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CHAPTER 1

Introduction

1.1 The Standard Model

The standard model of particle physics, developed in the late 60’s/ early 70’s and
based on the well known gauge symmetry SU(3)c x SU(2) xU(1)y, contains our best
formulation to date understanding the observed classification of elementary particles
and their interactions. In the Standard model, all matter consist of a finite irreducible
set of spin-1/2 particles denoted as fermions which interact via the exchange of integral
spin bosons. The bosons in the theory act as force carriers for the electro-weak and
strong nuclear forces. The fermions are subdivided into classifications of leptons and

quarks based on their electric charge and ability to interact with strong nuclear force.

Leptons Quarks
et u,ct
v, Vi, V, d s, b

w 't

Higgs Boson

Figure 1.1: Elementary particle structure in The Standard Model



There are three flavors of leptons forming a progressive mass hierarchy in a doublet
arranged structure and consist of integral or zero electric charge (defined in units of
the charge of the electron). Each charged lepton is also associated with a neutral

particle denoted as a neutrino.

(1.1)

The neutrinos are taken to be massless in the Standard Model, grouped into three
generations corresponding to their associated leptons. Within the standard model
there exists no mechanism which in a direct fashion provides for horizontal mixing
between the lepton families; as a result members of each family are assigned a quantum
number L, corresponding to the lepton flavor of the particle.

The leptons do not experience a direct interaction with the strong color force. All
lepton interactions occur through electro-weak interaction couplings and as such are
a sensitive probe into the structure of the weak currents. All matter interactions can
be broken down into a finite system of fundamental particles interacting with a set
of four fundamental forces.

In contrast to leptons, quarks are distinguished by their interactions via the strong
color force and their fractional electric charge. Strong force binding and confinement
lead quarks to form the fundamental substructure for all hadronic matter, either in
the form of a color neutral three quark bound states that form the common baryons
such as the proton and neutron, or in quark-antiquark bound state mesons such as
the m, K,n, and p. Free quarks are not accessible due to the requirements of color
neutrality and strong force confinement at low energies. Similar to the leptons there
exists a generational hierarchy of distinct quark flavor doublets based on the masses
of each quark and their associated quantum properties. Each generation consists of
two quarks each with fractional electric charges equal to —% and % X the charge

magnitude of the electron. There are three quark generations we label as up, down,



Lepton Mass Charge | L L, L-

e~ 0.51 MeV —1le 1 0 0
W 105.65 MeV —1le 0 1 0
T 1777.03 MeV —le 0 O 1

Ve <3eV 0 1 0 0
v, | <019MeV | 0 |0 1 0
v, | <182MeV | 0 |0 0 1

Table 1.1: Lepton Properties

Quark Mass Charge | B number | L number
u 1.8 — 3 MeV/c? 2e 3 0
d | 45-53MeV/c® | —le ' 0
c 1.25 — 1.3 GeV/c? 2e 3 0
s 90 — 100 MeV/c® | —le 1 0
t ~ 174 GeV/c? Ze : 0
b | 4.15-421 GeV/c? | —le ' 0

Table 1.2: Quark Properties

charm, strange, top, bottom. They are arranged in flavor doublets as:

U c t
(1.2)

d s b

As with the leptons, each quark flavor has a corresponding anti-particle state leading
to a total of 36 distinct particles. These quarks have strong, weak, and electro-
magnetic interactions. The various properties like mass, charge for the leptons and

the quarks are listed in Tables 1.1 and 1.2 respectively.



The non-abelian gauge symmetry for the Standard Model is known to be SU(3)¢ X
SU(2)r x U(1)y. For Standard Model, SU(3) is unbroken and has eight massless
gluons. The remaining group SU(2)., x U(1)y spontaneously breaks down to U(1)gnm
producing three massive gauge bosons W= and Z. From the leftover U(1) gy, we get
a massless gauge boson known as photon.

Apart from these quarks and leptons and the gauge bosons, the theory also contains
a fundamental particle called the Higgs Boson. Over the years, the Standard Model
has successfully explained almost all experimental results and precisely predicted a
wide variety of phenomena to be discovered later, one example of which will be the
existence of top quark, which was discovered at the Fermilab Tevatron. In July
2012, a new boson with a mass of 125 GeV has been discovered at the Large Hadron
Collider(LHC) in CERN, Geneva. The experimental study of its properties, so far,
shows it is most likely to be the Standard Model Higgs Boson. This discovery seems
to complete the validation of the Standard Model as all of the predicted particles and
interactions in Standard Model have now been observed experimentally.

The Lagrangian based on the most general gauge theory SU(3)c x SU(2), x U(1)y

can be written as
L=Ly+ L+ L+ L,

where L;, contains the gauge boson kinetic terms, Ly contains the fermionic kinetic
terms, Ly contains the scalar mass terms, kinetic energy terms as well as the self
interactions and L, contains interactions between the fermions and the scalars. To
summarize the standard (Weinberg-Salam) model, we gather together all the ingre-

dients of the Lagrangian. The complete Lagrangian is explicitly given by:



L= —IW,,  -WH —1B,, B

+LAy* (z'@u — g%T W, — g’%BH) L
+Ry* (i0, — ¢ ¥ B,) R

+ (i, — gi7- W, — ¢¥B,) 6° = V(9)

—(G1L¢R + Gy L¢.R + hermitian conjugate).

where W, B,,, are the gauge bosons field strength tensors and the constants g, g’,
(G and G4 are respectively the weak and yukawa coupling constants. Here L denotes a
left-handed fermion (lepton or quark) doublet, and R denotes a right-handed fermion

singlet. The scalar doublet ¢ which breaks the SU(2), x U(1)y symmetry is written
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1.2 Limitations of the Standard Model

The Standard Model (SM) of particle physics has been remarkably successful. How-
ever there are several reasons why it is widely believed that while working well in
the low energy regimes which have been investigated to date, the Standard Model
does not present the full picture. There are also several evidences and hints that
seem to suggest the presence of new physics Beyond the Standard Model (BSM). It is
the belief that there is physics Beyond the Standard Model (BSM) which motivates
the continuation of large scale particle physics experiments, most notably the Large
Hadron Collider (LHC) at CERN which is colliding protons with a center-of-mass
energy of 8 and 13 TeV respectively.

The issues with the Standard Model can be roughly divided into two classes: experi-
mental discrepancies and theoretical considerations that does not allow us to accept
the Standard Model as the ultimate theory. The work in this thesis will address some
of these issues but by no means all that are presented below.

Standard Model can not explain the experimental discoveries such as non-zero neu-
trino masses, existence of dark matter and dark energy, strong CP problem, baryon
asymmetry in the Universe to name a few in its original framework. On the other
hand, there are theoretical drawbacks such as, the higgs mass being in the electroweak
scale, parity violation, gauge coupling unification, quantization of the electric charges,
mass hierarchy of the elementary particles, flavor problem, quantum gravity etc which
cannot be accommodated in the Standard Model itself. Some of these issues are dis-
cussed in detail in the following sections:

Neutrino masses: In the Standard Model, neutrinos have exactly zero mass. This
is a consequence of the Standard Model containing only left-handed neutrinos. With
no suitable right-handed partner, it is impossible to add a renormalizable mass term
to the Standard Model. Measurements of neutrino oscillations however indicate that

neutrinos spontaneously change flavor, which implies that neutrinos have non-zero



masses. These measurements only give the mass difference squares of the different fla-
vors. The best constraint on the absolute mass of the neutrinos comes from precision
measurements of tritium decay, providing an upper limit 2 eV electron anti-neutrinos,
which makes them at least seven orders of magnitude lighter than the electron in the
Standard Model. This necessitates an extension of the Standard Model, which not
only needs to explain how neutrinos get their mass, but also why the mass is so small.
Existence of dark matter and dark energy: Cosmological observations tell us
that the Standard Model explains only about 5% of the energy present in the uni-
verse. About 26% is the dark matter, which would behave just like other matter, but
only interacts weakly (or does not) with the Standard Model fields. Yet, the Stan-
dard Model does not supply any fundamental particles that are good dark matter
candidates. The rest (69%) should be dark energy, a constant energy density for the
vacuum and Standard Model does not include it also.

Strong CP problem: The Standard Model should contain a term that breaks CP
symmetry relating matter to antimatter, in the strong interaction sector. Experimen-
tally, however, no such violation has been found, implying that the coefficient of this
term is very close to zero. This fine tuning is also considered unnatural.
Matter-antimatter asymmetry: The universe is made out of mostly matter. How-
ever, the Standard Model predicts that matter and antimatter should have been cre-
ated in (almost) equal amounts if the initial conditions of the universe did not involve
disproportionate matter relative to antimatter. Yet, no mechanism sufficient to ex-
plain this asymmetry exists in the Standard Model.

Hierarchy problem: The Standard Model introduces particle masses through spon-
taneous symmetry breaking caused by the Higgs field. Within the Standard Model,
the mass of the Higgs gets some very large quantum corrections. These corrections
are of the order of Planck’s scale which is seventeen orders larger than the actual mass

of the Higgs. This means that the bare mass parameter of the Higgs in the Standard



Model must be fine tuned in such a way that almost completely cancels the quantum
corrections. This level of fine-tuning is deemed unnatural by many theorists.There
are also issues of Quantum triviality, which suggests that it may not be possible to
create a consistent quantum field theory involving elementary scalar particles.
Coupling unification: If the strong and electroweak forces are to unify into a single
gauge theory at a high energy scale then the gauge couplings must also unify. The
particle content of a model determines how the couplings run with energy. The Stan-
dard model contains a semi-simple group in which the three gauge couplings almost
unify at a scale of about 106 GeV if suitable new set of particles are added, although
this unification isnt quite exact. This can be seen as a motivation for a theory with a
larger group with additional particle content or new physics containing the Standard
model as a subgroup which will modify the running of the couplings to make the
unification more exact.

Gravity: A complete model for particle physics would be expected to describe all the
fundamental forces between particles, electroweak, strong and gravitational. However
the Standard Model does not include any gravitational force, and hence cannot be the
full fundamental model. At energy scales of order the Planck mass Mp, a theory of
quantum gravitation will be required to describe the interactions between particles.
This shows that the Standard Model will need to be replaced by an alternative theory
at very high energy scales, and it is reasonable to expect that a more complete model
than the Standard Model might be required even at energy scales only moderately

higher than those which have already been investigated in detail.



1.3 Extensions of the Standard Model

The work done in this thesis tries to address some of the limitations of the Standard
Model. Theoretical progress towards these questions has been made basically along
three directions:

(i) The first direction is enlarging the Standard Model gauge symmetry to a grand
unified symmetry such as SU(5), SO(10) or some other extensions like the Left-Right
symmetry. This explains the charge quantization and unification of the couplings,
but there is no sign of proton decay so far. Work done in the chapters 2, 3, 5 in this
thesis present some models in this direction.

(ii) In the second direction, the bosonic symmetry can be enlarged to fermi-bose
symmetry, example is supersymmetry. This approach solves hierarchy problem, in-
corporates the unification of the three gauge couplings, and has good candidate for
dark matter. But there is also no sign of superpartners at the Large Hadron Collider
(LHC) yet. Work done in the chapter 4 in this thesis presents models in this direction.
(iii) The third direction is increasing the number of spatial dimensions, an example
of this is the extra dimensions theories. Gravity can also be included into the mix as
in the examples of supergravity and string theory. Experimentally, we have not seen
any sign of Kaluza-Klein excitations so far in the Colliders.

Some other interesting avenues that can be persued includes explaining the non-zero
neutrino masses and mixing. Work done in the chapter 6 presents some models in
this neutrino sector.

Another important sector is cosmological model building which has been investigated
in Chapter 7 in this thesis. Some aspects of these kind of models is the presence
of dark matter candidates and description of their cosmological history. This the-
sis presents the completed works in this framework of “Beyond the Standard Model
Physics” which reside in TeV scale and are thus testable at Colliders like the Large
Hadron Collider (LHC) and the proposed International Linear Collider (ILC).



CHAPTER 2

Top SU(5) Model: Baryon and Lepton Number Violating Resonances at
the LHC

2.1 Introduction

The Standard Model (SM), based on the local gauge symmetry SU(3)c x SU(2)L x
U(1)y, is very successful in describing all the experimental results below the TeV scale.
It is an excellent effective field theory, but it is widely believed not to be the final
theory. Discovery of new particles is highly anticipated at the Large Hadron Collider
(LHC). The most likely and reasonably well motivated candidates are supersymmetric
particles, and extra Z' boson. However, it is important to explore other alternatives
or entirely new possibilities at the current and future LHC.

In the SM, we have fermions (spin 1/2) and scalars (Higgs fields)(spin 0) which
do not belong to adjoint representations under the SM gauge symmetry. Can we also
have TeV scale gauge bosons (spin 1) belonging to the non-adjoint representations
under the SM gauge symmetry? Can we achieve the (partial) grand unified theory at
the TeV scale? Can we construct a renormalizable theory realizing such a possibility
which can be tested at the LHC? These are very interesting theoretical questions that
we shall address in this work. Discovery of such gauge bosons in the TeV scale at the
LHC will open up a new window for our understanding of the fundamental theory
describing the nature.

How can we construct a consistent theory involving the massive vector bosons
which do not belong to the adjoint representations under the SM gauge symmetry?

If the massive vector bosons are not the gauge bosons of a symmetry group, there are
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some theoretical problems from the consistency of quantum field theory, for instance,
the unitarity and renormalizability [1]. When the gauge symmetry is spontaneously
broken via the Higgs mechanism, the interactions of the massive gauge bosons satisfy
both the unitarity and the renormalizability of the theory [2,3]. Thus, the massive
vector bosons must be the gauge bosons arising from the spontaneous gauge symmetry
breaking. As we know, a lot of models with extra TeV scale gauge bosons have been
proposed previously in the literature. However, those massive gauge bosons either
belong to the adjoint representations or are singlets under the SM gauge symmetry [4—
11]. For example, in the top color model [4-6], the colorons belong to the adjoint
representation of the SU(3)¢; in the top flavor model [7,8], the extra W’ and Z’ bosons
belong to the adjoint representation of the SU(2)y, while in the U(1)" model [9] or top
hypercharge model [10], the new Z’ boson is a singlet under the SM gauge symmetry.
In the Grand Unified Theories such as SU(5) and SO(10) [2,12], there are such kind
of massive gauge bosons. However, their masses have to be around the unification
scale ~ 1016 GeV to satisfy the proton decay constraints.

Some years ago, TL and SN had proposed a class of models where the gauge
symmetry is G = [[, G; x SU(3) x SU(2)}, x U(1)y [14]. The quantum numbers of
the SM fermions and Higgs fields under the SU(3), x SU(2)", x U (1)} gauge symmetry
are the same as they have under the SM gauge symmetry SU(3)c x SU(2), x U(1)y,
while they are all singlets under [], G;. Hence [], G; is the hidden gauge symmetry.
After the gauge symmetry G is spontaneously broken down to the SM gauge symmetry
at the TeV scale via Higgs mechanism, some of the massive gauge bosons from the ¢
breaking do not belong to the adjoint representations under the SM gauge symmetry.
In particular, a concrete SU(5) x SU(3)y x SU(2); x U(1)} has been studied in
detail. However, the corresponding (X,,,Y),) massive gauge bosons are meta-stable
and behave like the stable heavy quarks and anti-quarks at the LHC [14]. Thus, an

interesting question is whether we can construct the SU(5) x SU(3), x SU(2)} %
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U(1)}, models where the (X,,Y},) gauge bosons can decay and produce interesting
signals at the LHC. By the way, the six-dimensional orbifold non-supersymmetric
and supersymmetric SU(5) and SU(6) models with low energy gauge unification
have been constructed previously [15-17]. However, there is no direct interactions
between the (X,,Y,) particles and the SM fermions.

As pointed out above, the top color model [4-6], top flavor model [7,8], and top
hypercharge model [10] have been constructed before. Because of the proton decay
problem and quark CKM mixings, etc, the real challenging question is whether we
can construct the top SU(5) model as the unification of these models. Consequently,
we can explain the charge quantization for the third family, and probe the baryon
and lepton number violating interactions involving the third family at the LHC. Such
a model was proposed by us recently [18], and its implications for LHC was briefly
explored.

In this work, we propose two such models: the minimal and the renormalizable top
SU(5) model where the SU(5) x SU(3),, x SU(2); x U(1)} gauge symmetry is broken
down to the SM gauge symmetry via the bifundamental Higgs fields at low energy.
The first two families of the SM fermions are charged under SU(3),, x SU(2);, xU(1)}
while the third family is charged under SU(5). In the minimal top SU(5) model,
we show that the quark CKM mixing matrix can be generated via dimension-five
operators, and the proton decay problem can be solved by fine-tuning the coefficients
of the higher dimensional operators at the order of 10~%. In the renormalizable top
SU(5) model, we can explain the quark CKM mixing matrix by introducing vector-
like particles, and we do not have proton decay problem. In these models, the non-
unification of the three SM couplings are remedied, because three SM couplings g3,
g2, g1 are now combinations of (g5, 93), (95, 95),(g5, ¢1), and need not be unified. Since
the models have baryon and lepton number violating interactions, it might be useful

in generating the baryon asymmetry of the Universe. In our models, since the third
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family quark lepton unification is at the TeV scale, we can probe the new (X, Y),)
gauge bosons at the LHC through their decays to the third family of the SM fermions.

This chapter is organized as follows. In section 2.2, we discuss the two models and
their formalism. In section 2.3, we discuss in detail the phenomenological implications
of the models. These include the productions and decays of the X and Y gauge bosons
at the LHC energies of 7, 8 and 14 TeV, their decay modes, and the signals for the
final states. We also discuss the LHC reach for the masses of these particle for various

LHC energies and luminosities. Section 2.4 contains the summary and conclusions.

2.2 The Minimal and Renormalizable Top SU(5) Models

We propose two non-supersymmetric top SU(5) models where the gauge symmetry
is SU(5) x SU(3) x SU(2);, x U(1)y. The first two families of the SM fermions
are charged under SU(3)y, x SU(2)}, x U(1)} while the third family is charged under
SU(5). We denote the gauge fields for SU(5) and SU(3), x SU(2);, x U(1)}y as
ﬁu and Zm respectively, and the gauge couplings for SU(5), SU(3)p, SU(2); and
U(1)} are gs, g5, g5 and ¢4, respectively. The Lie algebra indices for the generators
of SU(3), SU(2) and U(1) are denoted by a3, a2 and al, respectively, and the Lie
algebra indices for the generators of SU(5)/(SU(3) x SU(2) x U(1)) are denoted by
a. After the SU(5) x SU(3) x SU(2)}, x U(1)} gauge symmetry is broken down to
the SM gauge symmetry SU(3)¢ x SU(2)r x U(1)y, we denote the massless gauge
fields for the SM gauge symmetry as Azi, and the massive gauge fields as Bl‘f and jz
The gauge couplings for the SM gauge symmetry SU(3)c, SU(2), and U(1)y are gs,
go and gy, respectively.

To break the SU(5) x SU(3) x SU(2);, x U(1)} gauge symmetry down to the SM
gauge symmetry, we introduce two bifundamental Higgs fields Uy and Up [14]. Let us
explain our convention. We denote the first two family quark doublets, right-handed

up-type quarks, right-handed down-type quarks, lepton doublets, right-handed neu-
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trinos, right-handed charged leptons, and the corresponding Higgs field respectively
as @, US, DS, L;, Nf, Ef, and H, as in the supersymmetric SM convention. We
denote the third family SM fermions as Fy, f;, and N§. To give the masses to the
third family of the SM fermions, we introduce a SU(5) anti-fundamental Higgs field
¢ = (H, H'). We also need to introduce a scalar field X7 if we require that the
triplet Higgs H/ have mass around the SU(5) x SU(3), x SU(2)} x U(1)}, gauge
symmetry breaking scale. However, it is not necessary, and we will explain it in the
following. In addition, note that the neutrino PMNS mixings can be generated via
the right-handed neutrino Majorana mass mixings. we propose two top SU(5) models
which can generate the mass for the possible pseudo-Nambu-Goldston boson (PNGB)
¢ during the gauge symmetry breaking and generate the quark CKM mixings. In the
minimal top SU(5) model, we consider the dimension-five non-renormalizable opera-
tors and fine-tune some coefficients of the higher dimensional operators at the order
10~* to suppress the proton decay. In the renormalizable top SU(5) model, we in-
troduce the additional vector-like particles. To give the PNGB mass, we introduce
a scalar field XU in the SU(5) anti-symmetric representation. And to generate the
quark CKM mixings while not to introduce the proton decay problem, we intro-
duce the vector-like fermionic particles (X f, X f¢) and (XD, X D¢). Note that the
SU3) x SU(2), x U(1)}y gauge symmetry can be formally embedded into a global
SU(5)" symmetry, and to do that, we introduce the vector-like particles (XL, X L°)
as well. The complete particle content and the particle quantum numbers under
SU(5) x SU(3)p x SU(2), x U(1)y gauge symmetry are given in Table 2.1.

To give the vacuum expectation values (VEVs) to the bifundamental Higgs fields

Ur and Up, we consider the following Higgs potential

V. = —mi|UZ| — mp|UB| + Ar|UZ ] + Ap|Up 1> + Arp|UZ|| U
4 AT¢>UTXTT+AD®UDHT+‘U]\ZD

*

UiUL +H.C.| (2.1)
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Particles | Quantum Numbers || Particles | Quantum Numbers
Q; (1;3,2,1/6) L; (1;1,2,-1/2)
U¢ (1;3,1,-2/3) N¢ (1;1,1,0)
D¢ (1;3,1,1/3) E¢ (1;1,1,1)
Fy (10;1,1,0) fa (5;1,1,0)
H (1;1,2,-1/2) P (5;1,1,0)
Ur (5;3,1,1/3) Up (5;1,2,—-1/2)
XT (1;3,1,1/3) XU (10;1,1,-1)
Xf (5;1,1,0) Xf (5;1,1,0)
XD (1;3,1,-1/3) XD (1;3,1,1/3)
XL (1;1,2,-1/2) XL (1;1,2,1/2)

Table 2.1: The complete particle content and the particle quantum numbers under
SU(5) x SU(3)p x SU(2); x U(1)}, gauge symmetry in the top SU(5) model. Here,
1=1, 2,and k=1, 2, 3.

where M, is a normalization mass scale.

A few remarks are in order. First, with X7 particle, the Higgs triplet H7. will have
mass around the SU(5) x SU(3)y x SU(2)}, x U(1)}, gauge symmetry breaking scale,
as given by the above Ap term. However, it is still fine even if we do not introduce
the XT field. Let us explain it in detail. In our models, we have two Higgs doublets
H and H’, which give the masses to the first two families and the third family of the
SM fermions, respectively. Thus, H/. will have mass around a few hundred GeV, and
it has interesting decay channels via Yukawa couplings, which will be discussed in the
following.

Second, without the non-renormalizable yrp term, we have global symmetry
U(5) x SU(3)n x SU(2);, x U(1)} in the above potential, and then we will have
a PNGB ¢ during the SU(5) x SU(3), x SU(2), x U(1)}, gauge symmetry breaking.
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To break the U(5) global symmetry down to SU(5) and then give mass to ¢, we do
need this non-renormalizable term. Moreover, M, can be around the intermediate
scale, for example, 1000 TeV. If we assume that all the high-dimensional operators
are suppressed by the reduced Planck scale, i.e., M, = Mp|, we can generate the yrp

term by introducing the XU field. The relevant Lagrangian is
—L = (yrU}XU +ypp/Up XU + H.C.) + M3, |XUJ*, (2.2)

where the mass scales p/ and My will be assumed to be around 1000 TeV. After we

integrate out XU, we get the needed high-dimensional operator

We choose the following VEVs for the fields Uy and Up

I 0
<Ur >=vyp - , <Up>=wp e , (2.4)

02><3 [2><2

where I;; is the ¢ x ¢ identity matrix, and 0;,; is the ¢ x j matrix where all the entries
are zero. We assume that vp and vy are in the TeV range so that the massive gauge
bosons have TeV scale masses.

From the kinetic terms for the fields Ur and Up , we obtain the mass terms for

the gauge fields

1 no Aa 2 1 Aa Aa 2
S (DU DY = o (A - A7)+ ob (A5 - g3 A2)

i=T,D
/U2 /U2D Aa ~a 2
(5 7) (-

1 _ _
595 (v7 +0p) (X, +Y.Y) (2.5)

where gi = v/3g5/V/5, and we define the complex fields (X, Y,) with quantum
numbers (3, 2, 5/6) from the gauge fields A\Z, similar to that in the usual SU(5)

model [12].
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From the original gauge fields /Alff and /Tzl and from Eq. (2.5), we obtain the
massless gauge bosons Afj and the TeV scale massive gauge bosons Bzi (1=3,2,1)

which are in the adjoint representations of the SM gauge symmetry

A¥ cosf; sinb; Adi
"= N (2.6)
B/‘jz —sinf; cosb; AZ’
where ¢ = 3,2, 1, and
sinf; = S N— , sinf = (2.7)

95 + ())? v/ (98)

where j = 3,2. We also have the massive gauge bosons (X, Y,,) and (X, Y,) which
are not in the adjoint representations of the SM gauge symmetry. So, the SU(5) x
SU(3)p x SU(2);, x U(1)y gauge symmetry is broken down to the diagonal SM gauge
symmetry SU(3)¢ x SU(2) x U(1)y, and the theory is unitary and renormalizable.
The SM gauge couplings g; (j = 3,2) and gy are given by
l 1 1 i 1 1
p)

= 4+ — - 1 ,
g g @) g (6?2 (¢h)?

(2.8)

If the theory is perturbative, the upper and lower bounds on the gauge couplings

g5, 93, gp and gy are

g3 < g5 < VAT, g3 < gy < VAT, (2.9)
9392 (2.10)

G < gy < ———,
V95— 93
, V3g39y
gy < 9y < /-
V393 — 99y

Note that the gauge coupling g5 for SU(5) is naturally large at the TeV scale because

(2.11)

the beta function of SU(5) is negative, i.e., SU(5) is asymptotically free.

2.2.1 The Minimal Model

We consider the minimal model first, where we do not introduce any extra (“X”)

particles XT, XU, Xf, Xf, XD, XD, XL, and XL. So the Higgs triplet H’ will
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be a few hundred GeV. We introduce the non-renormalizable operators to generate
the quark CKM mixings. We also escape the proton decay problem by fine-tuning
some coefficients of the higher-dimensional operators.

The renormalizable SM fermion Yukawa couplings are

—L = yhUSQ;H +yy;NiL;H + yiDiQ;H + y§, E{L;H

s Fs @1 + y55 Fa f3® + yis Ni f5 @ + mig NENF + H.C. o (2.12)

where i/7 =1, 2, k/l =1, 2, 3, and H = iooH' with o5 the second Pauli matrix.
Because the three right-handed neutrinos can mix among themselves via the Majorana
masses, we can generate the observed neutrino masses and mixings. In addition,
we make a wrong prediction that the bottom Yukawa coupling is equal to the tau
Yukawa coupling at the low energy. We can easily avoid this problem by introducing
the high-dimensional Higgs field under SU(5), which is out of the scope of this paper.
In addition, the Yukawa terms between the triplet Higgs field H} in ® and the third
family of the SM fermions are ydst°b¢ Hb., ydsQsLsHb, and yikt*rHJ. So, we have
(B + L) violating interactions as well.

To generate the quark CKM mixings, we consider the higher-dimensional opera-

tors. The dimension-five operators are

1 - _
£ = — (vaDsFy@UL + ys BT, HU + 4 FaQiHU + i, Fy LU} ) + H(@.13)

And the dimension-six operators are

1 ~
L= M2 <y%UfF3HU}U]'B - yéngF?)HU}UE + y4 F3Q:9"UrUp

+yst F3Qi0UrUp) + H.C. . (2.14)

Interestingly, if we neglect the dimension-six operators in Eq. (2.14), we will gener-
ate the down-type quark mixings and charged lepton mixings via the dimension-five

operators in Eq. (2.13). Thus, the quark CKM mixing matrix can be realized via the
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down-type quark mixings. The proton decay is not a problem since there is no mixing
between the top quark and up quark. For example, if we assume that the Yukawa
couplings y% and yg; are order one and the VEVs of Ur and Up are about 1 TeV, we
get M, ~ 1000 TeV to generate the correct CKM mixings.

However, if we introduce the above dimension-six operators in Eq. (2.14), proton
decay can indeed arises due to the up-type quark mixings. For simplicity, we assume
that y% and y<, are order one, M, ~ 1000 TeV, and the other Yukawa couplings y5%,
Y5, Uis, ys; are very small and of the the same order. Noting that the dimension-six
proton decay operators have two up quarks, one down quark and one lepton, from the
current proton decay constraints, we obtain that the Yukawa couplings vy, vs;, Ui,
y¥ are about 1074 Because m./m; ~ 107°, our fine-tuning is one order smaller and
therefore is still acceptable. We would like to point out that the tau lepton decays to
electron and muon will be highly suppressed due to the very small y5; and y5; in the

minimal model.

2.2.2 The Renormalizable Model

In the renormalizable model, we assume that all the non-renormalizable operators are
suppressed by the reduced Planck scale. Thus, we need to introduce all the particles
in Table 2.1. However, there are two exceptions: (1) We do not have to introduce
the XT field since the triplet Higgs field H/. can have mass around a few hundred
GeV; (2) We do not have to introduce the vector-like particles (XL, X L) since the
neutrino masses and mixings can arise from the right-handed neutrino Majorana mass
mixings. Then both the tau lepton decays to electron/muon and the proton decays

to et will be highly suppressed.
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The relevant renormalizable operators for the SM fermions are

—L = FXfO+ NXfO'+XDQH+ EXLH+ X fXDUr
+/3XDUp + XDX fUS + DX fUL + XLX fUp + X Lf3Up
+XfXLUL + X fLUL + pxpsfsX f + puxpiDXD + puxp, X LL;

+Mx; XfXf+ MxpXDXD+ My, XLXL+H.C., (2.15)

where we neglect the Yukawa couplings for simplicity. We assume that the mass
terms Mxy, Mxp, and Mx, are around 1000 TeV, while the mass terms pux 3, fxpi,
and gy, are relatively small. This can be realized via rotations of the fields since
X f, XD and XL only couple to one linear combinations of X f/f;, XD/D$, XL/ L;,
respectively. Because the VEVs of Ur and Up are around 1 TeV, the mixing terms
from f;X DUy, DfoU}, XLf,Up, and XfLiUlT) are small and negligible.

For the dimension-five operators in Eq. (2.13), the y% term can be generated
from the above renormalizable operators DjX fU} and F3X f®, the Y5, term can
be generated from the above renormalizable operators ESXLH and XLf,Up, the
yd. term can be generated from the above renormalizable operators f; X DUr and
XDQ;H, and the 5, term can be generated from the above renormalizable operators
FsX f® and X fL;U},.

In addition, we can show that there are no up-type quark mixings after we inte-
grate out the vector-like particles. Let us explain the point. The SU(3)y x SU(2)},
U(1)} gauge symmetry can be formally embedded into a global SU(5)" symmetry.
Under SU(5)x SU(5)’, the bifundamental fields Uy and Up form (5, 5) representation,
the vector-like particles X f and X f respectively form (5,1) and (5,1) representa-
tions, and the vector-like particles (XD, X L) and (XD, X L) respectively form (1, 5)
and (1, 5) representations. Because all these fields are in the fundamental and /or anti-
fundamental representations of SU(5) and/or SU(5)’, we cannot create the Yukawa

interactions 10y 10}5 m or 10y 10}5 g for the up-type quarks after we integrate out the
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vector-like particles. Therefore, there is no proton decay problem.

