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Abstract

Dark matter (DM) physics is one of the major areas of recent particle physics research.
Even after finding hints from rotational curves, inhomogeneities in CMBR, bullet cluster and
indirect evidence from astrophysics, the exact nature of DM is still unknown. Particle physics
research for DM has been guided by postulating DM primarily as a weakly interacting massive
particle (WIMP) which freezes out from equilibrium distribution in the early universe and

contributes to the observed relic density. The spin of the DM is completely unconstrained.

In this thesis, we took up a minimal fermionic mixing DM model of a standard model(SM)
SU(2) singlet and a doublet that already has been proposed in the literature ! and updated
the allowed parameter space under relic density criteria and recent direct search experiment,
PandaX 2. We studied in details the prospect of discovering it at the Large Hadron Collider
for multilepton final state with 2, 3 and 4 leptons using monte carlo simulation methods. The
analysis is done for few benchmark points in the parameter space allowed by relic density
and direct detection criteria. We obtained that this model is very difficult to detect in
future LHC runs at high luminosity due to heavy background from SM processes. But the
significant region of the parameter space can still be tested for displaced charged vertex at
LHC.

YK. Y. Lee, Y. G. Kim, and S. Shin,Journal of High Energy Physics, vol. 2008, no. 05, p. 100, 2008
2 Phys. Rev.Lett., vol. 119, p. 181302
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Chapter 1

Introduction

1.1 Dark Matter

The era of dark matter (DM) began when it was first proposed by Fritz Zwicky in 1933, as
some non-luminous matter to explain the velocity distribution of galaxies in the Coma cluster
[1]. Since then, there is plenty evidence for the existence of dark matter, many of which are
even from very recent times. The early history of dark matter physics is summarized here [2].
Some of the notable astrophysical observations before 1980 confirming the presence of non-
luminous matter are [3], [4], [5] and the work by Ostriker and Peebles [6] where the authors
solved the problem of instabilities in the galactic disks by proposing a spherical halo of dark
matter around the galaxies. In recent times, the X-ray spectroscopy [7] and the gravitational
lensing [8] methods turned out to be the clear observations of dark matter. These methods
were used later in the observation of the Bullet cluster which was formed by the collision
of two large galaxy clusters. It was seen that the luminous mass, which was detected by
the X-ray spectroscopy, lags behind the total mass, which was calculated by gravitational
lensing, and a huge chunk of non-luminous mass passes through the luminous mass without
much hindrance [9]. Due to the excellent agreement with Bullet cluster observations [10], the
Weakly Interacting Massive Particle (WIMP) dark matter models are so popular. Finally, the
measurement of the acoustic peaks in the Cosmic Microwave Background (CMB) measured
by COBE [11], WMAP [12] and PLANCK [13] satellites put a constraint on the relic density

contribution from the dark matter. Further evidence comes from the requirement of dark



matter in cosmology to generate the density perturbations that led to large-scale structures
[14] and to account for big bang nucleosynthesis [15].[16] and [17] discuss viable dark matter

candidates like sterile neutrino, axions, etc.

In this work, we have studied a WIMP model of vector-like singlet doublet fermionic dark
matter. In chapter 2 we have reviewed the standard model (SM) content and built up the
model in beyond SM scenario. In chapter 3 we have discussed the phenomenology of DM in
the context of relic density criteria and direct detection experiments. chapter 4 contents our
main work of collider constraints on this model along with basics of collider physics and its

methodologies.

We briefly summarize the WIMP DM and its experimental status.

1.2 WIMP Dark Matter

The early Universe was a hot dense mixture of particles and the interaction rate for all the
species prevailed over the expansion rate, causing everything to stay intact. As it cooled
down, different species decoupled (froze out) from the plasma at different times depending
upon the strength of their interaction with others. In the present time, decoupled stable
species appears as a relic and its abundance depends upon the temperature at which it

decoupled.

From the anisotropies in the cosmic microwave background radiation (CMBR), it is
known that the DM is a relic, making up around 23% of the universe [13]. This relic

abundance of DM, Q2 pjs, depends upon the its thermally averaged annihilation cross section
times velocity, (Tannv) as Qpas ~ % [18].

Weakly Interacting Massive Particle (WIMP) dark matter models are based on the parti-
cles (¢) with masses around the weak scale mass M, ~ 100 GeV and the interaction strength
gs near weak scale interaction strength gy ~ guear ~ 0.6. The (04n,v) for WIMP particles
is roughly equal to 10_6%i GeV 2. The relic abundance of such particles turns out to be
near the observed dark matter relic density 2py; ~ 0.2. It so happens that this mass lies
within the mass range, 100 GeV to 1 TeV, where the current particle physics experiments

are designed to look for new physics. This coincidence is known as the WIMP miracle, and



this made WIMP models so popular among theorists [19].

Apart from the strongly suggested existence of DM from astrophysical and cosmological
observations, we have no other information about its characteristics like spin, mass, etc.
There are various ongoing experiments which are designed to detect and determine the
properties of DM but none of them has detected it. We summarize prominent experimental
methodologies, 1. Direct detection. 2. Indirect detection. 3. Collider search. , and the

experiments based on them in the following sections.

1.2.1 Direct Detection

¢

¢ \Pj p3/4/
/];2 p4\\
SM

Figure 1.1: Direct detection

SM

The cosmological observations mentioned in the beginning of this chapter have made the
existence of dark matter evident. Due to its huge abundance, it is safe to assume that the
earth is passing through a cosmic shower of DM. The direct detection experiments are set
up to measure the interaction of these DM particles with some target nuclei (Figure 1.1).
The detectors measure signals produced by elastic collision between DM particles and target
nuclei. Usually the signals are heat produced due to phonon excitations, scintillation photons
emitted from the de-excitation of nuclei after the collision or direct ionization of target nuclei.
To distinguish between the scattering of interest and the background signals, the experiments
are designed to collect the data from combination of two detection channels as the relative

size of the signals depend upon the types of interacting particles.

A complete review on direct detection methods is given in [20]. Current (2017) status
in direct dark matter detection experiments is summarized in [21]. Some of the established
direct detection experiments are LUX [22], PandaX-II [23], XENON100 [24], XMASS [25],
DEAP-3600 [26], SuperCDMS [27], CDEX [28], DAMIC [29], CRESST [30], PICO [31] etc.



1.2.2 Indirect Detection
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Figure 1.2: Indirect detection of DM annihilation

Indirect detection methods operate on astrophysical scales and hence can detect the
effects of very weak processes, which are otherwise undetectable with ground base experi-
ments. According to [32], there are three methods of indirect detection and two of them (v
ray probe and charged cosmic ray probe) are based on the consequences of DM annihilation
to SM particles (Figure 1.2) while the remaining one (neutrino telescopy) is just observing
large scale effects of direct detection like processes (Figure 1.1). Being a relic, DM can’t
spontaneously annihilate into visible matter at current temperature, but the observational
effects in indirect methods are usually from the galactic halo of DM trapped in the gravity
of massive structures. In such halo, fraction of DM particles acquire enough energies to an-
nihilate into SM particles. On the Universal scale this is a local phenomenon and thus does

not affect the relic abundance, yet can be large enough to detect with current equipment.

In the v ray probe method, spectral features of direct annihilation of DM into photons
(from tree level or loop level processes) or the virtual internal bremsstrahlung are compared
with the signals from the gamma ray sources like Galactic centre of pulsar. Experiments
based on this method are, Fermi Large Area Telescope (Fermi-LAT) [33], HESS [34], MAGIC
[35] and VERITAS [36]. Measurement of positron to electron ratio is very sensitive and
could change to measurable extent due to DM annihilating into antiparticles. Such excess in
positrons is measure in PAMELA [37] and AMS [38] experiments to determine the bounds on
DM annihilation cross section. Neutrino spectroscopy measures the excess in solar neutrinos
produced by DM hydrogen interaction. The abundant hydrogen inside the Sun makes solar
neutrino searches very sensitive to spin-dependent part of the DM-nucleon cross section. The
instruments for neutrino searches are IceCube [39] and ANTARES [40].



1.2.3 Collider Search
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Figure 1.3: Collider search

Collider search experiment try to detect the possible production of DM by colliding the
SM particles (Figure 1.3). These experiments can be lepton colliders or hadron colliders. We
will specifically look into the hadron colliders as the energy of collision in such experiments
is of order TeV which can produce particles of having mass of few hundreds of GeV. Also,
in circular lepton collider a large amount of energy is lost due to accelerating charges in
the form of bremsstrahlung radiations. In Large Hadron Collider (LHC) [41], two beams of
proton with relativistic velocities are collided after accelerating them in a circle of radius
27 km where the centre of mass energy is /s = 13 TeV [42]. This makes LHC the largest

particle accelerator.

