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Abstract

In this dissertation we have discussed the phenomenology of the non-sterile Electroweak-
scale Right-handed Neutrino (EWvg) model. In the EWvg model, a right-handed
neutrino can naturally acquire a mass around the electroweak scale Agy ~ 246 GeV.
This model adds the mirror fermions and an interesting Higgs sector to the parti-
cle spectrum in the Standard Model. We demonstrate that a significant part of the
parameter space in the original EWvg model agrees with the precision constraints
from the “Oblique Parameter” measurements. We then discuss the development of a
minimal extension to the original EWvg model. This extended EWvg model includes
the 125-GeV scalar that possesses “a dual nature”: it can either be a SM-like Higgs
OR an impostor very different from the SM Higgs, both of which have the signal

strengths compatible with experiments.
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Foreword

Particle physics is a branch of science that explores the constituents of matter and
energy in the Universe. It probes the most fundamental building blocks in the Nature.
Research endeavors in particle physics - experimental and theoretical alike - inspire
and invigorate far beyond their specific fields [1]. They not only add to our under-
standing of the Universe we live in, but also lay the foundations for technological
advancements in the next-century and thereafter, we can only begin to imagine!

There are four fundamental forces in the Nature - gravitational, electromagnetic,
weak nuclear and strong nuclear forces, all of which are studied in particle physics.
The nature of these forces and the behavior of the fundamental constituents of mat-
ter and energy are explained with the help of various theoretical frameworks. The
development of these theories is generally directed by experimental discoveries. The-
oretical research enables us to make sense out of the experimental data and make
predictions of new phenomena, to be tested experimentally in the future. Testing
new theories often leads to new experimental observations, which can potentially di-
rect the development of new theories. It is such dynamics in the research enterprise
that drives the advancement of any scientific field, not only particle physics.

We believe that to further this advancement through theoretical research, the
following steps should be followed while developing and analyzing any theoretical

framework:



1. Verifying the agreement of the framework with the results from experiments in

the past.

2. Verifying the agreement of the framework with results from the contemporary
experiments; interpreting the experimental data from the perspective of the

framework.

3. Analyzing implications of the framework for future experimentation; predicting
phenomena peculiar to the framework, which can be experimentally tested and

which could conclusively confirm or disprove the framework.

In this dissertation, we present the doctoral research that follows this approach of the-
oretical research, and attempts to address mainly two of the most profound questions
in particle physics.

Many decades and centuries of in-depth study of the fundamental forces has re-
vealed to us many exciting secrets of the Nature. Particle physicists often try to
explain many of these features by theoretically formulating different symmetries in
the Nature. The symmetry that the electromagnetic and weak nuclear forces obey
is referred to as the “electroweak” symmetry. This symmetry existed only for a very
short time at the beginning of the Universe, after which the symmetry was broken. It
has been a long-standing question in particle physics to experimentally confirm the
mechanism, through which the electroweak symmetry was broken.

Different elementary particles behave differently under the effects of the broken
and unbroken symmetries in the Nature. Among these particles are a type of particles
called “Neutrinos”. They are the second most abundant type of particles in the
Universe (the first one being photons - the constituents of light). More than 20 trillion
neutrinos coming from the Sun pass through our body every second. More than 100

billion billion neutrinos can come out of a nuclear reactor every second. Neutrinos are
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so abundant, but the origin of their masses has not been experimentally validated.

The nature of the electroweak symmetry breaking and the origin of neutrino
masses have been two of the most pressing problems in particle physics. In 2012,
a new particle called a “Higgs boson” was discovered at the Large Hadron Collider
- a particle physics experimental facility on French-Swiss border and also the largest
machine ever built! This could be a crucial ingredient in the process of breaking
the electroweak symmetry, which leads to masses of many elementary particles. The
discovery of a Higgs boson in 2012 will certainly go a long way in resolving the first of
the aforementioned mysteries. However, the mystery of the origin of neutrino masses
still remains an open question.

There have been several attempts to theoretically realize the origin of neutrino
masses, but none of these theoretical models have been experimentally confirmed. It
may not be possible to conclusively confirm or disprove many of them at the Large
Hadron collider or other experiments in the near future.

Is it possible to develop a theoretical framework, which explains the origin of
neutrino masses and can also be conclusively tested at the Large Hadron Collider
and other experiments in the near future?

And, is such theoretical framework possible without adding any more fundamental
forces to the four known forces in the Nature?

These questions are the primary motivations behind the doctoral research pre-
sented here. They were answered affirmatively by a theoretical model - the Electroweak-
scale Right-handed Neutrino Model - put forward a few years ago. Readers would
find a detailed analysis of different aspects of this model as well as development and
implications of an extension of this model, in the light of the Higgs discovery, covered
in this dissertation.

We hope the readers enjoy reading this dissertation.
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Chapter 1

The Standard Model

Different particles in the Nature influence with each other through one or more of
the Fundamental Forces in the Nature. There are four known fundamental forces:
Gravitational force, Electromagnetic force, Strong nuclear force, and Weak nuclear
force.

The latter 3 forces can be theoretically realized through a framework known as
the Standard Model (SM) of particle physics, while the nature of gravitational force is
studied with the help of the General Theory of Relativity. The Standard Model (SM)
of particle physics is one of the most successful theoretical models in physics. The
success of SM is a result of rigorous experimental scrutiny that it has been subjected
to over the years.

There exist experimental evidences, such as neutrino oscillations, existence of the
dark matter and dark energy, which cannot be accounted for strictly within the SM.
However, so far there is no doubt that SM also lays a strong foundation for the physics
Beyond the Standard Model (BSM). Hence, it is essential to discuss the SM, before
delving into the depths of any facets of particle physics.

In this chapter we will take a historical-cum-physical approach to review the devel-



opment of SM [2]. We will see how the SU(2) symmetry structure of the weak nuclear
force in SM emerges as a result of Unitarity (requirement that the total probability
has to be < 1). We will then discuss how physical requirements dictate “gauging” of
SM, and how the electromagnetic and the weak nuclear forces are “unified” into the
electromagnetic force, governed by a gauge theory abiding SU(2) x U(1) symmetry.

The final section of the chapter discusses the Higgs mechanism and the Higgs
boson in SM.

1.1 How does the SU(2) symmetry emerge?

To develop the SM, we start in a premise that the quantum electrodynamics, which
explains the electromagnetic interaction between charged particles, was well under-
stood. Thus, it was known that quantum electrodynamics obeys a local U(1) gauge

symmetry (we will shortly discuss what “local symmetry” and “gauging” mean).

1.1.1 Fermi’s model of S-decay

In 1896 Henry Becquerel discovered radioactive emissions, which were classified into
a,  and 7 emissions by Ernest Rutherford in 1899 [3]. In 1930, Wolfgang Pauli wrote
his famous letter [4], postulating the existence of the neutral particle in the § decay,
which Enrico Fermi named as neutrino in 1934 [5].

The 3 decay is a process in which a neutron (n°) decays into a proton (p™), an
electron (e”) and a neutral particle called the anti-neutrino (7): n — e~ p* .

Fermi put forward a model of 4-fermion interaction that explained the £ decay
remarkably well. At that time, the 8 decay was thought to be a result of the interac-

tion between a neutron, a proton, an electron and a neutrino. The Lagrangian of the



Fermi interaction was empirically written as

Gr

Lpermi = 7 [p(x) v, n(z)] [é(x) v, v(z)] + h.c. (Hermitian Conjugate). (1.1)

Gr is known as the Fermi’s constant, at that time thought to be given by [6]

107°
Gp ~ —5 = 1.1663787(6) x 107> GeV 2, (1.2)
m
p

with m,, as the mass of proton and A = ¢ = 1, and (..) denotes the uncertainty in the

last significant figure. This Fermi’s four-fermion interaction can be visualized as

Figure 1.1: Fermi’s 4 fermion interaction.

As the 3 decay has a relatively long lifetime of ~ 881 s, the Fermi’s interaction
was referred to as a weak interaction. Fermi’s constant can also account for the
muon decay p~ — e~ 7. v, and the pion decay 7= — p~ v, (lifetime of about
2.2 us and 28 ns, respectively). Remember that the Lagrangian in Eq. (1.1) is purely
phenomenological. The weak currents like [p(z) 7, n(x)] and [é(z) 7, v(z)] conserve
parity, just like the electromagnetic current [é(x) v, e(x)] does.

Note that neutrinos were still considered massless.

Lee and Yang in 1956 [7] proposed a series of experiments to verify the exact parity



structure of weak currents. Chien-Shuing Wu in 1957 demonstrated [8] that parity
is, indeed, not conserved in the weak interaction. After a number of experiments by

different groups, the exact parity structure of weak currents was proved to be:
Tt = [e(x) 3 (1 =) v(@)], [p(2) yu(1 = 75) n(2)] . (1.3)

Under parity operation ¢ (z) 7,75 ¥(x) — P (x) 75 (x) P71 = —(a') .75 ().
Thus, jﬁ”e“k has the ‘V — A’ structure, meaning that it is written as a vector (V)
current ‘minus’ an axial vector (A) current. With this correct parity structure, £gepm;

was written as
Gr

L ermi — T T =

F NG

Note: (1 —5)/2 ¥(x) = ¥r(x) - the component of ¥ (x) having left-handed helicity.

(jﬁveak j,u,weak) ) (14)

1.1.2 Unitarity requires W=, W?°
1.1.2.1 Infinities, unitarity violation and bad high energy behavior

Lagrangian in Eq. (1.4) correctly describes the parity violating and charge changing
nature of the weak current [e(x) 7,75 (x)]. It agrees very well with experimentally
measured cross sections of tree level processes such as the § decay and muon decay
uw- — e v, v,. However, this theory breaks down for one-loop processes such as

v, e _>VM€ .



Figure 1.2: One loop process Fermi’s 4 fermion interactions.

The Fermi’s interaction predicts an infinite cross section for such a process! This
problem with the theory can be traced back to the violation of “unitarity” in this
theory.

Unitarity is the basic principle that probability cannot exceed 1. In scattering
theory, the S-matrix is given by S = I +¢T', where I represents “no scattering”, while
T gives the amplitude of the scattering. Thus, |S|? = S ST = ST S = 1 is the
measure of the total probability of the process (with or without scattering) [9].

The cross section of v, e~ — v, e~ can be given, using the Fermi’s interaction, as
o~Gps, (1.5)

where s = 2 m.E, with E, is the energy of v, in the lab frame. Thus, s is a measure
of the energy, at which the theory is probed. According to the scattering theory, this

cross section can also be written as

S|’ 1
UN“;” = o<, (1.6)
S

V)



because, for unitarity, |S J:1|2 <1

1

GZ s < - = Vs < (Gp)™ = /s < 300 GeV. (1.7)

This means that the unitarity is violated and the Fermi’s theory of weak interaction
breaks down beyond about 300 GeV . To be accurate, the weak interaction unitarity
is violated at about 1000 GeV . What remedy could avoid such a bad high energy

behavior?

1.1.2.2 W cures infinities

The Quantum Electrodynamics (QED), which has a similar current structure, does
not exhibit such a bad high energy behavior. All the infinities in QED can be cancelled
through “renormalization”. The renormalizability of QED is possible because of
the dimensionless coupling constant ‘e’. On the other hand, the coupling constant
Gp ~ 107°/m? of the Fermi interaction has dimensions of (Energy)~. We can thus
expect that a theory of weak interaction that has a dimensionless coupling constant
could remedy the problem of infinities and unitarity violation.

The QED Lagrangian is written as
LOPP = e JFM A* (1.8)

where JPM = &(x) 4, e(z) is the electromagnetic current, A, is the photon field and
‘e’ - the charge of electron - is the dimensionless coupling constant of the electro-
magnetic interaction. Notice that because the electromagnetic force is carried by the
vector (spin-1) photon field, the EM coupling constant ‘e’ can be dimensionless.

Therefore, physicists tried to write a Lagrangian weak interaction by introducing



a charged spin-1 field W* and a dimensionless coupling constant ‘g’:
Eweak =g jﬁueak Wﬂ) (19)

where Jlj“eak is the charge-changing weak current that was introduced in Eq. (1.3).
Thus, all the weak interactions, [e(z) 7,75 v(2)], [p(z) 7,75 n(z)], .... have the same
coupling constant ‘g’. Note that W7 is a massive spin-1 field, as opposed to the

massless photon field A,,.

Figure 1.3: e v, — pu v, process with W* reduces to Fermi’s 4 fermion interaction
at ¢* << M.

Since the weak force is carried by the W* bosons, the process e v, — " v, can
be represented by the Feynman diagram in Fig. 1.3. When the momentum-squared
q? transferred in the process is much lower than the mass of W™, the e~ Vy — [ Ve
effectively occurs through the Fermi’s four-fermion interaction. Thus, the coupling
constants in the Fermi’s four-fermion interaction and the Lagrangian £%¢** are related
by:

V2 8

=1- < 1.1
GF g MI%VJ ( 0)

where My, is the mass of W*. L% does solve the problem of a coupling constant
with dimension. However, the problem of unitarity violation at the high energy still

remains.
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Figure 1.4: v.v, — W W}, by exchanging an electron.

Since, W* are massive, they posses 3 degrees of freedom of polarization: 2 trans-
verse and 1 longitudinal. Let us denote their longitudinally polarized component by

Wi, which has a polarization given by

e = P o Mw

= b (1.11)

Consider the diagram in Fig. 1.4, whose cross section increases with energy, because

the cross section contains

. Kk,
Yo e =—gw + AZW : (1.12)

polarization

where the second term leads to the bad high energy behavior.

The cross section of this process can be given by
Gh Bt

= 1.13
g = O o (113

where E¢)y is the energy of the process in the center-of-mass frame. In the S-matrix

formulation of scattering theory, this cross section can be given by

T
0= 7z E , (2J + 1) |So,0:1/2, —1/2
o S

‘ 2

, (1.14)
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where the first two suffixes of Sy o;1/2, —1/2 denote the helicities of the longitudinal
components WLi, while the latter two suffixes denote those of the neutrino and the
anti-neutrino in Fig. 1.4.

Since only the J = 1 term contributes, from Eqs. (1.13) and (1.14) and unitarity,

we get

Gi Bt
5 < L. (1.15)

10,0 1/2, ~1/2|* =
This implies violation of unitarity at Ecy; ~ 900 GeV. Thus, if the charge-changing
weak interaction is transmitted through W= bosons, then it does yield a dimensionless

coupling constant ‘g’ for the interaction. But, to eliminate the bad high energy

behavior, we still need something that cancels the problematic diagram in Fig. 1.4.

1.1.2.3 W? cures bad high energy behavior

What if another diagram contributes to vz — W, W, | such that it cancels the bad
high energy behavior of Fig. 1.47 Considering the zero-charge on both sides of this
process, what if we introduce W9 - a neutral spin-1 particle? Then, in addition to

Fig. 1.4, the diagram in Fig. 1.5 also contributes to v — W, W, .

Figure 1.5: v, — W W}, by exchanging the W° boson.

The bad high energy behavior of Fig. 1.4 is cancelled, if the couplings at the two

vertices in Fig. 1.5 obey the symmetry of a Lie group [10]. Vertex in Fig. 1.6(a) is
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(b)

Figure 1.6: EWrr model mirror fermion loop examples

given by

76 = i
Viy =19 fa ¢ % Ta(zﬂ) Is (1.16)

where ‘g’ is the weak coupling in Eq.(1.9). ¢ = v,€", where v, are matrices given by

[11]
IO 0 01
7 = , V= :
0 I —01 0
0 oy 0 o3
Vo= .o = , (1.17)
—02 0 —03 0

where ¢’s are the Pauli matrices. Tc(jﬁ) are matrices and f’s are fermion fields. Since

there are three polarizations (thus, the superscript (i) takes three values), there are

three T® matrices. Vertex Vi2) in Fig. 1.6(b) is given by

Vo= 1 {0 ] [ (=] + £ ] [ (o, )]

L[ O] [ ()] } (1.18)
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This assumes that V() contains the same coupling constant ‘g’ as V(;) so as to get
the desired cancellation. The structure of V9 is a result of the fact that w*, wo
are spin-1 bosons, and thus, V{s) must be symmetric under exchange of any two of
the 4, j, k indices. So far, f¥* fi% and f*¥J are some constants which only satisfy
fik = — fitk that is f* are completely antisymmetric under exchange of two of its

indices.

f(pa) e ki

Figure 1.7: v.v, = Wy W by exchanging an electron.

A2 k;

f(ps)

f(pa)

€(i)a ) ki

Figure 1.8: v.v, — Wy Wy by exchanging an electron.

Figure 1.9: v, — W, W}, by exchanging the W° boson.
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Using these vertices, we can write the amplitudes for the three diagrams that
contribute to ff — W; W, . These diagrams and their amplitudes are tabulated in
Table 1.1. While writing these amplitudes we have ignored all the fermion masses,
for simplicity.

Table 1.1: Vertices in the theory of weak interactions.

R S S
(a) Mo = 19" taf " (:Z—W)ﬂf(” x% 780 T9] us

— <p _% ) 7 (1_75) )
b My = —19% Tod? O x =2 1Y) 1)
(b) (t) = —19" Vaf . — 19y f 5 (Tas Tps] us

_ (=) 1 I . 4
<C) M(C) e _92 ,UO/Y)\ T T(B) UB X m{fjk ) E (k() _ k;(j)>/\
w

Adding up all three diagrams, the total amplitude of the process ff — W,/ W,
is given by
Mtot :Ma—i_Mb—'_Mc‘ (]_.].9)

Remember that k() - ¢) = 0 and as k) — oo, e)\”) = k‘” [ My + O(Myw /k).