2.3 Phenomenology and signals at the LHC

In this section we discuss the production mechanism for the exotic gauge bosons in
our model and focus on the X, and Y}, vector bosons predicted in our model. These
vector bosons carry both color and electroweak quantum numbers and behave as
leptoquarks as well as diquarks. As the gauge bosons have their origins in the gauge
group SU(5) which unifies only the third generation, as far as its coupling to fermions
is concerned, it couples only to the third generation quarks and leptons. However, it
interacts with the gluon as well as to all the other electroweak gauge bosons of the SM
which would help in producing these particles at collider experiments. As far as their
production at hadron colliders is concerned the dominant contributions would come
from the strongly interacting subprocesses and therefore one can neglect the sub-
dominant contributions coming from electroweak gauge boson exchanges. Note that
they will however be produced only through the exchange of electroweak gauge bosons
at electron positron colliders such as the International Linear Collider (ILC) [19] or
the CLIC [20], envisioned and proposed for the future. We restrict ourselves to the
study of these gauge boson at the currently operational LHC at CERN and therefore
only focus on the couplings of the X, and Y}, vector bosons with the gluons which
would be relevant for its production at the LHC. The general form of the interaction

can be derived from the Lagrangian given by [21]

1 . . . )
L=—_VIV+ MPVIVE —ig VITAVIGE (2.16)

9 kv i ij v

where V' = XY and T° are the SU(3). generators. The field strength tensors for the

exotic vector fields V}, and gluon G, are

Gl = 0,G% — 0,G% + 9o f™ GGl (2.17)
VI = DIV, — Dif Vi, (2.18)
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Figure 2.1: The tree level Feynman diagrams which contribute to the pair production
of the X, and Y, gauge bosons at the LHC, where both of them are denoted as V,.

The subprocesses that contribute are (a) g7 — V'V and (b) GG — VV.

and the covariant derivative is defined as

Dy = 9,6" —ig TG (2.19)

Using the above Lagrangian we derive the Feynman rules for the interactions of the
leptoquark gauge bosons V' = X,Y with the gluon fields. These interactions then
lead to the tree level Feynman diagrams as shown in Fig.(2.1) which contribute to

the pair production of these exotic particles at the LHC.

2.3.1 Calculation of cross sections

Using Feynman rules for the interaction vertices of the exotic gauge bosons with
gluons derived from Eq.(2.16) we can write down the full spin and color averaged
matrix amplitude square for the quark-antiquark annihilation subprocess ¢gg — V'V,

(where ¢ = u,d,c,s,band V = X,Y) as

4
—2 9s
M|, = o [—12M5 — s°t(s + t) + AM{ (s + 6t) + 2Mp s (25° + 3st + 2t7)

— My, (175% + 20st 4 12t%)]
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while for the gluon induced subprocess GG — V'V, it is given by

Mz - o | OM + 4s% + 9st + 9t2 — OME (s + 2t)
G&T T R (- MR (s 4t — MR

+75%% + 6st® + 3t* + My, (75 + 6st + 187) — AMP (s + 25°t + 3st® + 3t%)] .

[3M + 25" — 12Mt + 4s°t

Note that the Mandelstam variables s and t are defined in the parton frame of ref-
erence. The pair production cross section at the parton level is then easily obtained
using the above expressions. To obtain the production cross section we convolute
the parton level cross sections 6(¢;g; — VV) and 6(GG — VV) with the parton

distribution functions (PDF).
— 5 —
olpp > VV) = {Z/d$1 /dxg Fo(21, Q%) X Fy(w2,Q%) X 6(qiGi — VV)}
i=1

+ /dl’l /dl’g Fg(ZEl,QZ) X fg<l’2,Q2) X &(GG — VV),
(2.20)

where F,,, F, and F, represent the respective PDF’s for partons (quark, antiquark
and gluons) in the colliding protons, while @ is the factorization scale. In Fig.(2.2)
we plot the leading-order production cross section for the process pp — V'V at center
of mass energies of 7, 8 and 14 TeV as a function of the leptoquark mass My. We
set the factorization scale @) equal to My, and have used the CTEQ6L1 PDF [22]. As
seen from the plot, we find that the pair production cross section for both the X
and Y leptoquark gauge bosons are quite big for significantly large values of their
mass even at the 7 and 8 TeV runs of LHC. Thus one expects severe bounds on
such particle masses from experimental data. In an earlier work [18], we had studied
specific signals from the pair production of X, at LHC and put expected limits on its
mass. This work was also followed up by the CMS experimental group which placed
comparable limits on such leptoquark vector bosons [23] using collision data from the
7 TeV run of the LHC. We note that as both the X and Y leptoquark gauge bosons

have identical masses, any limits on one of them invariably leads to a similar limit
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Figure 2.2: The production cross sections for pp — V'V at the LHC as a function of
leptoquark mass My, at center-of-mass energies, Ecyy = 7,8 and 14 TeV. We have

chosen the scale as Q = My, the mass of the leptoquark.

on the other. Thus it is important to explore all possible signals that come from
the pair productions of these particles. In this work we extend our earlier study by
looking at the different signals from the pair productions of such particles at LHC
with center-of-mass energies of 8 TeV and 14 TeV. We note that at the 14 TeV run
of LHC the production cross section for the leptoquark gauge bosons is significantly

enhanced and would therefore improve the reach for such particle searches.

2.3.2 Calculation of decays of the X, and Y, gauge bosons

To study the possible signals for the leptoquark gauge bosons, we need to know their
decay properties. Since the third family of fermions is only charged under the gauge
group SU(5), these leptoquark gauge bosons which come from the SU(5) gauge fields
are only coupled to the third generation fermion fields. The interaction Lagrangian

of the leptoquark gauge bosons X, and Y, with the third generation fermions is given

24



by [24],

La — 95 ga [Z;Rafy“ﬁ{ + braY T + efﬂfi{y“tw]

V2

+%Yua [ = bra"V = tra¥ T + €5, brg) + H.C. (2.21)

Using the above interaction Lagrangian, we can calculate the explicit decay modes of
the leptoquark gauge bosons, where X, decays to a top quark pair (¢¢) or anti-bottom
quark + positively charged tau lepton (br") while Y, has three decay modes to anti-
bottom quark + a tau-neutrino (bv,), anti-top quark -+ positively charged tau (f77F)
or top quark + bottom quark (¢b). The partial decay width for each mode calculated

using Eq.(2.21) is then given by

20 2 Am?2 1/2
F@%ﬁ):%ﬁ@—%)c—mﬁ
X

2
_ M
D(X — brt) = 9512 X (2.22)
s

2 2\ 2 2
oy ) = S0 (1 20) (54 20

24w Mf/ Mf,
2
- M
DY — by,) = 52°Y
127
2 2\ 2 2
g5 My my my
Y —th) = 11— —+ 24+ —= 2.23
v =G (-5 ) (25 328

where g5 is the SU(5) gauge coupling and we have only kept the top quark mass
(m;) and neglected the other fermion masses. We plot the branching fractions of
the leptoquark gauge bosons as shown in Fig.(2.3). It is interesting to note that
while the X, decays dominantly to brT, it also has a substantial branching fraction
to a pair of same sign top quarks. For very large values of the mass My of the X,
when the mass of the top quark can be neglected, we find that % ~ 2. For
the Y, leptoquark gauge boson we find that for smaller values of its mass it has the

dominant decay fraction to by, while its decay to t7+ and tb are equal. But for My

quite large such that the top quark mass may be neglected, all Y, decay modes have
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the same branching probability of 1/3. With the knowledge of the decay modes of
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Figure 2.3: [llustrating the decay branching fractions of the leptoquark gauge bosons

(a) X, and (b)Y, as a function of their mass.

the leptoquark gauge bosons and the branching fractions for the decays we can now

analyze all the different final states that we expect from the pair production of these

leptoquarks at the LHC.
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2.3.3 Signals at the LHC

In Ref. [18] we studied the signals for the pair production of the X, leptoquark gauge
bosons and their subsequent decays into the dominant mode br* at LHC center of
mass energies of 7 TeV and 8 TeV. The final state signal was bbr*7~ with all the
four particles being detected in the respective flavor tagged mode. It was observed
that the signal stands out as resonances in the invariant mass distribution of the
7 lepton paired with the b jets against the continuum SM background, provided
all the four final state particles carried significant transverse momenta. Using this
signal a phenomenological prediction on the LHC reach was made on the mass of
the X, which has subsequently been estimated as 760 GeV at 95 % C.L. by the
CMS Collaboration [23] at LHC with 7 TeV center of mass energy. As our model
predicts another decay mode (to top quark pairs) for the X, gauge boson, where the
X, behaves as a diquark, carrying quantum numbers of two quarks, it is of extreme
importance to be able to highlight this characteristic which distinguishes this particle
from the usual leptoquark particles. Establishing the existence of both decay modes is
needed to show that these interactions are both baryon and lepton number violating.
It is also worth pointing out that a similarly massive Y), in the spectrum which couples
as strongly to the gluons as the X, will also be produced with similar rates and needs
to be studied in tandem with the production of the X, particles at the LHC.

We now consider all decay modes of both the X, and Y}, and discuss final states
which is then studied against the SM backgrounds. For the pair production process
of X, gauge bosons, where X — brt,tt we have the following different final states

given as
pp — XX — brtbr—, tthr—, br'tt, ttit. (2.24)

The top quark would further decay, either semileptonically or hadronically to give

multi-lepton and high jet multiplicity final states. For our purposes, if we assume
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that the top quarks could be reconstructed with some reasonable efficiency in either
modes, we can just focus on the above mentioned final state signal. Similarly for the

pair production of the Y, gauge bosons,
pp =YY
where Y — bu,, tr1, tb we get the following set of final states given as

pp — YY — bbEp, btr Ep, thr Ep, bbtEp, bbtEr, —  ttrtr—, ttbr™, ttbr—, tibb.
(2.25)

Note that both the X, and Y, gauge boson productions at the LHC leads to a rich
range of diverse final states which lead to many multi-particle signals and would lead
to distinct resonances in the invariant mass distributions in some pairs corresponding
to the mass of the X, and Y, states. Notably we find that each particular event rate
is fixed once the model parameters have been fixed, which in our case is the mass of
the leptoquark gauge bosons while its coupling strength to the gluons has been fixed
to be the strong coupling constant. Thus the success of the model is not dependent
on an observation in only one particular final state but that observation needs to be
complemented simultaneously in various other channels as listed above in Egs.(2.24)
and (2.25). Thus the study on all simultaneous channels deserves merit as it will be
able to confirm or falsify the model in question.

We now consider different final states and analyze the signals against the SM
background. As we expect that the new gauge bosons when produced on-shell will
decay to specific final state products, this would lead to a bump in the invariant
mass distribution of the decay products. Keeping this in mind, it is instructive
to first consider the most likely signals where the resonances would be observable.
Based on the decay channels and final states listed in Eqgs.(2.24)—(2.25) one should
consider the (br) mode for the X, gauge bosons while the (b and t7) mode looks

the more promising for the Y), resonance searches. The other modes either involve
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neutrinos or more than a single top quark in the final state, which further decays either
semileptonically or hadronically and therefore makes it more tasking to reconstruct
the leptoquark gauge boson mass. However, we must emphasize that for measuring
the electric charge of these gauge bosons one definitely requires that the X, resonance
is observed in the invariant mass distribution of same-sign top quark pair (¢¢) while
the Y, resonance is observed in the (¢77) final state or its charge conjugate mode.
Notwithstanding the fact that reconstructing the ¢t state would be challenging, it
would definitely lead to a very interesting observation. Final states involving b jets
require measuring the b jet charge which looks to be more difficult and hence not a

desired mode to get information on the charge of the exotic gauge bosons.

Signal SM Signal SM

207t | 2b7 Ty 257 byt | ttbr, ttbTT B

tttt ttit ttrtr™ ttrtr™

2btt 2btt; 2jtt; bjtt 2b0ET 20E7; 25E1; jbET
btr— Ep btt~ Ep; jtt— Erp bttt Ep bttt Ep; jttTErp
Wt Ey 2t Er: bjt By WiEy 2T Er: bjTEy

Table 2.2: Illustrating the final state signals and the corresponding SM background
subprocesses. Note that Er for the SM subprocesses represents one or more neutrinos

in the final state.

In Table 2.2 we list the relevant SM background subprocesses that we have consid-
ered for each set of final states for the signal. Note that we do not make a distinction
between the b and b but we distinguish between a 77 and 7~ by assuming exact
charge measurement will be possible. We also distinguish between a top quark and
anti-top quark assuming that they will be reconstructed with their respective charge
identifications from its semileptonic decay modes. We associate an efficiency factor of

¢ with this reconstruction. For final state signals not involving neutrinos we have not
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considered SM subprocesses with E7 as they will involve extra electroweak vertices
which suppress the contributions and further requirements on missing transverse mo-
menta would make these contributions too small to take into further consideration.
We highlight the above mentioned invariant mass distributions in our model for a few
choices of the X, and Y, gauge boson masses considered at two different center of
mass energies for the LHC. We focus our attention to the recently concluded 8 TeV
run and the proposed upgrade in energy of 14 TeV for the LHC. As a current limit of
760 GeV exists on the leptoquark gauge boson mass from the CMS analysis [23] we
choose a mass of 800 GeV to show the distributions at the 8 TeV run of LHC while a
larger mass of 1 TeV is chosen to highlight the signal distributions at the 14 TeV run.
We note that there are more than one set of final states where a particular resonance
could be observed in the invariant mass distributions and so we consider the scenario
where we look at a few definite invariant mass distributions in individual final state
modes listed in Eqgs.(2.24) and (2.25). We list below the pair of final state particles
for which the invariant mass distribution is considered, motivated by favored modes

for reconstructing the mass and the charge of the X, and Y, gauge bosons.

(C1) Invariant mass distribution of b7~ coming from the final states brtbr—, tthr—.

This is the most favorable mode for reconstructing the X, resonance.

(C2) Invariant mass distribution of same sign top quark pair ¢t coming from the final
states ttbr—, tttt. The reconstruction of the leptoquark mass in this mode,

although difficult, is essential in measuring the charge of the X ,.

(C3) Invariant mass distribution of tb coming from the final states ttbb, ttbr—, tbr~ Er, bbt Er.

This is one of the favorable modes for reconstructing the Y), resonance.

(C4) Invariant mass distribution of 7~ coming from the final states tt7~ 7+, ttbr~, btt~ E7.
This mode is essential to measure the charge of the Y,. Note that the t7~ res-

onance corresponds to the charge conjugate mode of Y,.
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We shall now discuss the signal and the associated SM backgrounds for the list
of resonances given by C1—C4. Note that the signal subprocesses which contribute
to give a b7~ final state as listed in (C1) come from both X, and Y, pair pro-
ductions. However the resonant distribution only happens for the X, production
while the Y), contribution acts to smear out the resonance although it does contribute
in enhancing the signal over the SM background. A further smearing effect would
come if the tbr~ Ep signal is included. But we can reject that contribution by de-
manding that we don’t include events with large missing transverse momenta in the
final state when reconstructing the b7~ invariant mass. As discussed in Ref. [1§]
the dominant background for the resonant signal in the b7 channel comes from
pp — 2027, 4b,252b, 2527, 47, tt where j = u, d, s, ¢ when we consider the signal coming
from the pair production of X, which then decay in the b7 mode to give a 2br+7~
final state. The light jet final states in the SM can be mistaged as 7 or b jets and thus
form a significant source for the background due to the large cross sections at LHC,
as they are dominantly produced through strong interactions. Guided by previous
analysis [18], we note that a very strong requirement on the transverse momenta for
the b jet and the 7 lepton is very helpful in suppressing the SM background. The
SM background has been estimated using Madgraph 5 [25]. In this analysis we fur-
ther restrict the number of SM background sub-processes that contribute to the final
state with b7~ by demanding that the tau charge is measured. Therefore we neglect
the contributions coming from jets that fake a tau. For example, when we consider
the final state as 2b777~ and demand that the tau lepton is tagged as well as its
charge measured, we include pp — 2027, 2527, tt as the dominant SM processes for
the background.

We have used two values for the leptoquark gauge boson (V = X,Y) masses,
My = 800 GeV at LHC with center of mass energy 8 TeV and M, = 1 TeV at

LHC with center of mass energy 14 TeV to highlight the signal cross sections and
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differential distributions for invariant mass. We set the factorization and renormal-
ization scale (Q = M) to the mass of the Z boson and also use the strong coupling
constant value of ay evaluated at the Z boson mass. Note that we have evaluated
the individual signals as listed in Egs.(2.24) and (2.25) against their specific back-
grounds independently. We have assumed in our analysis that the top quark and the
anti-top quark are reconstructed with good efficiencies which we can parameterize as
¢¢. Note that we have used the following efficiencies for b and 7 tagging, ¢, = ¢, = 0.5
while we assume a mistag rate for light jets to be tagged as b jets as 1% and c jets
tagged as b jets to be 10%. All our results here are done at the parton level and
therefore to account for the detector resolutions for energy measurement of particles,
we have used a Gaussian smearing of the jet and 7 energies with an energy resolution
given by AE/E = 0.8/\/FE (GeV) and AE/E = 0.15/\/E (GeV) respectively when
analyzing the signal events.

In Table 2.3 we list the kinematic selection cuts on the events. As the primary
decay modes of the heavy leptoquark gauge bosons will have very large transverse
momenta we put strong cuts on them. This helps in suppressing the SM background
while it does not have any significant effect on the signal events. The cuts on Erp
applies only to final states with neutrinos in the decay chain while the AR;; cut is on
any pair of visible particles. The invariant mass cut Mj; is on any pair of jets in the
final state.

With the above set of kinematic selection on the final state events we evaluate the
signal cross sections and the corresponding SM background given in Table 2.2. We
first consider the resonance given by (C1) and show the invariant mass distribution
of br~ in Fig. 2.4. We must point out here that the 77 is paired with the b jet
which has the leading transverse momenta in case there exist more than one tagged
b jets. After including the efficiency factors ¢, and e, associated with tagging the

b and 7 jets and mistag rates, we estimate the signal cross section in the 2b7+7~

32



Variable | Cut C; at 8 TeV | Cut Cy at 14 TeV
7 > 80 GeV > 200 GeV
Er > 100 GeV > 200 GeV
| <25 <25
AR;; > 0.4 > 0.4
M r- > 5 GeV > 5 GeV

Table 2.3: Two different set of cuts, C; at LHC with \/s = 8 TeV and Cy at LHC with
Vs = 14 TeV, imposed on the final states listed in Eqs.(2.24)—(2.25) where the cuts

on Er applies only to final states with neutrinos in the decay chain.

mode as 4.23 fb for Mxy = 800 GeV at LHC with /s = 8 TeV and 12.05 fb for
Mxy =1 TeV at LHC with /s = 14 TeV. In Fig.2.4 we plot the invariant mass
distribution for the signal. The dominant SM background are given by the following
subprocesses, o(2b7777) ~ 1.8 fb, 0(2c7777) ~ 1.6 fb and o(2j7777) ~ 167.6 fb
which after including the efficiency factors, mistag rates is added to give 0.119 fb.
This is plotted in Fig.(2.4) as “SM (2b7777)”. The corresponding SM background at
14 TeV center of mass energy is much more suppressed (~ 0.002 fb) because of the
strong requirement on the transverse momenta of the jets and the charged tau leptons.
The signal is clearly seen to stand out as resonance and one therefore expects this
particular mode to be very favorable in searching for the X, resonance by suppressing
the SM background by demanding 7 lepton charge identification which gets rid of the
large all jet background. Another mode for the b7~ resonance which has completely
negligible SM background, is for the final state ttbr~. There are two different sources
for the signal in this case, one which corresponds to the final states coming from
the XX pair production while the other from the Y'Y pair production. As the YY
contribution does not lead to a resonance in the b~ mode, it will act to smear out

the resonance as compared to that seen for the 2br7"7~ final state. This is evident
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Figure 2.4: Invariant mass distribution of br— for the signal and SM background for
two different choices of leptoquark gauge boson mass, (a) My = 800 GeV considered
at LHC with \/s = 8 TeV and (b) My = 1 TeV considered at LHC with /s = 14

TeV.

in Fig.(2.4) where the width of the resonance is seen to spread out in more invariant
mass bins for the ¢¢tb7~ final state. Assuming a top reconstruction with an efficiency
of &; we find that the signal cross section from XX for My = 800 (1000) GeV at
LHC with /s = 8 (14) TeV is 8.19 (28.23) x &2 fb while the signal cross section from
YY for My = 800 (1000) GeV at LHC with /s = 8 (14) TeV is 4.04 (13.8) x &2 fb.
Note that the 7 and b tagging efficiencies have been already included. In Fig.(2.4)
we have assumed ¢; = 1 for illustration purposes. Therefore the efficacy of the signal
with the same sign top pairs in the final state is dependent on the inherent purity of

the top reconstruction at experiments.
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We now consider the resonance given by (C2) and show the invariant mass dis-
tribution of the same sign top pair ¢t in Fig. (2.5). As pointed out earlier, this
mode is necessary to measure the charge of the X, leptoquark gauge boson mass.
A resonant bump in the same sign top pair invariant mass distribution would be a
clear indication of a particle decaying into two same sign top quarks and therefore
give a strong indication that the particle carries 4/3 electric charge and has quan-

tum numbers of a diquark. The signal is again considered for two different set of
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Figure 2.5: Invariant mass distribution of same sign top pair tt for the signal and SM
background for two different choices of leptoquark gauge boson mass, (a) My = 800
GeV considered at LHC with \/s =8 TeV and (b) My =1 TeV considered at LHC

with /5 = 14 TeV.

final states, both of which show an invariant mass peak in the same sign top quark

pair. In the ¢ttt final state the signal cross section comes solely from the pair pro-
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duction of the XX gauge bosons. As we have assumed a reconstruction efficiency
for the top quarks as e, the cross section for Mx = 800 (1000) GeV at LHC with
Vs =28 (14) TeV is 14.93 (62.81) x &} fb. The SM background for the same subpro-
cess is 2.31 (24.34) x g} fb at LHC with /s = 8 (14) TeV. Although the strength of
the signal crucially depends on the reconstruction efficiency, even a low efficiency in
the long run will lead to a very important observation provided similar resonances are
observed in the b7~ or br™ final states. The other final state which shows a bump in ¢t
invariant mass is ttbr~ and its strength was already discussed for Fig.(2.4). Note that
again the Y'Y contribution does not help the resonance, but is effective in enhancing
the signal in this mode.

We now look at the final states which correspond to resonant signals for the
Y gauge boson. We therefore consider the resonance given by (C3) and show the
invariant mass distribution of the top-bottom pair ¢b in Fig.(2.6). Note that one of the
dominant decay mode for the Y, gauge boson gives neutrinos in the final states that
leads to large missing transverse energy (MET) and is not suitable to reconstruct
the Y, mass. However, allowing one Y to decay in the neutrino mode still allows
reconstruction of the other in the visible decay modes of tb and ¢7. A large MET in the
final state also helps in suppressing large contributions to the SM background through
all hadronic final states which proceed through strong interactions. In Fig.(2.6) we
consider four different final state signals which lead to a resonance in the tb invariant
mass, namely ttbb, ttbr—, tbr~ Ep and tbbEp. The signal ttbr~ remains the same as
discussed for Fig.(2.4) with the only difference being that the contribution coming
from the XX pair production now acts to smear out the resonance in tb invariant
mass distribution coming from the Y),. This is the cleanest mode with practically no
SM background, although depending on the reconstruction of the top quarks. The
signal cross section for the ¢£bb final state comes from the Y, pair production and

for My = 800 (1000) GeV at LHC with /s = 8 (14) TeV is 4.04 (13.75) x &7 fb.
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Figure 2.6: Invariant mass distribution of tb for the signal and SM background for
two different choices of leptoquark gauge boson mass, (a) My = 800 GeV considered
at LHC with \/s = 8 TeV and (b) My = 1 TeV considered at LHC with /s = 14

TeV.

The SM background at LHC with /s = 8 (14) TeV for the signal comes dominantly
from three subprocesses with o (ttbb) ~ 54.4 (34.1) fb, o(ttec) ~ 55.1 (34.4) fb and
o(ttjj) ~ 10.14 (7.45) pb. The stronger cuts at the 14 TeV run is responsible for the
relatively smaller numbers for the SM background for the higher energy run. Note
that after including the tagging efficiencies and misstag rates, the corresponding SM
background for the t¢bb final state comes out to be 15.18 (9.65) x €2 fb. Although
the SM backgrounds are large in this case, the differential cross section is seen to
fall rapidly for larger values of the invariant mass. Therefore, a strong cut on the tb

invariant mass will be useful to suppress the background further. For the two final
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states involving missing transverse energy, we have combined their contribution in
Fig.(2.6) under the signal “tbr—(b) + M ET”. We find that the SM background for
tbbEr is completely negligible. The large contribution to the background comes from
the o(tbr~Er) ~ 83.7 (3.05) fb at LHC with /s = 8 (14) TeV, while the ter™ Er
and tj7~ Ep are much suppressed due to the small CKM mixings between the first
two generation quarks and the top quark. The SM background after including the
efficiency factors is then given as 22.16 (0.75) x &; fb, while the signal for My =
800 (1000) GeV at the two center of mass energies is o(tbbEr) = 4.21 (13.21) x &; fb
and o(tbr~Er) = 4.21 (13.20) x &; fb. Note that tbbEr is the one which gives a
resonant signal while tb7~ Er gives a continuum in the tb invariant mass distribution
because the ¢ and b come from different Y, (Y — by,, ¥ — t77). This can be
seen in Fig.(2.6) where the large signal contribution in the tbr~ Er channel is spread
out in the invariant mass distribution. Therefore it is instructive to put a 7 veto
on the signal with missing transverse momenta when looking at the invariant mass
distribution in tb. Again for illustrative purposes we have chosen ¢, = 1.

We finally consider the resonance given by (C4) which again is essential in mea-
suring the charge of the Y, gauge boson. To measure the charge one requires the
charge measurement of the 7 lepton as well as the reconstruction of the top quark
in its semileptonic channel. We therefore show the invariant mass distribution in
the reconstructed top quark and charged tau lepton pair (¢77) in Fig.(2.7) which
corresponds to a resonance for the charge conjugated field of Y),. The signal is ob-
tained from three different set of final states given by ti7+7~, tbr~ E7 and 2tbt~. As
discussed before the 2tbr~ contribution is found to have negligible SM background
but the contribution from the X X production to the t7~ invariant mass distribution
itself acts as a background for the resonant signal from the Y'Y production. The
ttrT7~ signal comes solely from the Y, pair production and we find that with the

proper charge identification of the 7 leptons, we can ignore contributions from SM
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Figure 2.7: Invariant mass distribution of t7— for the signal and SM background for
two different choices of leptoquark gauge boson mass, (a) My = 800 GeV considered
at LHC with \/s = 8 TeV and (b) My = 1 TeV considered at LHC with /s = 14

TeV.

background processes such as ttjj. The signal cross section in this mode is found to
be 4.04 (13.81) x &2 fb for My = 800 (1000) GeV at LHC with /s = 8 (14) TeV. The
SM background is quite suppressed at both center of mass energy values, given by
0.35 (0.04) x &2 fb. The tbr~ Er signal discussed for the tb resonance in Fig.(2.6) was
found to give a continuum distribution in the tb invariant mass. However it leads to
a resonance in the t7~ invariant mass distribution as Y — ¢7~. The event rates are
the same as before but one can clearly see a distinct resonance confined to a few bins
in the invariant mass distribution of ¢7~ in Fig.(2.7) for the tbr~ E7r signal. The large

SM background for this mode can again be suppressed with a significantly strong cut
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on the t7~ invariant mass.

2.3.4 LHC sensitivity to the X, and Y, gauge bosons

As evident from our analyses of the resonant signals for the X, and Y, gauge bosons
in our models, the LHC would be able to see the signals in various different channels
for significantly large values of their mass. A single channel analysis in the b7 mode
relevant for X, search was considered for its search at the 7 TeV run of LHC [18,23]
while another experimental study relevant for the Y, search in the bbEr channel has
been done by the CMS Collaboration [26]. Here we do a more expansive sensitivity
reach at the LHC for these gauge bosons that can be obtained at different integrated
luminosities. For the top decaying semileptonically to bl v, where £ = e, u the events
will be at most, or less than ~ 22% of the reconstructed top events. While it would
be ~ 66% in the hadronic decay mode. Thus it gives a clear demarcation on the event
rate we specify for the final states involving the top and anti-top quarks that would
lead to any signal events to reconstruct the tops.

For the sensitivity analysis we define the signal to be observable if the lower limit
on the signal plus background is larger than the corresponding upper limit on the

background [27] with statistical fluctuations
L(US—FO_b)—N L(O_S—i-O'b)ZLUb—FN\/LUb

or equivalently,

agz%[N+2JEﬂ, (2.26)

where L is the integrated luminosity, o, is the signal cross section, and o, is the back-
ground cross section. The parameter N specifies the level or probability of discovery.
We take N = 2.5, which corresponds to a 5o signal. For o, > o,, this requirement

becomes similar to

N, Lo,
S = = 2% >, (2.27)
LUb

=
5
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Final State |  osy (fb) | Final State | osny (fb)
207 T 0.12 (0.002) | ttbr—, ttbr™ -
tttt 2.31 (24.34) ttrt 0.35 (0.04)
2btt 15.18 (9.65) 20Er 25.06 (3.83)
birEr | 2216 (0.75) | birtEp | 22.16 (0.75)
oWtEr | 0.003 (0.001) |  26fEr | 0.001 0.0006)

Table 2.4: The combined SM cross sections estimated at parton level using MadGraph
5 for the different final state signals at LHC with /s = 8 TeV and /s = 14 TeV.
The 14 TeV values are given in parenthesis. Note that the cross sections given satisfy
the kinematic cuts listed in Table 2.3 and all tagging efficiencies and misstag rates

are included.

where N, is the number of events for the signal, N, is the number of events for the
background, and S equals the statistical significance.

In Table 2.4, we have calculated the SM background for the different final states
that we have considered for the signal coming form the pair productions of the X, and
Y, gauge bosons. The cross sections shown in Table 2.4 are obtained after passing
the events through the kinematic selection conditions given in Table 2.3. In most
cases the SM backgrounds are quite small and would remain negligible even with
an integrated luminosity of 100 fb~!. Note that as the top reconstruction would
require sufficient events after it has decayed, we need much larger cross sections for
the final states involving top quarks. To use Eq.(2.26), we require the background
events to be sufficiently large such that the fluctuations to a Gaussian distribution
could be applied. We find that the best reaches are obtained for the bbEp, bt Er
and btT~ Er final states. For the bbEr final state at LHC with /s = 8 TeV, the

signal cross section for a 5o sensitivity must be greater than 8.54, 5.91, 4.78 fb for

an integrated luminosity of L = 10, 20, 30 fb~! respectively. This corresponds to
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the mass reach of My = 737, 772, 793 GeV respectively. With the higher center
of mass energy option for LHC with /s = 14 TeV, the signal cross section for a 50
sensitivity must be greater than 1.995, 1.041, 0.586 fb for an integrated luminosity of
L =30, 100, 300 fb~! respectively. These lead to a mass reach of 1325, 1440, 1545
GeV respectively. For the other channels involving the top quark in the final state,
we assume the reconstruction efficiency for the top quark ¢, ~ 0.5 which includes
the event loss from kinematic cuts after the top decays. Adding the contributions for
bttt Er and bt~ Er we find that at the 8 TeV run of LHC, the mass reach is 770, 795
GeV for an integrated luminosity of L = 20, 30 fb~! respectively while at the 14 TeV
run of LHC, where we use the high luminosity options of 200 fo=! and 300 fbo~!, the
50 sensitivity comes out to be about 1650 GeV and 1690 GeV respectively. Inspired
by this work, CMS collaboration has searched for the third generation leptoquarks in
the ”b7” mode and set a limit with vector leptoquarks with masses 760 GeV at /s
= 7 TeV with 95% CL.