WIMP searches are done by usual methods of searching new physics at LHC which starts
by constructing a Lagrangian and new particle content. The cross section of production of
such particles is then calculated using their interactions from Lagrangian which determines
the probability of production. A final state signal is determined to look for, generated by
this new physics. Signals are determined by the particles in the final state, which can be
either leptons or hadrons (section 2.1). These signals are then checked for any excess on
top of known SM background. To reduce the SM background event selection criteria are
imposed on final state signal by using the observables constructed from particle momentum
and energy, which are measurable. Parameter space of DM model is then contained by excess

found for such signals at LHC.



Chapter 2

Singlet-Doublet Fermionic Dark
Matter Model

In an attempt to explain the nature of DM constrained to the observations mentioned in
§1.1, particle physicist extend the well established theory of fundamental particles, the SM,
by adding one or many particles subjected to existing or new symmetries. Such scenario
is called beyond standard model physics (BSM). In this chapter, we will first summarize
the standard model and its symmetries. Later, we will introduced the dark sector as BSM

particles.

2.1 Standard Model

The fundamental constituents of matter known to us by probing the energies of order TeV are
leptons and quarks, which are fermions with spin 1/2. There are three generations of quarks
and leptons. Each generation of leptons come in pairs with one charged lepton (electron
(e7), muon (u~), tau (7)) and its neutral partner (electron neutrino (v,), muon neutrino
(v,), tau neutrino (v,)). Similarly, each generation of quarks come in pairs: up and down
(u, d), charm and strange (c, s) and top and bottom (t, b) with up versions of each pair has

charge +2/3 and down version of each pair has charge —1/3.

Among four forces in the nature, strong force, weak force, electromagnetic force and



gravitational force, the SM incorporates first three forces and ignores the last one for particle
interactions. Each of these three forces is mediated by spin 1 vector bosons described by
some gauge theories. Strong force is mediated by 8 gluons (g), weak force is mediated by 3
vector bosons (W=, Z%) and electromagnetic force is mediated by the photon (7). Quarks
interact through all three forces, while leptons interact through weak and electromagnetic
forces. Such protected interactions and multiplets of particles are explained by imposing
transformation laws on particles under certain symmetries. The SM is described by SU¢(3)®
SUL(2) ® Uy (1) symmetry. Here SU(N) is a group of special unitary transformations on N
objects, the subscripts C, L and Y stand for Color, Left and (weak) hypercharge, which we
will explain later. The SU(3) part describes strong interaction where its 8 generators are
8 gluons. The SUL(2) ® Uy (1) part describes the electroweak (unified electromagnetic and

weak) interactions where the 3 + 1 generators are linear combinations of W%, Z% and ~.

Leptons are excluded from the strong interactions by making them color singlet, i.e.
invariant under SUq(3), while quarks are color triplet and thus can have interaction terms
with gluons such that the Lagrangian still remains invariant. Each quark comes in three
colors (r, g, b), which is a “three-dimensional” analog of charge for strong force. The gluons
are massless which makes strong force a long range force, yet we never observe strong force
in low energy scales like gravity or electromagnetic force. This is because the strength of
strong force increases with distance and thus the only stable configurations of quarks are
color singlets, either 3 quark bound states known as baryons (e.g. proton (uud), neutron

(udd)) or 2 quark bound states known as mesons (e.g. pion (ud)).

Unlike the strong force, the multiplet nature of electroweak theory has a very interesting
empirical feature of parity violation. The left and right handed components of particles,

which are given by
1—+° 1+4°
wL — 2 1/}7 wR - 9

with ¢ = ¢ + ¥R, where v is a fermion field, interact differently under electroweak force.

v (2.1)

The right handed component plays no role in electroweak interaction. This is depicted by
restricting the SU(2) symmetry of electroweak force for left components of lepton and quarks.
This explains the L subscript in SUL(2) ® Uy (1). The left handed components of quarks

Ve . . .
and leptons form a doublet under SUL(2), e.g. , and thus can have interactions with
e

L
the SU(2) gauge bosons, W* and Z°, while keeping the Lagrangian invariant. The doublet

is indexed by weak isospin (t3) with upper components - uy, ¢z, tr, (ve)r, (V) 1, (V7)1 having

7



ts = 1/2 and lower components - dr,, sp,br,e;, py,7; having t3 = —1/2. The right handed
singlet fields have t3 = 0. The charge associated with Uy (1) is called (weak) hypercharge
and it is assigned differently to left and right handed components. The electric charge is

related to weak isospin and hypercharge as
Y
Q=1t3+ B (2.2)

The gauge bosons of SUL(2), W+, W? and W, are triplet with isospin t3 = +1,0, —1 re-
spectively, while the gauge boson of Uy (1), B, being a generator of an abelian group does

not carry hypercharge or weak isospin.

The theory given above, although describes all the interactions observed, doesn’t allow to
write mass terms of vector boson in the Lagrangian to protect the gauge symmetries, which
makes weak force long range contradictory to experimental observation. Also the parity
violation forbids us to write a fermion mass term as left and right handed components in
mass term 1) transform differently. This implies that the real world is not explained by
rich underlying symmetry but by some lower form of it. This is achieved by the mecha-
nism of Spontaneous Symmetry Breaking (SSB) which breaks the higher symmetry group
of SUL(2) ® Uy (1) into lower U,,,(1) symmetry group, while keeping the SUc(3) untouched.
It is done by adding a SUL(2) doublet complex scalar field (H), known as Higgs Field. The
potential of this new field is adjusted by tuning the interaction parameters such that the
stable ground state of this field is non-trivial. Because of this, H gets a non-zero expectation
value with the ground state. Thus, all three particle interaction terms with such Higgs field
reduce to two particle terms in the Lagrangian, when the Higgs field is expanded about
the non-zero vacuum expectation value, which are precisely the mass terms. The particle
content of SM is summarized in Table 2.1 [43].

Details of Higgs mechanism and particle masses along with mathematical formalism of

electroweak theory is given in Appendix A.



Particle Q t3 Y | Color

ur,cr,tr, 2/3 | 1/2 | 1/3 | triplet
dL,SL,bL —1/3 —1/2 1/3 triplet
We)r, (W), (vr)r | 0 | 1/2 | -1 | singlet
el T -1 | -1/2 | -1 | singlet
UR, CR, LR 2/3 0 4/3 | triplet
dgr, Sr,br -1/3 0 -2/3 | triplet
€rsMp, TR -1 0 -2 | singlet
8 gluons 0 0 0 | octet

W +1 +1 0 | singlet
| 0 0 0 | singlet
B 0 0 0 | singlet
H 1,0 | £1/2| 1 | singlet

Table 2.1: Particles in standard model.

2.2 Singlet-Doublet Fermionic Dark Matter (SDFDM)

In beyond standard model (BSM) situation, adding SU(2) n-multiplets to the standard
model whose lightest neutral component, which is thus stable, can be a dark matter candi-
date. Multiplets with Y # 0 are excluded as DM candidates, even their stability is assured
by the presence of extra symmetry, because the large Z-mediated DM-nucleon elastic cross
section makes them suffer a heavy parameter space loss by direct search constraints. Multi-
plets with hypercharge (Y') zero are stable by themselves for n > 5, while singlet and triplet
need extra symmetry for their stability [44]. The singlet lepton (x°) with zero hypercharge,
whose stability is assured by being odd under Z, symmetry, is a minimal possibility for a
candidate of DM. We need to introduce additional fields (scalar singlet or vector like lepton

doublets) to write renormalizable interaction terms with SM.

In this chapter we study the latter possibility of additional vector-like lepton doublet
YT = (°,47) along with a fermionic singlet x° which was proposed in [45]. The DM is

admixture of neutral component of doublet ¥° and the singlet \".



2.2.1 Model, Parameters and Interactions

We introduce a SU(2) fermion doublet ¢ = (¢°,17) and a fermion singlet x°, both singlet
under SU(3). 1 has hypercharge (Y = —1) and x° has zero hypercharge (Y = 0). This causes
the doublet to have a neutral component ° and a charged component 1)~ (¢)). Additionally,
both ¢ and x° are odd under a discrete Z, symmetry, while all other fields are even under
this new symmetry. Unlike SM, there is no evidence of parity violation in dark sector and
hence the doublet introduced here transforms under SU(2) for both left and right handed
component and thus called vector-like. This immediately means that we can explicitly write

a Dirac mass term for 1.