Therefore,

Mgt = — v g% vy ¢(z) ﬂ [T(z) 7 _ ) T;S,B) _ kaw Tél;)} ug
w

_ H (1= .y y
Ta, k(]) ( 5 5) TO((I;) uﬁ (_ f]k, +f']7k) (120)

Since also ef\i) — kf\i) /My as kf\i) — 00, the amplitude M, increases with kU).

The first term increases as k¥, whereas the second one increases as k). To cancel
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this diagram i.e. for M;,; = 0, both the terms in the equation above should cancel
separately. A vanishing second term implies f/% = f¥* We already know that
fik = — itk by interchange symmetry of bosons in Eq. (1.18). Therefore, (dropping

the comma in the superscript)

ik — piki _ phij (1.21)

and f9* is completely antisymmetric under exchange of any two indices. For the first

term to vanish,

[T", T) = of 75 T", (1.22)

i.e. the T* matrices satisfy the commutator of a Lie algebra, of which they are the
generators. f“* are the structure constants of the Lie algebra. Since there are 3
T matrices, the Lie algebra obeyed here must be that of the SU(2) group. Thus,

T® = 77/2, where 7"’s are the Pauli matrices given by

01 0 — 1 0
T = y Ty = y T3 = (123)
10 1 0 0 -1

and fik = ¢k _ the Levi-Civita symbol in three dimensions.

1.1.3 Conclusion of the section

We saw that the good high energy behavior of the weak interactions necessitates
existence of W* as well as WY Their couplings obey the symmetry of the SU(2)
group. Also note that the three point interactions in Figs. 1.6(a) and 1.6(b) have a
common coupling constant ‘g’.

In other words, the SU(2) symmetry of the weak interactions emerges out
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of a physical requirement of the good high energy behavior of the theory.
It is denoted by SU(2);, symmetry, since the current j/j"e“k has a ‘V — A’ structure.

Thus, only the left-handed components of fermions couple to the spin-1 bosons
W=, WY, It is important to note that coupling only to the left-handed fermions is not
an inherent property of W*, W? bosons, but it emerges from the observed ‘V — A’
structure of the weak currents. Theoretically, they can couple to the right-handed
components of some other fermions, but more on this in Chapter 3 onwards.

In the next section we will discuss the concept of gauging a theory in the context

of the weak interactions obeying SU(2) symmetry.

1.2 ‘Gauging’ the SU(2) symmetry

This section illustrates the necessity for and implications of gauging the theory of
weak interactions that obeys the symmetry of SU(2) group. Note that in Quantum
Electrodynamics (QED), the U(1) symmetry is also gauged. It is simpler to discuss
the concept of gauging a U(1) theory, but we will skip this step and directly explore
the concept of gauging the theory of weak interactions.

Recall from the previous section that unitarity necessitates existence of spin-1
bosons W=+, W9 which can be thought of as the force carriers of the weak interaction.
Under the SU(2) symmetry they can be grouped into a vector W# = (W w2 WO,

where the charged W= are given by

Wt

W:I:
V2

(1.24)

Fermion pairs - neutrino-electron or up-down quarks - also form doublets under the
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SU(2)r symmetry:
o=| " (1.25)
Var,

1.2.1 Global vs. local SU(2) symmetry

Ignoring the masses of the fermions for simplicity, let us check if the kinetic Lagrangian

of the fermions 15, ¥ 9, 1y, is invariant under a global SU(2);, phase transformation:

—

v = e Ty, (1.26)

where T' = (Ty, Ty, T3) is a vector formed by three 2 x 2 generators of the SU(2)
group. @ = (a1, ag, ag) is a vector that parametrizes the phase transformation.

Therefore, under this global transformation,

oAt O = (D et T 0, (e T )

=y et Tdg= f'dy“ O, V1, . (1.27)

By global transformation we mean that the same phase transformation is applied
to all the points in space-time. In other words, if an electron at a point in the
space-time undergoes a phase transformation @, then all the electrons at all the other
space-time points also undergo the same transformation!

In contrast, if the transformation is local, then the phase transformation d(x) at

a point (in space-time) x is independent of all other points:

Up(r) = e T gy (z)

= Ula(z)) vr(z). (1.28)
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Then, the kinetic term transforms as follows:

dr(@) v 9y du(x) — di(a) U™ a(x)) v 9, Ula()) du(w)
= Yp(z) " O Yr(z) + b () v [Uﬁl(@(l')) 8“(](04(35))} Yr(z) , (1.29)
where, in general, [U~!(a(z)) 8,U(a(z))] # 1. Therefore, the kinetic term of
fermions is not invariant under a local SU(2) symmetry, like it is under a global
SU(2) symmetry.
If we demand that we should be able to freely perform an independent SU(2) phase

transformation at each space-time point, then we need another term in the Lagrangian

to cancel the non-invariant part ¢r,(z) v [U~ (a(z)) 9,U(a(x))] ¥r(z).

1.2.2 The covariant derivative and non-invariant mass terms

Looking at the form of the T- I/f/#—term, if it transforms as

(0,U (a(z))) U (a(z)), (1.30)

Q| =

then the term —ug ¥y () " T- Wu ¥ (x) in the Lagrangian transforms as follows:

— g (x) A" T - W, ()

— —1g Y (x) Y T W, ¥r(z) — dp(a) ¥ [U (al2) 0.U(a(2))] vr(z).
(1.31)
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Since the two terms above are invariant, when considered together, we can define the

kinetic term of the fermions as
Yr(x) 7 (0 — 19 T- W, ) P() (1.32)

with the “covariant derivative” D, =9, — g T- I/f/ﬂ.
We need to check if the entire Lagrangian in the theory is also invariant with
this prescription of how Wu transforms under a local SU(2) transformation. The full

Lagrangian is written as

L= Gula) o Dubalw) — § Gl G — - M3, W, - 17 (1.33)

:£1+£2+£3.

Here L, is the covariant kinetic term of the fermions, £, is the kinetic term of WM

and Ls is the mass term of W,. In L, Gi, = 0,W)—0,W+ g e* Wiw}.

Consider
To[f -G, TG = Tr (Ti Tj> G, G
1 % Ny
- §G,U,VG 5 (134)
where T'r[....] denotes trace of a matrix. Hence, it can be easily checked that the

prescription of transformation of I/f/u in Eq.(1.30) implies that under the local trans-

formation

T-Gu—T-G,=U)T G, U (). (1.35)
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This gives

—

Tr(T-G, T -G = TrlU(x) TG, U (z) U) T -G U (x)]

as Tr[ABC] = Tr|[CAB]. Thus, L, is invariant under a local SU(2) transformation.

Now consider how the £3 term transforms:

-

M2, W, - W*. (1.37)

Let us first see how Wu transforms under an infinitesimal local transformation i.e.
a(x) is small, implying U(a(z)) =1 —1+ T - @(z) and U™ () =1+ 1 T - @(z). Then,

from Eq. (1.30),

T-W, = T-W, —o(T-a() (T-W,) + ¢ (T-W,) (T-a(@) = (T 9,d())
= T -W,—1ad W [T, T] —; (T - 9,6(x)) (1.38)

Since [Tj, Tk] = M T
W, — W/=W, + ¢t o W/f — Eﬁua (x). (1.39)

This procedure of fizring how the spin-1 force carriers transform under a local symme-
try transformation, so as to make the Lagrangian (with massless bosons and fermions)
imvariant under the transformation, is called “gauging”. The force carriers are called
the “gauge bosons”. The global symmetry of the Lagrangian becomes a local sym-
metry through the process of gauging. Note that a global symmetry is a special case

of a local symmetry, in which a(z) = « is a constant.
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From Eq. (1.39), we see that W2 - W' # W? . W* and therefore the mass term
of Wu is not invariant under a local SU(2) transformation. We cannot eliminate this
term by making W=, W° massless, since we need them to be massive so that at low
energies the weak interaction reduces to Fermi’s four-fermion interaction.

W=, WO therefore acquire their masses through some other mechanism that we
will discuss shortly.

But before that, let us consider the consequences of massive fermions in the context
of a local SU(2) symmetry. Because we have so far considered massless fermions, the
Lagrangian in Eq. (1.33) does not include a mass term of fermions. A generic mass

term of a fermion v is given as

map(x) (x) = mr by + miby Yr, (1.40)

where 17, and ¢ g are the left- and right-handed (helicity) components of the fermion
¥. Since the ‘(V 4+ A)’ current is not observed in the weak interactions i.e. since
Yg does not interact with W, W°, under a SU(2) transformation (global or local),

g — Yg. Thus, Eq. (1.40) transforms as follows:

m(vr vr + ¥p vr) — m(Yr Ula(@)vr + v U a(2))dr) . (1.41)
Thus, the fermion mass term is not invariant under a local SU(2) transformation.

1.2.2.1 Conclusions of the section

We can draw the following conclusions from the discussion in this section:

e [f we insist that we should have a freedom of performing a phase transformation

independently at all space-time points, then we need to ‘gauge’ the theory.
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While gauging we add a spin-1 boson(s) to the theory and fix how they transform
under the phase transformation so as to make the Lagrangian (except the mass

terms of the bosons and fermions) invariant under a local phase transformation.

e We can conclude that so long as the local gauge symmetry is preserved,

the gauge bosons and the fermions in the theory are massless.

e In this process one also defines the “covariant derivative” in the kinetic terms
of various fields (not only the fermions - we will see this shortly in the next

section).

e For the theory of weak interactions, we gauge the SU(2) symmetry. W=, W?°

are the gauge bosons of this theory.

e After gauging, all the terms in the Lagrangian are invariant under local SU(2)
transformations, except the mass terms of the gauge bosons and the fermions.
As long as the SU(2) gauge symmetry is preserved, the gauge bosons W=, W?°

and the fermions - leptons and quarks - are massless.

e We need a different mechanism to generate masses for all the particles.

We will discuss this mechanism - the Higgs mechanism - in the next section.

1.3 The Higgs mechanism and generating the masses
of gauge bosons and fermions

Based on the previous section, the Lagrangian of the SU(2) gauge theory of weak

interactions is given by

£= () v Dyinle) — § Gl G™. (1.42)
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Thus, in this theory the gauge bosons W=, W0, as well as the fermions v/ are massless.
We know for sure that in reality all these particles have masses. However, these are
not two contradictory statements, the present state of the Universe is not described
directly by the Lagrangian, but by “a ground state” of the Lagrangian (one of the
ground states, if there are many).

So all we need is to make the gauge bosons as well as the fermions massive in
the ground state of the Lagrangian, which describes the Universe we live in. This
is achieved through the Higgs mechanism, which breaks the gauge symmetry spon-
taneously. Remember that the local symmetry of the Lagrangian is still preserved,
but the ground state solution of the ‘Lagrange’s equation of motion’ is not symmetric
under the local symmetry.

The Higgs mechanism was proposed in 1964 independently by Peter Higgs [12, 13];
by Robert Brout and Franois Englert [14] and by Gerald Guralnik, C. R. Hagen, and
Tom Kibble [15]. The non-relativistic version of this mechanism for superconducting
material was put forward by Philip Anderson in 1963 [16].

Peter Higgs proposed the mechanism for an O(2) gauge theory. It is simpler to
understand the mechanism using an O(2) gauge theory, but we will directly discuss
the mechanism for the SU(2) gauge theory of weak interactions. For the electroweak
theory in SM, the Higgs mechanism follows the same steps for a SU(2) x U(1) gauge
theory.

In the first subsection we will list the steps to be followed in the Higgs mechanism
for a generic gauge theory. The discussion of the mechanism for the SU(2) gauge

theory of weak interactions is given in the second subsection.
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1.3.1 Steps in the Higgs mechanism

The steps followed in the Higgs mechanism are as follows:

e Introduce a scalar field that possesses the appropriate transformation properties

under the gauge symmetry.

e Write the potential for the scalar field and find its ground state by minimizing
the potential. If this ground state inherently does not obey the symmetry of
the Lagrangian, then the evolution of the system to the ground state is said to

“spontaneously” break the symmetry.

e Choose the proper vacuum alignment in the ground state so that one of the
degrees of freedom of the scalar field acquires a mass, while the other d.o.f.’s

are massless.

e The massive d.o.f. appears as a physical particle, called the “Higgs boson”. The

massless d.o.f.’s are called the “Nambu-Goldstone bosons” (N-G bosons).

e The N-G bosons appear as massless physical particles if the spontaneously bro-
ken symmetry is a global symmetry. If a local symmetry is spontaneously broken
then the N-G bosons are absorbed by the longitudinally polarized components of
the gauge bosons. This process of the spontaneous breaking of a local symmetry

is called the Higgs mechanism.
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1.3.2 The Higgs mechanism for the SU(2) gauge theory

To break the SU(2), gauge symmetry of weak interactions, we add 4 scalar degrees

of freedom, which form a doublet under SU(2):

a—| | (1.43)

03
Here ¢; and ¢ are complex numbers, thus, both having 2 degrees of freedom each.

The scalar Lagrangian is given by
Ls = (D, @) (D"®) — V(d), (1.44)
where V(®) is the scalar potential, given by
V(®) = —p? (B1d) + MN@T)2. (1.45)

After minimizing this potential we see that the ground state, which is asymmetrical
under a local SU(2);, transformation can be obtained only if g > 0 and X is real. In

this case the the ground state is given by

02 12
(®1®) = —  where 0¥ =" (1.46)

2 A
This defines a 3D circle formed by all the ground states in the 4D space formed by the
scalar d.o.f.’s Re[p1], Re[ps], Im[p1], Im[ps]. One of these ground states represents

the state, in which we obtain 1 massive and 3 massless particles (not all physical

particles).
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We choose such a vacuum alignment:

(1.47)

Here v is called the vacuum expectation value (VEV) of the Re[¢s].
Since only those fields can appear as physical particles which have 0 VEV, to
clearly see the appearance of the physical particles, we choose a particular vacuum

and a particular gauge - “unitary gauge”:

) , (1.48)

O(x) = Exp <2F- v+ n(z

oy

G

v
S

with (n(z)) = 0.
Particular vacuum:

(§(x)) =0. (1.49)

Exp (m? : @> parametrizes rotations along the 3D circle formed by all the ground

v

—

states, defined by Eq. (1.47). Exp (ZF~ @> is like the U(d(x)) in the previous

(2

—

section. We are free to choose z-dependent &(x) because of the local nature of the
symmetry of the Lagrangian. Consequently, we can do such rotations while still being

in a ground state.

—

Eventually £(x) gives rise to 3 N-G bosons and 7(x) appears as the Higgs boson.

—

Denoting Exp (f— @) by U(&(x)), Eq. (1.30) gives

— —

(0,U(&(x))) U (E(=)) - (1.50)

- —

= U (Ew) £ W U () -

[NCRIRT]

The second term here absorbs the N-G bosons into the gauge bosons. Note that if
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the symmetry is global then this term vanishes and hence, the N-G bosons cannot
be absorbed in the gauge bosons. With a local symmetry, the covariant derivative

becomes D; = (@L — zgg . W;), and in the kinetic term of the gauge bosons,
G, = G, = 0W,) = O,W + g 7 W)W} (1.51)

Hence, in the chosen ground state, the Lagrangian of the scalars and the gauge bosons

becomes (we will talk about fermions shortly).

2

I & ¥ N A 1 i YL Y
Cground = (Dp,q) )T (D“ P ) + (% (U + n(x))Q - Z (U + 77(1’))4) - Z GuyG .
(152)

When we expand the first term, we see a mass term for the gauge bosons WL

ml

[\]

2 -, 7 o 0 1 2 oo
g W T W gv
§(0 )(‘ g ) =5 (5) wowrs ()
v

Thus, the gauge bosons W*, W acquire a mass of My, = g v / 2. Notice that this
term is invariant under a global SU(2) transformation.

In the second term of Eq. (1.52), using v = (u?/)), we find a term

1

S @) i), (1.54)

which is the mass term of a physical massive scalar  having mass m, = V2t
This process, through which the gauge symmetry is spontaneously broken, the

gauge bosons acquire mass and a massive physical scalar appears, is called the Higgs

!The second term in Eq. (1.52) also contains a constant term ~ 1/4 g?/X. This term is said to
contribute to the “Cosmological constant”. Unless one is trying to explore the gravitational force or
cosmological evolution of the Universe, this term can be ignored as can be any constant shift in the
Lagrangian
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mechanism. Note that the process of generating fermion masses is not counted in
this mechanism. This process involves the Yukawa couplings of the fermions with the

scalar, as we will see shortly.

1.3.3 Generating masses of the fermions

The SU(2);, gauge theory of weak interactions also contains fermions. Their left-
handed helicity components form doublets ¢ = (¢, 57) under SU(2),, while the
right-handed parts of the charged fermions are singlets 11, ¥9g. The right-handed
parts of neutral fermions - neutrinos - are absent in this theory (more on this later).
Even after the Higgs mechanism these fermions are massless. They can acquire masses
if they have SU(2), gauge invariant interactions with the scalar fields.

