a Gbe + (k2 - kS)b Jac + (kl - kS)c gab}
w (ka) W™ (k3)
—igacw [(k1 — k2) 4 gbe + (k2 — k3)p gac + (k1 — k3) . gab)
’ ‘ 0 ’
F7B ig1nl (YL +YR) = (YL — Yg)
: B (v ) S n (0 6)
h®® 2iAHo VR
hzz (9% +93)
£ L
- (cf — cbvs)
Z —92, 1 o
iz cw 'H2 (CUQ—C?’YE))
i —1eQfVu
Propagator R¢ gauge Feynman rules
k P Rk
Zu NNV Z, CE [9“" +1-9 kzgm’g]
k i kuky
A NV 4, k?[‘gﬂ”*(l‘g i }

Table E.1: Relevant DM-SM interaction vertices and vertex factors along with SM propagators. All
momenta are assumed flowing towards the vertices. Here ¢ stands for SM leptons and @ stands

for the SM quark generations. Yffg) is the hypercharge for left and right-chiral leptons (quarks):
Yy =-1,Yf= -1,V = -2V =1/3, V¥ = 4/3, Y = —2/3.
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Appendix F

Reaction densities

For a 2 — 2 annihilation channel the reaction density is defined as:

4
v(a,b—1,2) = /H dI; (2m)* 6 (pa +pp—p1 — pz) FOf  Mapo o
i=1

(5=t =) ] "o

T % 5
~ g | d 7P ().

where a,b(1,2) are the incoming (outgoing) states and g, are corresponding
degrees of freedom. Here f{? ~ exp ¥/ is the Maxwell-Boltzmann distribution.

The Lorentz invarint 2-body phase space is denoted by: dllI; = (2:;3”5 —. The am-
plitude squared (summed over final and averaged over initial states) is denoted by
|Map—12|” for a particular 2 — 2 scattering process that lead to a scattering cross-

section of o (s) defined as

1
5 = 51

/dnldH2 (27T)4 5@ (Pa +Ppp—P1 — Pz) |Ma,bﬁl,2’2 .

with

1 2
il = =——=1/ (s — m2 —m2)" — 4m2m?
‘p ’ 2 \/g ( a b) a''b
being the 3-momenta of the initial state in the center of mass frame. The lower limit
of the integration over s is s,,;, = max [(ma + mb)2 ,(my + mg)Q] . Foral — 2 decay

process the reaction density is given by:

3
v(a—1,2) = / > di; (2m)t 6@ (pa —p1 - pg) F2 [ Moo 2
i=1 .

a ma
= LK) (7).

where T
7ol = / AT, 2 = 2K, (1, /T)

272

is the equilibrium number density of the state a.
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F.1. Boltzmann equations for freeze-in 139

F.1 Boltzmann equations for freeze-in

For DM production via decay, such as ® — BX in Chapter. 6, the Boltzmann equa-
tion (BEQ) for the number density of X can be written as:

nx + 3Hny — / A< dTT 5y (27)' 8 (px + pis — po) M fo, (F.3)

Similarly, the BEQ for DM (X ) production via generic annihilation process i, j —
X, k reads

nx + SHTLX = /dHXdHZdH]de (271')4 54 (pX + P — pi — pj) |M|?,j—>X,k fzf] (F4)

The BEQ in Eq. (F.4) can be rewritten as an integral over the CM energy as:

T
nx +3Hnx ~ F

iy 2 1 Vs
6 A deQPZ‘jP)(k |M’i,j—>X,k %Kl (? 3 (F5)

where P, = ﬁg\/s — (mg + mb)2\/s — (Mg —my)? — ‘/TE in the limit m,; — 0.
The BEQ corresponding to the decay in terms of the yield Yy = n,/s can be written
in the differential form as:

dY)I() . g'l>mc2pr¢>—>X,B

—s(NHNT— = 5z LK (mae/T), (F.6)
where we have defined:
1 M5,
lFesxp = / 5 2oXB (27T)4 §* (px + pp — pa) dllxdllg (E7)
me Jdo

as the decay width of ®. It is possible to express Eq. (F.6) in terms of the x =
mx /T and the reaction density vp (Eq. (F.2))

dyyP
xHs dxX = vp. (E.8)

For the case of annihilation one can similarly write:

dYann T o] 1 \/g
—s(TH(T)T—2— = QPP 2 K [ X)), F.9
s tEE = [T asaarpaME ok (V) 9)

Again, in terms of the reaction density defined in Eq. (F.1), one can express the
yield due to annihilation as:

dy g™

zHs . = Yann-

(F.10)
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140 Appendix F. Reaction densities

Following Eq. (F.6) and Eq. (F.9) the total yield:

total D ann
YX — YX + YX y

/Tm‘“ m?}rcb—»(,B Ky (me/T)

Toin o s(T)H(T) (F.11)

1 [T T o0 S\ 1 Vs
stz [, s |0 (F) Wi 5 ()

+

Thus, the yield at temperature Tj finally reads

/TRH mgpr<b—>X,B K, (m<1>/T)

Ytotal Ty = dT
X (o) {TEW or2  s(T)H(T)

! . _4ar ™ VSN | | bEwss)? 1 NG
O e

Tew

N / e malesxaz) Ki (me)/T)
T 272 s(TYH(T)

] e _dT R Vs i aEWSB |2 1 \/s
*51%6/% s<T>H<T>/o sty <7> S PRESR (?) ’

where M@PEWSB gtands for the amplitude for processes appearing (after) before
EWSB. One can, equivalently, express the BEQ in a more general manner in terms
of the reaction densities utilising Eq. (F.8) and Eq. (F.10) as:

F.12)

dYx
Hs—— = Yamn . E13
THs i Vv - 349 ( )
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