To make the Lagrangian invariant, all terms must be even under Z,. Thus, new terms
in the Lagrangian are the mass terms for both of these fields and the Z; invariant Yukawa
couplings with the SM fields. Similar to the quark mass terms shown in the Appendix A.18,
[Yki/?]:., X° + h.c.] are the only possible renormalizable Yukawa interactions with such con-
straints. Here, H = imyH* and H = (H*, H%)" is SM Higgs field and Y}, is Yukawa coupling.

Thus the DM Lagrangian is
Loy = ipy" D,y — Myhtp + ix°#9,x° — My x°Xx° — [Ye HXC + h.c] (2.3)

where covariant derivative D, is given in Appendix A.8. After the elctroweak phase tran-
sition, Higgs field H is expanded about its vacuum expectation value (H) = (0,v/v/2)7

as

With this we get,
Lpy = 0y Dytp — My 4+ X" 0,x° — Mx°x°’ — —=[VevdOx° + Yih®hx” + h.c.] (2.4)

V2

This suggests a mixing between ¢° and x°. The mass matrix in the basis (x", 1) is given

by
MX mp (25)
mp Mq/}

10



where mp = Yyv/ V2. The characteristic equation for this matrix is
% — (My 4+ my )z + (MyM, — m%) =0

with eigenvalues

My + M My — M. 4m?
M, = X _ X\/1+—D (2.6)
2 2 (My — M,)?
My + M, M, — M 4m?
My = X+ X1+ —2 (2.7)
2 2 \/ (My — M,)?
(2.8)
We will assume mp << My, m,, = /1 + Wﬁl—j@x)g ~1+ (MET—;%X)Q, which we will justify
in §3. The mass eigenvalues are then,
M, ~ " (2.9)
1 ~ - . .
* My — M,
2
m
My =~ M D .
2 v+ M, — M, (2.10)
with mass eigenstates
Yy = cos 0x° + sin Oy° (2.11)
Py = cos Oy — sin Oy (2.12)
where the mixing angle 6 is defined by
2mD
tan 2 = ——— (2.13)
My —my
The charged vector-like fermion have mass
My ~ M, sin?0 + My cos? 0 = M* (2.14)

Since mp << My, M,, 6 is very small. This means 1); is dominantly a singlet and v, is
dominantly a doublet. Also in this limit tan 20 ~ sin 20 = QAY—’;V’[’ where AM = My, — M, ~
My — M. This indicates that the model has three independent parameters. We choose them

11



to be AM, M; and sinf. For AM > 0, the mass M; is the smallest mass and ; is the
lightest particle, which makes it a DM candidate.

We can find the interaction vertex factors by rewriting the Lagrangian in terms of
and 1, by solving (2.11) and (2.12) and using Appendix A.14 and Appendix A.13.

LBt = g—aleos 0y Zyaby + sin® 0y Zythy — sin b cos (17" Zyths + vy Z,)]
W
g . T + - g T + - g . - _
— — sin QY Y* W + —== cos O * W + ——=sin QY T~+H*W
\/5 ¢1’Y m ¢ \/é ¢27 m ¢ \/é @Z’ Y I wl

_ % cos 915+,VMWM—¢2 + gsin 9W¢’+7u14uw— 4 308 O cos 20y bary Ty Z 4p”
Yi .. - - — —
- 7’%h[sm 20(¢hrby + Patha) — cos 20(1h11a + o))
This gives interactions with Higgs,
o Vs U1a
- h :Esm% oy :—Esm% >h :ECOSZQ (2.15)
(0 (0 a1
and interactions with vector bosons,
U s U1
) 2 .
_gsin“f ~gcost _ gsinfcosf ,
Zp = 2(30S0W7 Zy = 2(30891;[/7 Zy = 2 cos Oy 7
(U P o
(2.16)
@Zl (@Z_}?)
0(cos ) 0 0
>\M Wi = gsm (cos o >«M Wi gsm (;OS )’7“ (2.17)
[ V1(12)

12



U1 (12) (Uns

gsinf(cost) gsinf(cost)
o - = Jomocosy) 2.18

(O V1(12)
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In the next chapter, we will put constraints on the parameter space from relic density criteria

and direct search results.
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Chapter 3

DM Phenomenology of SDFDM

3.1 Relic Density and Direct Search

The relic abundance of a certain species with density p is quantified by its relic density, Qh?,

which is given by

_ 3H?

Q =
&1

pc (3.1)

r
pPc

where H is the Hubble parameter, G is the Newton’s constant and h is the uncertainty
in Hubble parameter [46, ch. 1]. The current bounds on QA? for non-baryonic matter come

from the measurements of anisotropies in Cosmic Microwave Background Radiation (CMBR)
done by PLANCK satellite which are [13].

0.1133 < Qpph® < 0.1189 (3.2)

The contribution to the relic abundance comes from the thermal averaged scattering am-
plitude times thermal velocity (o4|v|), which measures the strength of interaction of relic

particle with all other species present in the plasma. For SDFDM model, the relic density
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Figure 3.1: Dominant annihilation processes to Higgs and gauge boson final states

of 11 DM of mass M; is given by [47]

1.09 x 10° GeV™! 1

Oy, b2 =
v gi/QMpL J<xf)

(3.3)

where g, is total number of effectively relativistic degrees of freedom, Mp; = 1.22 x 10* and
J(zy) is given by

J(zy) = /OO Mdm

22

where x = M; /T and subscript f is for freeze out temperature. From this, it is clear that large
scattering cross section will reduce the relic density and it agrees with our earlier discussion
in section 1.2 as large cross section means freeze out will occur at lower temperatures. In
SDFDM model, the dominant contribution to the scattering amplitude comes from various
types of reactions. One type of contribution is from the direct annihilation of DM candidate

1y into SM particles, as shown in Figure 3.1.

Second type of contribution is from the co-annihilation with other BSM particles, both

charged (¢*) and massive chargeless (1,) particles, into SM particles, as shown in Figure 3.2
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and Figure 3.3 . Both of these processes are directly number changing processes. But such

contributions depend upon the availability of interacting particles.

Py ——pra W Y —— Z Y ——- h
(I P12y (A
1/_}2 —— e ) 1/_}2 ——— e T 1&2 ——------ h
1 —epeeh e Z
¢1,2 Y ¢1,2 A
o o Iy~
W+ i W+ (0 Z
2l il el i
W= 1y W= s Z s h Yo h

Figure 3.2: Dominant 1,1, co-annihilation processes to Higgs and gauge boson final states
w_ — ANNANNAS Z

(T

1/;1—‘—

v

U W= iy W= iy W=
Figure 3.3: Dominant ¢11~ co-annihilation processes to Higgs and gauge boson final states

The third type of contribution plays an indirect role in freezing mechanism since it
involves reactions in which non DM BSM particles (t9,9*) annihilate into SM particles
(Figure 3.4, ¢ diagrams are similar to Figure 3.1) and this changes their availability for

19* or 119y co-annihilation as well as for the decay into ¢; (Figure 3.5).
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Figure 3.4: Dominant ¢)*1)~ co-annihilation processes to Higgs and gauge boson final states

Here, we will justify the assumption we made in subsection 2.2.1 of sinf << 1. The
mixing angle determines the doublet content in DM ;. With increasing doublet content,
the annihilation cross section increases significantly through Z mediated 111, — WHW~
process because the interaction vertex with Z boson is proportional to sin® § (Equation 2.16).
This will increase the scattering cross section causing very small relic density. Later we will

see that this increased cross section is strictly discarded by direct search experiments.

R :: .
U1 N Uy (0

) AM > 125GeV (b) AM > 90GeV (c) AM > 80GeV

W —

(o

(d) AM < 80GeV

Figure 3.5: Feynman diagrams of 15 1)~ decaying into DM 1/,
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In very small sin 6 regime where the direct annihilation is heavily suppressed, the decays
of 15, 9* play an important role in the relic abundance. The large presence of these particles
will ensure co-annihilation with DM which will lower the relic abundance. Depending upon
the mass splitting AM , decays of 15, ¥ shown in Figure 3.5 are possible. Increasing AM will
increase the decay channels and thus the availability of these particles will reduce resulting

in increased DM relic density.