Yukawa interaction, which is a tree-level interaction, is SU(2), gauge invariant.

To give masses to both 1 and s, it can be written as:

Ly = gy1 15[, D Yo + gyo IEL E) Uir + h.c.. (1.55)

where ® = 17,®*. When the SU (2) 1 gauge symmetry is spontaneously broken through

the Higgs mechanism, the Ly is written in the chosen ground state as:

0
EY,ground = gyv1 (wlL sz) v ¢2R

+ gv2 ( Ui Yar ) ﬁ Vir + h.c
0
= = Gortor + Gva —= Prtir + h (1.56)
= 9Y1\/§ 2LYV2R gyz\/§ 1LY1R .C. .

Thus, 1 acquires a mass of (gy1 v/v/2) and 1), acquires a mass of (gy2 v/V2).
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1.3.4 Summary of this section

e In this section we have discussed the Higgs mechanism and its salient features

by considering the SU(2), gauge theory of weak interactions as an example.

e By adding a scalar to a gauge theory the masses of gauge bosons can be gener-
ated by breaking the gauge symmetry spontaneously through the Higgs mech-

anism.

e A massive physical scalar particle, popularly known as the Higgs boson, is a

byproduct of the Higgs mechanism.
e After such spontaneous symmetry breaking a residual global symmetry remains.

e The masses of fermions in the theory are generated through their Yukawa in-
teractions with the scalar field, when the gauge symmetry is spontaneously

broken.

After all this discussion we are ready to talk about the Standard Model, which is

the focus of the next section.

1.4 The Standard Model of particle physics

As discussed earlier, the Standard Model is a SU(3)¢ x SU(2), x U(1)y gauge the-
ory. The SU(3)¢ part of the theory explains the strong-nuclear interactions through
the Quantum Chromodynamics (QCD), while the SU(2), x U(1)y gauge theory ac-
counts for the weak-nuclear and the electromagnetic interactions with the help of the
Electroweak (EW) theory.

Since the strong interactions are not within the scope of this dissertation, we will

only discuss the EW part of the SM, which is a SU(2), x U(1)y gauge theory.
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In the first part of this section we will argue in favor of a U(1)y gauge symmetry,
under which the leptons transform in a particular way. In the second part, we will
gauge the theory with only the leptons and the gauge bosons under consideration.
In the third part we will break the EW gauge symmetry spontaneously and derive
the mass eigenstates of the gauge bosons as well as the Higgs bosons and we will
also briefly depict the necessity for the existence of quarks, and how the leptons and
quarks acquire their masses. The final part of this section will list the features and

limitations of the SM.

1.4.1 Existence of a U(1)y gauge theory

Consider the electron e and the neutrino v, left-handed components of which form

a lepton doublet under the SU(2), gauge symmetry:

vy,

I, = . (1.57)

€r

er is a singlet under SU(2),. The v and ej are eigenstates of the Ty, = 73/2
generator of SU(2) ., with eigenvalues +1/2 and —1/2 respectively, and T3z (eg) = 0.
In reality there are 3 “generations” of leptons, each having a doublet of the left-

handed components and a charged singlet:

leL = , €ER, ZML = , MRS lTL = , TR - (158)

€r, ML TL
Here e, p, 7 are electron, muon, and tau-lepton (or tau-on), respectively. v, v, v,
are the neutrinos associated with them, respectively. While writing the Lagrangian

and equations we will consider only one representative generation, formed by electron
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and neutrino v.;. Remember that a sum over the 3 lepton generations is implicit.

If the electric charges Q(v) and Q(er) are considered to be the eigenvalues of
a generator of the gauge symmetry of the theory, then SU(2); will be a part of
the gauge symmetry group. T3;, will also then be a part of the generator () of the

symmetry. Thus, we can define

Y

Here Y/2 is the generator of remaining part of the gauge group, such that Y/2 = —1/2
for both vy and er. Also, Y/2(egr) = —1 so that Q(egr) = —1. Y/2 is called the
“Hypercharge”?.

Such a generator can be associated with a U(1)y symmetry group, under which

the lepton components transform as

Y 1
lp, — Exp (—zgay(x)) lp, = Exp (+z§ay(x)) lr, (1.60)
and
Y
er — Exp (—zgay(x)> er = Exp (+uay (2)) er. (1.61)

Thus, er is a singlet under the SU(2); gauge symmetry but not under the U(1)y
symmetry. If the right-handed component of the neutrino vy exists, then in the

minimal extension to SM
Y
TgL(I/R) =0 and E(VR) =0. (162)

Thus, vg is a singlet under the entire SU(2), x U(1)y symmetry. In a minimal model

2Sometimes the Y instead of Y/2 is referred to as the hypercharge. This is just a matter of
convention. In this dissertation we will stick to the convention of calling Y/2 as the hypercharge.
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1.4.2 Gauging the SU(2);, x U(1)y symmetry
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If we are to gauge the entire SU(2);, x U(1l)y symmetry, then we have to add a

gauge boson B, that is associated the U(1)y part of the gauge symmetry. Then the

covariant derivative is defined as

L Y
D,=09, —wT W, —1g= B,,

2
implying
T - 1
Dy, = (0, — zg§-Wu + zgﬁBM 7
and

D,er = (0, + 14'B,) er.

Here ¢’ is the gauge coupling associated with B,,.

The Lagrangian for massless leptons can therefore be written as:

'Clepton =1 l_L ’YMD/LZL + 1€R /YHDueR .
The kinetic terms of the gauge bosons are given by
1 i oz 1 0%
Egauge:—z G, G — ZBWB ,

where

wa =0,W} — 8,,WZ + g €1k WﬁWf ;

(1.63)

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)
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and

B!, =0,B. —9,B.. (1.69)

1.4.3 Breaking the SU(2); x U(l)y gauge symmetry sponta-

neously

In this subsection we will discuss the spontancous breaking of the SU(2), x U(1)y
gauge symmetry. First, we will generate the masses of the gauge bosons through the
Higgs mechanism. In the second part we will talk about how the masses of leptons

and quarks are generated.

1.4.3.1 The Higgs mechanism in the SU(2);, x U(1)y gauge theory

Remember that the formulation of the SU(2); x U(1)y gauge theory is an attempt
to unify the weak force and the electromagnetic force. Thus, in the ground state of
this theory we must have a massless gauge boson - photon A,. In addition we must
also have 2 massive charged gauge bosons T/VMjE and a neutral massive gauge boson,
which we will call Z, for now.

We know from our discussion in the previous section that the SU(2), gauge theory
alone needs 4 scalar degrees of freedom, to generate masses for its 3 gauge bosons.
Since also for the SU(2);, x U(1)y gauge theory we require only 3 massive gauge
bosons, it appears that 4 scalar d.o.f.’s could be just sufficient. Let us check this.

We define a scalar doublet:

¢+
¢0

d = , (1.70)

having the hypercharge Y/2 = 1/2. ¢* is a positively charged scalar field, having 2



34

real d.o.f.’s.

Hence,
S Y
! u) d. (1.71)

The scalar potential is given by

V(®) =~ (070) + A (D1D)” (1.72)

The VEV of ® is given by

=

2
() = where v = ~- (1.73)

)

e O

To see the mass spectrum of the gauge bosons, we choose the “unitary gauge” as

before:
O(x) = Exp <z7"’- #) vtz | (1.74)
\/5

with (n(z)) = 0 with the vacuum alignment (£(x)) = 0.

In this gauge i.e. under this SU(2), transformation (as in the last section):

S W=V (@) J W UE) - L @UED) UE). 0
This time we also have
(1.76)
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Then (D!,@')" (D*®') contains
g A 1
B, B =
8 ( O v ) ( 14 ) 2

. . 1 rguN\2 =, 2.\ .
in addition to 5 <—> W, - W ) in Eq. (1.53).

2
Additionally, (D! ®’ T (D ®') also contains cross terms between W3 and B,,:
p p 1
g g/ gl W/ B’ 0 _ 9 g/ 1 2 WS/ B*
2\ v ) \g k) P - o2\t ) e
v
1 gg/v2 3 Rp

Thus, mass terms involving Wﬁ’ and B'* can be put together into

v? g —99 Wy
T ( w3 B, ) ) (1.79)

12

-9 g B,

Notice that determinant of the 2 x 2 matrix above is 0, which implies that one of its
eigenvalue is 0, as required for the massless photon.
Diagonalizing this matrix we get the mass eigenstates Z,, and A, of the neutral

gauge bosons Wj and B, such that

Z cos Oy — sin Oy w3
= ", (1.80)
A, sin Oy cos Oy B,
where
cos Oy = J , and  sinfy = 9 : (1.81)
2 1 g2 /3 + g2
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and Oy is called the “weak mixing angle”.
Thus, now we have 4 gauge bosons of the SU(2);, x U(1)y gauge theory: 2 charged

gauge bosons
 WhEa?
R

having a mass My = g v / 2 and 2 neutral gauge bosons given by Eq. (1.80) with Z,

W (1.82)

having a mass M, = \/¢g?> + ¢ v / 2 and massless photon A,. As a result,

My g
M, o cos Oy , (1.83)
which is a prediction of the Standard Model.
The covariant derivative can be written as
— - /Y
D,=(0, —wT W, — ngB“ (1.84)

Consider the part of the covariant derivative that involves neutral gauge bosons. By

inverting Eq. (1.80), we get

- T -W, — zg’E B, = — {g cosbw Ty, — ¢ sinfy 5} Z,

Y
—1 {g sin Oy T, + ¢ cos Oy 5] A,, (1.85)
Therefore, the fermion coupling to photon are given by
—1g sinfy Q Vi YA, ¥, (1.86)

which is known from QED to be — g e Q % A, . This gives the second
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prediction of the SM:

e = g sinfy . (1.87)

Similarly the interaction with W= is given by

9

NG (OA AL Sl U I (1.88)

where J& = 1/2 7 7, (1 —75) eand J; = 1/2 €7, (1 —95) v. As a result, the

amplitude of the process e”v, — u~v, is

1
2 —
~ g2 J; VR JH (1.89)

which reduces to Fermi’s four-fermion interaction in the limit ¢*> << M3, (refer to

section 1.1.1). We thus recover Eq. (1.10):

V2 ¢
Gp=Y29_ (1.90)
8 M2,
which is also a prediction of the SM.
From Egs. (1.87) and (1.90) the mass of W* was also predicted to be
1/2
My, = 271/ (maven) 7 G (1.91)

sin 9W

The charge of electron e, the electromagnetic coupling constant agy = e*/4w
and the Fermi’s constant G were measured to high accuracy by the time SM was
put forward. The value of sin 0y, was extracted using various low-energy experiments
(refer to section 10.3 of [6]). Hence, the masses My, and My are also predicted by
SM.
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1.4.3.2 Generating masses of leptons and quarks

As seen in the previous section the masses of fermions are generated through Yukawa
interactions of fermions and the scalar, when the gauge symmetry is spontaneously
broken. In SM, the scalar ®, [, and eg can form SU(2), x U(1)y gauge invariant

term, similar to section 1.3.3:
LLeptoanuk: = Je Z_L o er + h.c. ) (192>

which after the spontaneous breaking of the symmetry becomes g, % €L er + h.c..
Thus, the mass of electron is given by m, = g.v / V2, where v can be measured, but
ge cannot be. Hence, the mass of electron cannot be predicted by SM. Similarly, the
mass of muon m,, and of tau m, are also not predicted by SM.

Gauge invariance also allows terms of the form l.;, ® g, etc. We will discuss their
implications in the next chapter.

In addition to 3 generations of leptons, it is also necessary for 3 generations of
quarks to exist, to cancel the gauge anomalies [10] in the SM. Each quark must also

occur in three colors. We thus have six quarks: up (u), down (d), charm (c), strange

(s), top (t), bottom (b). Their components form doublets and singlets as follows:

ur, cr tr,
Qi = . Uur, dr; Qo = , Cr, SR; Q3 = , tr, br;
dr, S br,

(1.93)
with Y/2(qr) = 1/6, Y/2(ur) = 2/3, Y/2(dr) = —1/3. The electric charge of u, ¢, t

is %e and that of d, s, b is —%e.
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Loywark—yuk = 94 1. ® dr + 9o Q11 o ur + h.c.. (1.94)

Thus, after the spontaneous symmetry breaking the up-quark and down-quark attain

masses of (g, v / v/2) and (gq v / V/2), respectively. Masses of the other 2 quark

generations arise similarly through the Yukawa interactions with ®. Note that the

numerical values of none of these masses can be predicted by SM, since the Yukawa

couplings g., gq, -... are free parameters.

The SU(2)r, x U(1)y gauge invariance also allows terms such as gqs ¢z P sg,

Jue Q11 d cgr, etc. Thus, the mass terms of quarks can be grouped as:

Guu

U \/5 Geu

Jtu

and
9dd
d (% —d
Mpy' = — X
1/] D ¢ \/§ @/J 9sd
9bd

T T
where wu = <u Is t) and de = (d S b) .

g'lLC

Gtc

Yds

gSS

Gbs

Gut

Get

it

Gdb

gsb

Gbb

v (1.95)

e, (1.96)

The mass matrices My and Mp

are, in general, complex and non-hermitian. These matrices can be diagonalized by

two unitary matrices each, as follows:

ULU MU UR,u = MU, diag

Ul yMpUra = Mp

(1.97)

(1.98)
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Using this notation, we can write the charged current of quarks that couples to the

W boson as

OLUL AUty = 0y Verxnr" v}, (1.99)

T T
where ¢} = (UL, Cr, tL) ) 1/’% = (dL, SL, bL) ) wﬁ’ = Urus ¢J‘%/ = ULa-
Vory = Ugu - Upq is called the Cabibbo-Kobayashi-Masakawa (CKM) matrix [6],
which is a unitary matrix. Its components are measure of different flavor-changing
interactions in the quark sector.

We will not go into details of the CKM-matrix. In the next chapter we will discuss

the details of an analogous matrix defined for the lepton sector.

1.5 Features and Limitations of the Standard Model

Before discussing any physics beyond the Standard Model, we will briefly review the
features and the limitations of the SM in this section. First let us summarize the

particle content of SM.
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Figure 1.10: The Standard Model particle content. Image source: Wikipedia

Notice that we show an image in which there is still a question mark for the mass

of the SM Higgs boson. It is because, as we will discuss in detail in Chapter 5, only a
scalar having a mass of 125 GeV has been discovered at the Large Hadron Collider,
but it is too early to conclude that it is the SM Higgs boson!

Features of the Standard Model:

e SM can theoretically account for 3 of the 4 fundamental forces in the Nature -

electromagnetic, weak nuclear and strong nuclear forces.

e SM describes the 3 forces with the help of a gauge theory obeying SU(3)¢ x

SU(2)r x U(1)y local symmetry. Accounting for the 3 forces with these small
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groups is a remarkable theoretical success.

e SM is a “renormalizable” theory, meaning that all the infinities in this model

can be cancelled to all orders in the perturbation theory [10].

e The model has been extremely successful in explaining various precision phe-
nomena, predicting existence of the W=+ and Z° bosons along with their masses,
predicting existence of a CP-even Higgs boson. SM has been rigorously tested
at various experiments for more than 3 decades and it has been extremely suc-
cessful. It is not an exaggeration to say that SM is one of the most successful

theories in not just particle physics or in physics, but in all sciences!

Limitations of the Standard Model:

Although SM is an extremely successful model, it cannot account for all the phe-
nomena associated with the electroweak and strong forces. However, we believe that
it certainly is a strong foundation on which our understanding of physics beyond SM

can be built. Main limitations of SM are as follows:

e Originally, neutrinos are massless within the SM. However, it has been exper-
imentally verified that at least two of the three species of neutrinos have tiny,
but non-zero masses. This is a strong piece of evidence for the physics beyond
the SM. Various theoretical models have been proposed to explain the origin of

the neutrino masses, but none has been experimentally validated.

e SM cannot account for the dark matter, which makes about 86% of all the
matter in the Universe and 23% of all the energy content. It also does not
account for the dark energy, which makes up about 73% of the total energy

content in the Universe.
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e SM does predict existence of one Higgs boson, it does not predict its mass.
Similarly, masses of all the fermions, their Yukawa couplings, masses of the
gauge bosons, etc. cannot be extracted theoretically. Their prediction requires

experimental results as inputs.

e If there is no new physics at energies higher than the electroweak scale (Agy ~
246 GeV) until the Planck scale, then the SM vacuum is considered to be

metastable [17].

e There are other questions such as the so-called hierarchy problem, naturalness
problem, absence of Grand Unification in SM. However, there is no experimental
evidence to indicate that any of these questions are serious problems. They
might very well be real problems, but as of now there is no evidence that

suggests so.

At this juncture we are ready to venture into physics Beyond the Standard Model!
In the next chapter we will discuss in detail the evidences for neutrino “oscillations”,
masses and mixings. We will also review a few popular theoretical mechanisms that

have been proposed to account for the origin of the neutrino masses.
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Chapter 2

Neutrino Oscillations and Models

of Neutrino Masses

In the previous chapter we discussed in detail the development of SU(2);, gauge
theory of weak interactions. That story started from Pauli’s postulate of existence
of neutrinos, which were considered ‘ghost particles’ as they were very illusive for
detectors. In fact, Wolgang Pauli bet a case of champaign that neutrinos would never
be detected - a bet that he lost not until 26 years later, in 1956, when Cowen and
Reines detected antineutrinos from a nuclear reactor [18].