2.4 Summary and Conclusions

Although the Standard Model, based on local gauge symmetries, accidentally con-
serve baryon and lepton numbers, there is no fundamental reason for the baryon and
lepton numbers to be exact symmetries of Nature. In fact, Grand Unification, unify-
ing quarks and leptons, naturally violate baryon and lepton number. The remarkable
stability of the proton dictate that the masses of these leptoquark and diquark gauge
bosons to be at the 10! GeV scale. However, baryon and lepton number violating
interaction involving only the 3rd family of fermions is not much constrained exper-
imentally. Inspired by the topcolor, topflavor and top hypercharge models, we have
a top-GUT model where only the third family of fermions are unified in an SU(5)
with the symmetry breaking scale at the TeV. These models give baryon and lepton

number violating gauge interactions which involve only the third family, and with
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interesting resonant signals at the LHC.

We have proposed two models, the minimal and renormalizable top SU(5) where
the SU(5)x SU(3)xSU(2); xU(1)} gauge symmetry is broken down to the Standard
Model (SM) gauge symmetry via the bifundamental Higgs fields at low energy. The
first two families of the SM fermions are charged under SU(3);, x SU(2)}, x U(1)}
while the third family is charged under SU(5). In the minimal top SU(5) model,
we showed that the quark CKM mixing matrix can be generated via dimension-five
operators, and the proton decay problem can be solved by fine-tuning the coefficients
of the high-dimensional operators at the order of 107%. In the renormalizable top
SU(5) model, we introduced additional vector-like fermions whose renormalizable
interactions with the SM particles generate these dimension 5 interactions and we
can explain the quark CKM mixing matrix by introducing the vector-like particles,
and also there is no proton decay problem. We have discussed the phenomenology
of the models in details looking for the resonant signals for the baryon and lepton
number violating leptoquark as well as diquark gauge bosons at the LHC, as well as
the various final state arising from the productions and decays of these heavy gauge
bosons. We have also calculated the corresponding SM backgrounds. We find that a
5o signal can be observed for a mass leptoquark / diquark of about 770/800 GeV at
the 8 TeV LHC with luminosity of 206! /30fb~!. The mass reach extends to about

1450 TeV for 14 TeV LHC with a luminosity of 100071
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CHAPTER 3

New fermions in the framework of Left-Right Mirror Model

3.1 Introduction

The non-conservation of parity P (the left-right asymmetry of elementary particles)
is well incorporated in the Standard Model (SM) of particle physics. However, it has
been considered as an unpleasant feature of the model. One possible way to under-
stand the left-right asymmetry of elementary particles is to enlarge the SM into a
left-right (LR) symmetric structure and then, by some spontaneously breaking mech-
anism, to recover the SM symmetry structure. For instance, in left-right symmetric
models [1], SU(2)g interactions are introduced to maintain parity invariance at high
energy scales. The symmetry group SU(2), ® SU(2)g ® U(1)p_r, of LR symmetric
models can be a part of a grand unified symmetry group such as SO(10) [2] or Eg [3]
or superstring inspired models [4]. In the framework of LR symmetric SM, the SM
left-handed fermions are placed in the SU(2); doublets as they are in the SM while
the SM right-handed fermions (with the addition of right-handed neutrinos for the
case of leptons) are placed in the SU(2)g doublets. Subsequently, the LR symme-
try is spontaneously broken down to the SM electroweak symmetry using suitable
Higgs representations. There are different variants of LR symmetric models have
been proposed in the literature [5-8].

Another interesting solution to the non-conservation of parity in the SM was
proposed in a classic paper [9] by Lee and Yang. They postulated the existence
of additional (mirror) fermions of opposite chirality to the SM ones to make the

world left-right symmetric at high energies. The advantages of models with mirror
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fermions to solve some problems in particle physics have already been discussed in the
literature. For instance, the existence of mirror neutrinos can naturally explain the
smallness of neutrino mass via a see-saw like mechanism [10-12]. Moreover, it can also
be useful for the Dark Matter problem [12], neutrino oscillations as well as different
neutrino physics anomalies such as solar neutrino deficit and atmospheric neutrino
anomaly [11]. On the other hand, mirror fermions can provide a solution to the
strong CP problem if the parity symmetry is imposed [13,14]. Finally, the existence
of mirror particles appear naturally in many extensions of the SM, like GUT and
string theories [15]. The masses of these mirror particles, though unknown, are not
experimentally excluded to be at or below the TeV scale. The agreement of the models
with mirror fermions with electroweak precision data, Higgs rate etc have been studied
in Ref. [16]. Therefore, it is important to study the phenomenological consequences of
the mirror particles in the context of collider experiments, in particular at the Large
Hadron Collider (LHC). In this work, we have investigated the phenomenology of
mirror particles in the context of a particular variant of LR symmetric mirror model
(LRMM), their associated final state signals, and the discovery potential at the LHC.

In the LRMM we propose in this work, the SM gauge group (Ggy = SU(3)¢ ®
SU(2),®@U(1)y) is extended to Grg = SU(3)c @ SU(2),@SU(2)p@U(1)ys together
with a discrete Zy symmetry. The SM particle spectrum is also extended to include
mirror particles and a real scalar Higgs singlet under both SU(2), and SU(2)g. For
the fermion sector, the right-handed (left-handed) components of mirror fermions
transform as doublets (singlets) under SU(2)g. The SM fermions are singlets under
SU(2) g, whereas doublets under SU(2).,. Similarly there are mirror singlet fermions
corresponding to the SM singlet fermions. Since the fermion representations are
exactly mirror symmetric, all triangle anomalies are exactly canceled with respect to
the entire gauge symmetry, the model is anomaly free. Because of even number of

doublets, there is also no gravitational anomaly. The SM fermions are even under the
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Zy symmetry, whereas, the corresponding mirror fermions are odd. Therefore, any
mass mixing between SM charged fermions and with mirror partners are forbidden
by the Zs symmetry. The spontaneous symmetry breaking (SSB), Gor — G is
realized by introducing a mirror Higgs doublet which is singlet under SU(2), and
doublet under SU(2)g. Subsequently the SSB, Gy — SU(3)c @ U(1)gas is achieved
via the SM Higgs doublet which is doublet under SU(2), and singlet under SU(2)x.
After the SSB, the gauge boson sector of LRMM contains the usual SM gauge bosons
(gluon, W bosons, Z boson and photon) along with the mirror partners of W+ and
Z-boson. The non zero vacuum expectation value (VEV) for a singlet scalar breaks
the Z, symmetry and gives rise to mixing between the SM and mirror fermions.

The parity symmetry in LRMM determines the ratio among the charged mirror
fermion masses from the SM charged fermion mass spectrum. In particular, the
ratio of the SM fermion mass and the corresponding mirror fermion mass is given by
O(1)%, where O(1) is an order one number, v ~ 250 GeV and v are the VEV’s for
the SM Higgs and mirror Higgs respectively. Connecting the model for generating
tiny neutrino masses ~ 10~ GeV gives © ~ 10" GeV. This gives TeV scale masses,
or few hundred GeV masses for the mirror partners of electron, up and down quarks,
namely é, 4 and d. This makes the model testable at the ongoing LHC and proposed
linear electron-positron collider experiments.

Different variants of LR symmetric mirror models have been proposed and studied
in the literature in different contexts. For example, in Ref. [18], the SM particle
content have been extended to include mirror fermions and tiny neutrino mass have
been explained via see-saw mechanism. In this model, the gauge group is the SM
gauge group and for each SM left (right) handed SU(2);, doublet (singlet) there is
right (left) handed mirror doublet (singlet). Therefore, both the SM (left handed)
and mirror (right handed) neutrinos in this model transform as a doublet under

SU(2)r. As a result, triplet Higgs fields are required in this model for the Majorana

49



mass terms. However, in our model the gauge structure is different and in addition to
doublet neutrinos, we have singlet left handed and right handed neutrinos. Therefore,
triplet Higgs is not required in our model. Another class of mirror models have been
proposed in Ref. [13] as a solution to the strong CP problem. The gauge group and
particle content for our model is somewhat similar to the model in Ref. [13]. However,
our model includes a singlet scalar and the gauge symmetry is supplemented by an
additional discrete Z, symmetry. This modifications give rise to TeV scale mirror
fermions and make our model testable at the collider experiments.

One of the major goals of the LHC experiment is to find new physics beyond the
SM. The LHC is a proton-proton collider and thus, the collision processes are over-
whelmed by the QCD interactions. Therefore, in the framework of LRMM, the new
TeV scale colored particles, namely 4 and d quarks will be copiously pair produced at
the LHC. After being produced, 4 and d quarks will decay to the SM particles giving
rise to interesting signatures at the LHC. The TeV scale mirror quarks are found to
decay into a Z/W boson or a Higgs boson in association with a SM quark. This leads
to new fermionic resonances as well as new physics signals in two SM gauge bosons
+ two jet final states. Note that the gauge bosons could be either Z or W and the
highlight of the signal would be the presence of a clear resonance in the jet+2 and
jet+W invariant mass distributions. Such a resonance will stand out against any SM
background in these final states. In this paper we have therefore studied in detail the
signal coming from the pair production of the mirror quarks, 4 and d and their sub-
sequent decays in our LRMM and compared it with the dominant SM background
processes.

The chapter is organized as follows. In Section 3.2, we discuss our model and the
formalism. Section 3.3 is devoted for the phenomenological implications of the model.

Finally, a summary of our work, and the conclusions are given in Section 3.4.
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3.2 Left-Right symmetric mirror model (LRMM) and the formalism

Our LR symmetric mirror model is based on the gauge symmetry Gpr = SU(3)c ®
SU((2), ®SU(2)r@U(1)y: supplemented by a discrete Zs symmetry. Left-right sym-
metry, as in the usual left-right model, provides a natural explanation why the parity
is violated at low energy. Inclusion of mirror particles gives an alternate realization
of the LR symmetry in the fermion sector. The fermion representations in our model

for leptons and quarks in the first family is given by

0
v
[ = ]~ @211 e~ (1,1,1,-2) , vj~(1,1,1,0);
e
L
~0
N 1
h=| | ~@GL2-1) , g~GLL=2), 2~ (1110)
é
R
0 u’ 1 0 4 0 2
QL: N(37271a_> ) uRN(3’1717_) ) dRN<37]-717__);
dO 3 3 3
L
0 u° 1 o 4 - 2
QR: N(371727_> ) uLN(Svlalu_) ) dLN(laLlu__); (31)
d° 3 3 3
R

where the bracketed entries correspond to the transformation properties under the
symmetries of the group Grr. Note that since the model is left-right symmetric, for
every fermion representation of SU(2), there is a there is a multiplet corresponding
to the same representation of SU(2)g.The superscripts (°) denote gauge eigenstates
and the hat symbol (") is associated with the mirror fermions. The charge generator
is given by: @ = T3 + T3z + Y'/2. In the usual LR symmetric model, SU(2); ®
SU(2)r®U (1), the U(1) symmetry is U(1)g_r. This is easily embedded into SU(4)c®
SU(2), ® SU(2)g or SO(10) GUT. The U(1)y in our model is not U(1)p_r. This
can be seen from the Y’ quantum numbers of the fermions in Eq. 3.1. Thus, U(1)y,
in this model, can not be embedded in the usual SO(10) GUT.

Under the Z5 symmetry, the SM fermions as well as the right handed singlet
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neutrino (denoted by without hat) are even, whereas, the mirror fermions including
the left handed singlet mirror neutrino (denoted by hat) are odd. This structure of Z,
symmetry for the SM and corresponding mirror fermion is required to forbid the large
(in general of the order of symmetry breaking scale) singlet mass terms between the
SM and mirror singlets.The fermion representations for the second and third family
are identical to the first family.

Note that in the traditional LR model, the fermion sector is completely symmetric
for the ordinary SM fermions. For example, we have (u,d) and (u, d)g, and similarly
for every fermion family. Another version, proposed in [9] is to introduce new fermions
to make it LR symmetric, i.e. for every (u, d)r, we have new fermions, (4, CZ) r. Hence
it is the left-right mirror model (LRMM). It is this realization that we pursue here. It
was shown in Ref. [13,14] that the complete invariance of such a model under parity
can guarantee a vanishing strong CP phase from the QCD #-vacuum and thus, solves

strong CP problem.

3.2.1 Symmetry breaking and the scalar sector

In the framework of LRMM, spontaneous symmetry breaking is achieved via the

following steps:
SUR2),@SU2)p@U(l)y = SU2),@U(l)y = U(1)g, (3.2)

where, Y/2 = T3z + Y'/2. In order to realize the above SSB, two Higgs doublets
are required i.e., the SM Higgs doublet (®) and its mirror partner (®). In order to
have the Yukawa interactions between doublet and singlet fermions for SM and mirror

sector, both the Higgs doublets has to be even under the Z; symmetry. The gauge
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quantum numbers and VEV’s of these Higgs doublets are summarized below:

A

o~ (1,2,1,1) , &~ (1,1,2,1);
1 (0 . 1 (0

<¢>:E N (®)=—= | (3.3)

In addition to these two Higgs doublets, we have introduced a singlet (under both
SU(2)r, and SU(2)g) real scalar which is odd under the Z; symmetry: x ~ (1,1, 1,0).
The VEV of x: (x) = v, breaks the Z, symmetry spontaneously. This enables us to
generate mixing between the SM fermions and the mirror fermions. This mixing with
the SM fermions allows the mirror fermions to decay to lighter SM particles after
they are pair produced at colliders such as the LHC, giving rise to interesting final
state signals. It is important to mention that spontaneous breaking of Z; discrete
symmetry gives rise to domain walls problem in the theory. However, this problem
is easily solved by breaking the Z, symmetry softly by introducing a psx?® in the
potential. With this soft breaking the world will have no domain walls and choosing
(3 much smaller compared to p,, there will be no significant effect on the collider
phenomenology.

In order to generate the above structure of VEV’s for & and &, the LR symmetry
has to be broken, otherwise, we will end up with v = 0. The most general scalar

potential that develops this pattern of VEV’s is given by,

V= - (,ﬂcI)TCI) - ;Z2<i>fci>> +% [(@@)2 - (&)@)2} + i (270) (ciﬂci))
1

1
2,22 - 3
SHX° + g’ +

1 fyn
A A’ (o'@+ o'd) (3.4)
It is important to note that in the above potential, the terms with u, i break the
parity symmetry softly, i.e., only through the dimension-two mass terms of the scalar

potential. Note that after the two stages of symmetry breaking, we are left with three

neutral scalars, SM like Higgs, h, Mirror Higgs, h, and a singlet Higgs x. We consider
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a solution of the Higgs potential such that v << v, << ¥, and so the mixing among

these Higgses are negligible.

3.2.2 Gauge bosons masses and mixings

The gauge bosons masses and mixings are obtained from the kinetic terms of the

scalars in the Lagrangian:
A~ ANT /a4
L > (D) (D'd) + (D,A)) (D“(I)) , (3.5)

where, D and D are the covariant derivatives associated with the SM and mirror

sector respectively.

/
Du(D) = By +ig TWE (W) +ig' > B (3.6)
where, A\,’s and 7,’s are the Gell Mann and Pauli matrices respectively. The gauge
bosons and gauge couplings related to the gauge group SU(2), ® SU(2)gr @ U(1)y~
are respectively Wi, Wg, B, and g, g, ¢’. Note that to ensure parity symmetry, we
have chosen identical gauge coupling for SU(2), and SU(2)g.

Substituting the VEV’s of Eq. 3.3 in the kinetic terms for the scalars in Eq. 3.5, we
obtain the masses and mixings of the seven electroweak gauge bosons of this model.
The light gauge bosons are denoted as: W+, Z and v, which are identified with the
SM ones, whereas the mirror gauge bosons are denoted by W= and Z. The mass

matrix for the charged gauge bosons is diagonal, with masses:

1 1
Mwi = §gU y MWi = igﬁ (37)

The mass matrix for the neutral gauge boson sector is not diagonal and in the basis

(W3, W3, B ), the neutral gauge boson mass matrix is given by,

v 0 —qgg'v?
0 92@2 _gg/@Q . (38)

_gg/v2 _gg/,&Q g’2(112—|—@2)
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This mass matrix can be diagonalized by means of an orthogonal transformation R

which connects the weak eigenstates: (13, W3, B ) to the physical mass eigenstates:

(2, Z, v);
w3 Z
ws | =Rl 2] (3.9)
B gl

We have obtained the eigenvalues and eigenvectors of the matrix in Eq. 3.8. The
eigenvalues correspond to the masses of the physical states. One eigenstate () has
zero eigenvalue which is identified with the SM photon and the masses of other eigen-

states are given by,

1 2 2 /2 /4
M% = —11292‘9 2+ g/2 [1 — 9 26:| )
479y (9° +97)
2 Loy 2 9"

where, € = v?/9%. Since we assume that o >> v, the O(¢?) terms in Eq. 3.10 can be
neglected. The mixing matrix R in the neutral gauge boson sector can be analytically
expressed in terms of two mixing angle: 6y, and fy. The angles are defined in the

following;:

2 gz+g'2 R M2 92
2 w 2 W
0o — (M _ bw=|-X| =-—"—. (311
o (M%)Eo P r2g? W M) g tg” (3.11)

The analytic expression for the mixing matrix upto O(e) is given by,

—cosOy —cosBysin®fyye sinfy
. . A 20 A . A .
R = | sinfyysinfy [1 + %e} —costyy [1 — sm4ewe} sinfyy
. A in26 LA Y A A
sinfyy costy [1 — Ségsgvvvv e} sinfy, [1 + Sln29wcos20We] cosbycostyy,

(3.12)
It is important to note that in the limit e = 0, one recovers the SM gauge boson

couplings. The couplings of our theory are related to the electric charge (e) by,

1 2 1
= ‘ y gl — ;A, which implies, - = - + - (313)
sinfy, cosbyy costyy e g g
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Note that there are only two independent gauge couplings in the theory which we
express in terms of e and cosfy, and therefore éW is not an independent angle, but is

related to Oy as sinfy, = tanfy.

3.2.3 Fermion mass and mixing

Charged fermion sector:

The charged fermion mass Lagrangian includes Yukawa terms for the SM fermions and
its mirror partners. Mass terms between the singlet SM fermions and mirror fermions
are forbidden by the Z, symmetry. However, the Yukawa interactions between the
singlet SM fermions and mirror fermions with the singlet scalar y are allowed. The
Lagrangian invariant under our gauge symmetry as well as the Z, symmetry for the

down type quark and its mirror partner is given by,

L D ya (Q%cbd% + é%@d%) + hg xdrd;, + h.c.

N[0 (e
S (goL CjoL) V2 ol s |+ h.c., (3.14)
* aY
M %) \%&

where, yq and hg are the Yukawa couplings for the SM d-quark and M ; = hqvy.
It is important to mention that hg, in general, is a 3 x 3 matrix for 3 families and
gives rise to flavor mixing. Flavor mixing in the leptonic sector results into lepton
flavor violating (LFV) processes like p — ey, 7 — pvy, u — eee e.t.c. which are
highly constrained from BaBar [24] abd Belle [25] experiments. For example, in the
present model, dominant contribution to the flavor violating i or 7 decay arises from
the diagram with singlet scalar () and mirror lepton propagating in the loop. LFV
processes in the context of models with TeV scale mirror fermions have already been
studied in Ref. [26].

To ensure LR symmetry, we have used the same Yukawa coupling for the ordi-
nary and the mirror sector. Notice that the Yukawa terms involving y introduce

mixing between SM and mirror fermions. The charged fermion mass matrix can be
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diagonalized via bi-unitary transformation by introducing two mixing angles. The
charged fermion mass (physical) eigenstates are related to the gauge eigenstates by
the following relation:

1o cosf/  sinh/ f

) = ) (3.15)

1o —sind’  cosf’ f

L,R L,R L,R

where, fr, r can be identified with the L and R-handed component of the SM fermions

and fr, p corresponds to the heavy mirror fermions. The masses and mixing angles

are given by:

2 2
_Yp Ly M
O A e

Zﬂnyfff) 2\/§nyfo

tan26), = tan20) = .
AR y]%(v2—132)+2]\/[§f  LAnslL y?(vQ—W)—ZMf?f

(3.16)

Neutrino Sector:

The SM and singlet neutrinos (both in the ordinary and the mirror sector) are even
under the Z, symmetry. Therefore, the mass terms between SU(2), and SU(2)r
singlet neutrinos are allowed. The Lagrangian allowed by our gauge symmetry and

respecting the discrete Z; symmetry is given by
Lo f (f;@g + ?%@g) + MOTC™0 4 hyx 252 + MTC™190 + hc,

where f, is the neutrino Yukawa coupling, and M is the singlet neutrino mass of order

. The neutrino mass matrix with both Dirac mass (m = f,v/v/2, m’ = f,i/v/2 and

M,; = h,v,) and Majorana mass (M) terms in (v}, v, 0%, D7) basis is given by,

0O m 0 O

m M 0 M,jg
(3.17)

o 0 0 m

0 M,j,; m’ M
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FL Ay AW,

d| u cos?0;, sin®fp

d | 4 || cosfrsinfy | -cosfrsinfp

d| u | cost 1sinfy, | -cosfgrsinfg
1| a sin’f;,, cos’fp

Table 3.1: Analytical expressions for A%, and A?},. Note that we have assumed V4 = 1.

We have also assumed fermion mixing angles (67, and 6r) are same for up and down flavor.

Assuming M,,;, ~ M, the order of magnitude for the eigenvalues of the neutrino mass

matrix are given

—m?/M, m' /N2, —m/ /2, 2M. (3.18)

Thus to generate a light neutrino mass ~ 107! GeV with a Yukawa coupling strength
of f, ~ 107*® (which is somewhat similar to the Yukawa coupling of the electron),
we need & ~ 10"®) GeV. This 0 ~ 10"®) scale and M (see Eq. 3.16) determines the
masses of the mirror fermions. For the first family, the mirror fermion masses then
come out to be in the few hundred GeV to TeV range. Note that to fit the neutrino
mass and mixing angles to experimental data would require a more detailed analysis
of the neutrino sector which we leave for future studies. Another realization with a

mirror like symmetry to generate neutrino masses was considered in Ref [18].

3.3 Phenomenology

In this section, we discuss the collider phenomenology of the LRMM. Before going into
the details of the collider signatures of LRMM, we first need to study the properties
of mirror fermions and bosons. From the point of view of collider phenomenology,
we are interested in the interactions between SM particles and mirror particles which

give the production and decay properties of the mirror particles. The Lagrangian for

o8



the charge currents with W* and W¥ boson contributions are given by,
g s
Loo = _2\[ AW (L= )W, + AV L+ | f, (3.19)

where the coefficients A%, and A%, depend on the charged fermion mixing angles:
1, and 0. The analytical expressions for these coefficients are presented in Table 3.1*
for up and down flavored SM and mirror fermions. The neutral current interactions
of fermions with neutral gauge bosons (v, Z and Z—bosons) are described by the

following Lagrangian.

»CNC: - lef_’yuAuf
1 g 1-7° 14+4°
- I A ' B P Z !
6 cos36y, " [ ) TPy 2 2
1 g culaz 129 o2 1+7 }
- = A /A +B /
6cos?’HW\/cosQQWf7 { D) 11

where, e is electron charge and @); is the charge of fermion f. For up and down

Z.f,  (3.20)

flavored SM and mirror fermions, analytical expressions upto O(e) for the coefficients
A?f,, Bff, are presented in Table 3.2. The interactions of fermions with the SM Higgs
and mirror Higgs are described in Eq. 3.21.

5
- —'y 1+7

¢
\/—f—f {Aff, _275 +Bff,127 } Ay, (3.21)
where, y; is the Yukawa coupling of fermion f. The expressions for the coefficients
Afy, Biy, A]{{f, and B]I?f, can be found in Table 3.3. It is important to note that in
the limit e = 0 and cosfy p = 1, the SM fermions decouple from the mirror fermions
and we recover the SM couplings.

The decays of the TeV scale mirror fermions into W, Z or H are kinematically

forbidden since the mass of these mirror bosons are proportional to © ~ 107 GeV.

Fermion mixing angles (87, and §z) depend on the Yukawa coupling of the corresponding fermion.
Therefore, the mixing angles are different for up and down flavor. However, we have used the same

symbol for the mixing angles of up and down quarks.
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Fr Ay Bfy
d| d 3cos201,cos?Oy — 2cosOyysin?Oyy —2co0s20ysinfyy — 3sin®6rsinOyy/cos20yy e
—(1 — 3sin?67,)sin®Oyy e +(2 — 3sin?0R)sinOyy e
d | d || 3cos20ysindrcosdy — 3sinfsin30yycosdy e 3sind gsin’@yycosl py/cos20yy e
+3sinf gsin®Oyycoshpe
d| d 3cos2Oyysin?0;, — 2cos20yysin®y —3c0s20 gsin®Oy/cos20yy €
+(2 — 3sin?6y )sin®Oyye —(1 — 3sin®0R)sinOyy e
u | u —3cos?01,cos?Oyy + 4cos?Oyysin?Oy, +4cos?Oyysin®Oyy + 3sin?0psin®0yyv/cos20yy e
—(1 + 3sin%07 )sin3Oyy e —(4 — 3sin%0R)sinOyye
u | @ | —3cos®Oysindrcosfy, + 3sinfzsin®0yycosdr e —3sinf psin?6yy cosfpr/cos20yy €
—3sinfpsin®0yy cosb e
| 4 —3cos20yysin0;, + 4cos20yysin0yy 4cos?Oyysinbyy + 3cos20psin®fyyv/cos20yy €
—(4 — 3sin?67,)sin®Oyy e —(1 4+ 3sin0R)sinyye

Table 3.2: Analytical expressions for A?f, and B?f,.

Because of the mixing of the mirror fermions with the ordinary fermions, the mirror
fermions can decay into a SM fermion, and a Z, W or a Higgs boson. The expressions

for the partial decay widths are:

2 2 as3 2
N YU A L A AN Y
36c0s%0,, 64m M2 M]% Mjf ’
2 2 3 2
8 167 M2, M Mz )
2 (AH \2 H \2 2
A i (A1) + (B}) i
I(f— fH) = 5!‘ &l o 117 M; 1—#21 : (3.22)
f

where, My, My, Mg and M j are the masses of Z, W, Higgs and mirror fermion
respectively. Apart from the known SM parameters and mirror fermion masses, the
decay widths of mirror fermions depend on €, f;, and . For © ~ 10" GeV, the value

of € is about 107!°. Therefore, the terms proportional to € in the decay widths can be
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FLe Al B} Afy B}

f | f |l cosOrcosfr | cosOrcosfr || sinfsinfr | sinfpsinfg
f f sinfr,cosfr | cosOrsinfp || -cosfrsinfr | -sinfrcosfp
f f sinfrsinfr | sinfrsinfp || cosdrcosfr | cosdrcoslr

Table 3.3: Analytical expressions for A?f’? Bgc,, A?f, and Bgc,.

safely neglected. The mirror fermions decay widths depend primarily on the fermion
mixing angles. According to Eq. 3.16, the fermion mixing angles are determined
in terms of two parameters, namely, v and M I Assuming the up quark Yukawa
coupling, 7, = 1.3 x 107° and the SM VEV, v = 250 GeV, in Fig. 5.2, we show the
mixing angles, sinf, (left panel) and sinfg (right panel), by color gradient, in the v-

M, ; plane. Eq. 3.16, shows that tan26y, is suppressed by the SM quark mass (~ysv)

in the numerator and mirror quark mass (~ \/W) in the denominator.
Therefore, for a MeV scale SM quark and TeV scale mirror partner, the value of
sinf, is about 1079 which can be seen in Fig. 5.2 (left panel). Whereas, Fig. 5.2
(right panel) shows that, sinfr can be large depending on the values of v and M iy
The neutral (see Eq. 3.20) and charge (see Eq. 3.19) current interactions of mirror
quarks with SM quarks and Z/W bosons are suppressed by sinf;. Moreover, the
interactions of mirror quarks with the SM quarks and Higgs boson are suppressed by
the Yukawa couplings. Therefore, before going into the details of collider analysis,
it is important to ensure that light mirror quarks decay inside the detectors of the
LHC experiment. In Fig. 3.2, we plot the total decay width of up-type mirror quark
as a function of sinfy for three different values of the mirror quark mass, viz., My =
300, 500 and 1000 GeV. We have considered the lowest possible value of sinf;, = 1076
in Fig. 3.2. According to Fig. 3.2, the total decay width of up-type mirror quark is

always greater than 1072 GeV, I'yor > 10712 GeV, which corresponds to a mean
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Figure 3.1: Fermion mixing angles, sinf;, (left panel) and sinfr (right panel), for the up
quark are presented by color gradient on the LRMM parameter space defined by v (along
x-axis) and M Iy (along y-axis). The up quark Yukawa coupling, y, = 1.3 x 107>, and the

SM VEV, v = 250 GeV are assumed in these plots.
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Up mirror quark total decay width for sin@L=10'6

1e-09 T T ; ; . : : : :
300 GeV ——
500 GeV -------
1000 GeV o

le-10 |

Liotar [GeV]

le-11 |

le_ 12 1 1 1 1 1 1 1 1 1
005 01 0.5 02 025 03 035 04 045 05
sinfp

Figure 3.2: Total decay width of up-type mirror quark for three different values of M; =

300, 500 and 1000 GeV as a function of sinfr. We have assumed lowest possible value for

sinfz, = 1070 in this plot.
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distance of ¢r < 107 e¢m (without including Lorentz boost) traversed by a mirror
quark inside a detector before its decay. These numbers assure us that the mirror
quarks will always decay inside the detector for a wide range of model parameters.
In Fig. 3.3, we plot the branching ratios for the up-type mirror quark into dW,
uZ and uH channel as a function of sinfr. We have assumed two different values of
sinf;, = 1075 (left panel) and 107 (right panel). We have varied the mirror quark
mass over 300 GeV to 1 TeV which gives rise to the bands in Fig. 3.3. Fig. 3.3 (left
panel) shows that for sinf; = 107°, the decay of 4 into SM vector bosons dominates
over the decay into Higgs boson. Whereas, for sinf;, = 107® (right panel), the decay

into vector bosons dominates only in the low sinfg region (sinfr < 0.08).

3.3.1 Signature of mirror fermions at the LHC

In this section, we will first discuss the production of TeV scale mirror quarks, namely
@ and d quarks, at the LHC. As a consequence of the Z; symmetry, the couplings
between a mirror quark and the SM particles are forbidden. Therefore, in presence
of this Zy symmetry, the single production of the mirror fermions is not possible at
the collider. As discussed in the previous section, spontaneous breaking of the Z,
symmetry introduces mixing between the mirror and SM quarks and thus, gives rise
to interactions between mirror and SM quarks with a Z, W or Higgs boson. However,
the single production rates of TeV scale mirror quarks via the Zy symmetry violating
couplings are suppressed by the quark mixing angles. Therefore, in this work, we
have considered the pair production of mirror quarks at the LHC.