Finally, very small contribution to the relic density calculation also comes from annihi-

lation into SM fermions f f.

(e o f
Z h
U f o f
(a) annihilation
(5 o fo~ f
Z h W
ZEQ f 2;2 f 1;1 f

(b) Co-annihilation

Figure 3.6: Annihilation and co-annihilation processes to SM fermion (f f) final states. The
contribution to scattering cross section from these processes is very less.

As explained in subsection 1.2.1, the direct detection method depends upon the scattering
cross section of DM with nucleons which are composed of SM fermions. The DM 1)y interacts
with fermions through Z-boson and Higgs. Thus Figure 3.7 are the only possible Feynman

diagrams.

The spin independent scattering cross section per nucleon varies with sin 6 as, [48]
0%, ~3.75 x 107*cm? sin* ¢ (3.4)

As mentioned earlier, the sin® # dependence in DM-nucleon cross section does not allow the

large sin 6 possibility because it will increase this cross section significantly making the model
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Figure 3.7: DM nucleon interactions. The three fermion line represent a nucleon.

detectable in the direct search experiments.

To study the allowed parameter space for this model, we have implemented the model in
MicrOMEGAS [49] and scanned parameter space for points satisfying the relic density criteria

and direct detection constraints in low sin # region.

3.2 Results and Discussion for Relic Density Criteria
and Direct Detection Search of SDFDM Model

We have plotted the relic abundance for various sinf and AM values in Figure 3.8. With
increasing sin @, the relic density is seen to be decreasing which agrees with our discussion

in section 3.1.

In both graphs, Figure 3.8a and Figure 3.8b, we can see the sudden drops around 45 GeV
and 63 GeV, which correspond to Z boson resonance and Higgs resonance. Resonance in relic
density plots is a common feature. For any direct annihilation diagrams, like Figure 3.1, if the
annihilation process is s-channel with mediator X, then the cross section has a contribution
of form m from the propagator of mediating particle. The formalism of relic density
calculation assumes s-wave annihilation i.e. the annihilating particles are almost stationary
which implies s = (p1 +p2)* = 4M;. When the particle mass My is close to half of the mass
of mediator, the denominator tends to zero, increasing the scattering cross drastically and
resulting in very low relic density. In our case the mediators are Z boson and Higgs boson,

thus we see two resonance drops at M; ~ Myz/2 = 45 GeV and at M; ~ My /2 = 63.
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Figure 3.8: Relic density vs. dark matter mass M; for different AM = 50 GeV, 200 GeV
(left, right) and sin® = 0.1,0.2,0.3 (Blue, Green, Red) values. The black band represents
the bounds on relic density, 0.1133 < Qpyh? < 0.1189, given by PLANCK [13] data

For small AM splitting, the relic density decreases for M; > 300 GeV. This is because
of the increasing 19101 — SM 1%y, — SM co-annihilation contribution in the scattering
cross section. On the other hand, this feature is not seen in Figure 3.8b. The co-annihilation
region depends upon the rate of collisions with other DM BSM particles. Being in a thermal
bath, this collision process is proportional to the Boltzmann factor and the Boltzmann factor

decreases exponentially with increasing mass difference.

Thermal evolution of a species is given by the Boltzmann equation [46, pp. 126]

ay $<0wz£HXX|U|>$ 2 2
— = L Y2 (Y, .
. HOL) [ (Yeq)] (3.5)
1.67 /g M2
H(M1) = V970 (3.6)
mpy )
y = M _ (3.7)
S S
EQ EQ
n n -
Yig = zl = —ﬁl (3.8)

where ny, is the number density of DM particle and s is the entropy of the universe at
a given temperature. The subscript F(Q is for equilibrium solution at that temperature.

For a cold species, i.e. the species which freezes out at a temperature where its velocity is
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non-relativistic, the Y as a function of x = M; /T is given by [46, 3.75]

Veo(e) = 5 2 (%) e 39
274 g, \ 8

In Figure 3.9, we have plotted the thermal evolution of SDFDM particle by explicitly solving
Equation 3.5 under s-wave approximation of (o, «xx|v|). To avoid the complication due
to co-annihilation, we have kept AM large (500 GeV). The relic density 2, h? calculated
from Y, as given in [46, 5.47, 5.48], which comes out as (50.24,3.97,0.30) respectively for
(Blue, Green, Red). The values match closely with the MicrOMEGA results (42.98, 3.25,0.25).

We have plotted, using MicrOmega [49], the direct search cross section for varying DM mass

Freeze out solution: M;=400 GeV, AM=500 GeV
‘ : : ‘ ‘ : —

10721

1075

1, x=1)

Y! Yea(My
3

Interaction Strength
----- sin@ =0.05 (Y,=0.20)

1071 - — Entilh .
Equilibrium for w; with M, sinB =0.10 (Y4=0.40)
----- sin@ =0.20 ( Yx=0.80)

20 40 60 80 100
X =M1 /T

10714

Figure 3.9: Solutions to Boltzmann equation are plotted for M; = 400 GeV and AM = 500
GeV, for different interaction strengths Y, = (0.2,0.4,0.8), shown in (Blue, Green, Red)
respectively. The Black line shows the Ypgg, Y-axis is rescaled Y and X-axis is inversely

proportional to temperature.
M, for different mixing angle values in Figure 3.10. The solid line indicates the PandaX-II

[23] constraint. The discrete points satisfy relic density bounds mentioned in Equation 3.2.
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Direct Search Constraints
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Figure 3.10: The blue line indicates PandaX-II [23] constraint. Discrete points are relic
density satisfying points for various sinf values and AM varying from 1 GeV to 75 GeV
(not shown). We can see DM-nucleon cross section increasing with sin ¢

From Figure 3.10, we can clearly see that parameter space is heavily restricted by direct
search constraint as sinf can’t be greater than 0.06. On the other hand Figure 3.8 suggests

that the relic density criteria requires larger sin 6.

One might think that the parameter space is thus exhausted significantly by direct search
and relic density constraints. But here the co-annihilation comes to the rescue. For AM =~
10 GeV, the co-annihilation dominates at higher DM mass (as seen in Figure 3.8a) and

reduces relic density drastically even for small sin  values which are allowed by direct search
constraint.
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Chapter 4

Phenomenology at LHC

SDFDM model has been extensively studied for available parameter space after relic density
and direct detection constraints [48] [50]. We have discussed the analysis on the same in
the last chapter. However, to our best knowledge, apart from few qualitative analysis [51],
thorough and extensive analysis for collider search signatures of this model has not been
done. In this chapter we will first summarize the general strategy for searching new physics
at the LHC. Then, we will use it on the SDFDM model for few benchmark points in the

parameter space allowed by relic density and direct detection.

4.1 Collider Physics

In LHC, the proton beam has large number of protons colliding head-on, giving rise to
various final states. The number of collisions which give rise to a particular final states (an
event) is proportional to the scattering cross section (o) of that process. In collider physics,

scattering cross section is measured in barn.
Ibarn = 1b = 10~?* cm?® = 2586 GeV 2 (4.1)

Another important quantity is instantaneous luminosity which is defined as number of col-
lisions recorded per unit time per unit area. Integrated luminosity is time integration of

instantaneous luminosity L which has a unit of 1/Area. The product of integrated luminos-
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ity and production cross section of an event gives the effective number of events recorded
over time. 2017 run of LHC had integrated luminosity of 50 fb™' and is projected to reach
at 2500 fb~! in coming 10 years [52].

The relativistic proton beams are collided at different crossing points where detectors are
placed which are designed according to the nature of experiment. The two very important
experiments, ATLAS and CMS, are designed for searching new physics. Detectors there are
constructed in layers where each layer detects and stores four momentum of certain type
of particles [53]. The detector is cylindrical about the collision axis (beam pipe). Without
going into the instrumentation and methods of detection, we will discuss the observables

constructed from the measured variables, which will be used for event selection.

The detector measures four momentum of particle as p* = (E, p;, py, p-). By convention,
z-axis is chosen along the beam pipe. The polar angle 6 is defined with beam ends at
0 =0 and 0 =, § = w/2 being the direction perpendicular to the beam. Azimuthal angle
¢ = tan~' p,/p, is measured along the cylindrical symmetry of beam pipe and varies from 0

to 2 Figure 4.1.