As discussed in the previous chapter, in Standard Model, neutrinos were thought
to be massless. However, experiments since 1998 have confirmed that at least two of
the 3 light neutrinos have tiny, but non-zero masses. To the date the mechanism that
is responsible for neutrino masses has not been experimentally validated, although
numerous theoretical mechanisms have been proposed to theoretically realize this
phenomenon. It remains an open question and the strongest pieces of evidence (within
the regime of SM, since neutrino is a part of SM) for physics beyond the SM.

In this chapter, we will first review the experimental evidences that point to non-
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zero neutrino masses and mixings. In the following section we will review a few
mechanisms that explain the origin of neutrino masses. We will also discuss the
limitations of these models and motivate the necessity for a new model, which will

be discussed in detail in the next chapter onwards.

2.1 The PMNS matrix and various mixing angles

Recall our discussion of Eq. (1.92) in the previous chapter. In SM the charged leptons

acquire masses through the following terms in the Lagrangian:
LLeptoanuk: = ge l_L o er + h.c. ) (21)

which, after the spontaneous breaking of SU(2), x U(1)y gauge symmetry, becomes

v
Je E ér eg + h.c.. Gauge invariance also allows “flavor-changing” terms of the
form lop ® pg, le, ® g, Z_ML P 75, etc.

Therefore, just like mixings in the quark sector, the mass matrix for charged

leptons can in general be written as

Jee YGep YGer

_ v _

Yy M = NG XVl Gue Guu Gur | U1 (2.2)
9re Grp Grr

T
where 1, = <e 1 T) . In general, this matrix is not symmetric. It can be diago-

nalized by two unitary matrices as follows:

Upe MiUge = M diag - (2.3)
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For the moment let us assume that somehow neutrinos also acquire masses through
terms of the form m,, T.p ver, etc. Then the neutrino mass matrix can also be written

as

¥, My, +he = 1, U, Ul MU, Ul ¥, +h.c

- E;L Mu, diag %R : (2’4>

T
where ¢, = (ye Yy VT) and @ZJ'VL = UJL . @Z)uL’E In the same way as we did for
the CKM matrix for the quark sector in Eq. (1.99), the charged current of leptons

that couples to the W boson can be written as
— _ —
weL UeLlpyMUVLd}l,/L = weLVCl’KM7u¢;L ) (25)

where

Vigu =U' U, . (2.6)

This is like Vogar, but for leptons. Hence the superscript ‘I’. Note that Vi, is a
unitary matrix.
Note that if the neutrinos are massless, then U,, can be arbitrarily chosen so that

U, = U,

v and Vi, = 1.

Such conversion of one flavor of lepton into another is analogous to coupled oscil-
lators. The coupling strength is defined in terms of the ‘lepton mixing matrix’ Vi,
[19]. However, Charged Lepton Flavor Violation (CLFV) has not been observed, even

if it is not forbidden in SM. Thus, usually it is assumed that U., = I, in which case

l _
VCKM - UVL'
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2.1.1 PMNS matrix

Pontecorvo first proposed the idea that the electron neutrino is really a linear com-
bination of mass eigenstate neutrinos and that this could lead to v. — v, oscillations
([19] and references therein). This idea was also independently put forward by Maki,
Nakagawa and Sakata. Later Mikheyev, Smirnov and Wolfenstein proposed that these
oscillations would be resonantly enhanced in the Sun.

Hence, V%, is named as PMNS (Pontecorvo, Maki, Nakagawa, Sakata) matrix
and is denoted by Upyns. Hereafter we will use this notation. Since Upyng is a
unitary matrix, it can be fully specified in terms of 3 angles and 6 complex phases.

If U., =1, then 3 of these phases can be removed and

Ve 14 Uel UeQ Ue3 14
v, | = Upuns s | = | U o U Uy vy | s
Vr V3 UT]. U7'2 UTS V3

where 11, 15, v3 are mass eigenstate neutrinos, having masses my, ms, ms respectively.
If one assumes that the remaining 3 phases are zero, then Up,snys can be parametrized

in terms of three O(3) rotation matrices (three Euler rotations) as

Upmns = Roz Ri3 Rya, (2.7)
where
1 0 0 C13 0 S13 C12 S12 0
R23 =10 C23 S93 5 R13 = 0 1 0 ) R12 =] —58192 ¢2 O ’
0 —S93 (a3 —S13 0 C13 0 0 1
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with ¢;; = cos0;;, s;; =sinf;; and 0 < 6;; < 7 /2. Thus,

C12 C13 512 €13 513
Upmns = —S812 C23 — C12 513 S23 C12 C23 — 512 513 S23 (€13 S23 (2-9)
812 S23 — C12 513 C23  —C12 S23 — S12 813 C23 (13 C23

If we consider the 3 phases - 1 “Dirac phase” § and 2 “Majorana phases” [y, 0,

then the PMNS matrix is expressed as:

UPMNS = R23 U13 R12 P12 ) (210)
where
C13 0 s13 e e’ 0 0
Uiz = 0 1 0 , Pe=10 %2 0f. (2.11)
—S13 615 0 C13 0 0 1

The most general PMNS matrix is then written as

20

C12 C13 812 C13 S13 €
_ P 5 .
Upmns = —S12 Co3 — Ci2 513 S23 €' C12 C23 — S12 S13 S23 € C13 S23 ISP
o 10 . o 20
512 523 C12 S13 C23 € C12 523 512 S13 Co3 € C13 Ca3

(2.12)
The three 6,; are measured/probed mainly with three types of experiments.
The probability that a a-flavor neutrino v, converts to a S-flavor neutrino is given

by [20]

Ppuosvy =0ap — 4 Re(UyUsUaiUp,;) sin® (Xy)

+ 2 Im (UUsUasUs) sin (2 X55) (2.13)
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where
Am2 [, Am? I GeV
o2y Ly o 2T , 2.14
J 4 FE ’ eV? kms F ( )

Here, U, are elements of Upy ys in Eq. (2.12), E is the energy of the neutrino beam,

L is the baseline from the neutrino source to the detector and Amg; =m? — m?.

2.1.2 Global fit values

In a particular experiment that probes the oscillations v, — vg, a fit of the relevant
Am?j vs. sin?@;; is obtained. Different types of experiments probe different Am?j
and sin? 0.

E.g. from the oscillations v, — v, in the atmospheric neutrino flux (flux of
neutrinos originated in the cascade of cosmic ray air-showers), |[Am2,| and sin? o3
can be measured. Note that it has not yet been possible to probe the sign of Am?,
or Am?,. This results in two different scenarios for the “hierarchy” of the neutrino

masses:
1. “Normal Hierarchy”: m; < mo < ms
2. “Inverted Hierarchy”: msz < m; < my

Since experiments have only been able to probe the difference between mass-
squares of neutrinos, the absolute values of neutrino masses are not known. However,
there is an upper limit on the sum of neutrino masses m, < 1 eV, set by the cos-
mological experiments, which measure the limits on the total energy density of the
Universe contributed by the light neutrino species ([19] and references therein).

The recent global fit values of neutrino oscillation parameters are given in Table 2.1
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Table 2.1: Global fit values of neutrino oscillation measurements, given in [21] for
“free fluxes”. “NH” — Normal Hierarchy; “IH” — Inverted Hierarchy.

Parameter Global fit value (£10)
sin? 0 0.30275:015
01 (deg.) 33.3670 74
sin® fps (NH) 0.413*0057
sin? By (IH) 0.59470:03
023 (deg.) (NH) 40.07%5
Oy (deg.) (IH) 50.471 5
sin® O3 0.0227+5:0054
015 (deg.) 8.661015
Scp (deg.) 300* 75
Am2, (107 eV?) 7.50*015
Am2, (1073 eV?2) (NH) +2.47370067
Am2, (1073 eV?) (IH) —2.42770 08

We will not go into the details of these measurements, as the neutrino oscillations
are not the focus of this dissertation. However, neutrino oscillation data demonstrates
that neutrinos do have tiny, albeit non-zero masses, indicating existence of physics
beyond the SM.

The phenomenology of a particular model that explains the origin of neutrino
masses is the focus of this dissertation. We therefore move on to review a few popular

theoretical models, which attempt to do the similar.

2.2 Seesaw mechanism of neutrino masses

In this section we will review some of the popular theoretical mechanisms, with which

the origin of neutrino masses can be theoretically realized. As we saw at the beginning
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of the previous section, if the right-handed neutrinos exist, then m,, can be explained.
All the neutrinos which have been detected so far have tiny masses and left-handed
neutrinos helicity. This has put an upper limit on the right-handed component in the
light neutrinos.

This means that, if the right-handed neutrinos exist, then the mass eigenstates
which have vg’s as the dominant component must be much heavier than the light
neutrinos. That would explain why we have not seen them so far and why they
are not among the relativistic species (light neutrinos and photons) in the Universe.
Thus, a theoretical mechanism that would give tiny masses to light neutrinos needs to
also make the vg’s heavy. An attractive way of achieving this is through the “Seesaw
mechanism” (light-heavy balance — seesaw).

In this section, we will review the so-called type-I, type-II, type-III seesaw mech-
anisms. We will also briefly discuss the type-I seesaw mechanism in the Left-Right
symmetric models, since in this mechanism vg transforms non-trivially under the
SU(2), x U(1)y gauge symmetry. Note that the seesaw mechanism in the EWvg

model is different from all of these types. The discussion here mainly follows [19, 22].

2.2.1 Different types of v-mass terms

We can write an ad-hoc mass term for the light neutrino as ~ H [T k H I, where H
is a Higgs field, [ is the lepton doublet containing v, and & is a (effective) coupling
having dimensions (mass)™*. When H acquires a VEV, we get a mass term for v. In
the seesaw mechanisms this term is generated effectively by the exchange of a right-
handed neutrino having appropriate transformation property under SU(2), x U(1)y,
for an appropriate Higgs field.

In general, different types of mass terms for v can be written as follows:
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e v; Majorana mass term:
If vy, is a Majorana fermion i.e. if it is anantiparticle of itself, then in the vacuum
state of the Lagrangian its Majorana mass term can be written as m7; vy vy,
where v is the CP conjugate of vy, which is the right-handed antineutrino field.
These terms violate the lepton number. They are strictly forbidden for charged

particles, due to the electric charge conservation.

If we want this term to be generated through spontaneous breaking of the elec-
troweak symmetry, due to the VEV of scalar doublets (and no higher multiplets
such as a scalar triplet), then the Majorana mass terms are forbidden at the
renormalizable level by gauge invariance. In seesaw mechanisms such terms are

generated effectively in the presence of right-handed neutrinos.

e vy Majorana mass term:
If one introduces a right-handed neutrino then a Majorana mass term for vg

can be written as Mrv°g vg, where 1§ is the left-handed antineutrino field.

e Dirac mass term:

In presence of vg, one can also write a Dirac mass term of the form mpz vy vg.

Hence, the neutrino mass matrix can be written as

0 mrr Vi
(vL ER) . : (2.15)

If we are writing the matrix for multiple light neutrino mass eigenstates, then each
of the elements is a matrix. If Mr >> mpg, then eigenvalues of this matrix are
~ Mp and a small Majorana mass mY%; = —mpr My' m¥,. Thus, m¥, is naturally

suppressed by the heavy Mg. If mpr ~ My and Mr ~ Agyr ~ O(10'6 GeV), then
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m4; ~ 1073 eV, which seems to have the appropriate order of magnitude, looking at
Table 2.1.
Notice the huge mass of vi that is necessary to obtain the light-neutrino masses

that agree with the data.

2.2.2 Type-I Seesaw mechanism

In the type-I mechanism, the right-handed neutrinos vy’s are added to the SM. These
vr's are singlets under the SU(2);, x U(1)y gauge symmetry. Thus, they do not
interact with W=+ and Z, and are called “sterile” vz’s. The mass matrix of neutrinos

arises from the Lagrangian [22]
- - 1 T
L= YD lL CI)VR — §VRMR VR + h.c. s (216)

where ® is a SU(2), Higgs doublet having VEV (®) = (0, v/+/2)”. After the breaking
of the electroweak symmetry, when ® acquires its VEV, one obtains the neutrino mass
matrix of the form in Eq. (2.15). Here, m¥, = —yp v/v/2.

In this mechanism, for each vg, only one v gets a mass. Thus, the number of
vgr's required is the same as the number of massive v;’s, i.e. at least two vg’s are
necessary. Generally, one vi per lepton generation is added.

This is a minimal type-I seesaw mechanism with only one Higgs doublet. In 2-
Higgs doublet models, the type-1 seesaw mechanism is implemented with two scalar
doublets - one giving masses to (T3 = 1/2) fermions and the other to (T3 = —1/2)
fermions.

Once again notice that a huge mass of Mg ~ O(10' GeV) is necessary with
yp ~ O(1) so that m, <1 eV is satisfied. Such vg’s are too heavy to be produced

at the Large Hadron Collider or near-future experiments. If the vg’s, instead, would
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couple to W¥*, Z, then their masses would also be around the electroweak scale
Apw =~ 246 GeV. Thus, they would be non-sterile, but type-I seesaw mechanism
cannot generate light enough masses for v;’s with non-sterile vg’s. In the subsequent

chapters of this dissertation, we will discuss in detail a model which achieves this.

2.2.3 Type-II Seesaw mechanism

In the type-II seesaw mechanism, we have a scalar triplet in addition to the SM scalar
doublet. The role of vg of generating an effective dimension-5 operator is played by

a Y/2 =1 complex scalar triplet given by

. A*/\/i A+t
7oA = : (2.17)

AL = —
2 AO* _A+/\/§

Thus, there is no vg in the minimal type-II seesaw mechanism. The mass of the light

neutrino is directly generated from the Yukawa interaction
L=yall Coy ALl + he.. (2.18)

When Ay, acquires a VEV of (Ap), the v gets a mass of m, = ya (A). This VEV is

generated through the cubic scalar terms in the scalar potential:
@ oy A% d + M3 Tr(AL Ap). (2.19)

In the vacuum state of this potential, (Ar) ~ pv?/(2 M3), where v/+/2 is the VEV
of the real part of ®.
Thus, for not-so-fine-tuned ya, we get appropriate light neutrino masses when

puv? << M%. So the VEV of the triplet must be really small, while its mass needs to
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be really large, just like My in the type-I seesaw. Hence, still the name “seesaw” for
this mechanism. Notice that, in this mechanism too, the effective mass term for the
light neutrinos comes from a dimension-5 operator with x ~ p/M3x.

There have been attempts to make the VEV (A1) large, but it requires fine tuning

of the Yukawa couplings ya and the pu.

2.2.4 Type-III Seesaw mechanism

So far we have seen that for a seesaw mechanism we basically need two mass scales
- one heavier than the other. In the type-I seesaw mechanism the heavier one arises
from the mass of vg; in the type-1I seesaw mechanism, it is the scale of large MAa.

Notice that in Eq. (2.16) for the type-I seesaw mechanism, a gauge invariant term
can be formed by coupling ~ (I, ®) with a SU(2), triplet, such that the neutral com-
ponent of the triplet couples to vr. In the type-11I seesaw mechanism this is ach:ipeved
by adding to the SM one real (Y/2 = 0) fermion triplet Tr = (TFl Ty TF3> , for
each of the lepton generations. Just like the type-I seesaw, at least 2 fermion triplets
are required to give masses to two vp,.

The mass of vy, is generated through the Lagrangian
L=y " Copy7 - Tp® + MpTE -CThp. (2.20)

As usual, we are showing the equation for only one of the 3 lepton generations only

for illustration. In this case the mass matrix for neutrino can be written as

0 yrv/V2

. /\/5 y (2.21)
yrv T

Hence, just like in the type-I seesaw mechanism, after the breaking of the SU(2), x
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U(1)y gauge symmetry, the light neutrino masse for v, are obtained as

my, = —yr Mzt yr v*. (2.22)

Thus, once again the mass of vy is generated through an effective dimension-5

operator after integrating out Tr. Here as well, if the Yukawa couplings yr are not
extremely small, M7; must be huge to obtain appropriate masses for vy ’s.

In the three types of seesaw mechanisms we can notice that:

e To give small enough masses to v.’s some physics beyond SM (vg, Ay or TF)

is added at a very large scale >> Agy .

e In the type-I seesaw mechanism, which adds vg’s to SM particle content, the
masses Mp of the right-handed neutrinos need to be huge - of the order of the
so-called GUT scale.

e In the type-II seesaw mechanism, which adds a complex scalar triplet Ay, to the
SM, the VEV of A needs to be very small and its mass very large to generate

appropriate masses of vp.

If we want vg’s in the seesaw mechanism to be lighter so that they can be produced
and detected at the LHC or experiments in the future, then it probably is a good
idea not to make v a singlet under all the gauge symmetries! If vg transforms
non-trivially under a gauge symmetry, then if the corresponding gauge bosons are
produced experimentally, vz would also be around the same energy scale and can be
produced.