As the mirror quarks carry SU(3)c quantum numbers, they couple directly to
the gluons. The pair production of TeV scale mirror quarks, namely ¢ and dd
production, in a proton-proton collision therefore is analogous to that of the pair
production of SM heavy quarks, the analytic expressions for which can be found in

Ref. [19]. Both gluon-gluon (gg) and quark-antiquark (¢q) initial states contribute
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Figure 3.3: Tllustrating the up-type mirror quark branching ratios in dW, uZ and uH
channel as a function of sinfg for two different values of sinf;, = 1075 (left panel) and 106
(right panel). We have varied 4 mass over a range between 300 GeV to 1 TeV which gives

rise to the bands instead of lines.
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Figure 3.4: Pair production cross-sections of mirror quarks as a function of their masses

in proton proton collisions at center-of-mass energies 8 TeV and 14 TeV respectively.
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to the pair production (Gq) of mirror quarks (see Fig. 3.5). For numerical evaluation
of the cross-sections, we have used a tree-level Monte-Carlo program incorporating
CTEQS6L [20] parton distribution functions. Both the renormalization and the factor-
ization scales have been set equal to the subprocess center-of-mass energy v/3. The
ensuing leading-order (LO) g production cross-sections are presented in Fig. 3.4 as
a function of mirror quark mass (M) for two different values of the proton-proton
center-of-mass energy wviz., \/Epp = 8 TeV and 14 TeV. While the NLO and NLL
corrections can be well estimated by a proper rescaling of the corresponding results
for ¢t production, we deliberately resist from doing so. With the K-factor expected
to be large [21], our results would thus be a conservative one. The pair production
cross section is found to be a few hundred femtobarns (fb) for mirror quark mass of
close to a TeV. As discussed before, these mirror quarks once produced will decay
within the detector. We now analyze the possible signatures of mirror quarks at the
LHC following its decay properties. Mirror quarks can decay into a Z-boson, a W-
boson or Higgs boson in association with a SM quark: ¢ — ¢Z, ¢'W and qH. Thus
the pair production of mirror quarks, at the LHC, gives rise to a pair of heavy SM
bosons (Z-boson, W-boson or Higgs boson) in association with multiple jets in the
final state. In this work, we have focused on the signal with the vector bosons in
the final states. We choose the LRMM parameter space where the decay of mirror
quarks into vector bosons dominates over its decay into Higgs boson. Fig. 3.3 shows
that for negligible § — ¢H branching ratio, the mirror quarks decay into ¢ and
qZ pairs with about 61% and 39% branching probability respectively. In the rest of
our analysis, we have used the above mentioned values for the decay probability to
compute the signal cross-sections. Pair production and the decay of mirror quarks in

to ¢W and ¢Z channels gives rise to the following signatures:

o 2 jets+2 Z final state arises when both mirror quarks decay into ¢Z pairs.
pp = 44 — (42)(3Z)
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Figure 3.5: Feynman diagrams for the ¢ production and their subsequent decay to ¢Z.

The production and decay of mirror quarks in this channel are schematically

shown in Fig. 3.5.

o 2 jets+Z+W final state results when one mirror quark decays into ¢Z channel

and other one decays into g\ channel.
pp = 44— (4Z)(@W)

e If both mirror quarks decay into g channel then pair production of mirror

quarks gives rise to 2 jets+2 W final state.

We consider the reconstruction of mirror quark mass from the invariant mass distri-
bution of ¢Z pairs which is possible for the first two signal topologies only. Therefore,
we have only considered 2 jets+2 Z and 2 jets+Z +W final states for further analysis.
Note that in the leptonic channel the Z reconstruction would be very clean while
for the 2 jets+Z+W, even the W can be reconstructed well as there is only a single
neutrino in the final state. The W’s can be reconstructed in the all hadronic mode
but with significant challenge in efficiencies in a hadronic machine such as the LHC.

So we have chosen to neglect the 2 jets+2 W final state in our analysis.
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A 2 jets+2 Z-bosons signature

In this section, we have investigated 2 jets + 2 Z final state as a signature of
mirror quarks in the framework of LRMM. We have used a parton level Monte-Carlo
simulation to evaluate the cross-sections and different kinematic distributions for the
signal. We have assumed that Z-bosons decaying into leptons (electrons and muons)
can be identified at the LHC with good efficiency. Therefore, in our parton level
analysis, we consider Z-boson as a standard object? without simulating its decay to
leptons. We must however point out that the total number of signal events are crucial
in identifying the Z boson in the leptonic channel because of the small branching
probability of the Z decaying to charged leptons.

The dominant SM background to the signal comes from the pair production of
Z-bosons in association with two jets. Before going into the details of signal and
background, it is important to list a set of basic requirements for jets to be visible at
the detector. To parametrize detector acceptance and enhance signal to background
ratio, we have imposed kinematic cuts (Acc. Cuts), listed in Table 5.4, on the jets
(denoted by j; and j5) after ordering the jets according to their transverse momentum
(pr) hardness (p}t > pJ?). It should also be realized that any detector has only a finite
resolution. For a realistic detector, this applies to both energy /transverse momentum
measurements as well as determination of the angle of motion. For our purpose, the
latter can be safely neglected® and we simulate the former by smearing the jet energy

with Gaussian functions defined by an energy-dependent width, og:

0.80
7E 2 3 0.05, (3.23)

E  VE

where, @ denotes a sum in quadrature.

2All the cross-sections (signal as well as background) presented in the next part of this article are

multiplied by the leptonic branching fraction (6.7% in electron and muon channel) of the Z-boson.

3The angular resolution is, generically, far superior to the energy /momentum resolutions and too

fine to be of any consequence at the level of sophistication of this analysis.
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Kinematic Variable | Minimum value | Maximum value
Py 100 GeV -
77]'14'2 -2.5 2.5
AR(j1, ja) 0.7 -

Table 3.4: Acceptance cuts on the kinematical variables. p]T1 72 i5 the transverse momentum

and 7712 is the rapidity of the jets. AR(j1,72) = v/(An)2 + (A¢)? is the distance among

the jets in the n — ¢ plane, with ¢ being the azimuthal angle.

The signal jets arise from the decay of a significantly heavy mirror quark to a
SM Z and jet. Due to the large phase space available for the decay of the mirror
quarks, the resulting jets will be predominantly hard. Therefore, the large jet py cuts,
listed in Table 5.4, are mainly aimed to reduce the SM background contributions.
With the set of acceptance cuts (see Table 5.4) and detector resolution defined in the
previous paragraph, we compute the signal and background cross-sections at the LHC
operating with /s = 8 TeV and 14 TeV respectively and display them in Table 3.5.
Table 3.5 shows that signal cross-sections are larger than the background for lower
values of mirror quark masses. However, if we increase M, signal cross-sections fall
sharply as the pair production cross section for the mirror quarks fall with increasing
mass.

Since the mirror quarks decay into a jet and Z-boson, the signal is characterized
by a peak at M; in the invariant mass distributions of jet-Z pairs. The signal consists
of two jets and two Z-bosons. In absence of any knowledge about the right jet-Z pair
arising from a particular ¢ decay, we have ordered the jets and Z’s according to their
pr hardness (pff1 > p{ﬁ and pil > p?) and constructed invariant mass distributions
in the jet-Z pairs as follows: M;; = Invariant mass of j; and Z;; M, = Invariant
mass of j; and Zy; My, = Invariant mass of j, and Z; and My, = Invariant mass

of jo and Z;. The four invariant mass distributions (for both signal and the SM
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Vs= 8 TeV Vs= 14 TeV

Cross-sections in fb Cross-sections in fb

Signal Background Signal Background

M, [GeV] | A.C. | S.C. || A.C. | 8.C. | M; [GeV] | A.C. | S.C. || A.C.| S.C.

300 1.65 | 1.07 0.08 400 293 | 1.5 0.22
350 0.92 | 0.52 || 0.35 | 0.07 500 1.04 | 048 || 1.36 | 0.14
400 0.5 | 0.26 0.05 600 0.40 | 0.18 0.09

Table 3.5: Signal and SM background cross-section after the acceptance cuts (A.C.) and
selection cuts (S.C.) for two different values of proton-proton center-of-mass energies. Signal

cross-sections (0 gignar) are presented for three different values of mirror quark masses (Mjy).

background) are presented in Fig. 3.6 for the LHC with center-of-mass energy 8 TeV
(left panel) and 14 TeV (right panel). In Fig. 3.6, we have presented the signal
invariant mass distributions for two different values of M;. We have included the
leptonic branching ratio (6.7% into electron and muon channel) of Z-boson into the
cross-section in the Fig. 3.6. Fig. 3.6 shows that the signal peaks are clearly visible
over the SM background. Moreover, it is important to notice that signal peaks are
more prominent in M, and Ms; distributions compared to M, and My, distributions.
Due to the momentum conservation in the transverse direction at the LHC, both
the mirror quarks are produced with equal and opposite transverse momentum?.
Therefore, if the decay of a particular mirror quark gives rise to the hardest jet then
it is more likely that the Z-boson arising in the same decay will be the softest one.
Mi5(Msy) is the invariant mass of hardest-softest (softest-hardest) jet-Z pairs which
come from the decay of a particular ¢ in most of the events. As a result, we observe

more prominent peaks in the signal Mjs(My;) distribution compared to the My (Mas)

4We do not consider initial/final state radiation (ISR/FSR) in our analysis. In presence of

ISR/FSR, the transverse momentum of the mirror quarks might not be exactly equal and opposite.
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distribution. In our analysis, we have utilized this feature of the signal for the further
enhancement of signal to background ratio. Our final event selection criteria (S.C.)

is summarized in the following:

e To ensure the observability of a peak for a given luminosity in the signal M,
distribution, we have imposed the following criteria: (i) There are atleast 5
signal events in the peak bin. (ii) The number of signal events in the peak bin

is greater than the 30 fluctuation of SM background events in the same bin.

e [f the signal peak in My distribution is detectable then we selected events in
the bins corresponding to the peak in the M, distribution and its four (two
on the left hand side and two on the right hand side) adjacent bins as signal

events. We have used a bin size of 20 GeV.

e The total number of SM background events is given by the sum of events of the

above mentioned five bins in the background M, distribution.

After imposing the final event selection criteria, the signal and background cross-
sections for different M; and /s are presented in Table 3.5. Table 3.5 shows that
selection cuts significantly suppress the SM background cross-section, whereas, signal
cross-sections are reduced only by a factor ~ 2.

After discussing the characteristics features of the signal and the SM background,
we are now equipped enough to discuss the discovery reach of this scenario at the LHC
with center-of-mass energy 8 TeV and 14 TeV. We define the signal to be observable
over the background with confidence level (CL) X for a integrated luminosity £ if,
X-CL upper limit on the background is smaller than the X-CL lower limit on the

signal plus background [22]:

L(ocs+ o) — N+/L(os+0op) > Log+ N+/Lopg, (3.24)
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Figure 3.7: Required luminosity for 50 discovery is plotted as a function of Mj for the

LHC with center-of-mass energy 8 TeV and 14 TeV.

or, equivalently,

— 3.2
og > N ( 5)

)
where, o0g and op are the signal and background cross-sections, respectively and
N =25 for X =99.4% [23] CL discovery. The signal and background cross-sections
in Table 3.5 shows that at the LHC with center-of-mass energy 8 TeV (14 TeV),
350 GeV (550 GeV) mirror quark mass can be probed with integrated luminosity 25
fb=! (72 fb=1). In Fig. 5.9, we have presented the required luminosity for 99.4% CL
discovery as a function of M, for the LHC with center-of-mass energy 8 TeV and 14

TeV.
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Kinematic Variable | Minimum value | Maximum value

Y 25 GeV -
i 2.5 2.5
AR(l, j12) 0.4 -

Table 3.6: Acceptance cuts on the kinematical variables. pl. is the transverse momentum
and 7! is the rapidity of the lepton. AR(, Ji,2) is the distance among the jet-lepton pairs

in the n — ¢ plane, with ¢ being the azimuthal angle.
B Two jets+Z-boson+W -boson signature

Another interesting final state results from the pair production of mirror quarks which
then decay to give 2 jets+2Z +W signal. This happens when one mirror quark decays
into ¢Z while the other one decays into qWW. As before we have considered the
Z boson as a standard object without simulating its decay to leptons (electrons and
muons). Even the W boson can be reconstructed to a certain efficiency in the leptonic
channel, where the neutrino p, is determined by using the W mass constraints. This
is possible because of a single neutrino in the final state. However, we have chosen
to ignore the W as a standard object since the ¢Z resonance will be much more
well defined and with less ambiguity. In our parton level Monte-Carlo analysis, we
have simulated the decay of W bosons into leptons (electron and muons only) and
neutrinos. Electrons and muons show charge tracks in the tracker and are detected at
the electromagnetic calorimeter and muon detector respectively. However, neutrinos
remain invisible in the detector and give rise to a imbalance in the visible transverse
momentum vector which is known as missing transverse momentum (pr). Therefore,
the resulting signature in this case will be 2 jets+1 charged lepton + Z + pr.

The dominant SM background to the signal arises from the production of ZW pairs
in association with two jets. Both signal and background jets energy are smeared by

a Gaussian function defined in Eq. 3.23. To ensure the visibility of the jets at the
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detector, acceptance cuts listed in Table 5.4 are applied on the jets. The acceptance

Vs= 8 TeV Vs= 14 TeV
Cross-sections in b Cross-sections in fb
Signal Background Signal Background
M; | AC | Cut| Cut || A.C.| Cut | Cut || My | A.C. | Cut | Cut || A.C. | Cut | Cut
GeV I 11 I II || GeV I 11 I I
300 | 144 | 7.28 | 3.13 0.74 || 400 | 26.3 | 18.1 | 6.46 2.13
350 | 8.01 | 4.85|1.92| 6.69 | 2.81 | 0.63 || 500 | 9.36 | 7.33 | 2.39 | 26.4 | 11.9 | 1.39
400 | 4.35 | 298 | 1.11 0.51 || 600 | 3.6 | 3.07]0.95 0.90

Table 3.7: Signal and SM background cross-section after the acceptance cuts (A4.C.), Cut
I'and Cut II for two different values of proton-proton center-of-mass energies. Signal cross-

sections (0gignal) are presented for three different values of mirror quark masses (Mjy).

cuts for the lepton are listed in Table 3.6. We do not apply any cuts on the missing
transverse momentum. With these set of cuts (A.C.) on jets (see Table 5.4) and
lepton (see Table 3.6), we have computed the signal and background cross-sections
for the LHC with 8 TeV and 14 TeV center-of-mass energy and presented in Table 3.7.
Table 3.7 shows that for relatively large mirror quark masses, signal cross-sections are
much smaller than the SM background cross-section. For example, at the LHC with
14 TeV center-of-mass energy, the signal to background ratio is 0.14 after acceptance
cuts for my = 600 GeV.

The signal contains a lepton and pr arises from the decay of a W-boson. The
SM background lepton and pr also results from the W-boson decay. However, the
signal W-boson will be boosted in most of the events since it arises from the decay of
a TeV scale mirror quark. We have tried to exploit this feature of the signal for the
further enhancement of signal to background ratio. We have examined the following

kinematic distributions:
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e In Fig. 3.8, we have presented normalized lepton pr (left panel) and missing
pr (right panel) distributions for the signal (m4; = 400 and 600 GeV) and the
SM background at the LHC with /s = 14 TeV. The boost of the signal -
boson results into a long tail in the signal lepton and missing pr distributions.
Fig. 3.8 shows that harder cuts on the lepton and /or missing pr will suppress the
SM background significantly. However, these cuts will also reduce signal cross-
sections considerably. For example, a kinematic requirement of pr > 75 GeV
on the charged lepton at 14 TeV LHC will reduce 45% of the SM background
and 25% of the signal for my = 600 GeV. As a result, we do not use any further

cuts on lepton and/or missing pr.

e Since the signal W-boson is boosted, we expect that the signal lepton and
neutrino will be collimated. Therefore, it is viable to study the azimuthal angle
(A¢) between lepton transverse momentum vector (p}:) and missing transverse
momentum vector (pr). In Fig. 7.10, we have presented normalized A¢(pt., pr)
distributions for the signal (m; = 400 and 600 GeV) and the SM background at
the LHC with /s = 14 TeV. Since the background W-bosons are predominantly
produced with small transverse momentum, background A¢(pt., pr) distribution
is almost flat (see Fig. 7.10). Whereas, the signal A¢(p., pr) distributions peaks
in the small Ag(p}, pr) region. As a result, we have imposed an upper bound
of 1 on the azimuthal angle between lepton pr vector and missing pr vector:
A¢(pl, pr) < 1. We collectively call acceptance cuts and A¢(ph, pr) < 1 cut
as Cut I. The signal and background cross-sections after Cut [ are presented
in Table 3.7. For 14 TeV center-of-mass energy, A¢(py, pr) < 1 cut reduces
55% of the SM background and 14% of the signal for m,; = 600 GeV and thus,

enhances the signal to background ratio by a factor about 2.

e After ¢4 production, one mirror quark decays into ¢Z pair. Therefore, signal jet-
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Figure 3.8: Normalized lepton pr (top panel) and missing pr (bottom panel) distributions

for the signal (mg = 400 and 600 GeV) and the SM background after the acceptance cuts

at the LHC with /s = 14 TeV.
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Figure 3.9: Normalized azimuthal angle A¢(pl, pr) distributions between lepton pr vector
and missing py vector after the acceptance cuts at the LHC with /s = 14 TeV. Signal

distributions are presented for two different values of mirror quark mass (m4 = 400 and 600

GeV).
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Figure 3.10: Jet-Z invariant mass distributions after Cut I for the signal (m; = 400 and 600

GeV) and the SM background at the LHC with 14 TeV center-of-mass energy.

Z invariant mass distribution is characterized by a peak at mg;. After ordering
the jets according to their py hardness (pff1 > p{ﬁ), we have constructed two
invariant mass: (i) M;: invariant mass of j;-Z pair and (ii) Ms: invariant
mass of jo-Z pair. The signal and background invariant mass distributions
are presented in Fig. 3.10 for the LHC with /s = 14 TeV. For the further
enhancement of signal to background ratio, we have imposed cuts on M in a
way similar to that discussed in the previous section. This cut and Cut I are
collectively called as Cut II in Table 3.7. Table 3.7 shows that for m; = 600
GeV, jo-Z invariant mass cut suppress the SM background by a factor about

13, whereas, the signal is reduced by a factor of 3 only.

To estimate the required integrated luminosity for the discovery of the mirror

quarks in two jets+one charged lepton + Z + pr channel, we have used Eq. 3.25.
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Figure 3.11: Required luminosity for 5o discovery in two-jets+one lepton + one Z-boson
+ pfr channel is plotted as a function of M, for the LHC with center-of-mass energy 8 TeV
and 14 TeV.

The signal and background cross-sections after Cut II in Table 3.7 shows that at
the LHC with center-of-mass energy 8 TeV (14 TeV), 400 GeV (600 GeV) mirror
quark mass can be probed with integrated luminosity 20 fb~* (37 fb~1). In Fig. 3.11,
we have presented the required luminosity for 99.4% CL discovery in two jets+one
charged lepton + Z + pr channel as a function of M; for the LHC with center-of-mass
energy 8 TeV and 14 TeV. Inspired by this work, ATLAS collaboration has looked for
a heavy quark decaying into a W boson and a light quark and has set a mass limit

of 690 GeV at center of mass energy 8 TeV at 95% CL.
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3.4 Conclusions

In this work, we have a realistic left-right symmetric model with mirror fermions and
mirror Higgs, and the possibility of discovering the low lying mirror fermions at the
LHC. The model is SU(3)c ® SU(2), ® SU(2)r ® U(1)} supplemented by a discrete
Zy. For each chiral multiplet of the SM fermions, we have corresponding mirror
fermions of opposite chirality. The symmetry is broken to the usual SM symmetry
by a mirror Higgs doublet. The mixing between the SM fermions and the mirror
fermions is achieved by using a Higgs multiplet which is a singlet under the gauge
symmetry, but odd under the Z; symmetry. The model has singlet right handed
neutrinos, and the corresponding mirror neutrinos which are even under Z,. These
are used to generate tiny neutrino masses ~ 107'* GeV with a primary symmetry
breaking scale of ~ 107 GeV (which is the VEV of the mirror Higgs doublet). In this
model, only the mirror fermion of the 1st family (é,, d) are light with well-defined
relative spectrum. All the other mirror fermions are much heavier, and well above the
LHC reach. Since the model is completely left-right symmetric in the fermion sector,
it is naturally anomaly free. Parity conservation, and the nature of the fermion mass
matrices also provides a solution for the strong CP in the model.

The light mirror fermions, 4, d, with masses around few hundred GeV to about a
TeV, can be pair produced at the LHC via their QCD color interactions. They domi-
nantly decay to a Z boson plus the corresponding ordinary fermion (4 — u + Z, d—
d+ Z), or to a W boson and the corresponding ordinary fermions (a — d + W, d—
u+W). (The decays (& — u+ H,d — d+ H) are highly suppressed for most of
the parameter space). Thus the most striking signal of the model is the existence
of of resonances in the jet plus Z channel. Since both the jet and the Z is coming
from the decay of a very heavy particle, both will have very high pr. We have shown
that putting a high pr cut on the jet, and reconstructing the Z in the ete™ or u™u~

channels, these resonances 1, d can be reconstructed upto a mass of ~ 350 GeV at the
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8 TeV LHC, and upto a mass of ~ 550 GeV at the 14 TeV LHC. We are not aware of
any other model which predicts such a resonance. We have also studied, in some de-
tail, the final states arising from the pair productions of these light mirror fermions at
the LHC. These final states are (uZ)(aZ), (dZ)(dZ), (uZ)(dW), (dZ)(aW), and the
subsequent decays of W and Z into the leptonic channels. The signals are much more
observable in the (jet jet ZZ) channel than the (jet jet ZW') channel because of the
missing neutrino in the latter. (The resonance in the signals involving the two W’s
will be difficult to observe). We have studied these final states and the corresponding
backgrounds, and find that the reaches for the light mirror quarks can be~ 450 GeV
at the 8 TeV LHC with luminosity of 30 fb~!, and upto 750 GeV at the 14 TeV
LHC with 300 fb~! luminosity.

Our model predicts a definite pattern of spectrum for the light mirror fermions,
e, U, d. Thus with ma < m j» if a resonance @ is observed, we expect a nearby d within
few hundred GeV. This makes the prediction of the model somewhat unique. Also
the é will have even lower mass, and can be looked for in the proposed future ete™
collider.

In this work, we have studied the collider phenomenology of TeV scale mirror
fermions in the framework of a particular variant of LRMM in which mirror fermions
dominantly decays into the SM fermion and W/Z-boson. However, our collider anal-
ysis is general enough to be applicable to a class of models with TeV scale fermions

decaying into a SM fermion and W/Z-boson.
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CHAPTER 4

Prospects and discovery potential of Non-universal SUGRA at the LHC

4.1 Introduction

Supersymmetry (SUSY) [1,2] has been under scanner since last forty years or more.
On-going Large Hadron Collider (LHC) has put strong bounds on the squark and
gluino masses of minimal supersymmetric Standard Model (MSSM); particularly on
minimal supergravity (mSUGRA) or constrained minimal supersymmetric Standard
Model (CMSSM) [3], not seeing any of those supersymmetric particles. Still, SUSY
search in different forms is the most studied subject of particle physics research due
to its unparalleled theoretical appeal and phenomenological implications.

Out of different SUSY-breaking schemes, mSUGRA has been most popular due
to its economy of parameters; the universal gaugino mass (A7), the universal scalar
mass (myg), the universal trilinear coupling (Ay) all at the GUT scale, tan 3, the ratio
of the vacuum expectation values (vev) of the two Higgses and the sign of SUSY-
conserving Higgsino mass parameter p. However, this framework has been highly
constrained by direct and indirect search experiments [4-7] and non-universality in
scalar [8-19] and gaugino masses [20-22] are getting more and more importance to
keep low-scale SUSY alive.

Recent discovery of Higgs boson with my ~ 125 GeV at LHC by the ATLAS and
CMS Collaborations [23] has put a severe constraint on SUSY parameter space. SUSY
Higgs gets significant correction from the top squark (stop) loop, which increases with
increasing stop mixing and/or stop mass scale. Therefore, in order to get a Higgs

boson around 125 GeV, significant stop mixing or a large stop mass scale is required.
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Large stop mixing results into large mass splitting in the stop sector and consequently
gives rise to a lighter stop (f;) in the mass spectrum. Hence, Higgs boson mass at
125 GeV results in a SUSY mass spectrum with light third family scalars.

Light third family scalars, but relatively heavy first two families' favor SUSY
discovery at future LHC runs given gluino (§) dominantly decays into top-stop pairs
(5 — tt;) and subsequently stop decays into top-neutralino or b-chargino where
t — bW gives rise to multiple b-jets, leptons and large missing energy (Ef). Final
states with multiple b jets and charged leptons, together with large missing energy,
cut down the SM background much more than the usual SUSY signals with multijets
plus large missing energy, and both ATLAS and CMS experiments has achieved b-
tagging efficiency 50% or more and have put bounds on SUSY from the available
data [5].

Another important aspect of SUSY is the dark matter (DM); R-parity conserva-
tion yields a natural candidate namely, the lightest supersymmetric particle (LSP).
DM relic density limits from WMAP [24] and PLANCK [25] can be easily satisfied
in the non-universal gaugino and/or scalar mass scenarios where CMSSM is tightly
constrained. For example, if wino mass is smaller than bino mass at GUT scale
(My < M), we obtain wino dominated LSP yielding correct abundance in a larger
parameter space. Similarly, non-universality in the scalar sector may results in a hig-
gsino like LSP (from non-universality in the Higgs sector) or stau-LSP co annihilation
(from non-universality in the soft SUSY breaking stau mass). We have systemati-
cally studied such non-universal gaugino and/or scalar mass scenarios and proposed
benchmark points for collider studies at LHC with Ecy,= 14 TeV.

Vast amount of work has already been done in mSUGRA to discover SUSY at the
LHC. However, because of the observed Higgs mass, and the dark matter constraint,

the only region left in mSUGRA and accessible at the LHC is the stop co-annihilation

1Such scenarios have already been considered for studies in different contexts [8-10].
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region (where the lighter top squark ¢; and the lightest neutralino ¥} annihilate to
satisfy the dark matter constraint. However, in this parameter space, {; mass is
very close to the x? mass giving rise to very little high pr multijet activity from
its decay [26]. Significant number of works have also been done by increasing the
number of parameters, with non-universal gaugino masses and non-universality in
the scalar masses satisfying all the existing constraints [27]. However, we pin point
that to survive Higgs mass and dark matter constraint in the framework of gravity
mediated supersymmetry breaking, a larger region of parameter space is available
with specific non-universal gaugino and scalar mass patterns with a generic signature
in bottom rich, and bottom quark plus charged lepton rich final states with large
missing energy, which with suitable cuts can be observed over the SM background at
the 14 TeV LHC. We claim that these will be the most favorable final states at the
14 TeV LHC to discover SUSY or to put strongest bounds on them.

The chapter is organized as follows. In Section 2, we discuss the model under
consideration and the selected benchmark points. We also review dark matter con-
straints on SUSY parameter space to motivate our benchmark points. In Section 3,
we discuss the final states in which SUSY signals can be observed over the SM back-
ground, including the details of the collider simulation strategy and the numerical

results at the 14 TeV LHC. We conclude in Section 4.

4.2 Model, Constraints and Benchmark Points

4.2.1 Constraints on SUSY models:

Following measurements play a key role to constrain SUSY parameter space. We
discuss their effect and motivate how that leads eventually to the benchmark points

chosen in this article for SUSY searches at LHC.

e The main constraint on the SUSY parameter space after LHC 7/8 TeV data is
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that the CP even Higgs mass to be within [23]:

123 < my, < 127. (4.1)
The branching ratio for b — s [6] which at the 30 level is

2.13 x 107* < Br(b — s7) < 4.97 x 107 (4.2)

We also take into account the constraint coming from By — '~ branching

ratio which by LHCD observation [7] at 95% CL is given as

2x 107 < Br(B, — ptu™) <4.7x107°. (4.3)

Parameters are fine-tuned in a way that it gives a correct cold dark matter relic

abundance according to WMAP data [24], which at 30 is
0.091 < Qcparh® < 0.128 (4.4)

where Qcpas is the dark matter relic density in units of the critical density
and h = 0.71 £ 0.026 is the reduced Hubble constant (namely, in units of

100 km s=! Mpc™).

To note here, the PLANCK constraints 0.112 < Qpyh? < 0.128 [25] is more

stringent, and cuts a significant amount of dark matter allowed SUSY parameter

space. We choose our benchmark points satisfying PLANCK on top of WMAP.

In the following subsection, we discuss mainly the dark matter and Higgs mass

constraints on SUSY parameter space as they have been the key to choose our bench-

mark points.

4.2.2 Dark matter and Higgs mass on SUSY: Benchmark Points

One of the main motivations for postulating R-parity conserving SUSY is the presence

of a stable weakly interacting massive particle (WIMP) which can be a good cold dark
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matter. Lightest neutralino X! is most often the lightest supersymmetric particle
(LSP) and a good candidate for cold dark matter. In some regions of the parameter
space, it has the annihilation cross-section to Standard Model (SM) particles yielding
correct relic abundance satisfying WMAP/PLANCK [24, 25].

In mSUGRA, x{ is bino dominated in a large part of the parameter space. For
a bino DM, WIMP miracle occurs when they annihilate to leptons via ¢-channel
exchange of sleptons with mass in the 30-80 GeV range [28]. However, slepton masses
that light was already discarded by direct slepton searches at LEP2 [29]. Therefore,
after LEP2, some distinct parts of mSUGRA parameter space that satisfies relic

abundance are as follows:

e The h-resonance region [30] is characterized by 2mq ~ my which occurs
1
at low my/e. In this region, X! annihilation cross-section enhances due to the

presence of a s-channel h-resonance.

e A-funnel region [31] is where 2m, 5 ~ Mg; A is the CP-odd Higgs boson. This
1

region is characterized by large tanfs ~ 50.

e Hyperbolic branch/focus point (HB/FP) region [32] is the parameter
space where large mg region corresponds to small x and thus Higgsino dominates

X! and annihilates to WW, ZZ and Ah significantly.

e Stau co-annihilation region [33] arises if neutralino-LSP is nearly degenerate

with the stau (mx~0 ~ ms ). In mSUGRA, this occurs at low mg and high M, /5.
1

e Stop co-annihilation [34] occurs in mSUGRA with some particular values of

Ay, where lighter stop (f;) becomes nearly degenerate with the LSP.

After LHC data with the discovery of Higgs and exclusion limits on the squark/gluino

masses, many of the above DM regions in mSUGRA are highly constrained. With
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20.3 fb~! integrated luminosity and Eqy = 8 TeV, ATLAS [1] and CMS [36] collabo-
rations have excluded equal squark and gluino mass below 1.7 TeV completely ruling
out h-resonance region whereas, the A-funnel, stau and stop co-annihilation regions
are partly excluded. Observation of Higgs mass at about 125 GeV indicates towards
large mg (mg > 0.8 TeV) and large Ay ( |Ag| > 1.8mg for my < 5 TeV) [37]. For
mgy > 0.8 TeV, stau co-annihilation is only viable at very large M, values which
makes the SUSY discovery at the collider very challenging. The HB/FP region re-
mains unscathed by the LHC squark/gluino searches as it requires low p at very large
moy ~ 3 — 10 TeV for Ay = 0. However, Higgs mass at 125 GeV (requires large |A|)
push the region to much higher mg ~ 10 — 50 TeV values. A small part of stop
co-annihilation is the only region of mSUGRA parameter space alive, having some
possibilities of seeing at 14 TeV LHC.