0=n/2

B=n

(® -0
N\

[
\

Beam Pipe

Figure 4.1: Polar angle 6 and azimuthal angle ¢
Instead of 6, the direction in polar plane is given by pseudorapidity which is given by
0
n = Incot 2 (4.2)

n = 0 corresponds to direction perpendicular to beam pipe. Detectors can detect leptons
with 17 < 2.5 which denotes the central region of detector in polar plane. Angular separation

between two particles ¢ and 7 is defined as

Rz’j = \/(¢z - ¢j)2 + (Th‘ - 7)]')2 (4-3)
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For separately detecting two particles, minimum angular separation is required depending

upon the nature of the particles.

4.1.1 Observables

Observables are constructed from particle four momentum and energy. They are used for
checking the predictions of new physics by separating its signal from SM background. In our

analysis we have used three observables for signal event selection criteria.

1. Missing Transverse Energy (MET, Fr)

The pp collision occurs in z direction. The particles have negligible momentum in x-y
plane (transverse momentum, p; = 0) before collision, thus the final value of p, is also zero
as momentum is conserved in the plane perpendicular to the beam pipe. If some stable
particles are produced during collision, which are not detectable by detectors, then they will
carry away some momentum in x-y plane known as missing transverse momentum. Thus the

vector addition of transverse momenta of all detected (visible) particles will be non-zero.
ﬁfis +ﬁ£nv =0 — ﬁfzs — _ﬁﬁm)

The absolute value of this missing transverse momentum is known as missing transverse

energy.

ET:

In SM, neutrinos are the only particles which leave the detector undetected and hence con-
tribute to MET.

P (4.4)

2. Transverse Momentum (pr)

Transverse momentum of a particle is given by

pr=IpLl = /P2 +p2 (4.5)

3. Dilepton Invariant Mass (my)

Invariant mass or rest mass of a particle is a Lorentz invariant quantity given by \/p? =
VPP, = / E? — p? = m, where p” is four momentum. When a Z boson is produced in a
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collision and then decays into two opposite charge leptons ({717, of same flavour), then by
conservation of four momentum we get, ply = pl, +pl° = p% = (p+ +p-)* = M. Thus,
the quantity defined by

my =/ (pi+ + pi-)? (4.6)

for pairs of opposite charge leptons of same flavour coming from one collision event, can be
very useful for determining whether the pair has been originated from a Z boson or in fact

any particle which can decay into opposite charge dilepton final state.

4.1.2 Tools and Methodology

The data collected from collider experiments is stored as particle identity and its four mo-
mentum. To identify particles coming from the same event, event reconstruction algorithms
are used [54]. For new physics searches, these events are simulated by monte carlo methods

using various softwares. Such simulations are useful for giving predictions of new physics.

Lagrangian of new particles is written along with SM Lagrangian in FeyRules [55] to
generate UFO files, which contain all the interaction vertices from the Lagrangian. This UFO
file is then imported in Madgraph [56] which simulates large number (Nseeq) of pp collisions
for a specified final state and computes the production cross section(ogg). The output of
Madgraph is a Les Houches Event (LHE)[57] file and events are written as particles, their

masses and their four momenta.

Only the information about particle kinematics is not sufficient. Not all the particles
produced in collisions are detected due to detector restriction and sensitivity. Also, the final
state particles are fundamental particles, which means final state in LHE files can have free
quarks. As we discussed in section 2.1, quarks exist only in colorless bound states of baryons
or mesons. The free quarks produced in collisions give rise to plethora of other hadrons
which lie very close to each other in a narrow cone known as a jet. Hadronization of free
quarks in final state along with imposition of detection and event selection criteria is done
by PYTHIAS [58].

PYTHIA reads the LHE file event by event, and constructs jets by various jet construction
algorithms. These ‘showered’ events are then scanned particle by particle to check for the

possibility of their detection and to select only the desired events (Ny,). The final production
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cross section is given by
/ NSQ

59

(4.7)

Os9g = O
seed

Similar procedure with same cuts and even selection criteria is performed on some dominant
SM process like pp — tt, pp = WTW =, pp — ZZ pp — 1717, etc. The net scattering cross
from SM background for the chosen final state is then sum of all scaled production cross

sections from SM and is denoted by o3,4. Significance of a signal is defined as

Isa /T, 4.8
\/Obg + Osg ( )

5-sigma significance is considered as a confirmation of a discovery.

4.2 Collider search of SDFDM

The model in the present form is allowed by DM constraints in a large region of DM mass
(hundreds of GeV to TeV) generically for small splitting between DM with the heavier
component to be aided co-annihilation. However, this still necessitates to have a small
mixing angle (between doublet and singlet) to kill the Z-mediated direct search channel.
Collider signatures do not seem to be a function of the small mixing and therefore will
remain unaffected by the smallness of the angle. Therefore the model can have an early
detection at LHC if the mixing angle is very tiny, while direct search will win over collider
searches for comparatively larger values of the mixing. After the relic density and direct
search constraints, we investigate the possibility of detection of such dark matter model in

LHC experiments.

This model contains two unstable particles, a charged lepton (/%) and a neutral particle
(1) with masses of order 10> GeV. The final product of the decay of both unstable particles
contain a neutral and stable DM particle 1; which will escape the detector. This will be
seen as missing energy signature in collider. But the interactions of DM ;o involve sin
which are suppressed under the constraint from direct detection sinf < 0.06 Figure 3.10.
On the other hand, the charged fermion 1* has nothing to do with the mixing angle and
its interactions with Z boson and photon are independent of 6 (Equation 2.19). Thus, ¢*
production in the collider experiments through v and Z mediated Drell-Yan like process

depends only on the mass of charged lepton and is independent of sin 6.
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Depending on AM, the charged fermions decay further either via two body decay (AM >
Myy) with on-shell W# boson or via three body decay (AM < My,) with off-shell W* boson
into hadronic or leptonic final states of W* boson decay and stable neutral DM ). Similarly
for 4, with Z boson replacing W=. (Figure 3.5). Both W* and Z bosons can decay into
final states containing quark antiquark pair (hadronic decay) which appear as jets in the
detector. W* can decay into a lepton and a neutrino while the Z boson decays into opposite

charged dileptons of same flavours (leptonic decay).

There are four possibilities of production of particles in dark sector from pp collision,
pp — VYL, pp — YT, pp — YTy and pp — Yarhe. All these processes are produced
via photon or vector boson mediator. Although, production of 1)+~ is the only process
among these, which is independent of sin§. Other processes can contribute significantly and
thus will be used for further analysis. Depending upon the subsequent decays of particles,

following final states are possible for each process.

(A) pp — ™y, P = WHiy
(a) Hadonic decay of W= : 2 jets + missing energy

(b) Leptonic decay of W= : a lepton + missing energy
(B) pp = ¥y, % = W
(a) Both W* decay hadronically: 4 jets + missing energy.

(b) One decays hadronically and other leptonically: 2 jets + a lepton + missing energy.

(c) Both decay leptonically: opposite di-lepton signal + missing energy.

(C) pp = V5o, = — WEihy, g — Ziy

(a) Both W% and Z boson decay hadronically : 4 jets 4+ missing energy

(b) Hadronic decay of W and leptonic decay of Z boson : 2 jets + opposite sign di-lepton

of same flavor 4+ missing energy

(c) Hadronic decay of Z and leptonic decay of W= boson : 2 jets + a lepton + missing

energy

(d) Both W# and Z boson decay leptonically : 3 leptons + missing energy

(D) pp = Yoths, ¥y — Z1y
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(a) Both Z bosons decay hadronically : 4 jets + missing energy

(b) Hadronic decay of one Z and leptonic decay the other : 2 jets 4+ opposite sign di-lepton

of same flavor + missing energy

(c) Both Z bosons decay leptonically : 2 pairs of opposite sign di-leptons + missing energy

To look for such signals at LHC, it is important to reduce the SM background. The dominant
decay of W and Z boson is into hadronic final states of 2 jets compared to leptonic final state
of electrons and muons. Thus, we will only look for the leptonic final states as these are
clean signals to detect at LHC (see Figure 4.2). Thus our events are leptonic final states

with number of leptons from one to four (Figure 1.3).

From Figure 3.4, it is clear that the direct search experiments restrict sin 6 to be less than
0.04 for any dark matter mass. As explained in chapter 3, for small sinf the relic density
is satisfied either in resonance region or due to the co-annihilation.Figure 3.8a suggests that
for lowering the relic density to satisfy the observed data, AM must be small (~ 10 GeV).
This suggests that the W/Z boson decays will be off-shell.