In the next section we will briefly review a class of models, in which v is a singlet

under SU(2) ., but a doublet under a BSM gauge group SU(2)x.
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2.3 Left-Right symmetric models

Left-Right symmetric (L-R) models are extensions of the SM, which obey a SU(2), x
SU(2)r x U(1)p_1 gauge symmetry ([23, 24] and references therein). Here right-
handed fermions in SM are doublets under SU(2)g, while still being singlets under
SU(2)p. Parity is an exact symmetry in L-R models. At some energy scale vg
above the electroweak scale, the SU(2), x SU(2)r x U(1)p_1, gauge symmetry is
spontaneously broken to SU(2);, x U(1)y gauge symmetry.

This is worth mentioning in this dissertation as vg’s are part of a SU(2) g doublet in
these models, unlike the minimal type-I seesaw mechanisms. In the EWvg model too,
vg’s are members of SU(2),, doublet. Hence, it is of interest to note some implications
of the L-R models before building the EWvg model.

In the L-R model with parity as the L-R symmetry, the charge assignments for
the quark and lepton multiplets, under SU(2), x SU(2)g x U(1)p_1 are given by
qr(2,0,1/3), qr(0,2,1/3), 11(2,0,—1), (0,2, —1). Here I, and ¢, are the SM lepton

and quark doublets, and

VR UR
l R = s qr = . (223)
R dr
are doublets under SU(2)g.
In this model the neutrino masses can be generated through either type-I or type-11
seesaw mechanism. In a most general scalar structure a hybrid type-I4type-II seesaw

mechanism is implemented, with the help of two scalar doublets ®;, &5 (both can be

combined in a (2,2) representation of SU(2), x SU(2)g), and two scalar triplets Ap,
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and Apg [22, 23]:

& of AT R/V2 ALY
¢ = ) AL,R =
b7 b AOL,R _AZ,R/\/§

(2.24)

This model also contains gauge bosons Wg and Zg of the SU(2) g gauge symmetry.
The scale of breaking of this symmetry is not bounded from above. Theoretically its
bounded from below only by the electroweak scale ~ 246 GeV.

Signals for the production of the vg in this model, primarily u4+d — W, — vg+1
[24], have been searched for at the LHC. The scale of Wx mass has been bounded

from below at ~ 3 TeV by these searches [25].

2.4 Summary of the chapter

e There is a confirmed evidence that at least two of the three flavors of light
neutrinos have tiny, but non-zero masses. This is the strongest piece of evidence

(within the regime of SM), for physics beyond the SM.

e Many theoretical mechanisms have been proposed to theoretically realize neu-

trino masses, but none has been experimentally validated.

e The popular seesaw mechanisms extend SM by new physics at very large scales.
Unless fine-tuned, the new particles are too heavy to be produced at the LHC

or the near-future experiments.

e The Left-Right symmetric models add the right-handed neutrinos, which is a
member of the SU(2) g lepton doublet, to the SM fermion content. These models
extend the gauge group of the Standard Model, thus, adding more gauge bosons

and a higher symmetry breaking scale.
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e Although signals for the L-R models are searched for at the LHC, the scale
of new physics in these models is only bounded from below by experiments,

currently at about 3 TeV .

This chapter provides only a brief review of the spectrum of theoretical models for
the origin of neutrino masses. It can be seen from this discussion that the validation
of the origin of neutrino masses remains an open question.

A model of neutrino masses that can be conclusively tested at the LHC and/or
near-future experiments could go a long way in resolving the mystery of neutrino

masses!
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Chapter 3

Hung’s Minimal EWrp Model

From the previous two chapters we realize that, without a doubt, the nature of the
electroweak symmetry breaking and the neutrino masses and mixings are two of the
most pressing problems in particle physics. Neutrino mixings are the strongest piece
of evidence (within the regime of SM) for physics beyond the Standard Model. The
discovery of a Higgs boson having a mass of 125 GeV is definitely a significant step
in resolving the first of these mysteries. However, absence of a signal for any BSM
phenomenon at the Large Hadron Collider has severely constrained many popular
BSM models. In this situation, exploring the BSM physics through the portal of
neutrinos seems to be a promising direction to pursue.

In the last chapter we reviewed many theoretical mechanisms which are proposed
to explain the origin of neutrino masses and mixings. Popularly, neutrino masses are
theoretically realized through the so-called seesaw-type mechanisms. But in a general
seesaw mechanism, since vg is a singlet under the SU(2); x U(1)y gauge symmetry
(“sterile vg”), its Majorana mass is naturally near the so-called Grand Unification
scale (O(10°716 GeV)). Such vg cannot be produced at the LHC or a near future

collider, and hence such seesaw mechanisms cannot be directly tested.
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On the other hand, there are the Left-Right symmetric models (L-R models), in
which vg is a member of a doublet under SU(2)g (still a singlet under SU(2),) gauge
symmetry. However, the scale of breaking of the SU(2)g and its gauge boson Wg
is only bounded from below by experimental constraints, which are currently set at
about 3 TeV [25].

With a motivation of exploring the possibility of testing the seesaw mechanism at

the LHC (and near-future experiments) [26] attempts to answer:
1. Is it possible to have Mg ~ Agw?

2. And, is it possible within the gauge group of the Standard Model: SU(3)c X

[26] answers both these question affirmatively, through the EWvg model, which
is the focus of this dissertation. In the EWwvg model, the right-handed neutrinos
naturally acquire a mass of O(Agy) and they are also non-sterile under SU(2), x
Ul)y.

In this chapter we will first review the step-by-step process of building this model.
Secondly we will write a general scalar potential in this model that breaks the
SU(2)r, x U(1)y spontaneously to U(1)gy and obtain the spectrum of physical parti-
cles (gauge bosons, scalars, fermions) in this model. In the third section we will sum-
marize main features of the model, before moving on to analyzing its phenomenology

in the subsequent chapters.

3.1 Building the model

In this chapter we will follow the steps in [26] to build the minimal EWvg model. As

a starter, we quote Lee and Yang [7]:
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“If such asymmetry is indeed found, the question could still be raised
whether there could not exist corresponding elementary particles exhibit-
ing opposite asymmetry such that in the broader sense there will still be

over-all right-left symmetry.”

3.1.1 The fermion sector

Let us consider the lepton sector and the scalar doublet ® in SM. For the purpose
of illustration we will consider only one generation in the lepton sector. A lepton

generation in SM is given by

lL = , ER, (3].)

where the left-handed components are part of a SU(2), doublet, and the right-handed
er is a singlet under SU(2);. In a general seesaw mechanism, that we reviewed in
the previous chapter, the right-handed neutrino vy is also a singlet under SU(2).
It therefore acquires a Dirac mass by coupling to [, ® or ZL(TD, which are also SU(2)
singlet terms. Since this leads to a huge Majorana mass of vz, we should avoid that,
if we want the vy to acquire an EW-scale mass. We therefore make vz a member of

a SU(2)r, right-handed lepton doublet:

14
1= e (3.2)
€R

where the superscript ‘M’ stands for “Mirror Fermions”. e} and e} are right-

handed and left-handed components of the “mirror electron” eM. Note that eM is
an entirely new particle, different from the SM electron. The word ‘electron’ in its

name only suggests that it has the same SU(2) x U(1)y quantum numbers. The word
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‘mirror’ signifies that its chirality components are swapped as compared to the SM
electron components, meaning that the right-handed component e} is a part of a
SU(2) doublet and left-handed e} is a SU(2) singlet. Similarly, there are two more
generations of mirror leptons and two more vg’s.

Note that in the last paragraph, we dropped the subscript ‘L’ from SU(2).. This
is because the ‘L’ signifies that the left-handed components of the fermions couple to
the gauge bosons W+ and Z. Now that we have added mirror leptons whose right-
handed components are in the doublets, these components would couple to the same
gauge bosons. Hence, it is better to drop the subscript ‘L.

To give the Dirac mass to the neutrinos, let us assume existence of a SU(2) scalar

singlet ¢g. Hence, we can have

Lo = gslp dsly + hec.

= gs (PLvr + erey) ds + he (3.3)
In addition, analogous to Eq. (1.92) for SM, we also have

Ly = q ZL der + h.c., (34)

ﬁLYQ = glM Z;\g @624 -+ h.C., (35)

T
with the VEV (¢g) = vg and just like in SM, (®) = (0, UQ/\/§> . Note that VEV
of @ is denoted in terms of vy, and not the total v &~ 246 GeV. Then from Egs. (3.3),

(3.4), (3.11) we obtain

mb =g vs, M= , (3.6)
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for Dirac neutrino and charged SM lepton, charged mirror lepton, respectively. Here
my = g vo/V/2 for the SM lepton, and m;m = g vy/+/2 for the mirror lepton. Their
Dirac masses are obtained by diagonalizing M, in Eq. (3.6):

(mP)? D

2
= my — ——4%— mwzmw+—4i—. (3.7)
mym — 1y mpm — My

(m

We will assume that m;» >> m; and, as we will see shortly, to satisfy the constraints
on neutrino mass m,, we need m? << mym,m;. This implies that 7 ~ m; and
Mym & My

Now that we have added new mirror leptons to the SM fermion spectrum, we

must also add “mirror quarks” to ensure anomaly cancellation [10]. Thus, there will

be 3 mirror quark generations analogous to:

M
u

af = ", W, a (3.8)
dy

M

Here too, u™ (mirror up-quark) and d™ (mirror down-quark) are new particles dif-

ferent from the up-quark and down-quark in SM. Just like mirror leptons, the right-
handed components of the mirror quarks are members of SU(2) doublets, while the
left-handed components are singlets.

They acquire masses through Lagrangian terms similar to Egs. (3.3), (3.4), (3.11):

Ls, = gsq Ty ¢s qn + h.c
= Jsq (ﬂL U% + EL d]\R/[) ¢S + h.c. (39)
Lovi = 9aly ®dr + 9., ®ug + hee., (3.10)

Loye = gam a% P d% + Gy q]\]g o uﬁ/[ + h.c., (3.11)
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Their masses can be obtained from these equations as:

D\2 2 D\2 9
m =m, — (my> (gSQ/gSl) ’fh M — T + (mu) (gsq/gsl)

q q ? q q )
qu — mq qu — mq

(3.12)

where ¢ = u, d, my = g, vg/\/§ and mym = gym vg/\/§. We assume that m,u > my,

and similar to leptons, we have m, ~ mg, mu ~ mgu.

q

This completes the fermion sector in the EWvg model.

3.1.2 The scalar sector

In the scalar sector, so far we have only added the ®g in addition to the SM-like
scalar doublet ®. If we only have these fields in the EWvrgr model, then neutrinos
have “Dirac nature” i.e. they have Dirac masses. Since vy are part of a SU(2) doublet,
they would couple to the Z boson and contribute to its width, unless m2? > M /2.
But this contradicts with the experimental constraints (from particle physics as well

< leV. Hence, neutrinos in the

~Y

as cosmology) on the masses of neutrino, namely m,,
EWvgr model cannot only have the Dirac mass.

vg in this model must also have Majorana masses. We need to obtain neutrino
masses through a seesaw mechanism. A Majorana mass of vg can be obtained by
coupling a fermion bilinear [y o5 1%, which transforms as (1 +3,Y/2 = —1) under
SU(2) x U(1)y, with an appropriate scalar field to construct gauge invariant term
in the Lagrangian. A charged scalar with a VEV would be the simplest, but its

VEV would break the charge conservation. The next simplest field is a scalar triplet

X (3,Y/2=+1):
1+ ++
- 1 . . B X
X= 57 x= ﬂo Nk (3.13)
X — 72X
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Then the Majorana mass of vy is generated through:
£M = gm lﬁ\g’T 09 TQ}ZZ?{I, (314)

where, although o, and 75 have same matrix form, their matrix indices are different.
02’s matrix indices run over Lorentz indices, whereas 7’s indices are those of a SU(2)

doublet (more on this can be found in any quantum field theory textbook; review in

11] is also a useful reference). Basically, BT gy) = 1M where 12¢ is the charge
R R R

conjugate of 1.

When x° acquires a VEV: (x) = vy, a Majorana mass term is obtained:

Mp = gn var, (3-15)

where Mp, is the Majorana mass of vg. Note that Eq. (3.14) also contains a term of the
form eXxTTeM  which would result in a like-sign dilepton event - a particle physics
counterpart of “neutrino-less doublet S-decay” [27]. This is also a lepton-number
violating term.

If Mg is lighter than M /2, then vz would contribute to the width of the Z boson,
which has been measured to a high precision [6]. Since it would contradict the data,
this scenario is already ruled out. Thus, vz must have a mass Mg > My/2.

Since we do not want the v, to acquire a Majorana mass similarly, a global U(1),

symmetry is imposed. Different fields transform as follows under this symmetry:

(g1, 1) — €M (qp 1),

55 - 6—2104ng ¢S — 6—101M¢57 (3]-6)
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and all the other fields are singlets under U(1),;. This symmetry also prevents quarks
from acquiring a Majorana mass. Despite the symmetry v, does acquire a Majorana
mass M, at the one-loop level:

1 mD2 MR
My =X — 1 3.17

where A\g and My, are the quartic coupling and the mass of ¢g respectively. Thus,
when \g < 1, My, is smaller than m2?/Mp, by at least two orders of magnitude.
The Majorana mass matrix can be written as
ML TTLVD

M = , (3.18)
mD MR

14

where m?, Mg and M, are given by Egs. (3.6), (3.15) and (3.15), respectively. If

vy >> vg and gg; ~ O(gpr), then the eigenvalues of M can be given by

(mP)? g%\ vs
=M — 2 = [ 25} 2 (1 — and Mg, 3.19
" Mpg gm /) UM vs(l =) ( )

where € < 1072 and m,, is the mass of a light neutrino.

For My ~ Agw, if we consider vy; ~ Ay, then to satisfy m, <1 eV,

~Y

vg &~ oy x 1 eV~ O(10%) eV . (3.20)

Thus, vg is about 5-6 orders of magnitude smaller than the electroweak scale Agy =~
246 GeV. If gg; ~ O(1079), then vg ~ Agy. The hierarchy between Agy and vg is
not as severe as that between the so-called “Grand Unification” scale (O(10'® GeV)

and Agw in typical Grand Unified Theories. This aspect is discussed in detail in [26].
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The story does not end here, since we have to ensure that the p parameter equals
1 at the tree level. At the tree level it is defined as

My

—— = 1. 3.21
M2 cos? Oy, (3:21)

p=

A global SU(2) symmetry, called the “custodial symmetry” and denoted by SU(2)p,
ensures that p = 1 at the tree level. At the loop-level it deviates from 1 due to
radiative corrections and the custodial symmetry is broken. At the tree level, a
scalar multiplet that transforms as (7,Y") under SU(2), x U(1)y and has VEV v,
contributes to p as follows [28]:

_ Zz [4 T(T + 1) — YZ]Z Ui2 CTyy
g 2>, Y2 v} ,

(3.22)

where ¢py = 11if (7,Y) is a complex representation and ¢y = 1/2if (7,Y) is a real
representation. The summations run over all the scalar multiplet in the model.

If one just has the triplet y and nothing else, one would obtain p = 1/2 in
contradiction with the fact that experimentally p ~ 1. Higgs doublets alone would
give naturally p = 1. A mixture with one triplet and one doublet would give p ~ 1 if
the VEV of the triplet, vy, is much less than that of the doublet, v, i.e. vy <K vo. But
this is not what we want since we would like to have vy, and vy of O(Agy ). To preserve
the custodial symmetry with a Higgs triplet, another scalar triplet £ = (3,Y/2 = 0)
is needed in addition to the aforementioned x(3,Y/2 = 1) and the usual doublet

¢ =(2,Y/2 =—1/2). Under a global SU(2), x SU(2)r symmetry, the two triplets
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can be grouped into a (3, 3) representation as [27, 29, 30, 31, 32]:

XO g—i- X—H—
X = X~ 50 X+ . (323)
X &

Under this symmetry the SM-like scalar doublet ® (2,Y/2 = —1/2) and & = 7, ®*

can also be grouped in a (2,2) representation as

(053 +
o= |7 ¢ (3.24)

¢~ ¢°
This completes the field content of the EWwvg model. The scalar sector in this minimal

EWvg model is identical to that in the model by Georgi and Machacek [30].

3.2 Breaking of the electroweak symmetry

With this representation the kinetic part of the scalar Lagrangian can be written as

30, 32, 27]:
(Lsewon )i, = % Tr [(Duq)2)T(Duq)2)] + % Tr [(DHX)T(DHX)] +0u0s> (325

The notation (Lgewvy),,;, is used to denote the kinetic part (denoted by subscript
‘kin’) of the Higgs Lagrangian (denoted by subscript ‘S’ for Scalar) in EWvg model

(denoted by ‘EWwvpg’ in the subscript).

1 1
D,®=0,0+ 5 1g(W,, - 7)® — 5 19’ OB, T3 ; (3.26)
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Dyx = 9ux +19(Wy - t)x — 19X Byuts (3.27)

The 7; and ¢; are the 2 x 2 and 3 x 3 representation matrices of the SU(2) generators

respectively, following reference [32]. 7;’s are explicitly given in Eq. (1.23) and ¢;’s are

given by
0 1 O 0 — O 1 0 0
(31 L 1 0 1 12 1 00— ts=1 0 0 O
V2 ’ V2 ’
0 1 0 0 2 0 0O 0 1
(3.28)

We work under the premise that the hierarchy in neutrino masses in EWvg model
comes from the VEV of ¢g [27]. Thus, vg ~ 10° eV and as a result the mixing
between ¢ and other scalars is negligible. Hence, hereafter in the related calculations
we neglect this mixing.