Non-universality in the gaugino and/or scalar sector on the other hand, can pro-
vide a lot more breathing space. The implications of direct search bound from LHC
on neutralino dark matter have been studied extensively. See for example, [38-40].
In our analysis, we choose four benchmark points (BP) which are motivated from
different LSP annihilation and co-annihilation mechanism and consistent with all
experimental limits.

i) BP1: If M, < M, at GUT scale and EW scale, and M, < 1 at low scale, the LSP y9
is wino dominated and then lightest chargino is almost degenerate with LSP. Chargino
co-annihilation crucially controls relic abundance in such a region of parameter space,
apart from larger wino component itself increases annihilation cross-section. A large
part of purely wino DM hence provides under-abundance [41]. However, we scan the
wino dominated parameter space where it is consistent with relic abundance from
WMAP. As an example, we have scanned the parameter space over My, M, and Ay
for my = 2000 GeV, M3 = 500 GeV tanf = 15 and g > 0. The allowed values of

M, /M, as a function of Ay are plotted in Fig. 4.1 for three different values M, = 700,
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m=2000 GeV, M5=500, tanf=15 and u>0

0.58

0.57

0.56

0.55

M,/M,

0.54

M,=700 GeV
053 b M;=800 GeV
M;=900 GeV v
052 1 1 1 1
-4100 -4000 -3900 -3800 -3700 -3600 -3500
Ag [GeV]

Figure 4.1: A sample parameter space scan for gaugino mass non-universality with
M; < My < My in Ay vs My/M; plane to satisfy DM abundance. M,= (700, 800,
900) GeV, yields three discrete consistent regions in red, blue and green respectively
with My /M, varying along y-axis with Ay varying along x-axis. We choose M;3;= 500

GeV, mp= 2000 GeV, tan f= 15. BP1 represent a benchmark point of this sort.
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800 and 900 GeV in red, blue and green respectively. When we vary M, continuously,
they merge into a continuous region. It is important to note in Fig. 4.1 the vertical
high Ay region is dominated by stop co annihilation as the stop becomes lighter
with increasing Ay and a small change in Ay results in a big change in Ms/M; to
keep relic abundance within proper limit. The horizontal part of red, blue and green
region with smaller Ay on the other hand, represent wino dominated dark matter
with nearly degenerate chargino and co-annihilation to yield proper abundance. For
example, with My = 700 GeV, |Ag| > 4000 GeV is dominated by stop co-annihilation
and |Ap| < 4000 GeV characterizes wino DM. Our first benchmark point BP1 is a
representative of this particular non-universal gaugino mass scenario M3 < My < M;
with wino dominated DM. The benchmark points are explicitly written in Table 4.2.
While gaugino mass non-universality has been used to obtain BP1, scalar masses are
kept universal.

Also note that gaugino non-universality with Ms < M, < M is obtained within
the framework of SUSY-GUT in SU(5) or SO(10) [20,21] with dimension five oper-
ator in the extension of the gauge kinetic function f,,(®’) where non-singlet chiral
superfields ®" belongs to the symmetric product of the adjoint representation of the

underlying gauge group as

SUB) : (24 X 24)symm = 14 24 4+ 75 + 200 (4.5)

SO(10) = (45 X 45)gymm = 1 + 54 + 210 4 770

Gaugino masses become non-universal if these non-singlet Higgses are responsible
for the GUT-breaking. 75 and 200 belonging to SU(5) or 770? of SO(10) yield a

hierarchy of M3 < M;j, My shown in Table 1. The specific non-universal ratio(s)

2For breaking through 770, we quote the result, when it breaks through the Pati-Salam gauge
group Gyoop (SU(4)c x SU(2)r x SU(2)g with even D-parity and assumed to break at the GUT

scale itself.
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Representation Ms . My : My at Mgyt
75 of SU(5) 1:3:(-5)
200 of SU(5) 1:2:10
770 of SO(10): H — SU(4) x SU(2) x SU(2) 1:(2.5):(1.9)

Table 4.1: Non-universal gaugino mass ratios for different non-singlet representations
belonging to SU(5) or SO(10) GUT-group that gives rise to the hierarchy of Mz <
M, My at the GUT scale.

used in the scan can be motivated from GUT breaking with a linear combination of
aforementioned non-singlet representations.

ii) BP2: Our second benchmark point BP2 is motivated from the Hyperbolic branch/Focus
Point region of DM. As has already been mentioned, for mSUGRA, very large values
mg ~ 10 —50 TeV is required to make g small such that LSP becomes predominantly
a Higgsino, that paves the way for correct relic abundance through annihilation to
WW, ZZ and Ah final states. However, introduction of non-universality in the scalar
sector, in particular in the Higgs parameters mpy, and my, at GUT scale, gives rise
to small p, even without going to such high scalar masses, making it accessible to
collider events at LHC. Again, following our strategy to minimize the number of pa-
rameters to choose BP2, we kept all gaugino and other scalar masses universal at the
high scale.

iii) BP3: Our third benchmark point BP3 represents stau co-annihilation region
exploiting non-universality in the scalar sector. We have used squark-slepton non-
universality as well as non-universality in the family to make the third family slep-
ton masses lighter than other scalars at the high scale. Although such scalar non-
universality is mostly phenomenological, having impacts on CP and FCNC issues, it
can be motivated from string-inspired models with flavor dependent couplings to the

modular fields [8,9]. In Table 4.2 we show all the inputs at high scale as well as the
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low-scale SUSY masses.

iv) MSG: The mSUGRA benchmark point represent stop co-annihilation region of
DM parameter space. In mSUGRA, stop co-annihilation occurs at distinct non-zero
values of |Ag| in a narrow range, for particular values of mg, M/s, tans and Sign(u).
Higgs mass of 125 GeV can also be obtained in the whole mo — M/, plane with
mg > 0.8 TeV for large Ay. Hence, a tiny region of mg, M/, and Ay parameter space
simultaneously satisfy right Higgs mass and dark matter constraints.

However, the situation changes dramatically if we introduce non-universality in
gaugino sector, if we assume M3 < My = My, effectively adding one more parameter
to mSUGRA. Then Higgs mass of 125 GeV can be satisfied in a larger range of A,
values; while for a given Ay, dark matter density can be satisfied by varying M, o
appropriately through stop co-annihilation.

In Fig. 4.2, we have presented a sample scan of such a four-dimensional parameter
space mg, Ms, Mo and Ay, for tans = 15 and positive p. Left panel shows a three-
dimensional subset of the scan with M5 (along x-axis), mg (along y-axis), Ay (color
gradient) and on the right panel we have M3 (along x-axis), my (along y-axis) and M o
(color gradient). For a given My and my, there is a range of Ay and M; » which gives
rise to right relic abundance and Higgs mass. For simplicity, in Fig. 4.2, we consider
the minimum possible values of Ay and M » which are consistent with experimental
constraints. As a result, the whole parameter space shown in the figure is allowed
by dark matter and Higgs mass constraint. White dots in Fig. 4.2 corresponds to
Ms = M, i.e. mSUGRA points as a subspace of such gaugino non-universality.
Our benchmark point MSG is represented by one of these white dots. We didn’t
chose a non-universal benchmark point from this region as the collider signature is
expected to be the same as the chosen MSG point.

For renormalization group equation RGE, we use the code SuSpect v2.3 [42] with

my = 173.2 GeV, my = 4.2 GeV, m, = 1.777 GeV and stick to two-loop RGE with
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Figure 4.2: Four-dimensional parameter space scan with mg, Ms, M, and Ay; for
tanf = 15 and positive p to obtain correct dark matter relic abundance, Higgs mass
and other low energy constraints. LHS: Three-dimensional subset of the scan with
M; (along x-axis), my (along y-axis), Ay (color gradient); RHS: Mj (along x-axis), mg
(along y-axis) and M; o (color gradient). mSUGRA points are represented in white

dots and our benchmark MSG is one of them.
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radiative corrections to the gauginos and squarks. We use full one loop and dominant
two loop corrections for the Higgs mass. We ensure radiative electroweak symmetry
breaking to evaluate the Higgsino parameter p at the low scale out of high-scale
inputs m%lu and qud and the electroweak symmetry breaking scale has been set at
/T, My, the default value in the code SuSpect. The low scale value of the strong
coupling constant has been chosen at ag(M. Z)m = 0.1172. We compute the cold

dark matter relic density with the code micrOMEGAs3.1 [43].

4.3 Collider Simulation and Results

Non-universal SUGRA points advocated in the earlier section can be seen at the
future run of LHC in bottom rich and leptonic final states. This also serves as a
major distinguishing feature from mSUGRA points surviving Higgs mass and dark
matter constraints.

We first discuss the strategy for the simulation including the final state observables
and the cuts employed therein and then we discuss the numerical results in next

subsection.

4.3.1 Strategy for Simulation

The spectrum generated by SuSpect as described in the earlier section, at the bench-
mark points are fed into the event generator Pythia 6.4.16 [44] by SLHA interface [45]
for the simulation of pp collision with center of mass energy 14 TeV for LHC.

The default parton distribution functions CTEQSL [46], QCD scale v/3 in Pythia
has been used. All possible SUSY processes (mainly 2—2) and decay chains consistent
with conserved R-parity have been kept open with initial and final state radiation
on. We take hadronization into account using the fragmentation functions inbuilt in
Pythia.

The main 'physics objects’ that are reconstructed in a collider, are:
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parameter BP1 BP2 BP3 MSG
tan 3 15.00 15.00 15.00 15.00
(Ms, My, My) | (500,700,1282) | (500,500,500) | (500,500,500) | (480,480,480)
(mz,mz) (2000,2000) | (2500,2500) | (2000,518) | (1900,1900)
(mu,, mu,) (2000,2000) | (3047,4000) | (2000,2000) | (1900,1900)
Ao -3700 -3500 -3500 -4239
sgn(p) + + + +
mg 1251 1277 1265.2 1201.3
My, 2234 2667 2217.6 2108
my, 761 785.6 865 243
mg, 1656.5 1950.2 1670 1487
my, 1635 1940.5 1651 1442
my, 2117 2558.3 2124.6 1988
mg, 2054 2473 2019 1918.3
mz 1962 2420.3 219.7 1797
ms, 2013.8 2467.2 492.2 1870
Mgt 588.3 262.6 417.6 404.6
M 1584.4 447.5 1523 1742
mso 1584.3 447.7 1522.4 1741
mso 1581.3 285.3 1520.3 1739.4
msy 588.4 275.3 417.6 404.6
mso 561.7 201.7 211.4 208.3
mp 124.1 123.4 123.2 123.8
Q;ahz 0.118 0.127 0.116 0.112
BF(b — s7v) 2.98 x 1074 2.83 x 107* | 3.00 x 107* | 3.25 x 10~*
Br(Bs — ptp~) | 3.10x107° | 3.07x 107 | 3.09 x 10° | 3.13 x 10~°

Table 4.2: Benchmark points BP1, BP2, BP3 and MSG. Model inputs, low scale predictions

and constraints are mentioned. 99



e [solated leptons identified from electrons and muons
e Hadronic Jets formed after identifying isolated leptons

e Unclustered Energy made of calorimeter clusters with pr > 0.5 GeV (ATLAS)
and |n| < 5, not associated to any of the above types of high-Er objects (jets

or isolated leptons).

We try to mimic the experimental reconstruction for these objects in Pythia as follows.
Isolated leptons: Isolated leptons are identified as electrons and muons with pr > 10
GeV and |n| <2.5. An isolated lepton is separated from another lepton by AR,, >0.2,
from jet (jets with £ > 20 GeV) with AR,; > 0.4, while the energy deposit ) Er
due to low-E7 hadron activity around a lepton within AR < 0.2 of the lepton axis
should be < 10 GeV. AR = \/m is the separation in pseudo rapidity and
azimuthal angle plane. The smearing functions of isolated electrons, photons and
muons are described below.

Jets: Jets are formed with all the final state particles after removing the isolated
leptons from the list with PYCELL, an inbuilt cluster routine in Pythia. The detector is
assumed to stretch within the pseudorapidity range |n| from -5 to 4+5 and is segmented
in 100 pseudorapidity (n) bins and 64 azimuthal (¢) bins. The minimum Er of each
cell is considered as 0.5 GeV, while the minimum FE7r for a cell to act as a jet initiator
is taken as 2 GeV. All the partons within AR=0.4 from the jet initiator cell is

considered for the jet formation and the minimum ) Er7° for a collected cell

parton
to be considered as a jet is taken to be 20 GeV. We have used the smearing function
and parameters for jets that are used in PYCELL in Pythia.

b-jets: We identify partonic b jets by simple b-tagging algorithm with efficiency of
e, = 0.5 for pr > 40 GeV and |n| < 2.5 [47].

Unclustered Objects: All the other final state particles, which are not isolated

leptons and separated from jets by AR >0.4 are considered as unclustered objects.
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This clearly means all the particles (electron/photon/muon) with 0.5 < Er < 10GeV
and |n| < 5 (for muon-like track |n| < 2.5) and jets with 0.5 < Ep < 20GeV and

In| < 5, which are detected at the detector, are considered as unclustered objects.
e Electron/Photon Energy Resolution
o(E)/JE=a/VE®bDc/E*?
Where,

a =003 [GeVY?], b=0.005& c=02][GeV] for|n <15

= 0.055 = 0.005 =06 for 1.5 < |n| <5

e Muon Pr Resolution :

O'(PT)/PT = a if Pr < 100GeV (46)

= a+blog(Pr/¢) if Pr> 100GeV (4.7)

Where,

a= 0.008 & b= 0.037 for |n| < 1.5

= (.02 = 0.05 1.5<|n <25
and £ = 100 GeV.

e Jet Energy Resolution :

o(Er)/Er = a/VEr
Where,

a= 0.55 [GeV'/?], default value used in PYCELL.

e Unclustered Energy Resolution :

3@ indicates addition in quadrature
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O'(ET) _ EiE;Unc.O)i

Where, ~ 0.55. One should keep in mind that the x and y component of EY"¢C

need to be smeared independently with same smearing parameter.

We sum vectorially the x and y components of the momenta separately for all visi-

ble objects to form visible transverse momentum (pr)uvis, (P7)vis = /(O p2)? + (O py)?
where, > pe = > (Pa)iso 1+ (Dx)jet+ > (Px)Unc.o and similarly for > p,. We identify
(Pr)vis as missing energy Eft Ef = (pr)uvis

We also define Effective mass Hr as the scalar sum of transverse momenta of
visible objects like lepton and jets with missing energy

Hy =3 pr' + pr’® + Ef

Effective mass cuts have really been useful to reduce SM background for the signals
as we will see shortly.

We studied the benchmark points in multi-lepton final states as well as in b-rich

final states at Fop= 14 TeV at LHC with varying cuts. The channels we study are:

e Four b-jet with inclusive lepton and jets (4b) : 4b + X + Ef; Here X implies
any number of inclusive jets or leptons without any specific veto on that. Basic

cuts applied here are pr® > 40 GeV, Ef>100 GeV.

e Four b-jet with single lepton (4b¢) : 4b + ¢ + X + Ejf; Here X implies any
number of inclusive jets without any specific veto on that. The lepton can have
any charge 4. Basic cuts applied here are pr® > 40 GeV, pr‘ > 20 GeV, |n| <
2.5, Ef>100 GeV.

e Two b-jets with di-lepton (262¢): 2b + 2¢ + X + Ef; Here X implies any
number of inclusive jets without any specific veto on that. Leptons can have

any charge + (including same and opposite sign). Basic cuts applied here are

pr® > 40 GeV, pr’ > 20 GeV, || < 2.5, Ef>100 GeV.
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e Same sign dilepton with inclusive jets (¢X¢%): (*(* + X + Ef: The basic cuts

applied are Ef > 30 GeV, prt > 40 GeV and pr® > 30 GeV with |n| < 2.5.

e Trilepton with inclusive jets ((X05(%): ((*(* + X + Ef; Basic cuts Ef> 30

GeV, pr’t > 30 GeV, pr2 > 30 GeV and pr®® > 20 GeV with || < 2.5.

e Four-lepton with inclusive jets ((E0£(%): (£(E(*(* + X + Ef; For basic cuts
no missing energy cut is employed while, lepton transverse momentum cuts are
as follows: pr’t > 20 GeV, pr®2 > 20 GeV and pr®® > 20 GeV and pr > 20

GeV with |n| < 2.5.

¢ stands for final state isolated electrons and or muons as discussed above and Ejf
depicts the missing energy. Opposite-sign dilepton was not considered mainly because
of the huge SM background from ¢¢ process.

Apart from the basic cuts including a Z-veto of |My; — My+,~| >15 GeV on same
flavor opposite sign dilepton arising in 2621, trilepton and four lepton final states, we
apply sum of lepton pr cut (3 pr%) and combination of lepton pr cut with MET,
called modified effective mass cut Hy; = > prli + Efrto the leptonic final states, and

harder Hr cuts on b-rich final states and we refer to them as follows:

o C1: Y prfi > 200 GeV

C2: S prh > 400 GeV

C3: Hp; > 400 GeV

C4. Hp; > 500 GeV

C1: S prf > 100 GeV

C2: S prf > 200 GeV

C3": Hpy > 150 GeV
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e C4': Hpy > 250 GeV
e C5: Hp > 1000 GeV, Ef> 200 GeV, pr® > 60 GeV.

We have generated dominant SM events from ¢¢ in Pythia for the same final
states with same cuts and multiplied the corresponding events in different channels
by proper K-factor (1.59) to obtain the usually noted next to leading order (NLO)
and next to leading log re summed (NLL) cross-section at LHC [48]. bbbb ,bbbbW/Z
and ttbb background have been calculated in Madgraph5 [49]. The cuts are motivated
such that we reduce the background to a great extent as shown in next subsection.
Note that softer cuts C1’, C2',C'3’, C4' have been used for four lepton channel where

the SM background is much smaller.

4.3.2 Numerical results

Model Points | Total | gg | &@t; | X0X0 | Xixd | X0 | § = 6t | 6 — 0x0 | &1 — bxf
BP1 107.6 | 29.20 | 32.06 | 0.11 | 7.18| 14.6| 99% | 763 % | 23.7%
BP2 607 | 26.3| 15.1 | 64.7| 1269 |354.8| 99 % 10.3% 45.2%
BP3 188 | 26.5| 13.8| 0.33| 371 | 742| 99 % 86.5% 9.4%
MSG 18208 39 | 18010 | 0.1 28 84 99% 0% 0%

Table 4.3: Total supersymmetric particle production cross-sections (in fb) as well
as some leading contributions from §§ and #;#* and electroweak neutralino-chargino
productions for each of the benchmark points with Eqxjy,= 14 TeV. We also quote the

significant decay branching fractions (in percentage).

The main SUSY production cross-sections for the benchmark points have been
noted in Table 4.3 with the total cross-section for all 2—2 SUSY processes. All
the non-universal benchmark points have similar gluino production and third family

stop production, while the mSUGRA point has a huge stop production due to very
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light stop mass and the total cross-section for this point is also dominated by that.
Although other benchmark points have sufficiently large branching fraction of stop
going to bottom chargino or stop neutralino, MSG has nothing in these channels as
the stop is almost degenerate with the lightest neutralino, it only decays to ¢y in
loop. For MSG, {9 decays to x'h 95% and first chargino dominantly decays to #;b.
Hence 3b channel can be a better channel to look for such MSG points. As mSUGRA
is only alive in such a region of parameter space for the sake of dark matter, all MSG
points will be similar in this aspect. We also note that for BP1: ¥ decays into
{4+ vy + XY through off-shell sleptons in 33% while Y9 decays to leptonic final state
is only ~ 1%. BP2 has dominant production in electroweak gauginos. Associated
production of the gluinos with neutralinos are also quite heavy. Here t; — t)2873
branchings are also of the same order of ¢, — tx?. Although Y9 decays to leptonic
final state is 1%, Y7 decays into £ + vy + X¥ in 33%. Huge electroweak production
will significantly contribute to leptonic final states for BP2. For BP3, chargino and
neutralino decays to tau-rich final state as a result of lighter stau. Hence, in addition
to the standard leptons, channels with tau-tagging can be a better channel to look
for this benchmark point.

Missing energy distribution of the benchmark points in bottom rich final states
are shown in figure 4.3. Missing Energy has been normalized to 1. 4b and 4b¢ final
states doesn’t have a significant background, hence only signal events are shown. It
occurs that the benchmark points have a similar missing energy pattern, while for
2b2¢, the tt background has a sharper peak at low missing energy as can be expected.
Similarly effective mass Hp distribution in bottom-rich final states is shown in figure
4.4. There is no significant difference between the benchmark points in terms of this
distribution either. We can see for 4b¢ channel (Fig 4.3, top right), the peaks of the
distributions are a bit separated. For 202/, background ¢t peaks at a much lower

value while the signal events have a peak > 1000 GeV. This gives us the opportunity
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Figure 4.3: Missing energy distribution in bottom rich final states at the benchmark
points. Top left: 4b channel, Top right: 4b¢ channel; bottom: 2b2¢ channel. CTEQ5L
pdfset was used. Factorization and Renormalization scale has been set to up = ugr =

V5, sub-process center of mass energy.
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Figure 4.4: Effective mass distribution in bottom rich final states at the benchmark
points. Top left: 4b channel, Top right: 4b¢ channel; bottom: 2b2¢ channel. CTEQ5L
pdfset was used. Factorization and Renormalization scale has been set to up = ugr =

V5, sub-process center of mass energy.
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Benchmark Points O4p O 4pl O92p21 O'4b(C5) U4bl<C5) 02521(05)

BP1 1.35 0.44 1.15 0.60 0.18 0.84
BP2 1.56 0.50 1.24 1.53 0.49 1.11
BP3 1.34 0.41 1.17 0.76 0.22 0.91
MSG 0.004 | 0.004 0.1 <0.001 | <0.001 0.01

tt <0.01 | <0.01 | 973.1 | <0.01 <0.01 <0.01

bbbb, bbbb + W/Z | 0.106 | <0.01 | <0.01 | <0.01 <0.01 <0.01

ttbb 0.8825 | 0.634 | 1.03 0.005 <0.01 <0.01

Table 4.4: Event-rates (fb) in bottom rich final states at the chosen benchmark points
for Ecp= 14 TeV with basic cuts and cuts C'5. CTEQ5L pdfset was used. Factorization
and Renormalization scale has been set to pup = g = V/3, subprocess center of mass

energy. Contributions from dominant SM backgrounds are also noted.

to put a very hard effective mass Hr cut, which reduces the background to almost
zero, while retaining the signal. Hard effective mass cut also helps to remove other
hadronic and QCD backgrounds as shown in Table 4.4.

In summary, from Table 4.4, BP1, BP2 and BP3 have very good prospects of being
discovered at LHC in 4b, 4b¢ and 2b2/¢ final states while the corresponding MSG point
doesn’t contribute at all in such final states. The main reason of this is clear from
Table 4.3. Although #,# production is huge for MSG, stop being almost degenerate
with LSP, it can not decay to t;}f or b){{r and hence it doesn’t produce any b-jets. We
might however, see 3b events from electroweak production.

The SM backgrounds are negligible in bottom rich channels excepting 2062¢, which
suffers from a sufficiently large background from ¢¢ production. But, a heavy Effective
mass cut (Hrp) eliminates this to a large extent, while retaining the signals. The

Effective mass distribution in Fig. 4.4 bears the testimony to the fact. We also note
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Figure 4.5: Missing energy distribution in ££¢* (left) and ¢*¢*¢* (right) final states

at the benchmark points.
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Figure 4.6: Effective mass Hp, distribution in ¢*¢* (left) and ¢=¢*(* (right) final

states at the benchmark points.
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that SM background events were simulated with very high number of events, such
that each event carries a small weight, 0.01 fb of cross-section; hence, null events in
simulation corresponds to cross-section less than that.

Missing energy and effective mass distribution for Same-sign dilepton and trilepton
events are shown in fig 4.5 and 4.6 respectively. Again all the benchmark points show
very similar distribution, while the ¢t can be reduced with a heavy Hrz, cut. All the
leptonic event numbers for the benchmark points are shown in Table 4.5.

Table 4.5 tells us, that trilepton events are still good for all the benchmark points
while 4-lepton channel is good for BP2 and BP3 only. We also need to note that
the background for 4-lepton channel is negligible (hadronically quiet part comes from
AW or ZZZ production). After the cuts they vanish almost completely. Similarly
ZW , which contributes to trilepton reduces to a great extent after the Z-veto. Hence,
we didn’'t quote those background events here. We also see that C2 and C4 cut
reduce the ¢t background significantly. C2 kills the signal events to a great extent
too, hence, C'4 is a better choice to reduce background and retain signal. Hence,
these leptonic final states are also good channels to study such benchmark points.
The reason of BP2 having larger leptonic events, comes also from huge electroweak
gaugino productions as pointed in Table 4.3. Hence, a significant part of these leptonic
final states should contain hadronically quiet lepton events. The minimal supergravity
benchmark point doesn’t contribute at all to the leptonic final states, the reason being
simply understood as not having lighter stops to decay through top or sleptons leading
to leptons. Hence, such mSUGRA points can only be studied in hadronic channels or
perhaps 3b final states as mentioned earlier. After mSUGRA being alive only in stop
co-annihilation region, this seems to be a generic feature for all mSUGRA parameter
space points to obey Higgs mass and dark matter constraint. This in turn, can help

distinguishing such non-universal frameworks from mSUGRA in LHC signature space.
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Channels and Event rates (fb) | BP1 | BP2 | BP3 | MSG tt
(*0* (Basic) 0.48 | 1.03 | 0.65 0.2 | 40.32
(H0++C01 0.16 | 0.30 | 0.30 0.1 1.08
(002 0.03 | 0.03 | 0.05 | <0.001 | <0.01
(H0+4+-C3 0.35 | 0.53 | 0.54 0.1 0.54
(E0E+C4 0.26 | 0.40 | 0.44 | <0.001 | 0.17
(*0*(* (Basic) 0.18 | 0.96 | 0.24 | <0.001 | 33.96
(0 4-C1 0.11 | 0.40 | 0.18 | <0.001 | 3.62
(RO FLC2 0.02 | 0.06 | 0.04 | <0.001 | 0.17
(E0E04-C3 0.15 | 0.38 | 0.22 | <0.001 | 0.54
(I CY 0.11 | 0.31 | 0.19 | <0.001 | <0.01
(E(E0+0* (Basic) 0.018 | 0.21 | 0.019 | <0.001 | 0.17
(EOEEE O 0.018 | 0.20 | 0.019 | <0.001 | 0.17
(EOE 0 4-C2 0.013 | 0.11 | 0.017 | <0.001 | <0.01
(EOEEE O3 0.017 | 0.21 | 0.019 | <0.001 | 0.17
(RO O4 0.016 | 0.16 | 0.019 | <0.001 | <0.01

Table 4.5: Event-rates (fb) in leptonic final states at the chosen benchmark points
for Ecy= 14 TeV with basic cuts and cuts C1, C2, C3, C'4 as described. The main
background #t is also noted. CTEQ5L pdfset was used. Factorization and Renormal-

ization scale has been set to up = pr = V/§, subprocess center of mass energy. Note

that trilepton and four-lepton final states include Z—veto.
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4.4 Summary and Conclusions

It is remarkable that a Higgs boson has been discovered with a mass ~ 125 GeV. In
pure SM, theoretically there is no reason why its mass should be at the EW scale,
or even it is, why it is not much higher or lower than 125 GeV. (In fact, in pure
SM, best fit to the EW data prefers a much lower mass). This gives us hope that
some symmetry principle is there beyond the pure SM, and supersymmetry being
the most natural candidate, because it solves the hierarchy problem, as well as it
constraints the Higgs mass to be less than ~ 135 GeV. In addition, supersymmetry
has a natural candidate for the dark matter. However, the minimal version of the
most desirable version of MSSM, mSUGRA, is in very tight corner to satisfy all the
existing experimental constraints, as well as being within the reach of LHC. We find
that mSUGRA is still viable in the stop co-annihilation region in which the classic
SUSY signal (multijet plus missing E7) is essentially unobservable beyond the SM
background at the LHC. (The other allowed region such as hyperbolic/ focus point
has SUSY particle masses well beyond the reach of LHC). However, if we relax little
bit from mSUGRA with non-universal gaugino and /or scalar masses, the situation
becomes much more favorable to discover SUSY at the LHC.

In this work, we have shown that SUSY with non-universalities in gaugino or scalar
masses within high scale SUGRA set up can still be accessible at LHC with Eqy, = 14
TeV. In particular, we show the consistency of the parameter space in different dark
matter annihilation regions. Wino dominated LSP with chargino co-annihilation can
be achieved with gaugino mass non-universality with M3 < M, < M;. Hyperbolic
Branch/Focus point region with Higgsino dominated LSP can be obtained easily
with Higgs non-universality as BP2. Such parameter space automatically occurs with
lighter gauginos and hence they may dominate the production and leptonic final
states at LHC. Stau co annihilation can occur with scalar non-universality while

stop co annihilation can arise simply with high-scale gaugino non-universality with
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Ms < My = M;. mSUGRA, though viable in only stop co-annihilation region, do
not yield lepton or b-rich final states due to lack of phase space for the stop to decay
leptonically. There exist a reasonable region of parameter space in the non-universal
scenario which not only satisfy all the existing constraints, but also can unravel SUSY
in bottom and lepton rich final states with third family squarks being lighter than the
first two automatically. We have made detailed studied of three benchmark points in
these allowed parameter spaces, and find that SUSY signal in the bottom or bottom
plus lepton-rich final state stands over the SM background with suitable cuts. We
have also investigated pure leptonic final states with suitable cuts, and find some of
these final state have viable prospects. Finally we also emphasize that with good
luminosity in the upcoming 14 TeV LHC runs, these allowed parameter space can be

ruled out easily, or we we will discover SUSY.
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CHAPTER 5

Parallel Universe, Dark Matter and Invisible Higgs Decays

5.1 Introduction

Symmetry seems to play an important role in the classification and interactions of
the elementary particles. The Standard Model (SM) based on the gauge symmetry
SU(3)exSU(2) x Uy (1) has been extremely successful in describing all experimental
results so far to a precision less than one percent. The final ingredient of the SM,
namely the Higgs boson, has finally been observed at the LHC [1]. However, SM is
unable to explain why the charges of the elementary particle are quantized because
of the presence of U(1)y. This was remedied by enlarging the SU(3)c symmetry
to SU(4)¢ with the lepton number as the fourth color,(or grand unifying all three
interaction in SM in SU(5) [2] or SO(10) [3]).

SM also has no candidate for the dark matter whose existence is now well estab-
lished experimentally [4]. Many extensions of the SM models, such as models with
weakly interacting massive particles (WIMP) can explain the dark matter [4]. The
most poplar examples are the lightest stable particles in supersymmetry [4], or the
lightest Kaluza-Klein particle in extra dimensions [5]. Of course, axion [6] is also a
good candidate for dark matter. Several experiments are ongoing to detect signals of
dark matter in the laboratory. However, it is possible that the dark matter is just the
analogue of ordinary matter belonging to a parallel universe. Such a parallel universe
naturally appears in the superstring theory with the Eg x E} gauge symmetry before
compactification [7]. Parallel universe in which the gauge symmetry is just the repli-

cation of our ordinary universe, i,e the gauge symmetry in the parallel universe being

122



SU(3)' x SU(2) x U(1) has also been considered [8]. If the particles analogous to the
proton and neutron in the parallel universe is about five times heavier than the proton
and neutron of our universe, then that will naturally explain why the dark matter of
the universe is about five times the ordinary matter. This can be easily arranged by
assuming strong coupling constant square/4m, o, is about five times larger than the
QCD ;. Thus, in this work, we assume that the two universe where the electroweak
sector is exactly symmetric, whereas the corresponding couplings in the strong sec-
tor are different, explaining why the dark matter is larger than the ordinary matter.
Also, we assume that both universes are described by non-abelian gauge symmetry
so that the kinetic mixing between the photon () and the parallel photon () is
forbidden. We also assume that post-inflationary reheating in the two worlds are
different, and the the parallel universe is colder than our universe [9]. This makes it
possible to maintain the successful prediction of the big bang nucleosynthesis, though
the number of degrees of freedom is increased from the usual SM of 10.75 at the time
of nucleosynthesis due the extra light degrees of freedom (due to the ', ¢’ and three
V's).