We now proceed to analyze the LHC phenomenology for four benchmark points which

satisfies the relic density criteria and direct search constraints.

Name | My, (GeV) | AM (GeV) | sinf | Qh* | Inogr/cm?
BP1 111 9 0.03 | 0.1150 -46.199
BP2 143 10 0.04 | 0.1177 -45.623
BP3 288 11 0.03 | 0.1167 | -46.120
BP4 85 8 0.02 | 0.1165 | -46.833

Model

Table 4.1: Benchmark Points

4.3 Results and Discussion for Collider Searches of SDFDM

We have implemented this model in MadGraph using FeynRules and generated the parton
level events using CTEQ6L [59] parton distribution function for /s = 14 TeV. These events
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(a) Final state is single lepton and missing energy (b) Final state is opposite dilepton and missing en-
ergy

(c) Final state is 3 leptons and missing energy  (d) Final state is 4 leptons and missing energy

Figure 4.2: Feynman diagrams showing leptonic final state events for SDFDM model in
collider searches.

were feed into PYTHIA8 for showering and hadronization. To simulate the LHC detector we

have used following identification criteria:

1. Leptons (I = e,p): Minimum transverse momentum was set to 7 GeV, lower than the
usual 20 GeV, as our interest is in soft lepton region. Leptons were restricted to the central
region of detector by |n| < 2.5. Two leptons are identified distinctly if the angular separation
(Equation 4.3) Ry > 0.2. Lepton-jet separation must be R;; > 0.4 to resolve lepton from

jets. As 7 leptons have very short lifetime, they are difficult to observe in electromagnetic
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calorimeters or muon detectors, and hence are not considered in lepton category in collider

physics.

2. Jets:

We have used SlowJet, a function in PYTHIA8 for jet construction from hadrons. Jets
were identified using anti-kT algorithm [60]. The jet is defined by the clustered hadrons
within the cone of angular separation R.,,. < 0.4. Jets were also required to be in the
central region of detector, |n| < 2.5. for registering jet, all components are required to
have minimum transverse momentum of 20 GeV (pr > 20 GeV). Invisible components were
excluded from the jets if they lie within the jetcone and proper masses of all particles were

used in SlowJet function.

3. Unclustered Objects:

All visible final state objects which are not identified leptons and are separated from jets
are considered as unclustered objects. This includes low pr and 2.5 <|n| < 5 leptons who
leave their presence in the detector. Unclustered objects are required to be well separated
from jets by imposing R,; > 0.4. Since the unclustered objects are visible, their contribution

is considered in the calculation of missing transverse energy (Equation 4.4).

The distributions for three observables:

1. Missing transverse energy (Fr)
2. Lepton transverse momentum (pr)

3. Dilepton invariant mass (my;), for all possible combinations of opposite charge same

flavor leptons.

for BP1 are plotted using the mentioned minimum detection criteria (Figure 4.3). The
distributions are similar for other benchmark points section B.2, as the selected benchmark
points, which are allowed by relic density and direct detection, lie very close to each other
in terms of all three parameters. We have also plotted the distributions of same observables
for five SM background processes (Table 4.2) which contribute dominantly for multilepton
final state. The production cross-sections for these processes were calculated by taking the

next to leading order (NLO) contributions.
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Normalized number of Events

0.4

0.0

Process o (pb)
pp — {71~ (Drell-Yan) | 879.19
pp — tt 814.64
pp — WHTW~— 100.48
pp— L7 14.01
pp — WTW~—Z 0.15

Table 4.2: SM background
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Figure 4.3: Distributions for a benchmark point BP1 given by M,, = 111 GeV, AM =9
GeV and sinf = 0.03. The beam center of mass energy is 14 TeV and the distributions
are for opposite dilepton final state. Final leptons are selected with pr > 7 GeV, n < 2.5,
Ry > 0.2, le > 0.4 and Rjj > 0.4
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The missing transverse energy distribution for DM is completely suppressed throughout
the region (Figure 4.3b). In Drell-Yan processes, the final state has just leptons, which are
visible and thus have almost no missing transverse energy. The only contribution is from
unclusterred objects. Hence, the small MET region has heavy contribution from Drell-Yan
processes. In the region M ET > 50 GeV, DM signal is very low. This is because of the
small mass splitting AM which causes off-shell vector boson production making it a three
body decay. The momentum carried away by the invisible component 1) in the transverse
plane is very small because of small difference between mass of 1; and mass of ¥)*(15). On
the other hand, the dominant SM backgrounds of pp — W+W ™~ and pp — ZZ have on shell
vector bosons, decaying into two particles and the mass difference between initial and final

particles is around 90 GeV.

The off-shell nature of decay also explains the distribution of transverse momentum of
leptons for DM signals(Figure 4.3a) by the same reasoning as above. On the other hand,
leptons from on-shell decays of vector bosons from SM process have very large momenta.
For Drell-Yan processes, the leptons are produced directly from pp collision and thus have
very high pr. The three body decay in the DM signal, as explained earlier, will cause the
leptons to have very small momentum in transverse plane dominating the pr distribution
over SM background in the soft lepton region (7-10 GeV).

Although the small AM makes the DM signal difficult to detect for large missing energies
cuts for event selection, it comes to the rescue for dilepton invariant mass cut of Z window.
Since the SM background coming from pp — WTW~Z and pp — ZZ processes, which
dominate in the low missing energy region, are almost killed by di-lepton invariant mass cut
(due to on-shell Z boson) demanding the value to lie outside Z mass window (75-105 GeV)
(Figure 4.3c). On the other hand, the DM signal is unaffected by this cut as Z boson is
off-shell.

4.3.1 Event selection

Along with minimum detection criteria, events are selected using following cuts:

1. Jets:

Event final state is purely leptonic, we have put a jet veto for event selection.
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2. Lepton transverse momentum (pr):

Lepton transverse momentum distribution is peaked in soft lepton region. Thus we
have selected final state leptons with 7 GeV < pr < 20 GeV

3. Dilepton invariant mass (my):

As explained earlier, m; should lie outside the Z mass window, 75 GeV £ my £
105 GeV

The production cross section for the four benchmark points from MadGraph (o%,) is given
in Table 4.3. It is then rescaled (og,) using Ny, and Nieeq, as explain in subsection 4.1.2,
for 2, 3, and 4 lepton final state. We are skipping the single lepton final state analysis
as the background for that signal is huge as a lot of contributions come from other than
mentioned SM background processes, which makes the single lepton channel noisy. Ncs
is then calculated for 1000 fb~' luminosity by Nes; = oof x L.
rescaled production cross section for that particular final states with more number of leptons

ol here is the total

contributing to the signal containing fewer leptons. Table 4.3 and Table 4.4 show the effective
number of events for both SDFDM benchmark points and SM background.

Name || 03 (pb) | o3 (pb) | a4y (PD) | Negs (21) | Negs (31) | Nepy (4)
BP1 0.0675 0.0880 0.0090 255 13 <1
BP2 0.0281 0.0357 0.0036 289 23 <1
BP3 0.0023 0.0028 0.0003 7 <1 <1
BP4 0.1713 0.0810 0.0030 384 8 <1

Table 4.3: Effective number of events for multi-lepton final states. L = 1000 fb™*

Name _ Neff (2l> Neff (3[) Neff (4[)
pp — tt 48878 <1 <1
pp — WTW~— 62298 1005 <1
pp — L4 3923 140 <1
pp — WTW~-Z 33 <1 <1
Drell-Yan ~ 108 35168 8792

Table 4.4: SM background for multi-lepton final states. L = 1000 fb™*

The DM signal is completely shadowed by the strong SM background even for Luminosity
as high as 1000fb~!. The lack of large missing energies due to small AM can’t kill the most
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dominant channel of Drell-Yan processes. Also, since the Z boson is not produced on-shell
in Drell-Yan, it survives the dilepton invariant mass cut. The significance (Equation 4.8) of
signal for all benchmark points doesn’t reach the 5-sigma confidence (Figure 4.4) even for

Luminosity as high as 10°, which is nowhere near the future LHC plan.