After the spontaneous breaking of SU(2), x U(1)y to U(1)guy, expanding the
Lagrangian in equation (3.25), one can find the Feynman rules for the three point
and four point interactions between physical scalars, Nambu-Goldstone bosons and
electroweak gauge bosons W, Z and ~. For the corresponding SM Feynman rules it
is useful to recall the kinetic part of the SM-Higgs Lagrangian:

(Lsn)

kin

_ %TT (D, ®) (D, ®)] (3.29)

The interactions of the SM leptons with the SU(2), x U(1)y gauge bosons arise

similar to the SM, from the terms:

ZLMZL ) éRlDeR s (330)
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where

iy,

1 1
'7“(8;1 ) ZQ(WM T)+ 2 Zg,Bu)lL )

Der = (0, +19'Bu)er . (3.31)
The interactions of mirror leptons with the gauge bosons arise from the terms
L el pel (3.32)

where

1 1
Pl = 70 = 5 19(Wu-7) + 519 Bu)ly
Dey' = 49, +19'B)ey" . (3.33)

The gauge interactions of the SM quarks and the mirror quarks can similarly be

found from

qPqr; drldg; ﬂRlDUR;q_%lDQ%; dy pdy s ay Duy’ . (3.34)

To generate masses of the gauge bosons and the fermions the SU(2), x U(1)y
gauge symmetry must be spontaneously broken to U(1)gy. To get the physical

scalar spectrum, we need to write a general scalar potential that obeys a global
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SU(2), x SU(2)g. It can be written as

2
V(®s,x) = \i(Troid, — 3) +)\2<TTXTX—3U]2W>

2
+ A3 (TTQDTCIDQ —vi 4 Trx'y — 3UM)

+ s (3 Trxxxx — (TTXTX)2> : (3.35)

+ M ((Trold,) (Tryty) —2 (TTCID (I)Q—) (TTXTTabe)>

where repeated indices a, b are summed over. Note that this potential is invariant
under y — —Yx so that the cubic terms in the potential are eliminated. In order for
this potential to be positive semidefinite the following conditions must be imposed:
AL+ A2+ 2703 > 0, Mo+ AAs+ A3 >0, Ay >0, A5 > 0 [27].

When the SU(2), x U(1)y — U(1)gas in the vacuum state of the scalar potential,
the global SU(2); x SU(2)g symmetry of the potential breaks down to SU(2)p

custodial symmetry if the vacuum alignment of ®, and y is as follows:

Um 0 0
=10 vy 0, (3.36)
0 0 Um

and

(@) = w/v2 0o (3.37)

0 Uz/ﬂ

After the spontaneous symmetry breaking one obtains the W=, Z bosons and the
photon A, in the same way as in SM (explained in Chapter 1). Also, My = gv/2
and My = My /cosbOy, with v = \/m ~ 246 GeV and, at tree level, p =
M, /(M3 cos? Oy) = 1 as desired.
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3.2.1 The physical scalars

To express the physical states we define a few subsidiary fields [27]:

= % (Ug + ¢ + Z¢01>7 Y=oy + % (xo" + ZXOZ>;
v = (). =g (339)

for the complex neutral and charged fields respectively. Here the quantities with
superscripts ‘v’ and ‘i’ denote the ‘real’ and the ‘imaginary’ components, respectively.
Note that the real components, ¢ and ", have zero vacuum expectation values.

We will also define
2\/5 Upr

SH:SiIlHH: s CH:COSQH:% (339)
() v

With this notation, the Nambu-Goldstone bosons are given by
G¥ = cy¢™ +spyt, G = 2( — ey + sHXOZ> : (3.40)

Just like in SM, these N-G bosons are absorbed by the longitudinal polarization of
the massive W= and Z bosons.
After the symmetry breaking, the scalar potential in Eq. (5.16) preserves the

custodial SU(2)p. Therefore, the ten massive physical scalars can be grouped into 5
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+ 3 + 1 (2 singlets) of the custodial SU(2)p, as follows:

five-plet (quintet) — HF* HZE, HY;
triplet — H;E, H:?;

two singlets — HY, H}’, (3.41)

where

H5++ = X++7 H;:<+7 H;:CHwJF_SH(ZSJra

1
HY = 7 (250 - \/§XO’°>, HY) = z(cHX(” + sH¢0’>,
1
H) = %W:—Wﬂwﬁ, 3.42
1 ¢ 1 \/g X 5 ( )

with Hy ~ = (HS1)*, Ho = —(H)*, Hy = —(H3)*, and HY = —(HY)*. The the
Feynman rules, the loop diagrams and the oblique parameters (in Chapter 4), will
be expressed in terms of these physical scalar five-plet, triplet, two singlets and their
MASSES, 17 pp-4.40, M y0, My, Moy respectively.

While the custodial symmetry is preserved, the scalar multiplets are degenerate.

Their masses are given as:
2 2 2 2 2 2 2
mHSii,i,O — m5 - 3 ()\4CH + )\5SH>7 mHét,() - m3 - )\4 v (343)
The two singlets H? and HY can mix according to the mass-squared matrix given as:

8c% (A + )\ 265\
My o =07 H Dat ) S (3.44)

2\/68HCH/\3 38%{ ()\2 -+ )\3)
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The oblique parameters, the Feynman rules and the loop diagrams are expressed in
terms of the VEVs of the doublet and triplets, and the masses of the physical scalars-
M0, M0, M, My

The custodial symmetry is broken at the loop level, splitting the masses of the
scalar multiplet members. However, the symmetry could also be broken explicitly by
some terms, which split the masses within the multiplets. We do not list any such
terms in this dissertation, but we do keep this at the back of our mind and denote
the masses of the multiplet members separately in all the formulas.

The Feynman rules for the gauge interactions of fermions (SM fermions and mirror

fermions) in the EWvg model can be evaluated from

(Lpewen) i = (Lrsm )iy + (Lent )iy (3.45)
where (Lpsn),,, comes from the fermion sector in the SM and is given by
(Lpsn) iy = % [(WL Yy g+ Ty en ;) W+ (31 Yur ;e YL > WJ}
g . .
LY (W -hQ) = Y Qs Tav fas | 2
W= wds e f=ujdje;
te > Qr(FL At Thfrs ) Ay (3.46)

f=uj.dj.ej

and (Lpu),,, includes interaction terms arising due to the mirror fermion-sector in
the EWvgr model.

To write the mirror fermions part (L£pa ), remember that the W bosons couple
only to SU(2) doublets of fermions. Thus, only the right-handed mirror fermions

couple to the W*, as opposed to (Lpsm) where only left-handed SM fermions

int’
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interact with the W= bosons. Similarly the three-point couplings of the right-handed
mirror fermions with Z and 7 bosons at the tree-level are same as those for the
left-handed SM fermions. Hence, (Lpn)

it 18 given by

) . —M 4 .
(Lol = 5 |(TH A di+ T el ) Wi+ (g vl + 2l vl ) Wy

/2 1

g M =M i
+— Z (T:{ - S%VQfM) fr IR

Cw
M= M gM M oM

—M 1
— Y sQui L M| 2

M= M gM M

te > Qe (TR AT ) A (3.47)
FM M gM M

In equation (3.47) 4,7 = 1,2,3, where i denotes fermions in the " mirror-quark or
mirror-lepton generation. uM and dM denote the up- and the down- members of
a mirror-quark generation respectively. Following a similar notation (vg; and eM)
denote (the neutrino and the ‘electron’) members of a mirror-lepton generation re-

spectively.
In Appendix B we have listed various Feynman rules in the minimal EWvg model,
which will be used in the calculation of the “oblique parameters”, discussed in the

next chapter.

3.3 Summary of the minimal EWvp model

In this section we summarize main features of the minimal EWvg model. First, in

Fig. 3.1 we show the physical particle spectrum in the model.
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Figure 3.1: Physical particle spectrum in the minimal EWvg model

3.3.1 What’s the advantage of the mirror fermions?

The EWrg model predicts the existence of the mirror fermions which have opposite
chirality to their SM counterparts having the same SU(2);, quantum numbers. Since
their masses are also expected to be near the electroweak scale, it is possible to probe

their phenomenology at the Large Hadron Collider.
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3.3.2 Why don’t we see mirror fermions today?

As seen in Egs. (3.3) and (3.9), the mirror fermions couple to the SM fermions through
interactions of the form ggq dy, d¥ . gsi e eX. In particular, since ¢g is expected to
have a mass of O(10° eV), the decay modes the following decay modes are possible
for the mirror fermions: e} — ey, + ds, q¥ — qr + ¢s.

Thus, all the mirror fermions and vg’s, created after the big bang, have already de-
cayed to the SM fermions. The mirror quarks could not form mirror-hadrons through
their SU(3)¢ couplings, since they had already decayed before the baryons were
formed.

The same decay modes could be the signals of the mirror fermions at the LHC. If
a mirror lepton or mirror quark is created in a process at the LHC, it would decay to
the corresponding SM fermion by emitting a ¢g. If the couplings gs; and gg, are large,
then these decays would occur within the beam pipe of the detector, in which case
the mirror fermions would not be detected. If these couplings are small enough, then
the vertex of the decay would be “displaced”. Such decay would have a final state of
lepton + missing energy or jet 4+ missing energy. This is an interesting aspect of the

phenomenology of the mirror fermions, and could be a subject for future analysis.

3.3.3 Doesn’t vz contribute to the total energy density?

From Eq. (3.3) we can see that the decay modes such as vg — v + ¢5 and e% —
er, +Vp +vr — e + UL + v + ¢g are also possible. Thus, all the vg’s also decayed
to v’s and ¢g. Those vg’s created today in astrophysical processes also decay soon,

and therefore do not contribute to the total energy density of the Universe.
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3.3.4 Does this model have a ‘dark matter’ candidate?

The only particle in the EWri model that seems to be as sterile as the dark matter is
¢s. Since it is as light as O(10° eV), it would not be a “cold dark matter” candidate.

On the other hand, the mirror fermions in the EWrg model also occur in a model
of dark matter asymmetry - the “Luminogenesis” model [33]. The dark matter can-
didates in this model are not part of the particle spectrum in the minimal EWvg

model.

3.3.5 Main features of the model

e In the EWvgi model the non-sterile right-handed neutrinos vi naturally acquire
a Majorana mass near the electroweak scale. A lower limit of My /2 is set on
this mass Mg, based on data for the Z width. The vg in this model can be

produced at the LHC and hence, the seesaw mechanism can be directly tested.

e In many other models, when v obtains a Majorana mass from VEV of a singlet
or a triplet scalar field, a massless N-G boson, called “Majoron”, arises due to
the violation of the lepton number or the B — L number (refer to [26] and

references therein). No such N-G bosons arise here.

e The EWvg model achieves this without adding any more gauge bosons to the

SM.

e Although the EWrg model stands on its own, it is also possible to embed this

model in the E(6) Grand Unification group [26, 34].

e The EWrgr model predicts the existence of the mirror fermions which have

opposite chirality to their SM counterparts having the same SU(2), quantum
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numbers. Since their masses are also expected to be near the electroweak scale,

it is possible to probe their phenomenology at the Large Hadron Collider.

e This model contains a very interesting scalar sector that includes a doubly
charged Higgs and multiple singly charged Higgs’. These can have interesting
phenomenology at the Large Hadron Collider [27]. Although there have been
searches for charged Higgs at the LHC, the searches did not include the kind of

processes that would probe the charged scalar sector in this model.

e In SM the gauge anomalies [10] in the lepton sector can be cancelled only due
to the quark sector. In the EWwrg model, the anomaly cancellation happens
in an interesting way, meaning that the anomalies within the SM lepton sector
cancel those in the mirror lepton sector. Similarly the anomalies in the quark

sector also cancel among themselves.

e This model also proposes the existence of a SU(2) singlet scalar ¢g. An inter-
esting scenario is possible in which the VEV of ¢g evolves with time. Thus, ¢g

can play a role of a slow-rolling field considered in [35, 26].

In the following chapters in this dissertation, we will analyze the phenomenology in
the minimal EWvg model, first in the context of the electroweak precision parameters

and later in the light of the 125-GeV Higgs at the LHC.
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Chapter 4

Contributions to Oblique

Parameters in the EWrp Model

As mentioned in the Foreword of this dissertation, for any theoretical model to be
viable, it must not contradict with experimental constraints from experiments in the
past. In this chapter we discuss relevant constraints on the minimal EWvrg model
[26] - those coming from the so-called “Oblique Parameters” S and 7.

In the first section we explain what oblique parameters are and why are they
relevant for the EWvg model. In the two following sections we derive the contributions
to the relevant oblique parameters from this model and discuss their agreement with

the experimental constraints, respectively.

4.1 Defining Oblique Parameters

4.1.1 What are Oblique Parameters?

Effects of the vacuum polarization diagrams (oblique corrections) on the electroweak-

interaction observables can be parametrized by three finite parameters denoted by
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S, T and U, known as the Oblique Parameters [36, 6, 37]. Their formalism was
first put forward by Peskin and T. Takeuchi [36]. These are finite, measurable
and renormalization-scheme independent quantities. Since polarization diagrams are
higher order processes (one-loop or higher), oblique parameters can be helpful in
probing higher-order effects BSM (Beyond the Standard Model) physics.

We will discuss their formulas and derivations shortly, but let us first consider how
measurements of the oblique parameters can be used as constraints on new physics.

Based on the Lagrangian of any model vacuum polarization diagrams and oblique
parameters can be calculated. Hence, for a set of numerical values of relevant pa-
rameters in the model, numerical values of the oblique parameters can be predicted.
The Standard Model also predicts certain values for the oblique parameters. On the
other hand, the oblique parameters have also been measured experimentally [6]. The
SM values lie within the error bars of the experimental values.

Although this is another of many success stories of SM, the error bars also leave a
room for new physics. At the same time these error bars also constrain new physics!

Let us consider the S parameter, for instance. We can naively write
S =S +39, (4.1)

where S on the left-hand side is the measured/real value of the parameter, Ssp/ is
the SM-prediction for it and S is the “new physics” contribution to S (following the
notation from [38]). Thus, SM-predicted value of S is 0. Similarly, T, and U are also
new-physics contributions to 7" and U parameters respectively, both of them having
SM-predicted value 0. We will refer to all S, T', U, as well as S , T , U as “Oblique
Parameters”. There is a small caveat in implementing this procedure to calculate

theoretical predictions. We would discuss it after digging a little deeper into the
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definitions and derivations of the oblique parameters.

Using these parameters one could probe the effects of new physics on the elec-
troweak interactions at the one-loop level, if the new physics scale is much larger as
compared to My .

In a regime where the scale of new physics that is being probed is much larger

than My, these parameters were defined using a perturbative expansion as [36]:

08 = 4eM(0) — Ty (0)]
oT = mmu(m—mg(on,
aU = 4¢3}, (0) — Ly 0)] (42)

where sy = sinfy,, cy = cosfy are the functions of the weak-mixing angle 0y .
IT;; and Il33 are vacuum polarizations of the isospin currents and Ilzo the vacuum
polarization of one isospin and one electromagnetic current. The II" functions are
defined as IT'(0) = (TI(¢*) — I1(0)) /¢* in general. We will be using ¢* = M.

After the electroweak symmetry breaking the weak gauge boson triplet (Wy, Wy, W29)
and the hypercharge gauge boson B mix to yield W*, Z° and ~. Therefore, I1;;, I35
and II3g and hence, the oblique parameters can also be expressed in terms of the self

energies of W, Z, v and the Z — ~ mixing [36].
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S, T and U can be expressed as:

@ Ul (=g e
4§QWEQWS = zz(Mz) - a2 Iz, (M7z) — 11y, (My) (4.3)
1 EWVR
al = 2 111, (0) — II33(0) (4.4)
W
~ 2 2 ini 2 T 9y EWrR
o HWW(MW) _/0\2 HZZ(MZ) i HZ’Y(MZ) —§2 HW’Y(MZ) (4 5)
15, M2, WM M oMy |

The superscript ‘EWvg’” denotes the contribution in the EWrr model. They can be
defined for any other model in a similar way. Hence, the new physics contributions

to the oblique parameters in the EWvg model should be calculated using

"5 - Lm0 - (S5, () 1L, (2) o
e T M| a5, ) o T
e > SM
L |= 2 C%/V - 3%/1/ = 2 = 2
_@ HZZ(MZ) — W HZW(MZ) — HWV(MZ) (46)
1 EWvg 1 SM
aT = — [T11,(0) — Is3(0 — |11, (0) = TIs3(0 4.7
a i 11(0) — II33(0) Mz 11(0) — I33(0) (4.7)
~ — 9 — 9 — 9 — 9 EWvg
a U — Myww (Miy) _2 z7(Mz) 9% 17, (Mz) _ 1L, (M3)
452, M2, WM VWA WM

My (M) = Myz(M3) . .
M, YoMy g VMg

A~ ﬁZv(M§> ~2 ﬁw(M%)](Z]\;)

where all quantities with a hat on top () i.e. Sy, cw, @ = §%8%,/(4m) are defined

in the M S renormalization scheme evaluated at My [6]. TI(¢?) = I1(¢?) — II(0) [36].
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Hereafter, in this chapter and in the context of oblique parameters elsewhere in this
dissertation the hats on top of these and other quantities are omitted, but implied,
unless otherwise is stated.