In this work, we explore the LHC and ILC implications of this scenario due to
the mixing among the Higgs bosons in the two electroweak sectors. Such a mixing,
which is allowed by the gauge symmetry, will mix the lightest Higgs bosons of our
universe (h;) and the lightest Higgs boson of the parallel universe (hy), which we will
call the dark Higgs. One of the corresponding mass eigenstates, hgy, we identify with
the observed Higgs boson with mass of 125 GeV. The other mass eigenstate, which
we denote by hpg, the dark Higgs, will also have a mass in the electroweak scale.
Due to the mixing effects, both Higgs will decay to the kinematically allowed modes
in our universe and as well as to the modes of the dark universe. One particularly
interesting scenario is when the two Higgs bosons are very close in mass, say within

4 GeV so that the LHC can not resolve it [10]. However, this scenario will lead to
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the invisible decay modes [11]. The existence of such invisible decay modes can be
established at the LHC when sufficient data accumulates. (The current upper limit
on the invisible decay branching ratio of the observed Higgs at the LHC is 0.65). At
the proposed future International Linear Collider (ILC) [12], the existence of such
invisible modes can be easily established, and the model can be tested in much more
detail.

The chapter is organized as follows. In Section 2, we discuss the model and formalism.
We also discuss the symmetry breaking. In Section 3, we discuss the phenomenological
implications at the LHC, including the interactions and decays of light higgses, details
of the data used in collider analysis and bounds on mixing angle. In section 4, we
discuss in detail possible phenomenological implications of the model at the ILC. At

the end, we conclude in Section 5.

5.2 Model and the Formalism

The gauge symmetry we propose for our work is SU(4)c x SU(2), x SU(2)g for
our universe, and SU(4) x SU(2)}, x SU(2)’, for the parallel universe. Note that we
choose this non-abelian symmetry not only to explain charge quantization (as in Pati-
Salam model [17]), but also to avoid the kinetic mixing of 7y and ' as would be allowed
in the Standard Model. All the elementary particles belong to the representations
of this symmetry group and their interactions are governed by this symmetry. The
21 gauge bosons belong to the adjoint representations (15,1,1), (1,3,1), (1,1,3).
(15,1,1) contain the 8 usual colored gluons, 6 lepto-quark gauge bosons (X, X),
and one (B — L) gauge boson [18]. (1,3,1) contain the 3 left handed weak gauge
bosons, while (1,1,3) contain the 3 right handed weak gauge bosons. The parallel
universe contains the corresponding parallel gauge bosons. However, so far as the
gauge interactions are concerned, we do not assume that the coupling for SU(4)

and SU(4)" interactions are the same, but strong coupling in the parallel universe is
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larger in order to account for the p’ (proton of the parallel universe) mass to be about
five times larger than the proton. For the electroweak sector, we assume the exact
symmetry between our universe and the parallel universe.

The fermions belong to the fundamental representations (4,2,1) + (4, 1,2). The
4 represent three color of quarks and the lepton number as the 4th color, (2,1) and
(1,2) represent the left and right handed doublets. The forty eight Weyl fermions

belonging to three generations may be represented by the matrix

U U U Ve
d d d e

1 2 3 4
C C C 14

8 (5.1)

s S S W

1 2 3 4
t t t v,
b b b T

1 2 3 4/ LR

We have similar fermion representations for the parallel universe, denoted by
primes.
The model has 3 gauge coupling constants: ¢4 for SU(4) color which we will

" color of

identify with the strong coupling constant of our universe, g; for SU(4)
the parallel universe, and g for SU(2), and SU(2)g, and corresponding electroweak
couplings for the parallel universe (9, = gr = ¢, = g5 = g (we assume that the

gauge couplings of the electroweak sectors of the two universe are the same).

5.2.1 Symmetry breaking

SU(4) color symmetry is spontaneously broken to SU(3)¢ x U(1)p_r in the usual
Pati-Salam way using the Higgs fields (15,1,1) at a scale V.. The most stringent
limit on the scale of this symmetry breaking comes from the upper limit of the rare

decay mode K, — pe [19]. SU(2), x SU(2)g x U(1)p_r, can be broken to the SM
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using the Higgs representations (1,2,1) and 1,1, 2) at a scale V,g. Alternatively, one
can use the Higgs multiplets (1.3,1) and (1, 1,3) if we want to generate the light
neutrino masses at the observed scale. Finally the remaining symmetry is broken
to the U(1)gy using the Higgs bi-doublet (1,2,2) as in the left-right model. The
(15,2, 2) Higgs multiplet could also be added to eliminate unwanted mass relations
among the charged fermions. Similar Higgs representations are used to break the
symmetry in the parallel universe to U'(1)gy. A study of the Higgs potential shows
that there exist a parameter space where only one neutral Higgs in the bi-doublet
remains light, and becomes very similar to the SM Higgs in our universe [20]. All
other Higgs fields become very heavy compared to the EW scale. Similar is true in
the parallel universe. The symmetry of the Higgs fields in the EW sector between
our universe and the parallel universe will make the two electroweak VEV’s the same.
Thus the mixing terms between the two bi-doublets (one in our universe and one
in the parallel universe) then leads to mixing between the two remaining SM like
Higgs fields. The resulting mass terms for the remaining two light Higgs fields can be
written as m¥ gh? +m%gh3 + 2 vy svpshihe, (where vyg and vpg are the electroweak
symmetric breaking scale in the visible sector and dark sector respectively) from which
the two mass eigenstates and the mixing can be calculated.

The implications for this is when the two light Higgses are very close in mass
(within about 4 GeV, which LHC can not resolve) leads to the invisible decay of
the observed Higgs boson. The main motivation for postulating this kind of parallel
universe scenario is to explain the dark matter density which is five time larger than
the ordinary matter density. The particles analogous to the proton and neutron in
the dark sector, namely, the dark proton and dark neutron, are stable due to the
conservation of the dark baryon number. Moreover, the gauge symmetry and the
particle content of the model does not allow any gauge or Yukawa interactions of

dark protons and dark neutrons with the visible sector particles. Therefore, in the
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framework of this model, the dark protons and dark neutrons are the candidates for
the dark matter. If the dark protons and dark neutrons in the parallel universe are
about five times heavier than the protons and neutrons of our universe, then that
will naturally explain why the dark matter of the universe is about five times the
ordinary matter. The Lagrangian quark masses for the up and down quarks are only
of order of 10 MeV or less. Therefore,99% of the mass of the proton or neutron arises
from the strong interaction of the constituent quarks and the gluons. The mass scale
associated with these interactions is set by the value of the three-quark QCD scale
Agep. Therefore, one can easily achieve a dark proton or neutron mass which is
five times larger than the visible proton or neutron mass by assuming the QCD scale
in the dark sector (Apg) to be five times larger than the QCD scale in the visible
sector (Ays = 340 MeV). Different QCD scales give rise to different running of the
strong coupling constant in the visible sector (a%%(Q)) and dark sector (a5%(Q)).
In Fig. 5.1, we have presented the running of the strong coupling constant in the
visible sector and dark sector. Fig. 5.1 shows that af%(Q = myg = 125 GeV)=
1.4 a%%(Q = my = 125 GeV).

Below we discuss the phenomenological implications for this scenario at the LHC,

and briefly at the proposed ILC [12].

5.3 Phenomenological Implications at the LHC

In the framework of this model, interaction between fermions and/or gauge bosons of
dark sector and visible sector (the SM particles) are forbidden by the gauge symme-
try. However, quartic Higgs interactions of the form )\(H‘T/SHVS)(H;)SHDS) (where
Hys and Hpg symbols denote the Higgs fields in the visible sector and dark sector
respectively) are allowed by the gauge symmetry and gives rise to mixing between
the Higgses of dark and visible sector. The mixing between the lightest Higgses of

dark sector and visible sector gives rise to interesting phenomenological implications
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Figure 5.1: Running of the strong coupling constant in the visible sector (a%°(Q))

and dark sector (a2%(Q))

at the collider experiments. In this section, we will discuss the phenomenological
implications of the lightest dark and visible neutral Higgs mixing (h; and hs). As dis-
cussed in the previous section, the bi-linear terms involving the lightest visible sector
(denoted by h;) and dark sector (denoted by hy) Higgses in the scalar potential are
given by,

Lscalar D Migh] +m3ghs + 2 \vysvpshi by (5.2)
where, vy ¢ and vpg are the electroweak symmetric breaking scale in the visible sector
and dark sector respectively. In our analysis, we have assumed the both vy g and vpg
are equal to the SM electroweak symmetry breaking scale vgy, ~ 250 GeV. myg, mpg
and A are the free parameters in the theory and the masses (mhgp) and mhgp)) and
mixing between physical light Higgs states (denoted by hﬁp ) and h;p )) are determined

by these parameters:

hgp) = cosf hy + sinf hs,

RP) = _sind hy + cost hs, (5.3)
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where the masses and the mixing angle of these physical states are given by,

1
miﬁp)’hgm = 5[(7”%/5 +mpg) F \/(m%/s — mg)® + AN} gui]

2/\ Vvs Ups

tan2f = — VS UDS (5.4)

Mpg — Mg
In the framework of this model, we have two light physical neutral Higgs (b and h{)
states. Out of these two Higgs states, we define the SM like Higgs hgys is the state
which is dominantly hi-like, i.e., if cosf > sinf then hgy = h?’ ) and vice versa. The
other Higgs is denoted as dark Higgs (hps). Since ATLAS and CMS collaborations
have already detected a SM like Higgs boson with mass about 125 GeV, we only
studied the scenario where the mass of hgy, is between 123 to 127 GeV. Before going
into the details of collider implication of visible sector and dark sector Higgs mixing,
it is important to understand the correlation between the mixing and mass of the
dark Higgs (mp,s). To understand the correlation, for few fixed values of A, we
have scanned the mygs — mpg parameter space. We have only considered the points
which gives rise to a hgp; in the mass range between 123 GeV to 127 GeV. For these
points, the resulting dark Higgs masses (my,, ) and mixing (6) are plotted in Fig. 5.2.
The scatter plot in Fig. 5.2 shows that large mixing in the visible and dark sector is
possible only when the dark Higgs mass is near 125 GeV i.e., near the mass of SM like
Higgs boson. It is important to note that the LHC is a proton-proton collider, i.e.,
LHC collides the visible sector particles only. Therefore, the production cross-section
of dark Higgs at the LHC is proportional to the square of the visible sector Higgs
component in hpg. Therefore, in order to detect the signature of dark Higgs at the
collider experiments, we must have significant mixing between the visible and dark
sector Higgses. And Fig. 5.2 shows that significant mixing arises only when dark
Higgs and SM like Higgs are nearly degenerate in mass. Therefore, in this article, we

studied the phenomenology of two nearly degenerate Higgs bosons with mass about

125 GeV.
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Figure 5.2: Scatter plot of dark Higgs mass vs mixing angle for different values of \.
The SM-like Higgs mass is kept fixed in the range between 123 to 127 GeV denoted

by the shaded region in the plot.
5.3.1 Interactions and Decays of light Higgses

In the present model, two light Higgs physical states (hgp ) and hgp )) result from the
mixing of visible sector and dark sector light Higgs weak eigenstate h; and ho re-
spectively. Visible sector light Higgs weak eigenstates, h; interacts only with the
visible sector fermions (f) via Yukawa interactions and gauge bosons (V') via gauge
interactions. Whereas the dark sector light Higgs weak eigenstate interacts only with
the dark fermions fp and dark gauge bosons V. However, as a result of mixing, the
physical light Higgses interact with both the visible particles and dark particles and
thus, they can be produced at the Large Hadron Collider(LHC) experiment. The
coupling of the physical states hﬁ” ) and hép ) with the visible as well as dark fermions
and gauge bosons can be written as a product of corresponding SM coupling and
sine or cosine of the mixing angle. As a result the production cross sections of hgp )

and hgp ) and decay widths into visible as well as dark particles can be computed in
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terms of the SM Higgs production cross-sections/decay widths and the mixing angle.
For example, total hﬁp ) production cross section at the LHC is given by ogrcos?0,
where ogjs is the production cross-section of the SM Higgs with equal mass. Simi-
larly, the decay widths of h (h ) into visible and dark sector fermions are given by
Fg]\;}ffcosze (FH_”cfsm ) and F?ﬁffsuf@ (FH_”cfsm 6) respectively, where FH_”cf
is the decay width of the SM Higgs into fermions. It is important to note that since
the QCD coupling in the dark sector is about 5 times larger than the QCD coupling
in the visible sector, the Higgs coupling with dark gluon in this model is enhanced by
a factor about 5.

In this analysis we are considering both the higgs states in the mass range between
123—127 GeV. Here we present the expressions for y = o /og)y and total 0 X B Riuisibie

for present model,

(on1cos*0BRy,; /(1 + 24BRYYsin?0)) + (opasin*@BRya /(1 + 24BRY5c0s%0))

po= osy * BR

op1cos?0sin®0( BRI + 25 BRYY) N onacos0sin*0( BRI + 25 BRY)

X BRmU =
7 1+ 24BR% sin0 1+ 24BR%c0s20

where o1 corresponds to Standard Model Higgs production cross-section at mass
of hﬁ” ) and oo corresponds to Standard Model production cross-section at mass of
hép ) (see Table 5.1) and BRy; and BRyy corresponds to Branching ratios of Higgs
boson at mass hﬁ” ) and hgp ) respectively(see Table 5.2). For calculating the p values
in present model we have used Branching Ratios of H - WW — lvlv and H — vy

channels(see Table 5.3).

5.3.2 Data used in Collider Analysis

In this section, we discuss the collider phenomenology of invisible Higgs Decays.
Before going into the details of the collider prediction, we first need to study the
constraints on the parameter space coming from present Standard Model predictions

and experimental data. The Higgs mass eigenstates of hgys and hpg will be produced
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Mass of Higgs(GeV) | o49r | oun | over | ova
123 20.15 | 1.608 | 1.15 | 0.1366
124 19.83 | 1.595 | 1.12 | 0.1334
125 19.52 | 1.578 | 1.09 | 0.1302
126 19.22 | 1.568 | 1.06 | 0.1271
127 18.92 | 1.552 | 1.03 | 0.1241

Table 5.1: Standard Model production cross section (pb) in different channels for
ECM = 8 TeV.

in Colliders through the top loop as top quark has Standard Model couplings to the
hsy mass eigen state. The Higgs, which comprises of both h; and hsy eigen states,
will then decay in both the Standard Model decay modes along with Dark sector
decay modes. We will perceive these dark sector decay modes as enhancement in the
invisible Branching Fraction of the Higgs.

We first discuss the different constraints on the mixing angle 6§ between the two
eigenstates coming from experimental data of H — WW — vy and H — vy
channels. Along with these experimental data in Higgs decays in different modes, we
have also taken into account constraints on the mixing angle parameter space coming
from the ATLAS search for the invisible decays of a 125 GeV Higgs Boson produced
in association with a Z boson [11].

The Standard Model production cross-sections in different channels (such as gluon-
gluon fusion, ttH, vector boson fusion and vector boson (both W boson and Z boson)
in association with a Higgs boson) at Fcy = 8 TeV and Decay Branching ratios in
different channels (such as H—WW , H—ZZ H—~vy,H—gg,H— f f) has been given
by ATLAS collaboration in reference [17] [18]. We have used these cross-sections
and branching ratios in different channels in our analysis. The relevant cross-sections

and branching ratios used for our analysis are presented in Table 5.1 and Table 5.2
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Mass of Higgs(GeV) | BR(H—WW) | BR(H—=Z2%) | BR(H—vv) | BR(H—gg) | BR(H—ff)
123 0.183 218 x 1072 | 2.27 x 1073 | 8.71 x 102 0.687
124 0.199 241 x 1072 | 2.27 x 1073 | 8.65 x 1072 0.687
125 0.215 2.64 %1072 | 2.28 x 1073 | 8.57 x 102 0.670
126 0.231 2.80 x 1072 | 2.28 x 1073 | 8.48 x 1072 0.651
127 0.248 3.15x 1072 | 2.27 x 1073 | 8.37 x 1072 0.633

Table 5.2: Standard Model Decay Branching Ratio in different channels.

Channels for Higgs Decay

p value by ATLAS

i value by CMS

H—WW — lviv

1.01£0.31

0.76 £ 0.21

1.65 4 0.24(stat) T533 (syst)

0.78 £ 0.27

Table 5.3: Experimental values of best fit signal strength p = o/ogy at Ecy = 8
TeV.
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respectively. We have taken the mass range between 123 — 127 GeV which is the
interesting parameter space for our analysis.

In Table 5.3 we present the results of the different experimental searches in the
H — WW — Ilvlv channel by ATLAS collaborations [23] and CMS collaboration [24]
and in H — 7 channel by ATLAS collaborations [25] CMS collaborations [26] .

5.3.3 Bounds on Mixing Angle

In this section we use the data that we presented in the previous section to constrain
the mixing angle parameter space. In Fig 5.3, we present the total invisible decay
rate i.e 0 X BR in the invisible channel vs the mixing angle 6 for mﬁﬁ) = 123 GeV
and m\?) = 127 GeV (m{) = 124GeV and m\?) = 126GeV). ATLAS collaboration
has searched for the invisible decay of higgs boson in Z H production channel at
Ecpy = 8TeV. In absence of any significant deviation of data from the Standard
Model background prediction, ATLAS collaboration has set an upper limit of 65% on
the invisible decay branching of a SM higgs boson of mass 125 GeV [11]. Assuming
Orotar = 22.32 pb Higgs cross-section at 125 GeV (see Table 5.1), 65% upper limit on
invisible decay branching ratio corresponds to 14.5 pb upper limit on the invisible
Higgs decay rate. This limit is shown in the shaded green region in Fig 5.3. It can be
seen from the plot that present model is consistent with ATLAS experimental data
for § < 33° and 6 > 58° in the parameter space region.

In Fig. 5.4 we have presented a plot of 4 = o/0g) in the H — ~7 channel as a
function of the mixing angle 6. The plot shows prediction in present model for mglpl) =
123 GeV and mgg) = 127 GeV (mgpl) = 124 GeV and mg’;) = 126 GeV) mass values.The
yellow shaded region corresponds for allowed region by CMS collaboration and green
shaded region is allowed region for ATLAS collaboration in this channel. It can be

seen from the plot that CMS allowed region is consistent for all §’s for the present

model,but present model is not consistent with ATLAS allowed region for any values
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Figure 5.5: H — WW — [vlv rate in present model as a function of mixing angle 6.

The shaded regions correspond to ATLAS and CMS allowed p = o /0y values.

of #. We point out that H — ~~ data for ATLAS, is well above the SM expectation.
If the present model is realized by Nature, with the accumulation of more data with
higher luminosities at the Large Hadron Collider(LHC) the H — ~+ branching ratio
measured by ATLAS experiment should should come down significantly from present
experimental value of 1.65 + 0.24(stat)™032(syst). Our model is consistent with the
lower p value of 0.78 4 0.27 for H — 7 as measured by the CMS experiment for the
whole parameter of the parameter space.

In Fig. 5.5 we present a plot of u = o/ogy in the H — WW — [viv channel with
mixing angle . Two curves for m,(ﬁ) = 123 GeV and mgg) = 127 GeV (m,(fl) =124 GeV
and mgf;) = 126 GeV) present the prediction for present model. The yellow shaded
region corresponds for allowed region by CMS collaboration and green shaded region
is for allowed region by ATLAS collaboration in this channel. It can be seen from the
plot that ATLAS allowed region is consistent with present model for § < 13(16)° and
6 > 70(71)° region in the parameter space. It can also be seen that present model is
also consistent with CMS allowed region for § < 20(23)° and § > 65(66)° parameter

space. It is interesting to note that the prediction curves for the present model with
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mass values of m,(lpl) =123 GeV and mgg) =127 GeV (m,?’l) = 124 GeV and mgg) = 126
GeV) are not symmetric. It can be understood by taking into the fact that in low 6
region mglpl) is SM like. As mgpl) is lower than mgg) for both curves, the cross-section
x Branching ratio is smaller in lower 6 region. Whereas for high 6 region mg;) is SM
like and as it is heavier than mglpl) for both curves the cross section x Branching Ratio
is higher in this region,which makes the curves non-symmetric.

This present analysis in the H — WW — [viv channel gives the most stringent
constraint of § < 13(16)° and 6 > 70(71)° on the parameter space for the mixing
angle # taking into account all the constraints coming from analysis in o X B R;nvisibies
H — vy and H — WW — [viv channels. From this analysis in different channels it
is certain that there is still plenty of parameter space available for the present model
taking into account all the known experimental constraints at the LHC.

We would also like to comment that in a linear collider like the proposed International
Linear Collider(ILC) this analysis can be done without any ambiguity about the
resolution of the two Higgs in the close range of 4GeV'. In a e+ e— collider the Higgs
will be produced in association with a Z boson and from the mass recoil of the Z boson
the peak resolution of the Higgs boson can be measured in the limit of 40 MeV [12].
So from linear colliders we will be able to tell for sure if there are two Higgs bosons
in the comparable mass range between (123 — 127GeV), which is not possible in this

precision from Hadron Collider like LHC.

5.4 Phenomenological Implications at the ILC

After discussing the mixings and the decays of the physical Higgs states hgp ) and hgp ) ,
we are now equipped enough to discuss the collider phenomenology in the context of
an electron-positron collider. In this section, we are particularly interested in the sce-

nario in which two light physical Higgs states are quasi-degenerate. Due to the large

background, it will be challenging to distinguish such a scenario at the hadron collider
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experiments. The advantages of an electron-positron collider compared to a hadron
collider are the cleanliness of the environment, the precision of the measurements and
the large number of Higgs bosons production. Therefore, it could be possible for an
electron-positron collider to probe a scenario with two quasi-degenerate Higgs bosons.
It has recently been shown by the International Large Detector (ILD) Concept Group
in Ref. [13] that the proposed electron-positron collider will be able to determine the
Higgs boson mass with a statistical precision of 40 MeV. Motivated by the results of
Ref. [13], in our analysis, we have considered two different mass splittings between

the Higgs bosons:

e Scenario I: We have considered the mass splitting between the two Higgs
bosons to be about 40 MeV. Therefore, electron-positron collider can not resolve
two Higgs bosons mass peaks in this case. The LHC experiment has already
observed a Higgs boson with mass about 125 GeV. Therefore, we have assumed
one Higgs boson mass to be 124.98 GeV and the other Higgs boson mass is
125.02 GeV.

e Scenario II: In this case, we assume relatively large mass splitting (about 500
MeV) between the two Higgs bosons so that the electron-positron collider can
resolve the Higgs bosons mass peaks. The numerical values of the Higgs boson

masses are chosen to be 124.75 GeV and 125.25 GeV.

At the electron-positron collider the main production mechanism of the Higgs
boson is the Higgs-strahlung process i.e., the production of the Higgs boson in asso-
ciation with a Z-boson: ete™ — ZH. The Higgs-strahlung process is an s-channel
process so that its production cross section is maximal just above the threshold of
the process. As a result, for the proposed electron-positron collider to study the
observed Higgs boson properties in detail, we should start with the eTe™ collision

initial center-of-mass energy of 250 GeV at which the Higgs-strahlung cross-section
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Figure 5.6: Invariant mass distributions of bb pairs for two different values of the
mixing angle, § = 20° (left panel) and 10° (right panel). The masses of the two
physical Higgs states are given by my,,, = 124.75 GeV and my,,,, = 125.25 GeV.

123 GeV < my, < 127 GeV regions are magnified in the insets.

reaches its maximum value for a 125 GeV Higgs boson mass. In our analysis, we have
also considered 250 GeV center-of-mass energy for the electron-positron collider. In
the framework of the present model, both physical Higgs states will be produced in
association with a Z-boson. The production cross-sections of hﬁp ) and hép ) are given
in terms of the SM Higgs production cross-section (ogy(ZH)) and the mixing an-
gle: o(ete” = ZhW) = cos®0ogy (ZH) and o(ete” — ZhY) = sin20ogy (ZH) .
From the Higgs-strahlung process, the Higgs signature could be detected and hence,
Higgs mass could be measured by the direct Higgs decays and the recoiling to the
Z-boson. In our analysis, we have studied both the direct Higgs decays as well as
the recoiling to the Z-boson. The recoil mass to the Z-boson is the invariant mass of
the decay products against which the Z-boson recoils assuming the collision occurs

at the nominal center of mass energy /s and is defined as,

Mfecoz’l = (\/_ - EZ)2 - |ﬁZ|2 =s+ M% - QEZ\/§7
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Figure 5.7: Same as Fig. 5.6 for my,,, = 124.98 GeV and my,,,, = 125.02 GeV.

where My denote the mass of the Z-boson as reconstructed from the decay products
of the Z-boson and E is the corresponding energy. Recoil mass to the Z-boson do
not depend on the decay products of the Higgs boson and hence, provides an unique
opportunity for the reconstruction of the Higgs mass from its invisible decays. In the
framework of the present model, both h?’ ) and hg” ) decay to the dark sector particles
which remain invisible in the detector. Therefore, in order to detect the decays h?’ )
and hg” ) into a pair of dark particles, we have used the recoil mass to the Z-boson.
We have used CalcHEP package [14] for the simulation of the signal and the back-
ground. The recoil mass to the Z-boson crucially depends on the initial state radiation
(ISR) and beamstrahlung. CalcHEP implements the Jadach, Skrzypek and Ward ex-
pressions of Refs. [15] for the simulation of ISR. Whereas for the Beamstrahlung, we
have used the parameterizations specified for the ILD project [16]: beam size (x +
y) = 645:7 nm, bunch length = 300 gm and bunch population = 2 x 10'.
Higgs boson dominantly decays into a pair of bottom-quarks. For the reconstruc-

tion of the Higgs bosons from its decay products, we consider the decays of Higgs

boson into a pair of b-quarks. For the associated Z-boson, we consider its leptonic
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Kinematic Variable | Minimum value | Maximum value

AR(ITIT) 0.3 -
AR(bb) 0.7 -
AR(I*b) 0.7 -
l; ’F 10 GeV -

M+ 10— -2.5 2.5
P 20 GeV -

s -2.5 2.5

M%) 80 GeV 100 GeV

Table 5.4: Acceptance cuts,used in this calculation, on the kinematical variables for

2-lepton + 2-b signal.

(electron and muon) decay modes only. Therefore, the signal is characterized by two
opposite sign same flavor leptons and two bottom quarks. The dominant background
arises from the production of a pair of Z-bosons when one Z decays in to a pair of
b-quarks and another Z decays leptonically. To parameterize detector acceptance
and enhance signal to background ratio, we have imposed kinematic cuts, listed in
Table 5.4. In Fig. 5.6, we have presented the invariant mass distributions of bb pairs
for two different values of the mixing angle, § = 20° (left panel) and 10° (right panel)
for Scenario II. We have used a bin size of 40 MeV. Scenario II corresponds to
relatively large mass splitting between the two Higgs bosons. As a result, in Fig. 5.6,
two characteristic mass peaks in the bb invariant mass distributions are clearly visible.
Fig. 5.7 corresponds to the bb invariant mass distributions for the Scenario I.

We have also studied the recoil mass to the Z-boson when the two Higgs bosons
decay invisibly to a pair of dark sector particles. The Z-boson is assumed to decay
into a pair of leptons (electrons and muons only). Although the branching ratio of

the Z — [T~ where [ refers to e or pu, is only about 3.4%, which is about 20 times
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Figure 5.8: Recoil mass distribution for invisible Higgs decays for two different values
of the mixing angle, 6 = 20° (left panel) and 10° (right panel). The masses of the
two physical Higgs states are given by my,,,, = 124.75 GeV and my,,,,, = 125.25 GeV.

123 GeV < my, < 127 GeV regions are magnified in the insets.

smaller than that of the Z — ¢, the high momentum resolution of leptons could
overcome the shortage in statistics to gain even higher precision on the Higgs mass
measurement. The signal in this case is characterized by two opposite sign same
flavor leptons and missing energy. The dominant background in this case is again
Z 7 production followed by leptonic decay of one Z-boson and invisible decay of the
other Z-boson. The cuts listed in Table 5.4 are applied for the leptons. Fig. 5.8 gives
the background and signal-+background recoil mass distributions for Scenario II for
two different values of the mixing angle, § = 20° (left panel) and 10° (right panel).
The Higgs recoil mass distributions are crucially affected by the beamstrahlung and
the initial state radiation which are responsible for the long tail of the distributions
as visible in Fig. 5.8. However, the two Higgs bosons mass peaks are clearly visible
in Fig. 5.8.

Invisible Higgs decay is a characteristic signature of this model. The invisible

decay rate directly depends on the mixing angle and hence, could be used to probe the
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Figure 5.9: Required luminosity for 50 discovery as a function of the mixing angle 6.

mixing angle. In view of Fig. 5.8, we impose further cuts on the Mpgeqi: 123 GeV <
Mpecoii < 127 GeV, to enhance the signal to background ratio. In order to quantify the
ability of extracting signal event, Ng = 0L, for a given integrated luminosity £ over
the SM background events, Ng = o5L, we define the significance S = Ng/+/Np + Ng.
In Fig. 5.9, we have presented the required luminosity for 5o (i.e., s = 5) discovery as
a function of the mixing angle 6 for an electron-positron collider with center-of-mass
energy of 250 GeV. Fig. 5.9 shows that a 250 GeV electron-positron collider with 300

fb~! integrated luminosity will be able to probe 6 upto 5°.

5.5 Summary and Conclusions

Motivated by the fact that the dark matter is about five times the ordinary matter,
we have proposed that the dark matter can just be like the ordinary matter in a
parallel universe with the QCD scale in the dark sector (Apg) is about five times
larger than the QCD scale in the visible sector (Ayg). The parallel universe needs
to be much colder than our universe to keep the successful prediction for the big
bang nucleosynthesis. We have used the non-abelian Pati-Salam gauge symmetry

for both universe to have the charge quantization, as well as, to avoid any kinetic
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mixing between the photon of our universe and the parallel universe. However, the
two universes will be connected via the electroweak Higgs bosons of the two universes.
If the electroweak sector of the two universes are symmetric, the lightest Higgs bosons
of the two universes will mix. In particular, if these two Higgses mix significantly,
and their masses are close (say within 4 GeV), LHC will not be able to resolve if it is
observing one Higgs or two Higgses. However, each Higgs will decay to the particles
of our universe as well as to the corresponding particles of the the parallel universe.
This leads to the invisible decays of the observed Higgs boson (or bosons). We have
used all the available experimental data at the LHC to set constraint on this mixing
angle, and find that in can be as large as 16°. If the mixing angle is not very small,
LHC will be able to infer the existence of such invisible decays when sufficient data
accumulates. (The current limit on the invisible branching ratio from the LHC data
is < 65%). We also find that the cross section times the branching ratio for Higgs to
v channel is fully consistent with our model as measured by the CMS collaboration,
but not by the ATLAS collaboration. The results by the ATLAS collaboration for
this channel has to come down if our model is realized by nature. We get very
interesting phenomenology in the special case when the two light Higgs bosons of the
two Universes are almost degenerate in mass. Specifically, if their mass difference is
~ 100MeV, the LHC would not be able to resolve them as two separate mass peaks in
its entire run time. We consider proposed ILC where because of its clean environment,
the precise measurements and large number of Higgs boson production, Higgs mass
splittings upto ~ 100 MeV may be possible with high luminosity. We investigate two
scenarios where the mass difference between the two Higgs bosons are 40 MeV and
500 MeV for two mixing angles of 20° and 10°. We find that with a 250 GeV ILC, for
500 MeV mass splitting we can see two clear mass peaks when the Higges decay to bb
or invisibly. But for the more ambitious ~ 40 MeV mass splitting, it is not possible to

resolve them. We also study the sensitivity to the mixing angle to the recoil mass to
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the Z-boson when the both the Higgs bosons decay invisibly to a pair of dark sector
particles. We show that with a 250 GeV ILC with 300 fb~! integrated luminosity it

will be possible to probe the mixing angle 6 between the two Higgs bosons upto 5°.
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CHAPTER 6
Predictive models of the Dirac Neutrinos

6.1 Introduction

In the past 20 years, there has been a great deal of progress in neutrino physics
from the atmospheric neutrino experiments (Super-K [1], K2K [2], MINOS [3]), so-
lar neutrino experiments ( SNO [4], Super-K [5] , KamLAND [6]) as well as reac-
tor/accelerator neutrino experiments (Daya Bay [7], RENO [8], Double Chooz [9],
T2K [10], NOva [11]). These experiments have pinned down three mixing angles

7 — m3 with reasonable

- 019, Oo3, 013 and two mass squared differences Amfj =m
accuracy [12]. However there are several important parameters yet to be measured.
These include the value of the CP phase ¢ which will determine the magnitude of CP
violation in the leptonic sector and the sign of Am3, which will determine whether
the neutrino mass hierarchy is normal or inverted. We also don’'t know yet if the
neutrinos are Majorana or Dirac particles.