BP1 BP2

- N
2 Lepton

( 2 Lepton
- iiciion 0001 - zicizun
-4 — 4 Lepton — 4 Lepton
10 -+ 50" Line J -+ 50 Line J
10 100 1000 104 10° 10 100 1000 104 10°
L] Llfo]
(a) BP1 (b) BP2
0 BP3 BP4
1 1
0.100} .
@ o 0-100¢
+ 0.010} 11+
@ ® 0.010}
< 0.001 13
1074 2 Lepton 0.001 2 Lepton
— 3 Lepton — 3 Lepton
10°8 — 4 Lepton 1074 — 4 Lepton
= 50 Line \-- 50 Line
10 100 1000 10* 105 10 100 1000 104 105
LI ] Ll
(c) BP3 (d) BP4

Figure 4.4: Significance plots for benchmark points

Although this model is difficult to detect in future collider search experiments via counting
the leptonic final state events, there is another way in which the signature of this model can
be tested at LHC. Since the ¥* — 1,1, 1; is heavily suppressed due to small sinf, the
decay of the charged particle is delayed. This can be seen a displaced charged vertex signal
in collider as the charged lepton travels for significant distance through the detector before

decaying. T, is the decay width of 1* decaying into lepton via three body decay, which is
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given by [61]

GZsin?0 . M, my

Lyt gy, =5 Mo (E» E) (4.9)
I(a,) —ixm, b)Fi(a, b) — 3Fy(a, b) + 3F3(a, b) (4.10)
Ma,b) =V1+ a* + b* — 2a% — 2b% — 2a2b? (4.11)

Fi(a,b) =1 —2a° + a® — 70" — 76" + b° + 10a*(—2 + b*) (4.12)
— 7a*(1 + %) + a®(—=7 + 126> — 7b*) + 2a(—1 + 5b* + 2b*)

Fy(a,b) =(—1+a —a® + a*) b*log 2a (4.13)
+ (—2a° + b* — ab* + a* (=2 + b*) — a®(2 — 4b* + b)) log 2a

Fs(a,b) = — (=14 a®)(1 — a + a*)b* log b*
—(2a° — b* + ab* — a*(—=2 4+ b*) + a(2 — 4b* + %)) (4.14)

x log (1 +a* — b* — Xa,b)) + (=1 4+ a®)(1 —a + a*)b*
x log (1 +a* — b* — A(a,b) + a*(—2 — b*> + A(a,b)))

where G is Fermi coupling constant, is used to measure displaced vertex signal. In order see
such signal in collider experiments, the decay length L = % must be of the order of detector
length (~ 1 — 10 c¢m) [53].

In Figure 4.5, we have shown the parameter space (green region), where such signal is
possible. The decay length of this region is of greater than a centimetre. The blue region in
the graph has spin independent cross section with nucleon (og;) comparable to neutrinos.
Such region can’t be probed in direct detection experiments due to tremendous noise from
atmospheric neutrinos colliding with nucleons. Comparing Figure 4.5a and Figure 4.5b in,
we can see that the decay width increases (and thus decay length decreases) for large mass
splitting leaving a smaller region of the parameter space accessible for displaced vertex signal.
Also, the future direct detection region and visible displaced vertex signal region are mutually

exclusively.
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Figure 4.5: sinf vs. M plots for fixed AM, AM =5 GeV (left) and AM = 10 GeV (right).
Red region indicates the bounds from PandaX experiments [23]. Blue region of the parameter
space has direct search cross section less than neutrino direct search cross sections. These
point will never be detected in direct search experiments. The green points can be seen as
displaced charged vertex in the LHC experiments (I'"' > lcm). Yellow points satisfy the

relic density constraint (0.1133 < QA2 < 0.1189)[13].
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Chapter 5

Conclusions and Outlook

We have analyzed the parameter space of vector-like singlet doublet fermionic dark matter
(SDFDM) model in the light of relic density criteria, recent direct detection experiments
and possible collider search at LHC. Significant region of the parameter space is still allowed
even after putting former two constraints (Figure 3.10). Among the leftover parameter space,
we analyzed four benchmark points (Table 4.1) fairly spread over all three parameters for
collider search signal of multi-lepton final states consisting 2, 3, and 4 leptons. Vector-
like SDEFDM model detection for mentioned final state requires extremely high luminosity
(~ 10% fb™") to achieve 50 significance as the SM background for the same final states is
extremely high and can’t be cut down due to the absence of large missing energies in DM
signal (Figure B.1). Since the proposed future LHC runs can go upto luminosity 3000 fb™*
[52], the signatures of this model are nearly impossible to see at LHC. Instead, a significant
region of parameter space is accessible in LHC experiments for displaced vertex signal of
charged lepton (Figure 4.5) and is exclusively separated from the upper limit of future direct

detection experiments constrained by neutrino noise.

In the future aspects of this work, we propose to analyze the same event signal at LHC
with an extension of SM scalar triplet to the vector-like SDFDM model [62]. Such addi-
tion of scalar triplet introduces a majorana mass splitting to the neutral particles 1y, g
(Appendix C) . This changes their interaction with Z boson shown in Equation 2.16 by
introducing a particle splitting. Thus, such model becomes extremely difficult to observe

in direct detection experiments as the DM, which is the low mass component among the

38



split v1, has to change to heavier particle after collision with nucleons via Z interaction. It
decreases the og; significantly allowing the parameter space to become accessible even for
large sin 6. Since, the splitting can be tuned to be very small, it doesn’t affect the thermal
evolution of the particle leaving no change in the relic density criteria. But importantly, no
restriction on mixing angle allows us to explore the parameter space beyond co-annihilation
region while still satisfying the relic density. Access to large sin § and AM allows the charged
leptons to decay via two body decay, thus giving large missing transverse energy signals as
discussed in section 4.3. Putting a large missing energy cut on event selection will reduce
the SM background while keeping the new physics signal significant. We propose to ana-
lyze this extended model under the mentioned event selection to see whether its signals are

significantly visible for luminosity proposed in future LHC runs.
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Appendix A

Weinberg-Salam Model

This chapter reviews the electroweak interaction theory in SM and is heavily based upon
[43, ch. 15]

A.1 Electroweak Theory

The idea of gauge theory came from Quantum Electrodynamics (QED). The Lagrangian of

a fermion interacting with each other via electromagnetic force is given by
- = = 1.
Lorp = Wy 0,00 — myp) + ey A ) — ZF“ Fl, F,,=0,A,—0,A, (A.1)

First, note that in the electromagnetic Lagrangian, the last term is invariant under a gauge

transformation

A, — A+ éf)u)\(x) (A.2)

where lambda is an arbitrary scalar function of space-time. This means the electrodynamics
should always remain invariant under the gauge transformation of vector field A,. But the
third term in (A.1) shifts such that there is an additional derivative term similar to the first
kinetic term. To keep the Lagrangian invariant under such gauge transformation we must

transform 1 and modify the Lagrangian so that this additional term is absorbed. This can
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be done by transforming the fermion field simultaneously as

U(x) = P p(x)  Pla) = e DY(x) (A.3)
so that

But(w) = AN D(w) + XD, () (A1)

The first term here can be used to cancel out the additional term that bothered us. We can

do this by rewriting (A.1) as

- . - 1.
Logp = 1wWy*(0, — ieA, )Y — myp) — ZF“ F. (A.5)
If we redefine the derivative term as
D, =0, —ieA, (A.6)

then it transforms under the gauge transformation similar to (A.3) making the kinetic term

invariant.

D) — 2@ D () (A7)

If one thinks in the opposite way and starts from demanding that local phase transformation
of fermion field to be the symmetry of Lagrangian, i.e. (A.3), which is a U(1) gauge theory,
then entire QED emerges out of it as one needs to introduce a vector field A, and its kinetic

term.

This was in fact the basic motivation behind explaining all forces by gauge theories. The
generalization of this mechanism to weak force introduces another gauge symmetry SU(2).
The covariant derivative term for this unified SUL(2) ® Uy (1) is then given by

a Y
D, =0, + zg%wg +ig 5B (A.8)

where W are the generators of SUL(2) with transformation

I

1
Wi — Wi — an(g;) — e\ ()W e (A.9)

and B* is the generator of Uy (1). Since the SU(2) group is non-abelian, the generators don’t

commute and it has an important consequence, the kinetic term of gauge bosons is changed
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to accommodate the non-commuting part as

1
Lsve = =7 Wy - W Wi, = 0, W) = 0,W — ge™ W, W) (A.10)

Also, note that the parity violation in weak force prevents us to write explicit fermion

mass term ¢y as mentioned in §2.1.