We can see that

e S is associated with the difference between the Z self-energy at ¢ = M2 and

¢ =0

e T is proportional to the difference between the isospin currents Il;; and Il33 at

q? = 0.
e U is proportional to the difference between the charged and the neutral currents

The new physics contribution to U in the EWrgp model is small as compared to that
to S and T'. Also, this contribution is constrained only by My, and the width, Ty,
of the W boson. Thus, we can project the STU parameter space on the 2-D § — T
parameter space in the U = 0 plane [39]. Hence, we focus on the constraints on S
and T parameters only.

Another way to define T is in terms of the ‘p parameter’:

My = Mgy

T—pe 2w Tl-p=1———w
P M?Z cos 0%, o P MZ cos 0%,

(4.9)

The SM prediction for T" at the tree-level is 1. T or p are measures of the breaking
of custodial symmetry i.e. of the splitting between the masses of different members
within a multiplet in fermion and scalar sectors.

Experimentally measured values of the oblique parameters S and T should be

used to constrain the new physics contribution in any model. When we performed
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this analysis, we used the latest values then, with 2o constraints [40]:

S =-0.024+0.14 and 7T =0.06+0.14 (4.10)

with a statistical correlation 0.88 between the two [6].

4.1.2 Why are Oblique Parameters relevant?

Any model that adds extra chiral fermion doublets (doublets of fermions which have
definite ‘handedness’ or ‘chirality’ or definite eigenvalues corresponding to the ~s
operator) to SM raises a question of potential large contributions from these extra
doublets to the oblique parameters. It is known that such extra chiral doublets yield
a large positive contribution to the S parameter. Even if the T parameter is set to
0 by making members of the chiral fermion doublets degenerate, the S contribution
still remains large in magnitude with a positive sign. This is, in fact, a major problem
that ‘Technicolor’ models run into [41].

The EWvgr model also introduces one right-handed mirror fermion doublet for
every SM left-handed doublet, and similarly one left-handed singlet for every right-
handed SM singlet. Thus, this model contains twice as many chiral fermion doublets
as SM. Therefore, constraints from the oblique parameters are the most relevant ones
to test the agreement of the EWvgr model with the experimental results (Step 1 in
the analysis of a theoretical model).

The EWvgi model can agree with these constraints if the large negative contribu-
tion from the fermion sector in the model are somehow canceled by the contribution
from the scalar sector in the model. We will present numerical results in section 4.4
to show that this, indeed, happens and the EWrr model does not contradict with

the electroweak precision constraints coming from the oblique parameters.
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4.2 Calculating new physics contributions to Oblique
Parameters

The self energies relevant for calculating the oblique parameters can be obtained
from the loop-level contributions to corresponding gauge boson propagators. We are
interested in oblique corrections calculated up to one-loop level i.e. considering only
one-loop radiative contributions to the oblique parameters.

In the EWvg model (refer to Chapter 3), quantum numbers of fermions and
scalars under SU(2) x U(1)y gauge symmetry are such that a fermion and a scalar do
not simultaneously enter in a one-loop interaction that contributes to an electroweak
gauge boson propagator. The scalar and fermion sectors in the EWvg model, thus
contribute to the radiative corrections through separate one-loop interactions. Same
is also true for the Standard Model (recall that to calculate S and T we need to
consider contributions from the EWvg model and SM). We can therefore calculate
contributions to S and T from the scalar sector and the fermion sector separately and
add them up to obtain the total contributions.

Similarly, due to opposite chirality of mirror fermion and SM fermion doublets
(and singlets), mirror fermions and SM fermions contribute to S and 7" independently.
Thus, from Eqgs. (4.6,4.7), only mirror fermions contribute to S and T. Also note
that the scalar sector contributions and mirror fermion sector contributions in EWwvg
model are separately finite. We denote the scalar contributions to Sand T by gscalar,

Tscatar respectively. Contributions from the mirror fermion sector in EWrg model are

denoted by S Fermion ffermim respectively. Thus,

S = §scalar+§fermion (411)

T = Tscala?" + ffe?"mion . (412)
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New physics contributions to .S and 7" due to the scalar sector of the EWvg model
are given in Eq. (4.15) and Eq. (4.17) respectively. The corresponding new physics
contributions to S and 7" due to the lepton sector in the EWrgr model are given in
Eq. (4.18) and Eq.(4.20) respectively. Similarly, the new physics contributions to S
and 7" due to the quarks in the EWvg model are given in Eq. (4.21) and Eq. (4.22)
respectively. It should be noted that in this dissertation we assume that the mixings
between different mirror-quark and mirror-lepton generations are negligible. Thus,
the mass matrices for these fermion sectors are already diagonal. To compare the new
physics contributions from the EWvg model with the experimental constraints (refer
to the plots in section 4.4) we have considered wide ranges of the mirror fermions
masses. Hence, even if small non-zero mixings between different mirror fermion gen-
erations are included, it will only move individual points in the available parameter
space, but will not significantly affect the total available parameter space and will not
influence the conclusions of this chapter. We will discuss step-by-step derivations of

new physics contributions to S and 7' in Section 4.3.

4.3 Calculation of One Loop Contributions to the
Oblique Parameters in the EWvp model

One loop contributions to the oblique parameters in the EWrgr model can be calcu-
lated from the cubic and quartic couplings listed in Appendix B and using the loop
integral functions illustrated in Appendix A and C. The SM loop diagrams contribut-
ing to S, T can be similarly obtained from the SM cubic and quartic couplings in
equations (3.29), (Lpsn),,, and using loop integrals from Appendix A and C. The

new physics contributions to S from the scalar sector and mirror fermion sector in
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EWvg model will be calculated separately and then added to find the total contri-
bution S (Eq. (4.6)). Similary procedure will be followed to calculate T (Eq. (4.7)).

Thus, as in eqns. (4.11), (4.12),

S = Sscalar + §fermiona T= Tscalar + Tfermion- (413)

Recall (Eq. (4.6)) that the contributions to S come from Z and = self-energies, Z~
mixing, each calculated up to one-loop level. To evaluate T using equation (4.7)
the isospin current II;; and electromagnetic current Il33 are used. The W and Z

self-energies are related to these isospin currents by [36],

2

e

Hyw = THM;
S
¢’ 2 4

HZZ = 3 92 (H33—28WH3Q+SWHQQ) (414)
Swlw

Using these relations II;; can be obtained from the loop contributions to Iy listed

in tables C.1, C.3, C.4. From equation (4.14) the one-loop contributions to Il33 can

be obtained using limo (ITzz). These contributions are listed below, separately from
g'—

I1;; for scalar as well as fermion sectors in the EWvg model.

4.3.1 Contributions to Oblique Parameters from the scalar

sector in the EWrp model

Using tables C.1, C.2, C.3, C.4, C.5, C.6 and Eq. (4.6) the new physics contribution,

Sscalar 18 given by (as in Eq. (4.15))
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il _ oEWvg SM
Sscalar - Sscalar - Sscala'r

1 4 — -
= M—%W{ g 3%{ [BZQ(M%;M%am%(g) - M% BO(Mé;Mévm?{Q) }

2.8 [ B3 M3, i) — 3, oM 043,
+ ¢ [ Boa(M2; M2, m%,) — M2 Bo(M2; M2, m%,) ]
b5 sy [ Boa(M3: 03, miy) — M3 Bo(M3: M, miy) |
+ %ﬁl Baa(My; mie, mige) + 2 ciy Baa(Mz; mig i)

_ 8 . _
2 2,2 2 2 2,2 2
=+ ST BQQ(MZ,mHg,mH1> + § Cr B22(MZamH§7mHi)

n 2,,,2 2 n 2,2 2 n 2,2 2
— 4 BQQ(MZ,mHj+,mH:r+) - B22<MZ7er+>er+) o BQQ(MZ7mH§r’mH3+)
9 9 9 9

— [Baa(M M3 miy) — M2 Bo(M M3 mi)] } (1.15)
Although it is not apparent from Eq. (4.15), §$Calar decreases with increasing mass-
splitting within a SU(2)p scalar multiplet and between two SU(2)p scalar singlets of
the EWvg model. For large enough splitting(s) it becomes negative, which is desired
to compensate for the large positive contribution from mirror fermions (refer to section
4.4). To obtain Tuvatar the contributions to I, in Eq. (4.7) are obtained from the
[Ty w contributions in tables C.1, C.2, C.3, C.4, C.5, C.6 and using Eq. (4.14). The
corresponding 11 contributions are obtained using Eq. (4.14) and tables C.7, C.8,
C.9. Thus, we get
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TEWI/R TSM

scalar scalar

1
Ars2, M2, {2 322(0§m?q;r+a ) + 3 By (0; mH+,mHo) + Bas(0; mH+7mH0)

1
+ g [2 322(0;m§{;+, )+322(0 mH+,mHo) + 3 3 Bas(0; mH+,quo)

8 8
+ 3 3 Bi,(0; mH+,mH/) 3 322(0§m12qg5m12ﬁl1) ]

+ 52 [2 Bas(0; My m2, ) — Boal0; Miyi ) — Ban(0; M s miyg)
+ Boo(0ymi,miy, ) — Bao(0;miges miy, ) + M, (BO(O% My, mipo)

1
o+ Bol0; M, my) = 2 Bo(0; Miyymiy) ) | + Ao(mdyse) = 5 Aol

_ % Ao(ng) — @ — 5H>Ao( ) + 3 = Ao(mHO) - (% + 312LI>AO(M5V) }

(4.16)
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Hence, using Eq. (A.11),

~ 1 1 3
Tscalar: M{§‘F(m§{++7mH0)+ F( H+>mH0)+ ]:( H+7m§{g)
2
C
: §f<mz;+amz;> o i) + S )
-7:( Mpts ?{;) - ?'F(mHO?mHO)

S
2 F s ) — Fmdy, mi,)|

2 52
+ g C%-_I []:(miﬁ,mH/) —f(m?qg,m%[i)} + 9 .F(MW, H++)

52 52
(M) — SO )+ A Bl0: MG g

+ My s Bo(0; My, m3,4 ) — My, s3Bo(0; M, H++)}- (4.17)

It should be noted that the individual loop integral functions on the RHS of
Eqgs. (4.15), (4.17) do contain divergences by definition, but these divergences cancel
as expected resulting in finite gscalar and icazar respectively. Similar cancellations

ensure that Eepton, flepton and gquark, T quark are all separately finite.

4.3.2 Contributions to the Oblique Parameters from the

fermion sector in the EWr; model

Using these loop diagrams and the definitions of S, T in eqns. (4.6), (4.7), we

obtain the new physics contributions, Siepion, Liepton A Squarks Lyuark- We also use
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Y. -
Qf = T?fc + ?f Thus, for Siepton We get (as given in Eq. (4.18)):

r EWv
Slepton SleptanR Slepton
3
NC lepton Yie on Tyg
= % E { —2 Ylepton Tyi + 2 (_4 ;t +3 ) we; — Yiepton In ]
P et

. ] }/lepton ) § o Yiepton o }/lepton )
+ (1 —z,) 5 G(z,;) + [(2 5 )xez 5 G(xe) (4.18)

For Tiepton, We obtain,

T‘lepton - Efp‘;[/OlTILR T‘lepton
3
(NC)lepton 2 2
= 47TSWM2 X Z my; (Bl(o mymm )
=1
— B1(0;m2,, m? )) + mZ <Bl(0 m2, m%) — Bi1(0;m2,, m? ))] (4.19)
Hence,
j:lepton = NCQ lept02n Z f m; . (420)
8msyy My,

Here, because we have subtracted the contribution from three generations of SM
leptons, the summation is over three generations of mirror leptons only. Subscripts
vi and ei represent the mass eigenstates, right-handed neutrino (vg;) and mirror
electron (eﬁw ) member, of the it" mirror lepton generation respectively. (N¢)iepton =1
is the lepton color factor and Yjepion, = —1 is the hypercharge of the mirror leptons.

Tyi, ei = (Myi eif/Mz)?, where m,,; .; are masses of vg; and e respectively. And G(x)

is given by Eq. (A.19). The new physics contributions to S and 7' from the quark
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sector in EWvgi model are given by

o EWVR
Squark Squark Squa'r‘k

(N C ) quark ’ K]uarkz Y:1uark
= 110 quark 2 (4729k L3 ) g + 2 (472 4 3) 2y,
6 ZZ:; 9 + Toyi + 9 + Tq
ug 3 Yuar
YZJuark In (x ) + |i(§ + nuar‘k) Loys + qu:| G(xm)

Td;

and
,‘fquark = quiglI;R Tquark
(Ne) -
C')quark 2 2
= W X ; mm(Bl(O m2;,m2;) — Bi(0; mmvmdi))

+mdz <Bl(0 mdwmdz) Bl(o mdm ))]

— sf S%VQXZQ’“ Z]—" m2, m>), (4.22)
respectively. Once again, because we have subtracted the contribution from three
generations of SM quarks, the summation is over three generations of mirror quarks
only. Subscripts ui and di represent the mass eigenstates of the mirror up- (u}!) and
the mirror down- (d?) member of the 7" mirror-quark generation respectively (refer
to the arguments about negligible mirror fermion mixings given after Eq. (4.12)).
(N¢)quark = 3 is the quark color factor and Y, = —1/3 is hypercharge for mirror
quarks. ;i g = (Mui ai/Mz)?, where my,; 4 are masses of uM and dM respectively.

Refer to Appendix C.2 for the mirror fermion loop diagrams contributing to S and
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T. As in section 4.4.2, both g’lepton and §qumnk favor positive values more than the
negative values, although this trend is not apparent in eqns. (4.18), (4.21). It can be
seen in eqns. (4.20) and (4.22) that both flepton and fquark are always positive. Also
contributions to these quantities from a mirror lepton and a mirror quark generation
increase with the mass splittings within the doublet of the mirror generation. These
behaviors are expected in the EWvg model so that the total S and T satisfy the

experimental constraints given in section 4.4.2.

4.4 Comparison with the experimental constraints

In this section we present the results of numerical analysis of oblique parameters,
discussed in Section 3 ([42], [43]). In the first subsection we present the ranges for
all the relevant parameters. In the second subsection, we show the scatter plots
of the S and T parameters coming from the mirror sector and the scalar sector,
without imposing the experimental constraints. Contributions from these two sectors,
separately plotted in T-5 plane are also discussed. In the next subsection, we
combine the contributions from both the sectors and show the scatter plot of the
predictions of T — S in the EWvg model overlapping the 1o and 20 experimental

constraints, in the T-5 plane.

4.4.1 Ranges of relevant parameters

As seen in Section 4.3, the S and T" parameters depend on many parameters, including
the masses of the scalars, the masses of the mirror fermions and the right-handed
neutrino and the ratio of VEV’s 6y (recall the definition from Eq. (3.39) in Chapter
3).

Among these parameters, the upper limits on the masses Mg of the right-handed
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neutrinos and those on the masses of mirror fermions are correlated. A few remarks
about this correlation are in order here. Last but not the least in this mini review is
the question of charged fermion masses, in particular the top quark and mirror fermion
masses and the perturbative Yukawa couplings they arise from. This is a topic for a
detailed discussion on its own, but such an endeavor is beyond the scope of this dis-
sertation. A few words are in order here for sure. Since v = /v + 803, &~ 246 GeV/,
it is evident that vy < 246 GeV and vy; < 87GeV. This has implications regard-
ing fermion masses, since charged fermion masses are proportional to vy while the vg
masses are proportional to vy;. The requirement that the Yukawa couplings giving rise
to these masses, namely g;’s and gy, are perturbative (i.e. ayy = g7,,/(47) < 1)
imposes constraints on the allowed ranges of v, and vy, respectively, and also on the
allowed ranges of masses of the mirror fermions. Since Mp = gp; vy and since the
Yukawa mass of a charged fermion is given by (ignoring mixings in the mass matrix
for now) my = gyve/V/2, for a given mass of a charged mirror fermion (m ) the

upper limit on masses of vg’s can be given by

2 max max
My < V2 garma U, ™ (4.23)

GfM min U2 min

Let us estimate each quantity in the fraction on the right hand side of this equation.
As mentioned before, g max = V4. Because the top quark mass is known, (navely
expressing it as Miop = Grop U2/ V2 ~ 170 GeV), the perturbative limit on g, gives
vg > 68 GeV. This constrains vy, further such that vy, < 84 GeV. Since Mr > Mz /2,
it follows that vy; > 13 GeV to ensure that gy, < V4 . This limit on vy, implies
that vy < 243 GeV. Hence, considering the charged mirror fermion masses to be
heavier than 150 GeV it is straight forward to see that gy > 0.87 for vy ~ 243 GeV.

Thus, Eq. (4.23) becomes Mr < 7.1mgu. On the other hand gy < V47 and
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vy < 84 GeV also imply that Mz < 300 GeV. Both these constraints are plotted
in FIG. 4.1. In addition to any other constraints, the aforementioned constraints are

also to be incorporated while studying the phenomenology of the EWvrz model.