On the theory side, the most popular mechanism for neutrino mass generation is
the see-saw [13]. This requires heavy right handed neutrinos, and this comes natu-
rally in the SO(10) grand unified theory (GUT) [14] in the 16 dimensional fermion
representation. The tiny neutrino masses require the scale of these right handed neu-
trinos close the GUT scale. The light neutrinos generated via the sea-saw mechanism
are Majorana particles. However, the neutrinos can also be Dirac particles just like
ordinary quarks and lepton.This can be achieved by adding right handed neutrinos to

the Standard Model. The neutrinos can get tiny Dirac masses via the usual Yukawa

couplings with the SM Higgs. In this case, we have to assume that the corresponding
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Yukawa couplings are very tiny, ~ 107!2. Interesting works in Dirac neutrinos can be
found in these references [15]. Alternatively, we can introduce a 2nd Higgs doublet
and a discrete Z, symmetry so that the neutrino masses are generated only from the
2nd Higgs doublet. The neutrino masses are generated from the spontaneous break-
ing of this discrete symmetry from a tiny vev of this 2nd Higgs doublet in the eV or
keV range, and then the associated Yukawa couplings need not be so tiny [16]. At
this stage of neutrino physics, we can not determine which of these two possibilities
are realized by nature.

In the first work, we show that with the three known mixing angles and two
known mass difference squares, we find an interesting pattern in the neutrino mass
matrix if the neutrinos are Dirac particles. With three reasonable assumptions : (i)
lepton number conservation, (ii) hermiticity of the neutrino mass matrix, and (iii)
v, - vy exchange symmetry, we can construct the neutrino mass matrix completely.
The resulting mass matrix satisfies all the constraints implied by the above three
assumptions, and gives an inverted hierarchy (IH) (very close to the degenerate)
pattern. We can now predict the absolute values of the masses of the three neutrinos,
as well as the value of the CP violating phase 6. We also predict the absence of
neutrinoless double 3/ decay.

In the second work, we have considered a general symmetry involving the inter-
change of the right handed muon neutrino (v,z) and tau neutrino (v,z). The three
RH charged leptons and neutrinos are singlet under SU(2); and thus they do not
form a multiplate. Therefore, we can invoke any symmetry in the RH neutrino sec-
tor without imposing that symmetry in the charged lepton sector. If any symmetry
exists in the Dirac neutrino mass matrix under interchange of v,z-v; g then this will
be symmetry of the whole Lagrangian. We have constructed the different Dirac neu-
trino mass matrices assuming different kinds of symmetries in the v,z and v, sector

and tried to fit the experimentally observed quantities. Finally, we end up with a
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four parameter Dirac neutrino mass matrix which is based on the assumption of the
Hermiticity! of the Dirac neutrino mass matrix and a particular symmetry between
v,r and v-r. We have also shown that assuming IH in the neutrino sector, this four
parameter neutrino mass matrix is consistent with the observed values of the three
mixing angles and two squared-mass differences listed in Table 6.1, and also makes
definite predictions for the values of the three neutrino masses and the leptonic CP
violating phase.

The chapter is organized as follows. In Section 2, we discuss the details of the Model
with five parameters in the neutrino mass matrix. In Section 3, we discuss the phe-
nomenological implications and results of this framework. In section 4, we discuss in
detail the Model with only four parameters in the neutrino mass matrix. We present

the summary and conclusions in Section 5.

6.2 The Model with five parameters in the neutrino mass matrix

Our first model is based on the Standard Model (SM) Gauge symmetry, SU(3)¢ X
SU(2)r x U(1)y, supplemented by a discrete Z5 symmetry. [16]. In addition to the
SM particles, we have three SM singlet right handed neutrinos, Ng;, i = 1,2,3, one
for each family of fermions. We also have one additional Higgs doublet ¢, in addition
to the usual SM Higgs doublet y. All the SM particles are even under Z,, while the

Ng; and the ¢ are odd under Z;. Thus while the SM quarks and leptons obtain their

Tt is important to note that the assumption of Hermiticity is somewhat ad hoc i.e., Hermiticity
of neutrino mass matrix is not an outcome of symmetry argument. However, we have shown in
the following that with this assumption, the existing neutrino data can completely determine the
mass matrix for the Dirac neutrinos with particular predictions for the neutrino masses and the CP
violating phase which can be tested at the ongoing and future neutrino experiments. Therefore, in
our analysis, the assumption of hermiticity of neutrino mass matrix is a purely phenomenological
assumption. However, in the future, there might be some compelling theoretical framework which

requires the hermiticity of neutrino mass matrix.
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masses from the usual Yukawa couplings with x with vev of ~ 250 GeV, the neutrinos
get masses only from its Yukawa coupling with ¢ for which we assume the vev is ~
keV to satisfy the cosmological constraints which we will discuss later briefly. Note
that even with as large as a keV vev for ¢, the corresponding Yukawa coupling is
of order 10~* which is not too different from the light quarks and leptons Yukawa
coupling in the SM. The Yukawa interactions of the Higgs fields y and ¢ and the

leptons can be written as,
Ly = yl\I/lLlRX + yyl\I/lLNRCﬁ + h.C., (61)

where U! = (1,1), is the usual lepton doublet and [y is the charged lepton singlet,
and we have omitted the family indices. The first term gives rise to the masses of the
charged leptons, while the second term gives tiny neutrino masses. The interactions
with the quarks are the same as in the Standard Model with x playing the role of the
SM Higgs doublet. Note that in our model, the tiny neutrino masses are generated
from the spontaneous breaking of the discrete Z; symmetry with its tiny vev of ~
keV. The left handed doublet neutrino combine with its corresponding right handed
singlet neutrino to produce a massive Dirac neutrino. Since we assume lepton number
conservation, the Majorana mass terms for the right handed neutrinos, having the
form, MvEC~ vy are not allowed.

The model has a very light neutral scalar o with mass of the order of this Z,
symmetry breaking scale. Detailed phenomenology of this light scalar ¢ in context
of e + e— collider has been done previously [16] and also some phenomenological
works have been done on the chromophobic charged Higgs of this model at the LHC
whose signal are very different from the charged Higgs in the usual two Higgs doublet
model [17]. There are bounds on v4 from cosmology, big bang nucleosynthesis, because
of the presence of extra degree of freedom compared to the SM; puts a lower limit
on v, > 2 eV [18], while the bound from supernova neutrino observation is v, > 1

keV [19].
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In this work, we study the neutrino sector of the model using the input of all
the experimental information regarding the neutrino mass difference squares and the
three mixing angles. Our additional theoretical inputs are that the neutrino mass
matrix is hermitian and also has v, — v, exchange symmetry. We find that in order
for our model to be consistent with the current available experimental data, the
neutrino mass hierarchy has to be inverted type (with neutrino mass values close to
degenerate case). We also predict the values of all three neutrino masses, as well as
the CP violating phase §.

With the three assumptions stated in the introduction, namely, lepton number
conservation, Hermiticity of the neutrino mass matrix, and the v, — v, exchange

symmetry, the neutrino mass matrix can be written as

a b b
M,=1|p ¢ dl. (6.2)
b* d c

The parameters a, ¢ and d are real, while the parameter b is complex. Thus the
model has a total of five real parameters. The important question at this point is
whether the experimental data is consistent with this form. Choosing a basis in which
the Yukawa couplings for the charged leptons are diagonal, the PMNS matrix in our
model is simply given by U,, where U, is the matrix which diagonalizes the neutrino

mass matrix. Since the neutrino mass matrix is hermitian, it can then be obtained

from
M, = U,M%ae9yji (6.3)
where
m; O 0
M =10 my 0]- (6.4)
0 0 ms
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The matrix U, is the PMNS matrix for our model (since U is the identity matrix

from our choice of basis), and is conventionally written as:

—id
C12C13 512€13 513€
U, = —512C23 — C12523513€" C12C23 — S12523513€" 523C13 ) (6'5>
70 0
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

where, ¢;; = Cost;; and s;; = Sind,;.

6.3 Phenomenological Implications and Results

The values of three mixing angles and the two neutrino mass squared differences are
now determined from the various solar, reactor and accelerator neutrino experiments
with reasonable accuracy (the sign of Am2, is still unknown). The current knowledge

of the mixing angles and mass squared differences are given by [20] Table 6.1.

Parameter best-fit (+o0)

AmZ [107%eV?] | 7.53%0%

Am?2[1073eV?] 2.4315-00

sin? 01, 0.3070018
sin? 0y 0.39270-0%9
sin? 03 0.024415005:

Table 6.1: The best-fit values and 1o allowed ranges of the 3-neutrino oscillation
parameters. The definition of Am? used is Am? = m3 — (m3 + m?)/2. Thus Am? =

Am?, —m2,/2 if m; < my < mg and Am? = Am32, + m3,/2 for mz < my < my.

It is not at all sure that the data will satisfy our model given by Eqn. (6.2), either for
the direct hierarchy or the indirect hierarchy. We first try the indirect hierarchy. In
this case, the diagonal neutrino mass matrix, using the experimental mass difference

squares, can be written as
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v/m2 +0.002315 0 0
Mdias = 0 Vm3+0.00239 0 |, (6.6)
0 0 ms3
where we have used the definition of Am? in the inverse hierarchy mode as referred
in Table 6.1.
Taking these experimental values in the best-fit(+0) region from Table 6.1, for

the PMNS mixing matrix, we get from Eqn (6.5)

0.822 0.547 0.156 exp(—id)
U, = | —0.432 — 0.081 exp(id)  0.649 — 0.054 exp(id) 0.618 . (6.7)
0.347 — 0.101 exp(id)  —0.521 — 0.067 exp(id) 0.771

We plug these expressions for M%%9 and U, in M, = U,M%UT and demand that
the resulting mass matrix satisfy the form of our model predicted Eqn. (6.2). First,
using M, = M, as in Eqn. (6.2), we obtain the following 2"¢ order equation for

cos o

(—123.27m3 — 0.15m3 + 0.0026) cos? & + (6.66m3 — 6.7m3 — 0.006) cos &

+29.654mi — 3.19m2 +0.0031 = 0 (6.8)

where, we have used some approximations while simplifying the equation analytically,
which would not affect our result, if it is done numerically. Further, Eqn. (6.8) is
satisfied only for certain range of values of m3 demanding that —1 < cosd < 1. For
that range of mg, now we demand that M., = M., to be satisfied. This takes into
account separately satisfying the equality of the real and imaginary parts of M.,
and M., elements. It is intriguing that a solution exists, and gives the values of
ms = 7.8 x 1072 eV and 6 = 109.63°.

Thus the prediction for the three neutrino masses and the CP violating phase in
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our model are,

my = \/mg +0.002315 = 9.16 x 1072%¢V, (6.9)
my = \/m3 + 0.00239 = 9.21 x 10~ 2%€V,
ms = 7.8 x 107 %€V,

0 =109.63°.

with 0 being close to the maximum CP violating phase.
As a double check of our calculation, we have calculated the neutrino mass matrix
numerically using the above obtained values of m, my, m3 and § as given by mass

matrix Eqn.(6.16). The resulting numerical neutrino mass matrix we obtain is given

by,
0.091 0.00048 4+ 0.0017  0.00044 + 0.0015i
M, =1 0.00048 — 0.0014 0.086 —0.0066 : (6.10)
0.00044 — 0.0015¢ —0.0066 0.084

We see that with this verification, the mass matrix predicted by our model in
Eqn.(6.2), is well satisfied.

We note that we also investigated the normal hierarchy case for our model satis-
fying hermiticity and v, — v, exchange symmetry. We found no solution for cosd for
that case. Thus normal hierarchy for the neutrino masses can not be accommodated
in our model.

Our model predicts the electron type neutrino mass to be rather large (9.16 x 1072
eV), and the CP violating parameter § close to the maximal value (6 ~ 109°). Let us
now discuss briefly how our model can be tested in the proposed future experiments
of electron type neutrino mass measurement directly and also for the leptonic CP
violation. The measurement of the electron anti-neutrino mass from tritium 5 decay
in Troitsk v-mass experiment set a limit of m, < 2.2eV [21]. New experimental

approaches such as the MARE [22] will perform measurements of the neutrino mass
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in the sub-eV region. So with a little more improvement, it may be possible to reach
our predicted value of ~ 0.1 eV.

The magnitude of the CP violation effect depends directly on the magnitude of
the well known Jarlskog Invariant [23], which is a function of the three mixing angles

and CP violating phase 0 in standard parametrization of the mixing matrix:
Jop = 1/8 cos 013 sin 2015 sin 2653 sin 26,3 sin § (6.11)

Given the best fit values for the mixing angles in Table 6.1 and the value of CP

violating phase 6 = 110° in our model, we find the value of Jarlskog Invariant,
Jop = 0.032, (6.12)

which corresponds to large CP violating effects. The study of v, — v, and v, — 7,
transitions using accelerator based beams is sensitive to the CP violating phenomena
arising from the CP violating phase §. We are particularly interested in the Long
Baseline Neutrino Experiment (LBNE) [24], which with its baseline of 1300 Km and
neutrino energy F, between 1 — 6 GeV would be able to unambiguously shed light
both on the mass hierarchy and the CP phase simultaneously. Evidence of the CP
violation in the neutrino sector requires the explicit observation of asymmetry between

P(v, = v.) and P(p, — 1.), which is defined as the CP asymmetry Acp,

P(v, = v.)— P(v, = 1)

P(v, = v.)+ P(v, — 7)

Acp = (6.13)

In three-flavor model the asymmetry can be approximated to leading order in AmZ,

as, [25]
o8 B3 5in 2015 sin § , Am3, L

Acp ~ ) + matter effects (6.14)

sin 023 sin @13 4El,
For our model, taking LBNE Baseline value L = 1300 Km and E, = 1 GeV, we get
the value of Acp = 0.17 + matter effects. With this relatively large values of A¢p,

LBNEI10 in first phase with values of 700 KW wide-band muon neutrino and muon
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anti-neutrino beams and 100 kt.yrs will be sensitive to our predicted value of CP
violating phase § with 3-Sigma significance [26].

Finally, we compare our model for the sum of the three neutrino masses against the
cosmological observation. The sum of neutrino masses m; +ms+ms < (0.3240.081)
eV [27] from (Planck + WMAP + CMB + BAO) for an active neutrino model with
three degenerate neutrinos has become an important cosmological bound. For our

model, we find m; + mq + m3 ~ 0.26 €V, which is consistent with this bound.

6.4 The Model with four parameters in the neutrino mass matrix

The most general Dirac neutrino mass matrix contain 9 complex parameters and can

be written as:
meLeR meL;U‘R meLTR

M, = (6.15)

Murer Muppr Muprr
mTLeR mTL)U'R meLTR

On this 18 parameter Dirac neutrino mass matrix, we have imposed the following

conditions:

e We have assumed the hermiticity of the neutrino mass matrix. As a result of
this assumption, the diagonal elements of Eq. 6.15 become real and off-diagonal

*

elements become complex conjugate of each other: my e, = mg, ., Mrep =

. o : e
mg, .. and me . =my, . Therefore, after demanding the hermiticity, we have

a 9 parameter neutrino mass matrix.

The hermitian neutrino mass matrix is given in the flavor basis by
M, = UM%yt (6.16)

where, M®% is the diagonal neutrino mass matrix in the mass basis. Two squared-

mass differences of the neutrinos are known from the experiments. Therefore, M %9
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can be constructed with only one mass as unknown. For IH, the diagonal neutrino

mass matrix is given by,

/m2 + 0.002315 0 0
M9 = 0 mZ+0.00239 0 |, (6.17)
0 0 ms

where, mjz is the unknown mass and we have used the central values of the squared-
mass differences listed in Table 6.1 for IH. In the mixing matrix U, there are three
angles and one phase. The mixing angles are already measured (see Table 6.1 for their
central values and 30 range) with good precision. In our analysis, we have considered
the TH central values for the s2, and s%;. However, we have considered s3; = 0.5
which is not the central value but well within 30 of the central value.

If we assume one particular neutrino mass hierarchy, there are still two quantities
unknown in for the Dirac neutrinos namely, the mass mgs in the diagonal mass matrix
and the CP violating phase (4) in the mixing matrix. In our analysis, we have
scanned unknown parameters (ms3 and §) over a range of values and tried to find out
a constrained phenomenological neutrino mass matrix which is consistent with the
5 experimental results (three mixing angles and two squared-mass differences). Our

phenomenological results are summarized in the following:

e In Fig. 6.1, we have presented m,, ,, and real part of -m,, -, elements of the
Dirac neutrino mass matrix in Eq. 6.15 as a function of ms. The other free
parameter 0 was randomly varied between 0 and 7. Fig. 6.1 shows that two

curves interests each other at ms = —1.198 x 10~ 3eV.

e In Fig. 6.2, we have presented real and imaginary parts of the elements m,, .,
and me, -, (left panel) and diagonal elements m,,,, and m,, -, (right panel)
of the Dirac neutrino mass matrix in Eq. 6.15 as a function of 0 for ms =

—1.198 x 1072 eV. Fig. 6.2 shows that a constrained neutrino mass matrix is
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Figure 6.1: The elements m,, ,, and real part of -m,, ;, of the Dirac neutrino mass

matrix in Eq. 6.15 as a function of ms. The other free parameter § was randomly

varied between 0 and 7. We have used TH central values for the Am3,, Am?, s%, and

s2, from Table 6.1 and for s3;, we choose s3; = 0.5.

obtained for § = 7/2 and m3 = —1.198 x 1072 eV. The numerical form of the

mass matrix in the flavor basis for § = 7/2 and m3 = —1.198 x 1072 eV is given

by,

472 x 1072
2.49 x 1074 +5.37 x 1073
—2.49 x 107* 4+ 5.37 x 10735

2.49 x 107* — 5.37 x 1073
2.43 x 1072
—2.43 x 1072

—2.49 x 107* — 5.37 x 107%
—2.43 x 1072

2.43 x 1072
(6.18)

It is important to note that the mass matrix in Eq. 6.18 is a four parameter matrix

can be written as,

pheno __
M? =

a
be~

—ben
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—C
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—C

C
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my=0.0012 my=0.0012

_ 001 _ 00244 -
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Figure 6.2: Left panel: The real and imaginary part of the elements m,,,, and
Me,r, Of the Dirac neutrino mass matrix in Eq. 6.15 as a function of § (in radian) for
ms = —1.198 x 1073, Right panel: The diagonal elements m,, ., and m.,, ., of the
Dirac neutrino mass matrix in Eq. 6.15 as a function of § for ms = —1.198 x 1073.
We have used TH central values for the Am2,, Am?, s?, and s?; from Table 6.1 and

2 2 _
for s34, we choose s33 = 0.5.

with @ = 4.72 x 1072, b = 5.38 x 1073, ¢ = 2.43 x 1072 and n = 272.6°. We now
search for symmetry in the v,z-v;r sector which is consistent with the structure of
the phenomenological neutrino mass matrix in Eq. 6.19.

The most general transformation in the v,p-v;r sector can be written as,

Ve et 0 0
Up = vl 7| 0 pe'® —gem' Ur — UrVg, (6.20)

where, p? + ¢®> = 1 and ¢y, ¢ and ¢ are the arbitrary phases. As already discussed
in the beginning of this paper, we do not want to introduce any symmetry in v,z-v, 1,

sector in order to make the symmetry as the symmetry of the Lagrangian. However,
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phase transformation for the left-handed neutrino fields are still allowed:

Ve e 0
\PL = Vy — 0 e_w? 0 \I[L — UL\I/L, (621)
v, 0 0 e s

We have demanded the invariance under simultaneous transformations Wy — UgVp
and ¥, — UV, followed by a complex conjugation of the couplings. Complex
conjugation of the couplings is equivalent to making a CP transformation. In the rest
of this article, the symmetry under above mentioned transformations followed by a
CP transformation is denoted as v,r-v;r reflection symmetry. As a consequence of

the v,r-v-r reflection symmetry, we obtain the following matrix equation:
UT MphenoU ]* _ Mpheno 6.22
LYty R - v : ( : )

The most general solution of Eq. 6.22 is given by

¢ = mgm —cos ! [(=1)™p] ; 6 =mm+ cos™! [(—=1)"p];
o =nom By =cos [(—=1)"2p];
1
Gy = (ng + 5) T 3 Oy =sin""[(—1)"¢q] (6.23)
and
nm
n =" (6.24)

where, n, ny, ny and ng are arbitrary integers. The trivial solution (ny; = 0, ny =0
and ng = 0) of Eq. 6.22 physically corresponds to a symmetry under interchange of
vur <> —ivyg followed by a CP transformation with n = 0° 90° 180° 270°,.....
However, the phenomenological neutrino mass matrix under consideration (Eq. 6.18
and Eq. 6.19) corresponds to n = 272.6°. Therefore, tiny violation of the symmetry
under interchange of v,r <+ —iv,r followed by a CP transformation is required to

satisfy all the experimental results.
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6.5 Summary and Conclusions

In this work, we have presented predictive models for Dirac neutrinos. The first model
has three assumptions: (i) lepton number conservation, (ii) hermiticity of the neu-
trino mass matrix, and (iii) v, - v, exchange symmetry. The resulting neutrino mass
matrix is of Dirac type, and has five real parameters, (three real and one complex).
We have shown that the data on neutrino mass differences squares, and three mix-
ing angles are consistent with this model yielding a solution for the neutrino masses
with inverted mass hierarchy (close the degenerate pattern). The values predicted
by the model for the three neutrino masses are 9.16 x 1072 eV, 9.21 x 1072 eV and
7.80 x 1072 eV. In addition, the model also predicts the CP violating phase & to be
109.63°, thus predicting a rather large CP violation in the neutrino sector, and will be
easily tested in the early runs of the LBNE. The mass of the electron type neutrino
is also rather large, and has a good possibility for being accessible for measurement
in the proposed tritium beta decay experiments. Neutrinos being Dirac, neutrinoless
double beta decay is also forbidden in this model. Thus, all of these predictions can
be tested in the upcoming and future precision neutrino experiments.

In the second model, we have also considered Dirac neutrino mass matrix and in-
vestigated the possible symmetries in the v,g-v-r sector. In order to ensure that
the imposed condition is a symmetry of the Lagrangian (not only the symmetry of
the neutrino mass matrix in the flavor basis), we have restricted the requirements
only to the singlet right-handed muon and tau neutrinos. Assuming the hermiticity
of the neutrino mass matrix, we have obtained a particular structure of the phe-
nomenological Dirac neutrino mass matrix with only 4 parameters. This 4 parameter
Dirac neutrino mass matrix can explain all five (two squared-mass differences and
three mixing angles) experimental results in the neutrino sector with particular pre-
dictions for the absolute values of the neutrino masses (m; = 4.81 x 1072, my =

4.89 x 1072 and m3z = —1.198 x 1072 eV) and CP violating phase § = 270°. We
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have shown that the 4 parameters phenomenological mass matrix corresponds to a
symmetry under interchange of v, <+ —iv; g followed by a CP transformation with
a tiny violation of this symmetry to accommodate a value of the phase § = 272.6° as

required by the mass matrix in Eq. (6).

164



REFERENCES

[1] R. Wendell [Super-Kamiokande Collaboration|, Nucl. Phys. Proc. Suppl. 237-

238, 163 (2013).
[2] C. Mariani [K2K Collaboration], AIP Conf. Proc. 981, 247 (2008)
[3] G. Barr [MINOS Collaboration], PoS ICHEP 2012, 398 (2013).

[4] B. Aharmim et al. [SNO Collaboration|, Phys. Rev. C 88, 025501 (2013)
[arXiv:1109.0763 [nucl-ex]].

[5] Y. Koshio [Super-Kamiokande Collaboration], PoS ICHEP 2012, 371 (2013).
[6] T. Mitsui [KamLAND Collaboration|, Nucl. Phys. Proc. Suppl. 221, 193 (2011).

[7] F. P. An et al.  DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012)
[arXiv:1203.1669 [hep-ex]].

[8] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012)
larXiv:1204.0626 [hep-ex]].

9] Y. Abe et al. [ DOUBLE-CHOOZ Collaboration]|, Phys. Rev. Lett. 108, 131801
(2012) [arXiv:1112.6353 [hep-ex]].

[10] K. Abe et al. [T2K Collaboration|, Phys. Rev. Lett. 107, 041801 (2011)

[arXiv:1106.2822 [hep-ex]].

[11] R. B. Patterson [NOvA Collaboration]|, Nucl. Phys. Proc. Suppl. 235-236, 151
(2013) [arXiv:1209.0716 [hep-ex]].

165



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

For an updated review of all the results, see A. de Gouvea et al. [Intensity Frontier

Neutrino Working Group Collaboration], “Neutrinos,” arXiv:1310.4340 [hep-ex].

P. Minkowski, Phys. Lett. B 67, 421 (1977); M. Gell-Mann, P. Ramond and
R. Slansky, Conf. Proc. C 790927, 315 (1979) [arXiv:1306.4669 [hep-th]]; P. Van
Nieuwenhuizen and D. Z. Freedman; T. Yanagida, Conf. Proc. C 7902131, 95
(1979); S. L. Glashow, NATO Adv. Study Inst. Ser. B Phys. 59, 687 (1980);
R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

H. Georgi, AIP Conf. Proc. 23, 575 (1975); H. Fritzsch and P. Minkowski, Annals
Phys. 93, 193 (1975).

A. Aranda, C. Bonilla, S. Morisi, E. Peinado and J. W. F. Valle, arXiv:1307.3553
[hep-ph|; N. Memenga, W. Rodejohann and H. Zhang, Phys. Rev. D 87, 053021
(2013) [arXiv:1301.2963 [hep-ph]]; P. Langacker, Ann. Rev. Nucl. Part. Sci. 62,
215 (2012) [arXiv:1112.5992 [hep-ph]].

S. Gabriel and S. Nandi, Phys. Lett. B 655, 141 (2007) [hep-ph/0610253].

S. Gabriel, B. Mukhopadhyaya, S. Nandi and S. K. Rai; Phys. Lett. B 669, 180
(2008);S.M. Davidson and H. E. Logan, Rev. D 82, 115031(2010); U. Maitra,
B. Mukhopadhyaya, S. Nandi, S. K. Rai and A. Shivaji, arXiv:1401.1775 [hep-ph]

(to appear in Phys. ReV D).
S.M. Davidson and H. E. Logan, Rev. D 80, 095008 (2009).

S. Zhou, Phys. Rev. D 84, 038701 (2011); M. Sher and C. Triola, Phys. Rev. D
83, 038701 (2011).

J. Beringer et al. (Particle Data Group). Phys. Rev., D86:117702, 2012.

166



[21] V. N. Aseev, A. 1. Belesev, A. I. Berlev, E. V. Geraskin, A. A. Golubev, N. A. Li-
hovid, V. M. Lobashev and A. A. Nozik et al., Phys. Atom. Nucl. 75, 464 (2012)
[Yad. Fiz. 75, 500 (2012)].

[22] D. Schaeffer, F. Gatti, G. Gallinaro, D. Pergolesi, P. Repetto, M. Ribeiro-Gomes,
R. Kelley and C. A. Kilbourne et al., Nucl. Phys. Proc. Suppl. 221, 394 (2011).

[23] C. Jarlskog, Z. Phys. C 29, 491 (1985).
[24] C. Adams et al. [LBNE Collaboration|, arXiv:1307.7335 [hep-ex].

[25] W. Marciano and Z. Parsa, Nucl. Phys. Proc. Suppl. 221, 166 (2011) [hep-
ph/0610258].

[26] A. S. Kronfeld, R. S. Tschirhart, U. Al-Binni, W. Altmannshofer, C. Anken-
brandt, K. Babu, S. Banerjee and M. Bass et al., arXiv:1306.5009 [hep-ex].

[27] R. A. Battye and A. Moss, Phys. Rev. Lett. 112, 051303 (2014) [arXiv:1308.5870
lastro-ph.CO]].

167



CHAPTER 7

Warm Dark Matter in two higgs doublet models

7.1 Introduction

One of the simplest extensions of the Standard Model is the addition of a second
Higgs doublet to its spectrum. A second Higgs doublet appears naturally in a vari-
ety of well motivated scenarios that go beyond the Standard Model. These include
supersymmetric models [1], left-right symmetric models [2], axion models [3] and
models of spontaneous CP violation [4], to name a few. These models have the po-
tential for rich phenomenology that may be subject to tests at colliders and in low
energy experiments. A notable feature of these models is the presence of additional
scalar states, two neutral and one charged, which may be accessible experimentally
at the LHC. Naturally, two Higgs doublet models have been extensively studied in
the literature [5].

In this chapter we focus on certain cosmological and astrophysical aspects of the
two Higgs doublet models in a regime that has not been previously considered. It is
well known that no particle in the Standard Model can fit the observed properties of
the dark matter in the universe inferred from astrophysical and cosmological data.
New particles are postulated to fulfill this role. Two Higgs doublet models do contain
a candidate for dark matter in one of its neutral scalar bosons. It is generally assumed
that this particle, which is stable on cosmological time scales owing to an approximate
(or exact) symmetry, is a cold dark matter candidate with masses in the several 100
GeV range [6,7]. These particles annihilates into lighter Standard Model particles

in the early thermal history of the universe with cross sections of order picobarn. In
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this work we show that there is an alternative possibility where the extra neutral
scalar boson of these models can have mass of the order of a keV and be identified
as a warm dark matter candidate. This scenario is completely consistent with known
observations and would have distinct signatures at colliders as well as in cosmology
and astrophysics, which we outline here.

The ACDM cosmological paradigm, which assumes a significant cold dark matter
component along with a dark energy component in the energy density of the universe,
has been immensely successful in confronting cosmological and astrophysical data
over a wide range of distance scales, of order Gpc to about 10 Mpc. However, at
distance scales below a Mpc, cold dark matter, which has negligible free—streaming
velocity, appears to show some inconsistencies. There is a shortage in the number of
galactic satellites observed compared to CDM N-body simulations; density profiles
of galactic dark matter haloes are too centrally concentrated in simulations compared
to data; and the central density profile of dwarf galaxies are observed to be shallower
than predicted by CDM [8]. These problems can be remedied if the dark matter
is warm [9], rather than cold. Warm dark matter (WDM) has non-negligible free—
streaming velocity, and is able to wipe out structures at distance scales below a Mpc,
while behaving very much like CDM at larger distance scales. This would alleviate the
small scale problems of CDM, while preserving its success at larger distance scales.