A.2 Spontaneous Symmetry Breaking and Particle Masses

To solve the problem of massless fermions and gauge bosons, we introduce complex scalar field
+

with hypercharge Y =1, H = > , which is doublet under SU(2). The renormalizable

HO

Lagrangian for such field is given by
L= (D'H)(D,H) — p*H'H — \(HTH)? (A.11)

For p? < 0 this potential has a nonzero ground state. By choosing the vacuum expectation

value as (H) =

Sl-

v

0
( ) and expanding the field about it as

1 0
H— E <U N h> (A.12)

where h is the scalar field expanded about the vacuum. With this we explicitly rewrite the
(A.11) by using (A.8) with Y = 1 and keep the terms without A which are two particle

terms.

2
a 1 1 W3+ ¢B Wl —iw? 0
(z’g%Wﬁz’g’—Bu) H| = (9 Wt 9By g(W, —i #)> ()

2

2 g(W; + ZWi) —ng’ +¢'B, v

1 1
= PP + (V2] + 029/ By — gWE) (g B — g™

1 2 3 1 o5, s g —gq'\ (W3
= (51)9) WJW m gU (WuyBﬂ) (_gg/ g,g B
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where W* = (W, ¥ iW?)/ V2. The first term in the last line gives the mass of charged
vector boson as My, = gv/2 while the second term is not diagonalized in the mass basis.
The eigenvalues of the matrix are M4 = 0 and M, = %v\/ g% + ¢’?, which are the masses of

photon and Z boson respectively, with eigenstates

A, = cos Oy B, + sin QWWj’ (A.13)
Z,, = —sin by By, + cos Oy W} (A.14)
tan Oy, = 2/ (A.15)

The masses of fermions are also generated in the similar manner. The Higgs field being a

SUL(2) doublet, interacts with the fermions via Yukawa interaction given by

. (HT o [ e
Lyukawa = —Ge | (e €)r | | er+er(H , H") (A.16)
H e
L
Since the eg is singlet under SUL(2), it remains invariant under but the first two doublets
transform such that they nullify each others effects and remain invariant. Again expanding
(A.16) with (A.12) and neglecting the terms with A,

e Ge _
Ly ukawa—Mass = _ﬂv(éLeR + éReL) = _\/ivee (A17)

which is the mass term for electron with m, = %v. There is a slight difference for giving

mass to quark sector as there we need to give mass to both the components of doublet,
unlike leptons. For that we will use the fact that H = iooH* transforms similar to H under
SUL(2). With this we will write the Yukawa interaction with quarks and expand it using
(A.12)

B H+ _ — HO
Ly ukawa = —Ga(u,d)p, o dr — Gy(u,d)r . ug + hermitian conjugate (A.18)

= —mydd — mytu .... keeping only the mass terms (A.19)
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A.3 The Final Lagrangian

As explained above, the electroweak theory with additional scalar doublet along with SSB
mechanism explains particle masses and gives correct interactions. It is thus useful to sum-

marize the final Lagrangian as we have used it for constructing DM in BSM scenario.

1 1
L=—-1-W,  -WH —_pB, B"Y Kinetic terms for vector bosons (A.20)
4 4
_ a Y
+ LM ((% + ig%W[j + ig'EB”> L Kinetic term for left handed fermions (A.21)
- ,LL . /Y “ . . . .
+ iRy O, +ig §B R Kinetic term for right handed fermions (A.22)
a 1 2
(ig%W/‘j -+ ig'§B“> H Kinetic term for Higgs field (A.23)
—PH'H — \N(HTH)? Higgs potential (A.24)
— (GiLHR + G,HR + h.c) Lepton and quark couplings to Higgs  (A.25)
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Appendix B

Additional Data

B.1 MicrOMEGA output of BP1

Dark matter candidate is ’“psil’ with spin=1/2 mass=1.11E+02

=== MASSES OF HIGGS AND 0ODD PARTICLES: ===
Higgs masses and widths
h  125.00 3.91E-03

Masses of odd sector Particles:
“psi : MDM = 111.0 || “psi : Mpsic

120.0 || “psi : Mpsi2 = 120.0

==== (Calculation of relic density =====

Xf=2.63e+01 Omega=1.15e-01

# Channels which contribute to 1/(omega) more than 1%.
# Relative contributions in % are displayed

15% “psi2 “PSI+ ->D u

15% “psi2 “PSI+ ->S c

5% “psi2 “PSI+ ->E ne
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5% “psi2
5% “psi2
5% “psi2
3% “psi2
3% “psi-
3% “psi2
3% “psi2
3% “psi2
2% “psi-
2% “psi-
2% “psi2
2% “psi2
2% “psi2
2% “psi2
2% “psi-
2% “psi-
2% “psi-
1% “psi2
1% “psi2
1% “psi2
1% “psi2
1% “psi2
1% “psi-
1% “psi-
1% “psi-

“PSI+ ->M nm
“PSI+ ->L nl
“PSI+ ->B t
“PSI+ ->Z W+
"PSI+ —>W+ W-
“PSI2 ->d D
"PSI2 ->s S
“"PSI2 ->b B
"PSI+ >u U
"PSI+ ->c C
“PSI2 —>W+ W-
"PSI2 ->u U
“PSI2 ->c C
“PSI+ ->A W+
"PSI+ ->d
"PSI+ ->s
“PSI+ ->b
“PSI2 —>Z
“PSI2 ->ne Ne
“PSI2 ->nm Nm
“PSI2 ->nl N1
“PSI+ ->W+ h
"PSI+ ->e E
"PSI+ ->m M
“PSI+ ->1 L

N © »nn O

==== Calculation of CDM-nucleons amplitudes =====

CDM[antiCDM] -nucleon micrOMEGAs amplitudes for ~psil

proton:

neutron:

SI -4.177E-10 [4.134E-10] SD -1.175E-30 [1.175E-30]
SI 3.834E-09 [-3.838E-09] SD 4.291E-30 [-4.291E-30]

CDM[antiCDM] -nucleon cross sections[pb]:
proton SI 7.499E-11 [7.344E-11] SD 1.780E-51 [1.780E-51]
neutron SI 6.318E-09 [6.333E-09] SD 2.375E-50 [2.375E-50]
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B.2 Distributions for all benchmark points

2 Lepton Final State

Missing Transverse Energy

Missing Transverse Energy

I
IS

o
w

Normalized number of Events
o
N

— 2 lepton final state (BP1)
— ttbar

- W4+W-
-7z

- W+W-Z
§ Drell-Yan

o
'S

o
w

Normalized number of Events
o
N

— 2lepton final state (BP1)
— ttbar

— W4+W-

-7z

- W+W-Z

0.1 0.1
0.0 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
MET[GeV] MET[GeV]
(a) BP1 (b) BP2
Missing Transverse Energy Missing Transverse Energy
0.4 0.4

— ttbar

~ W+W-
A

- W+W-Z

o
w

Normalized number of Events
o
N

[ 2lepton final state (BP3) |

o
w

Normalized number of Events
o
N

— 2lepton final state (BP4)
— ttbar

— WHW-

-7z

- WHW-Z

0.1 0.1
0.0 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
MET[GeV] MET[GeV]
(c) BP3 (d) BP4

Figure B.1: Missing transverse energy (MET) distributions for all benchmark points
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Figure B.2: Lepton transverse momentum (pr) distributions for all benchmark points
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Dilepton Invariant Mass
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Figure B.3: Dilepton invariant mass (my;) distributions for all benchmark points
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Appendix C

Scalar Triplet Extension to SDFDM

model

A possible extension to the model can be thought with an additional scalar triplet [62]. This
will generate a splitting in the lightest DM fermion states and therefore kinematically forbid
the Z mediated interaction. This alternate version will have the freedom of choosing larger
mixing angle. Also, in this model the mass difference AM can be chosen freely, by adjusting
the scalar triplet mass accordingly, such that the chosen benchmark point lies within the

resonance region in relic density calculations.

Since the addition of the scalar triplet does not alter the phenomenology largely except
for the direct search restrictions, we can proceed to analyze the singlet-doublet fermionic
dark matter model without the scalar triplet in the context of collider search signal for the
benchmark point from the model extended with the scalar triplet. In Figure C.1, we have
shown the distributions for one such benchmark point (along with BP0) with M; = 65 GeV,
AM = 100 GeV and sinf) = 0.2, for opposite sign dilepton final state. Unlike minimal
model, the mediating vector bosons in these final states will be on-shell. Figure C.1b,
confirms with our argument of missing energy given earlier, as we can see the dominating

over SM background at large missing energies.
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