The free streaming length of warm dark matter can be written down very roughly

keV (Do)
Riyg~1M , 7.1
d be ( Mgy ) (3‘15T>TzkeV (7-1)

where m, is the dark matter mass and (p,) its average momentum. For a fully

as [10]

thermalized WDM, (p,) = 3.157. In the WDM of two Higgs doublet model, as we
shall see later, (p,)/(3.157) ~ 0.18, so that an effective thermal mass of o, about six
times larger than m, can be defined corresponding to fully thermalized momentum

distribution. For m, of order few keV, we see that the free-streaming length is of order

169



Mpe, as required for solving the CDM small scale problems. Note that structures
at larger scales would not be significantly effected, and thus WDM scenario would
preserve the success of CDM at large scales.

The WDM candidate of two Higgs doublet extensions of the Standard Model is
a neutral scalar, o, which can have a mass of order keV. Such a particle, which
remains in thermal equilibrium in the early universe down to temperatures of order
150 MeV through weak interaction processes (see below), would contribute too much
to the energy density of the universe, by about a factor of 34 (for m, = 1 keV). This
unpleasant situation is remedied by the late decay of a particle that dumps entropy
into other species and heats up the photons relative to o. A natural candidate for
such a late decay is a right-handed neutrino N that takes part in neutrino mass
generation via the seesaw mechanism. We find that for My = (25 GeV — 20 TeV),
and 7y = (107 — 1) sec. for the mass and lifetime of N, consistency with dark
matter abundance can be realized. Novel signals for collider experiments as well
as for cosmology and astrophysics for this scenario are outlined. In particular, by
introducing a tiny breaking of a Zy symmetry that acts on the second Higgs doublet
and makes the dark matter stable, the decay ¢ — ~7 can occur with a lifetime longer
than the age of the universe. This can explain the recently reported anomaly in
the X-ray spectrum from extra-galactic sources, if m, = 7.1 keV is adopted, which is
compatible with other WDM requirements. This feature is somewhat analogous to the
proposal of Ref. [11] where a SM singlet scalar which coupled very feebly with the SM
sector played the role of the 7.1 keV particle decaying into two photons. The present
model with ¢ belonging to a Higgs doublet has an entirely different cosmological
history; in particular o interacts with the weak gauge bosons with a coupling strength
of g2 ~ O(1) and remains in thermal equilibrium in the early universe down to
T ~ 150 MeV, while the singlet scalar of Ref. [11] was never thermalized.

The rest of the chapter is organized as follows. In Sec. 2 we describe the two
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Higgs doublet model for warm dark matter. Here we also study the experimental
constraints on the model parameter. In Sec. 3 we derive the freeze-out temperature
of the WDM particle ¢ and compute its relic abundance including the late decays of
N. Here we show the full consistency of the framework. In Sec. 4 we analyze some
other implications of the model. These include supernova energy loss, dark matter
self interactions, 7.1 keV X-ray anomaly, and collider signals of the model. Finally

in Sec. 5 we conclude.

7.2 Two Higgs Doublet Model for Warm Dark Matter

The model we study is a specific realization of two Higgs doublet models that have
been widely studied in the context of dark matter [6,7]. The two Higgs doublet
fields are denoted as ¢; and ¢,. A discrete Z, symmetry acts on ¢9 and not on any
other field. This Z; prevents any Yukawa couplings of ¢o. While ¢, acquires a vacuum
expectation value v ~ 174 GeV, (¢9) = 0, so that the Z, symmetry remains unbroken.
The lightest member of the ¢o doublet will then be stable. We shall identify one of
the neutral members of ¢o as the WDM o with a mass of order keV.

Neutrino masses are generated via the seesaw mechanism. Three Z5 even singlet

neutrinos, N;, are introduced. The Yukawa Lagrangian of the model is

My
Ly = L3 + (Yn)i 6N o1 + QNZ N/CN; + h.c. (7.2)

Here £ is the SM Yukawa coupling Lagrangian and involves only the ¢, field owing

to the ¢y — —¢9 reflection (Z5) symmetry. The Higgs potential of the model is

Vo= —mi|gi]* + m3|dal® + Aild1|* + Aol da|* + As|d1[*|go|?

Aol + {2602 + ) (1.3

With (¢)) = v >~ 174 GeV and (¢3) = 0, the masses of the various fields are obtained
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as

m; = 4\v?, m2 =mi+ (A3 4+ Mg+ As) 07

[

my = ms+ Az + X — As) v mie =ms + A0 . (7.4)

Here h is the SM Higgs boson with a mass of 126 GeV; ¢ and A are the second scalar
and pseudoscalar fields, while H* are the charged scalars. We wish to identify o as
the keV warm dark matter candidate.! In order to go from 100 GeV to a few keV for
the mass of o, some fine-tuning will have to be done. While this may be viewed as
not natural, we note that in any non-supersymmetric model of this type, such fine-
tunings are needed to protect the scalar masses from quadratic divergences. This is
true in the inert doublet model with cold dark matter as well. An immediate concern
is whether the other scalars can all be made heavy, of order 100 GeV or above, to be
consistent with experimental data. This can indeed be done, as can be seen from Eq.
(7.4). Note that m?% = m2 — 2X\;v* and m?,. = m2 — (A + A5)v?, so that even for
my ~ keV, my and my= can be large. However, the masses of A and H* cannot be
taken to arbitrary large values, since \;v* are at most of order a few hundred (GeV)?
for perturbative values of \;. The boundedness conditions on the Higgs potential can
all be satisfied [5] with the choice of positive A\j 23 and negative A5 and (Ag + As5).
The keV WDM version of the two Higgs doublet model would thus predict that the
neutral scalar A and the charged scalar H* have masses not more than a few hundred
GeV. The present limits on the masses of A and H* are approximately m4 > 90 GeV
(from Z boson decays into 0+ A) and my+ > 100 GeV from LEP searches for charged

scalars. This would mean that |A;| > 0.13 and |A\y + A5| > 0.17.

! Alternatively, A can be identified as the WDM candidate. With some redefinitions of couplings,

this scenario would lead to identical phenomenology as in the case of ¢ WDM.
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7.2.1 Electroweak precision data and Higgs decay constraints

The precision electroweak parameter T' receives an additional contribution from the

second Higgs doublet, which is given by [7]

2 2 2
_ M= My M+

AT = 2o 1-— . log o~ (7.5)
H* A A

where the mass of o has been neglected. For {my+, ma} = {150, 200} GeV, AT ~
—0.095 while for {mg+, ma} = {200, 150} GeV, AT ~ +0.139. Both these numbers
are consistent with current precision electroweak data constraints, 7" = 0.01£0.12 [12].
Note, however, that the mass splitting between H* and A cannot be too much, or
else the limits on T will be violated. For example, if {my=, ma} = {150, 300} GeV,
AT ~ —0.255, which may be disfavored.

The parameter S receives a new contribution from the second Higgs doublet, which

is evaluated to be

1 2
AS (log Ta §> . (7.6)

T 121 mis 6
If {my+, ma} = {150, 200} GeV, AS ~ +0.025, while for {mpy+, ma} = {200, 150}
GeV, AS ~ —0.007. These values are consistent with precision electroweak data
which has S = —0.03 £ 0.10 [12].
In this model the decay h — oo can occur proportional to the quartic coupling

combination (A3 + Ay + A5). The decay rate is given by

_ et At Al 0?

['(h — o0) T6m .

(7.7)

Since the invisible decay of the SM Higgs should have a branching ratio less than
23% [13], we obtain the limit (using I' = 4.2 + 0.08 MeV for the SM Higgs width)

Az + A+ 5| < 1.4x 1072 . (7.8)

The cubic scalar coupling hoo can also arise through loops mediated by gauge bosons.

The dominant such contribution is from a W*W ™ loop, which has an amplitude of
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order g*v/(167?), which should be compared with the tree-level amplitude of |A3 +
A1+ As|v. As long as [A3 + Ay + As| > 1073, the tree level contribution will dominate.
There is a mini fine-tuning needed to realize the constraint quoted in Eq. (7.8), since
|As| > 0.13 and |[A\y + As| > 0.17 are required to meet the constraints on the masses of
A and H*. This tuning is at the level of 10%, which is quite stable under radiative
corrections. We thus see broad agreement with all experimental constraints in the

two Higgs doublet models with a keV neutral scalar identified as warm dark matter.

7.2.2 Late decay of right-handed neutrino N

Before proceeding to discuss the early universe cosmology within the two Higgs dou-
blet model with warm dark matter, let us identify the parameter space of the model
where the late decay of a particle occurs with a lifetime in the range of (107% — 1) sec.
Such a decay is necessary in order to dilute the warm dark matter abundance within
the model, which would otherwise be too large. A natural candidate for such late
decays is one of the heavy right-handed neutrinos, N, that participates in the seesaw
mechanism for small neutrino mass generation. If its lifetime were longer than 1 sec.
that would affect adversely the highly successful big bang nucleosynthesis scheme.
Lifetime shorter than 10~ sec. would not lead to efficient reheating of radiation in
the present model, as that would also reheat the warm dark matter field.

It turns out that the masses and couplings of the late-decaying field N are such
that its contribution to the light neutrino mass is negligibly small. The smallest
neutrino mass being essentially zero can be taken as one of the predictions of the
present model. We can therefore focus on the mixing of this nearly decoupled N field
with light neutrinos. For simplicity we shall assume mixing of N with one flavor of

light neutrino, denoted simply as v. The mass matrix of the v — N system is then
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given by

0 YNU
M, = . (7.9)
YN'U MN

A light-heavy neutrino mixing angle can be defined from Eq. (7.9):
sinf,y ~ — . (7.10)

This mixing angle will determine the lifetime of V.
If kinematically allowed, N would decay into hv, hv, Wte™, W~et, Zv and Zv.
These decays arise through the v — N mixing. The total two body decay rate of N is

given by
I'(N — hv, hov, Wre™, W—et, Zv, ZV) = ‘

Y2 M 2\ 2 2\ 2 Im2 2\ 2 2Im2
NIN (o D) (D) (20w (g 12 (g 22
327 MN MN MN MN MN

(7711)

Here the first term inside the square bracket arises from the decays N — hr and
N — h, the second term from decays of N into W¥eT and the last term from N
decays into Zv and Zv. We have made use of the expression for the mixing angle
given in Eq. (7.10), which is assumed to be small.

When the mass of N is smaller than 80 GeV, these two body decays are kinemat-
ically not allowed. In this case, three body decays involving virtual W and Z will be
dominant. The total decay rate for N decaying into three body final states through

the exchange of the W boson is given by
G%M3 3 M3 m? m?2
(N = 3body) = L sin®f,y (1+=—2 ) (2) |5+3F (< |+ F | —= ]| -
(N — 3 body) 1093 sin® 0, n ( + 52, (2) [5+3 M2 + M2
(7.12)

This expression is analogous to the standard muon decay rate. An overall factor of
2 appears here since N being Majorana fermion decays into conjugate channels. The

factor 5 inside the square bracket accounts for the virtual W+ boson decaying into

175



e*ve, ptv, and du for which the kinematic function F(z) = {1 — 8z + 823 — 2* —
1222 Inz} is close to one [14]. For My > 175 GeV, an additional piece, 3F (m?/M%),
should be included inside the square bracket of Eq. (7.12). Analogous expressions for
three body decay of N via virtual Z boson are found to be numerically less important
(about 10% of the virtual W contributions) and we ignore them here. Virtual Higgs
boson exchange for three body N decays are negligible owing to small Yukawa coupling
suppressions. We shall utilize expressions (7.11) and (7.12) in the next section where

the relic density of 0 WDM is computed.

7.3 Relic Abundance of Warm Dark Matter o

Here we present a calculation of the relic abundance of ¢ which is taken to have a
mass of order keV, and which serves as warm dark matter of the universe. Since o has
thermal abundance, it turns out that relic abundance today is too large compared
to observations. This situation is remedied in the model by the late decay of N,
the right-handed neutrino present in the seesaw sector. To see consistency of such a
scheme, we should follow carefully the thermal history of the WDM particle o.
When the universe was hot, at temperatures above the W boson mass, o was in
thermal equilibrium via its weak interactions through scattering processes such as
WHW~ — oo. As temperature dropped below the W boson mass, such processes
became rare, since the number density of W boson got depleted. The cross section

for the process WHW ™= — o + o is given by

4
- 9 1
~ | — ) —. 1
oW W~ =0 +o0) (647T> -y (7.13)

The interaction rate (onv) is then given by

4
g 1 mw\3 _on,
oo = () 7 () e 10
w

where the Boltzmann suppression factor in number density of W's appears explicitly.

Demanding this interaction rate to be below the Hubble expansion rate at temper-
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ature T', given by H(T) = 1.669i/2T2/Mp, with g, being the effective degrees of
freedom at T and Mp = 1.19 x 10'? GeV, we obtain the freeze-out temperature for
this process to be Ty >~ 4.5 GeV (with g, ~ 80 used).

o may remain in thermal equilibrium through other processes. The scattering
bb — oo mediated by the Higgs boson h of mass 126 GeV is worth considering. (b
quark has the largest Yukawa coupling among light fermions.) The cross section for

this process at energies below the b-quark mass is given by

- |>\3 + )\4 + /\5|2m§

a(bb — 00) ~ (7.15)

4rm;
If A3+ M+ As| = 1072, this process will freeze out at Ty ~ 240 MeV (g, = 70
is used in this estimate, along with Boltzmann suppression.) For smaller values of
|As + Ay + A5, the freeze—out temperature will be higher.

The process utpu~ — oo mediated by the Higgs boson h can potentially keep o
in thermal equilibrium down to lower temperatures, since the pu* abundance is not
Boltzmann suppressed. (Note however, that this process suffers from a stronger chiral

suppression compared to the process bb — ¢o.) The cross section is given by

2
o ‘)\3+)\4+/\5|2mﬂ
= — 7.16
o(p " —oo) - - (7.16)

=

The number density of u*, which are in equilibrium, is given by 0.27°%, from which
we find that this process would go out of thermal equilibrium at 7" ~ 250 MeV for
|A3-+ A4+ 5] = 1072, This process could freeze out at higher temperatures for smaller
values of [A3 + Ay + As.

There is one process which remains in thermal equilibrium independent of the
values of the Higgs quartic couplings. This is the scattering vy — oo mediated by
the W# gauge bosons shown in Fig. 7.1. The relevant couplings are all fixed, so that
the cross section has no free parameters. We find it to be

E2FE [ e 77
64 {327r2m%[, ]

o(yy — oo) = (7.17)
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Figure 7.1: Loop diagrams leading to vy — oo.

where Fyy = 7 is a loop function. Using E, = 3.157 and n, = 0.27°, the interaction
rate (onv) can be computed. Setting this rate to be equal to the Hubble expansion
rate, we find that this process freezes out at 7'~ 150 MeV (with g. = 17.25 appro-
priate for this temperature used). Among all scattering processes, this one keeps o to
the lowest temperature, and thus the freeze-out of o occurs at T, ~ 150 MeV with

a corresponding g7 = 17.25.

Having determined the freeze-out temperature of o to be T ~ 150 MeV, we can

now proceed to compute the relic abundance of 0. We define the abundance of o as
Y, =— (7.18)

where n, is the number density of ¢ and s is the entropy density. These two quantities

are given for relativistic species to be

Ny = %@T?’, 5= %geng?’, (7.19)
where
Jefit = Z gb"‘g Z g5 - (7.20)
Tl bosons fermions
Y, = 4525543)9% . (7.21)

Since Y, is a thermally conserved quantity as the universe cools, we can obtain the
abundance of ¢ today as

Qp = Yym, 2, (7.22)
Pe
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where sy = 2889.2/cm? is the present entropy density and p, = 1.05368 x10~°h? GeV /cm?

is the critical density. Using g, = 1 appropriate for a real scalar field and with h = 0.7

17.25\ / my
Q, = 9.02( > ) <1keV) . (7.23)

Here we have normalized g.p = 17.25, appropriate for the freeze—out temperature of

we thus obtain

o. We see from Eq. (7.23) that for a keV warm dark matter, €, is a factor of 34
larger than the observed value of 0.265. For a clear discussion of the relic abundance

in a different context see Ref. [15].

7.3.1 Dilution of o abundance via late decay of N

The decay of N involved in the seesaw mechanism, as discussed in Sec. 7.2.2, can
dilute the abundance of o and make the scenario consistent. We assume that at
very high temperature N was in thermal equilibrium. This requires going beyond the
model described in Sec. 2. This could happen in a variety of ways.? For example,
one could have inflaton field S couple to N via a Yukawa coupling of type SNN
which would then produce enough N’s in the process of reheating after inflation [17].
Alternatively, the two Higgs extension of SM model could be an effective low energy
theory which at high energies could have a local B — L symmetry. The B — L gauge
interactions would keep N in thermal equilibrium down to temperatures a few times
below the gauge boson mass, at which point N freezes out. As the universe cools, the
Hubble expansion rate also slows down. The two body and three body decays of N,
given in Eqgs. (7.11)-(7.12), will come into equilibrium at some temperature at which
time N would begin to decay. If this temperature 7} is in the range of 150 MeV to 1

MeV, the decay products (electron, muon, neutrinos, up quark and down quark) will

2Late decays of heavy particles have been used in order to dilute dark matter abundance in other

contexts [15,16].
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gain entropy as do the photons which are in thermal equilibrium with these species.?

Since o froze out at T ~ 150 MeV, and since ¢ is not a decay product of N, the
decay of N will cause the temperature of photons to increase relative to that of o.
Thus a dilution in the abundance of ¢ is realized. Note that the decay temperature
T, should be above one MeV, so that big bang nucleosynthesis is not affected. The
desired range for the lifetime of N is thus 7y = (107 — 1) sec.
The reheat temperature 7, of the thermal plasma due to the decays of N is given
by [18]
T, = 0.78[g.(T,)] *\/Tx Mp . (7.24)

Energy conservation then implies the relation

3
MNYNSbefore = ZsafterTr . (725)

If the final state particles are relativistic, as in our case, a dilution factor defined as

d — Sbefore (726)
Safter
takes the form
d = 0.58[g.(T})] "4/ TxnMp/(MyYy) . (7.27)
The abundance of N is given by
135 ((3
135 ((3) (7.28)

M At g(Tyn)
where ¢(T} ) stands for the degrees of freedom at N freeze-out. Putting all these

together we obtain the final abundance of o as

Mg 7.87GeV [1sec.\"? 9(Tr.N) 17.25
2 = (0.265) <1ke\/> ( My > < TN ) (106.75) 97 ) (7.29)

Here we have normalized various parameters to their likely central values and used

9+(T,) = 10.75. The value of g(Ttn) = 106.75 counts all SM degrees and nothing

else.
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Figure 7.2: Allowed parameter space of the model in the My — Yy plane. The shaded
region corresponds to the decay temperature Ty of N lying in the range 150 MeV —
1 MeV. The three solid curves generate the correct dark matter density €2p for three

different values of the WDM mass m, = {3.5, 7, 15} keV.
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From Eq. (7.29) we see that the correct relic abundance of o can be obtained
for My ~ 10 GeV and 7y ~ 1 sec. In Fig. 7.2 we have plotted the dark matter
abundance as a function of My and its Yukawa coupling Yy for three different values
of m, (3.5, 7 and 15 keV). Also shown in the figure are the allowed band for 7y to lie
in the range of (107* — 1) sec., or equivalently for T; = (150 — 1) MeV. We see that
there is a significant region allowed by the model parameters. We also note that the
mass of N should lie in the range My = 25GeV — 20TeV for the correct abundance
of dark matter.

A remark on the average momentum (p,) of the dark matter is in order. The
dilution factor d ~ 1/34 for m, = 1 keV. The temperature of ¢ is thus cooler by a
factor of 1/(34)Y/? = 0.31 relative to the photon. The momentum of o gets redshifted
by a factor £/3 = 0.58 where ¢ = 9%/ Goday = 17.25/3.36. The net effect is to make

(p,)/(3.15T) = 0.18.

7.4 Other Implications of the Model

In this section we discuss briefly some of the other implications of the model.

7.4.1 Supernova energy loss

The process 7y — oo can lead to the production of ¢ inside supernova core. Once
produced these particles will freely escape, thus contributing to new channels of su-
pernova energy loss. Note that ¢ does not have interactions with the light fermions.
The cross section for o production is given in Eq. (7.17). Here we make a rough
estimate of the energy lost via this process and ensure that this is not the dominant

cooling mechanism of supernovae. We follow the steps of Ref. [11] here. The rate of

3At T = 150 MeV, it is not completely clear if we should include the light quark degrees of

freedom or the hadronic degrees. We have kept the u and d quarks in our decay rate evaluations.
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energy loss is given by

Q= ‘/(:orenf2y<E>0-(’}/’7 — 00) (7.30)

where Ve = 47R3

core

/3 is the core volume and we take Reoe = 10 km. n., o~ O.2T73
is the photon number density, and (E) = 3.157, is the average energy of the photon.
Using Eq. (7.17) for the cross section we obtain @ ~ 2.8 x 10°! erg/sec, when T, = 30
MeV is used. Since the supernova explosion from 1987A lasted for about 10 seconds,
the total energy loss in o would be about 2.8 x 1052 erg, which is to be compared
with the total energy loss of about 105 erg. This crude estimate suggests that energy
loss in the new channel is not excessive. We should note that the energy loss scales
as the ninth power of core temperature, so for larger values of T’,, this process could

be significant. A more detailed study of this problem would be desirable.

7.4.2 Dark matter self interaction
In our model dark matter self interaction, oo — oo, occurs proportional to |Ag|?.
There are rather severe constraints on self-interaction of dark matter from dense
cores of galaxies and galaxy clusters where the velocity distribution can be isotropized.
Constraints from such halo shapes, as well as from dynamics of bullet cluster merger
have been used to infer an upper limit on the dark matter self-interaction cross section
[19]:

2 <1 barn/GeV . (7.31)

o

The self interaction cross section in the model is given by

22
(oo — o0) = % (7.32)
™

where Ay = Ay — [As+As+ 5|2 (v2/m2), with the second term arising from integrating

out the SM Higgs field h. This leads to a limit on the coupling Ao given by

Mo )3/2 (7.33)

Ao < 5.4 1*6<—
Az <5410 10keV
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The one loop corrections to o self interaction strength is of order g*/(167%) ~ 1073.
So we use the tree level Ay to cancel this to make the effective self interaction strength
of order 107% as needed. Such a fine-tuning is unpleasant, but nevertheless can be
done within the model consistently. One can choose |A\3 + A4 + As| ~ 1073, so that

the effective quartic coupling X, is positive.

7.4.3 The extra-galactic X-ray anomaly

Recently two independent groups have reported the observation of a peak in the extra-
galactic X-ray spectrum at 3.55 keV [20, 21], which appear to be not understood
in terms of known physics and astrophysics. While these claims still have to be
confirmed by other observations, it is tempting to speculate that they arise from
the decay of WDM into two photons. If the Z; symmetry remains unbroken, o is
absolutely stable in our model and will not explain this anomaly. (The cross section
for oo — 7 is orders of magnitude smaller than required to be relevant for the X-ray
anomaly.) However, extremely tiny breaking of this symmetry via a soft term of the
type mfﬂﬂ ¢+ h.c. can generate the reported signal. Such a soft breaking term would
induce a nonzero vacuum expectation value for ¢ which we denote as u. Explicitly,

the relevant potential for the o field will be

2
V(o) = %02 +V2m2uo + ... (7.34)
which minimizes to
2 2
u= (o) = _\/_m12 v (7.35)

mg
Such an induced VEV is quite stable, since miy ~ 0.003 eV and u ~ 0.03 eV will
be needed, which are much smaller than m, ~ 7 keV. In order to explain the X-ray

anomaly, this VEV has to be in the range u = (0.03 — 0.09) eV. This comes about

from the decay rate, which is given by

ranN? _, (u? Gpmd
Po—) = (1) Fi <ﬁ> o (7.36)
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with Fyy = 7, which is matched to a partial lifetime in the range I'"'(c — vv) =
(4 x 10%" — 4 x 10%) sec [20,21]. Once o develops a vacuum expectation value, it
also mixes with SM Higgs field h, but this effect is subleading for the decay o — 7.
Such mixing was the main source of the two photon decay of WDM in the case of a

singlet scalar WDM of Ref. [11].

7.4.4 Effective number of neutrinos for BBN

Since the warm dark matter o is in thermal equilibrium down to temperatures of
order 150 MeV, it can modify the number of neutrino species that affect big bang
nucleosynthesis. A fully thermalized real scalar would count as 4/7 of a neutrino
species, but the abundance of ¢ is diluted via the late decay of N in our case. The
dilution factor is about 1/36 (compare Eq. (23) and (29)), which would mean that
the effective number of neutrinos for BBN is shifted from 3 only by a tiny amount of

about 0.02.

7.4.5 Collider signals

The charged scalar H* of the model can be pair produced at the Large Hadron
Collider via the Drell-Yan process. Ht will decay into a W+ and a . This signal
has been analyzed in Ref. [22] within the context of a similar model [23]. Sensitivity
for these charged scalars would require 300 fb~! of luminosity of LHC running at 14
TeV.

The pseudoscalar A can be produced in pair with a ¢ via Z boson exchange. A
will decay into a ¢ and a Z. The Z can be tagged by its leptonic decay. Thus the final
states will have two leptons and missing energy. The Standard Model ZZ background
with the same final states would be much larger. We can make use of the fact that in
the signal events, the Z boson which originates from the decay A — Zo with a heavy

A and a massless ¢ will be boosted in comparison with the background Z events.
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This will reflect in the py distribution which would be different for the signal events
compared to the SM background Z’s. Studies to look for this kind of signals in this

particular framework are in order.

7.5 Conclusions

In this chapter we have proposed a novel warm dark matter candidate in the context
of two Higgs doublet extensions of the Standard Model. We have shown that a neutral
scalar boson of these models can have a mass in the keV range. The abundance of such
a thermal dark matter is generally much higher than observations; we have proposed
a way to dilute this by the late decay of a heavy right-handed neutrino which takes
part in the seesaw mechanism. A consistent picture emerges where the mass of N
is in the range 25 GeV to 20 TeV. The model has several testable consequences at
colliders as well as in astrophysical settings. The charged scalar and the pseudoscalar
in the model cannot be much heavier than a few hundred GeV. It will be difficult
to see such a warm dark matter candidate in direct detection experiments. The
cross sections for the processes e — oe and oN — oN are of order 10™%° cm?
and 107 cm? respectively in the model (the expressions for these cross sections are
analogous to Eq. (7.16)). Since the warm dark matter has a velocity of 1073, the
kinetic energy of o today is of order 1072 eV, which would mean that the recoil energy
will be well below the detection threshold in ongoing direct detection experiments.
Supernova dynamics may be significantly modified by the production of ¢ pairs in
photon—photon collisions. The model can also explain the anomalous X-ray signal

reported by different groups in the extra-galactic spectrum.
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CHAPTER 8

Conclusions and Outlook

The individual chapters of this thesis contain their own conclusions, so here there is
only a brief overview, and a few comments about the future of the field. Some different
approaches for new physics beyond the Standard Model have been examined which
includes topSU(5) model, left-right mirror symmetry, supergravity, Standard model
extensions with neutrino sector, dark matter sector and Higgs sectors. Although
the phenomenology of each model is diverse and different in outcome, the particular
common aspects addressed in each chapter were the detection of new particles in TeV
scales. In all the cases it was shown that the next generation of particle colliders
like the high luminosity Large Hadron Collider at 14 TeV and proposed International
linear collider will be able to investigate these models.

There can be many possibilities of the nature of these new particles. The study
in the chapter 2 on leptoquarks as well as diquark gauge bosons showed that, in
the particular framework of TopSU(5) model considered, the discovery mass range
extends upto 1.5 TeV at the LHC with center of mass energy of 14 TeV with a
luminosity of 100fb=1. On the other hand, in chapter 3 we have studied the collider
phenomenology of TeV scale mirror fermions in the framework of a particular variant
of Left-Right Mirror model in which mirror fermions dominantly decays into the SM
fermion and W/Z-boson. We find that the reaches for the light mirror quarks can be
upto 750 GeV at the 14 TeV LHC with 300 fb~! luminosity.

One of the most exciting possibilities beyond the Standard Model physics is the

well motivated and well studied case of Supersymmetry. In chapter 4, we have shown
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that SUSY with non-universalities in gaugino or scalar masses within high scale
SUGRA set up can still be accessible at LHC with Ecy; = 14 TeV. In particular,
we show the consistency of the parameter space in different dark matter annihila-
tion regions. We find that there exists a reasonable region of parameter space in the
non-universal scenario which not only satisfy all the existing constraints, but also can
unravel SUSY in bottom and lepton rich final states with third family squarks being
lighter than the first two automatically. With the next run of high luminosity LHC
at 14 TeV, this allowed parameter space can be ruled out easily or we we will be able
to discover SUSY in its glory.

In chapter 5, motivated by the fact that the dark matter is about five times the
ordinary matter, we have proposed that the dark matter can just be like the ordinary
matter in a parallel universe with the two sectors connecting via the electroweak Higgs
bosons of the respective universes. If the electroweak sector of the two universes are
symmetric, the lightest Higgs bosons of the two universes will mix. In particular, if
these two Higgses mix significantly, and their masses are close (say within 4 GeV),
LHC will not be able to resolve if it is observing one Higgs or two Higgses. We take
refuge in the proposed International Linear Collider (ILC) where because of its clean
environment, the precise measurements and large number of Higgs boson production,
Higgs mass splittings upto ~ 100 MeV may be possible with high luminosity. We
show that with a 250 GeV ILC with 300 fb~! integrated luminosity it will be possible
to probe the mixing angle 6 between the two Higgs bosons upto 5°.

Chapter 6 is dedicated to one of the most important and exciting sectors of beyond
the standard model physics, the Neutrinos. We have shown that the experimental
data on neutrino mass differences squares and three mixing angles are consistent
with the proposed 4/5 parameter Dirac neutrino models, based on some reasonable
assumptions yielding a solution for the neutrino masses with inverted mass hierar-

chy (close the degenerate pattern). In addition, the model also predicts a large CP
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violating phase ¢, thus predicting a rather large CP violation in the neutrino sector,
and will be easily tested in the early runs of the The Deep Underground Neutrino
Experiment (DUNE). Neutrinos being Dirac, neutrinoless double beta decay is also
forbidden in this model. Thus, all of these predictions can be tested in the upcoming
and future precision neutrino experiments.

In chapter 7 we present a novel warm dark matter candidate in the context of
two Higgs doublet extensions of the Standard Model. We have shown that such a
warm dark matter candidate in these models can have a mass in the keV range, which
although will be difficult to see in direct detection experiments. The model has several
testable consequences at colliders as well as in astrophysical settings as the charged
scalar and the pseudoscalar in the model are in few hundred GeV mass range. The
model also has the added feature of explaining the anomalous X-ray signal reported
by different groups in the extra-galactic spectrum.

Thus this thesis presents a well rounded effort to study many different extensions
in the beyond standard model scenario. The main characteristics in all these mod-
els are the testability of the new physics particles or associated signals at the TeV
scale. Almost all high-energy physicists are convinced that the LHC will discover
new physics of some kind. Leaving aside all the theoretical arguments, it would be
unprecedented in the history of the field if the order-of-magnitude increase in avail-
able energy did not reveal something new. It may well be that nature surprises us
and make the physics much more complicated than the simple cases discussed here.
With CERNs Large Hadron Collider having started its Run II with 14 TeV center of
mass energy with a substantial amount of luminosity and possibility of new colliders
in the horizon, this is a very exciting time for the theorists to continue investigate
the beyond standard model scenarios and refine and extend their phenomenological

studies for the possible detection of possible new physics.
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