Mg (GeV)
4000
,(M
3000 1 Ar
N\“\a"* mf
ﬁ QM rL‘(\\(\
Qf ‘(\\(\

2000 We”

Mz/2 < Mg < 7.1 mgm
1000

M;/2 = Mg < 300 GeV

200 300 400 500 soo ™ (GEV)

Figure 4.1: Mass of vp versus mass of charged mirror fermion f* with constraints due
to perturbativity of the Yukawa couplings. Thus, the final constraints are Mz/2 < Mp <
300 GeV and mgn < 610 GeV (small purple area).

Considering my = gy vo/ V2 < gy 148 GeV, one expects a Yukawa coupling giop ~
1.2 for the top quark. This coupling can actually be even smaller if the SM quark
mass matrix is of the “democratic type” i.e. having all matrix elements being equal
to 1 [44]. (A more “realistic” version differs slightly from this one.) The largest
mass eigenvalue in such a model is ~ 3 g5 148GeV giving ¢, ~ 0.4. For very heavy
mirror quarks, the Yukawa couplings might be larger, but, because the requirement
for a perturbative ay = gj% /4w <1, a value of gf ~ 2or3 might not be problematic.
There is also an interesting twist in the situation when the Yukawa couplings become
large: A possibility that the electroweak symmetry can be broken dynamically by

condensates of heavy fermions through the exchange of a fundamental scalar as it has
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been done for a heavy fourth generation [45, 46].
In our numerical calculations we fixed the ranges of the relevant parameters as

follows:

e Scalar masses: from My to 650 GeV . The upper limit was chosen since the
results of Higgs searches at CMS and ATLAS were available up to about 650
GeV .

o Mp: from Myz/2 to 300 GeV .
e Masses of the mirror fermions: from My to 600 GeV .

e sinfy = 2v/2 vy /v: from 0.1 to 0.89, as discussed in [27]. We Stretched the

lower limit to 0.1 for numerical purposes.

4.4.2 Unconstrained S and T parameters for the scalar and

the mirror fermion sectors

We generated 10,000 random combinations of the parameters in the ranges given
above and calculated the S and T parameters using their expressions given in the
previous section. For these combinations the ranges of the contributions from the

scalar and the mirror fermion sectors were as follows:
L 5'scalar or SS: —0.5 < SYS < 0.5

Tcatar OF Ts: —5 < Tg < 22

5'fermion or gMF: —0.1 S SMF S 1

1 Tfermion or TMF: 0 < TMF < 32
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We show 500 of these points in Figs. 4.2 and 4.3. Scatter plot of T' versus S for

the scalar sector with the 1 and 2 ¢ experimental contours from [40]:

15
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Figure 4.2: T versus S for the scalar sector with the 1 and 2 o experimental contours
(about 500 points). Plotted by Vinh V. Hoang.

Scatter plot of T versus S for the mirror fermion sector with the 1 and 2 o exper-

imental contours from [40]
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Figure 4.3: T versus S for the mirror fermion sector with the 1 and 2 o experimental
contours (about 500 points). Plotted by Vinh V. Hoang.

Notice in Fig. 4.3 that S fermion 15 almost always positive, as expected. On the
other hand, gscalar in Fig. 4.2 can have positive as well as negative value. Thus,
negative §Scalar can almost cancel S termion 1O yield the total S that agrees with the
experimental constraints. We will verify this when we discuss constrained EWvg

predictions in the next subsection.
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4.4.3 Constrained S and T parameters for the scalar and the

mirror fermion sectors

To verify whether the expected cancellation of §Swlw and S fermion Teally occurs, we
generated random combinations of the parameters in the ranges given in section 4.4.1
and calculated the S and T parameters using their expressions given in the previous
section. In this way we generated about 3,500 combinations of the parameters, for
which the calculated values of these parameters are within the 1o or 20 experimental

results given in Eq. (4.10):

S =-0.024+0.14 and 7T =0.06+0.14 (4.24)

with a statistical correlation 0.88 between the two. About 100 among these 3,500
combinations satisfy the 1o constraints.

Fig. 4.4 shows the these calculated values, along with the imposed experimental
constraints. We can see that a significant part of the parameter space in the EWvg
model is consistent with the electroweak precision constraints from S and 7.

We also noticed that for these constrained combinations of the parameters, the

Secatar a0 Taeatar really almost cancel S Fermion and Tfermion, respectively [42].
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Figure 4.4: Total T versus S with the 1 and 2 o experimental contours. Plotted by Vinh
V. Hoang.

4.4.3.1 A few remarks

A remark about the allowed range of 8y parameter is in order here. As can be seen
in Appendix C, this parameter enters in calculation of various loop diagrams that
contribute to the oblique parameters. One might think that the constraints on these
parameters restrict the allowed range of 0y to cosfy ~ 1 (i.e. where VEV vy of
SM-like scalar doublet @, is dominant in v). However, we noticed that all the values
of sin @y were equally allowed by oblique constraints [42]. This is interesting, since in
many other models which add extra scalar multiplets to the particle content in SM,

the VEV’s of the extra scalars are restricted by the constraints on the p parameter
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(and hence, on the T'), so as to make v, dominant in v.

In the plots above, the value of My was fixed at 126 GeV . Recall that this is
a pure-CP-odd pseudoscalar. The reason behind this choice and the implications of
the spin-parity of the 125-GeV spin-0 state at the LHC for the EWvri model will be
discussed in the next chapter. We will also discuss what extension is needed in the
scalar sector of the EWrg model, as a result.

In these figures, the masses of HY and HY' were arbitrarily chosen to be m HO =
600 GeV and mgo = 100, 500, 650 GeV. These values, although arbitrary, were
chosen for illustrative purposes. A number of features of how different contributions
to S and T vary with 6, the scalar masses and mass splittings are discussed in detail

in [42].

4.5 Conclusions of the chapter

e For any model that adds extra chiral fermions to the SM fermion sector, it is
crucial to verify its agreement with the experimental constraints on the elec-

troweak precision parameters - the oblique parameters S and 7.

e Since the EWvrg model contains the mirror fermions, it is important to first
check whether it satisfies the experimental constraints on S and Tv, before ana-

lyzing its phenomenology further.

e We demonstrated that a significant part of the parameter space of the EWvg

model is consistent with these constraints.

e We observed that these constraints do not restrict the ratio of VEV’s of the

triplet x and doublet ®,, through the 65 parameter. It is only restricted by the
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perturbative limit on various Yukawa couplings and the lower limit of Mz /2 on

Mp.

e The particular choices of scalar masses in our calculations were only for illus-
trative purposes. Changing these choices should only move the region of the
parameter space that agrees with the experimental constraints. We believe that

it will not change the conclusion of our analysis.

As the minimal EWvgr model does not violate the electroweak precision con-
straints, we can now discuss the phenomenology of the model further. When this
analysis was coming to its conclusion, the 125-GeV Higgs was discovered at the Large
Hadron Collider. In the next chapter we will discuss the implications of this discovery

from the perspective of the EWrg model.
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Chapter 5

An Extended EWrp Model and the
Dual Nature of the 125-GeV Scalar

The agreement between the minimal EWvg model in Chapter 3 with the experimental
constraints from the oblique parameters demonstrates the validity of the model from
the perspective of Step 1 illustrated in the Foreword of the dissertation. In the present
chapter we will investigate the implications and a generalization of the EWrg model
in the context of Steps 2 and 3 - relevance of a theoretical model to contemporary
experiments and its predictions which can be tested at the experiments.

When the analysis in the previous chapter of this dissertation was in progress,
only one of all the particles in the Standard Model remained to be experimentally
discovered - the Higgs boson. The ATLAS and CMS experiments at the Large Hadron
Collider (LHC) were excluding different mass ranges between ~ 115 GeV (LEP bound
[6]) and ~ 600 GeV. After excluding a broad low-mass region, the search for the SM-
like Higgs boson was narrowed down to the mass regions around certain values where
the data was not conclusive enough [47, 48]. These regions for both CMS and ATLAS

included the masses around 125 GeV .
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On July 4, 2012 the CMS and ATLAS experiments announced the “discovery” of
a spin-0 state with a mass of 125 GeV | which was then hoped to be a Higgs-boson-
like particle [49, 50]. Further data revealed that the signal strengths of this particle,
indeed, looked similar to those of the SM Higgs boson [51, 52, 53, 54]. Hence, for

every model of physics beyond the Standard Model (BSM) it became imperative to

1. have at least one Higgs particle with a mass of about 125 GeV | having SM-like

signal strengths, and

2. study the implications of these properties in the ‘allowed’ parameter space of

the model (e.g. allowed masses of any BSM particles in the model, etc.).

To test the viability of a model or to search for the model experimentally at the
LHC, the signal strengths of the 125-GeV Higgs boson candidate in the model must
be studied.

In phenomenology of the EWvg model can be studied also by focusing on the
signals for the mirror fermions. However, in the light of the Higgs discovery, agreement
with the signal strengths of the 125-GeV particle is the veto criteria for any region
in the parameter space. We therefore decided to analyze the implications of this
discovery for the EWvrg model, which truly revealed many interesting features of the
scalar sector in the model.

The organization of this chapter is as follows: In Section 5.1, we will explore the
viability of the neutral scalars in the minimal EWvg model as 125-GeV candidates.
Section 5.2 shows step-by-step development of an extended EWvgr model. Sections
5.4, 5.4.1, 5.3 discuss “the dual nature” of the 125-GeV Higgs, and the implications

of the heavier CP-even neutral scalars in this model.
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5.1 Can the minimal EWrr model accommodate

a 125-GeV Higgs?

By “the minimal model” we refer to the Hung’s model explained in Chapter 3. The
scalar sector in this model contains one doublet ®5 and two triplets x, £&. The SM
fermions as well as the mirror fermions in the model couple to the same SU(2) scalar
doublet ®,.

After the electroweak symmetry is spontaneously broken, 4 neutral physical spin-0
states are obtained - HY, HY, HY, and H?. For now we focus our attention only on
HY and HY, as the other 2 states do not couple to SM or mirror fermions (remember
that the right-handed neutrinos are not counted among the mirror fermions). Thus,
we can say that either HY or HY could be the 125-GeV candidates in this model.
Recall that HY is a CP-even (scalar) eigenstate, while HY is a CP-odd (pseudoscalar)
eigenstate. The Feynman rules of the Yukawa couplings of SM fermions to HY, HY

and H;E can be obtained from the Lagrangian
,Cig/M = —hijﬁLiq)g\Iij + h.c.

The corresponding Feynman Rules for SM quarks [27] are given by

mgg

A Z.thSH o imeSH
- a 75 ’ O — ~ S A )
IHgte 2 My CH% 9H3vb 2 My CH%
g s

Iz zm [me(1 4 5) — my(1 —95)] - (5.1)
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For the mirror quarks the Yukawa interactions are obtained from

ﬁyF = _hijERi(I)QM\PLj + h.c. . (52)

Thus, the Feynman Rules for mirror quarks are

. qu g
gH?quM = —’lm s
M G SH MgM g SH
IHQuMaM = ﬂm’Yw Iugama™ = Zm%
_ 9SH
Inzudd = 'Y B [ (1= 75) = mgyr (1 +75)] (5.3)

A spin-0 state can be a viable candidate for the 125-GeV scalar at the LHC,
if and only if the decay properties of the latter agree with those predicted for the
candidate particle. At a hadron collider such as the LHC, only the relative signal
strengths 1, and not the partial decay widths I' can be experimentally measured for
any decay channel. Since the production cross section appears in calculations of p
for all the decay channels, it is reasonable to believe that, in the minimal EWvg
model, if the production cross section of a candidate particle deviates a lot from that
of the SM Higgs boson, then it is difficult to compensate for this deviation for all
the decay channels. For example, consider the production cross section of HY in the
gluon-gluon (gg) fusion channel, o(gg — HY). In this model, the top-quark as well
as the mirror quark loops must be considered while calculating o(gg — HY). For a

back-of-the-envelope calculation, assuming that mirror quarks are as massive as the
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top quark,

o(gg — HY) = }A(gg — top loop — HY) + A(gg — 6 mirror quark loops — Hf)‘z

4
— x o(gg — Hoy),
Chy

where ‘A’ denotes amplitude of the production process. Therefore,
olgg — HY) 2 49x (g9 — Hgy). (5.4)

At the LHC, gg-fusion is the most dominant production channel for a SM-like
Higgs. From the structure of the EWvrgr model, it is also the most dominant pro-
duction channel for HﬁS. Consequently, u’s of all the decay channels of HY agree
with the data at LHC, if all the corresponding partial decay widths are suppressed at
least by a factor of about 49 as compared to the SM-Higgs-decay widths. However,
it can be seen from Eq. (5.1) and Table D.4 that A(HYff) = A(H2,,ff), while
A(HVVT) < A(HS,,VVT). Therefore, it is not possible to suppress all the partial
decay widths by a factor of 49, to compensate for the factor of ~ 49 in the production
cross section. This implies that HY cannot be a viable candidate for the 125-GeV
scalar at the LHC!.

The other possible 125-GeV candidate could be HY. The Yukawa couplings of
HY with fermions are proportional to tanfp, and it couples to the up and down
members of SU(2) fermion doublets with opposite signs (refer to Eq. (5.1). For a

back-of-the-envelope calculation assuming that the up- and down-type mirror quarks

Maybe it is possible that HY still satisfies all the constraints from decay properties of the 125-
GeV Higgs boson, but only in a highly constrained parameter space



110

CMS preliminary Vs=7TeV,L=5.1fb" V's=8TeV, L=19.6 fo*

ﬂ [ T T T T ‘ T T T T ‘ T T T T ‘ T T ‘___‘__‘ T T T T ‘ T T T T i
S 0.1- ) -
£ I o ]
o L i
g_ 0.08 — CMS data N
() L i
o B i
S
3 - -
Y 0.06- —
& - -
0.04 —
0.02— —

% 20 10 0 10 20 30
-2 % In(LO_ /'Ly)

Figure 5.1: Courtesy: CMS collaboration, CMS-PAS-HIG-13-002, March 2013

have degenerate masses,
olgg — HY) ~ tan*0y x o(gg — Hey) - (5.5)

In general, tan? @y can be ~ 1 and therefore, o(gg — HY) ~ o(99 — H2,,). Thus,
in the light of recent results from the LHC, only HY (CP-odd) can potentially have
relative signal strengths p’s close to that of the SM-Higgs boson.

On the other hand, the preliminary likelihood analysis with different spin-parity
hypotheses for the 125-GeV particle disfavors 0~ (CP-odd pseudoscalar) hypothesis
by more than 30 as compared to the 0% (CP-even scalar) [55]. Refer to FIG. 5.1.
Consequently, HY is not a viable candidate for the 125-GeV scalar at the LHC.

The question under investigation now becomes how the 125-GeV particle can be

accommodated in the EWvg model as a scalar (CP-even) mass eigenstate®,

2The possibility that the 125-GeV Higgs boson is a linear combination of CP-even and CP-
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The minimal EWvi model cannot answer this question affirmatively. Hence an
extension of the model is required, particularly in the scalar sector of the minimal

model. We will discuss a simple extension of the model in the next section.

5.2 An extended EWvr; model

5.2.1 Field content of the model

As the minimal EWvg model in [26] cannot accommodate the 125-GeV particle as
a scalar, an extension to the model is needed. Adding a scalar SU(2) doublet to
the field content of the model is the simplest extension, and it is expected to work,

because:

e We need at least one additional scalar degree of freedom (d.o.f.), which can
appear as a physical state with a mass of ~ 125 GeV. But a SU(2) singlet
scalar would not do the job, as it cannot interact with electroweak gauge bosons.

Hence, the next simplest option is adding a SU(2) scalar doublet.

e With this addition the EWvgr model will have two SU(2) scalar doublets, in
which case we can expect to obtain one ‘light’ and one ‘heavy’ physical scalar,
under the premise of having SM-like signal strengths - just like what happens
in case of 2HDM model [56].

odd state has not been thoroughly tested experimentally yet. Here we will stick to CP-eigenstate
hypothesis based on the likelihood analysis
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When a Y = 1 complex scalar doublet is added to the minimal EWvg model,
under the global SU(2); x SU(2)g we have

0,% + 0,% + XO €+ X++
¢2 ¢2 2M ¢2M
@2 — , (I)QM e , X e X* 50 X+
¢y P Parr Do I,
X & X

(5.6)

However, if both Re[¢9] and Re[#9,,] interact with SM as well as mirror fermions,
then it might severely restrict their vacuum expectation values (VEV). If both of
them contribute to the masses of charged SM-fermions (most of which are significantly
light) and much heavier (2 100 GeV; more on this later) charged mirror fermions,
that could create difficulties in agreement between the allowed parameter space in
the model and experimental constraints. To prevent such cross couplings, a global
symmetry will be imposed such that only one doublet couples to the charged SM-
fermions and the other one only to the mirror fermions. We introduce the following

global symmetries and scalar doublets:

U(l)SM : (I)Q — e'sM (I)Q

(a2 12M) — e (g 12, (5.7)

U(l)MF : (I)QM — 'MFE q)zM
(ar 17) — €™ (qi 7)), (5.8)
bg — e~ HamF—asnm) bs (59)

X, € = e MR g (5.10)



113

All the other fields (SU(2)-singlet right-handed SM fermions, left-handed mirror
fermions) are singlets under the global U(1)sy X U(1)mr -

These symmetries will forbid Yukawa couplings of the form gy f;®>M fr and
gy fM®yfM - at tree level. Only Yukawa interactions of the type gy fr®»fr and
gy f% Popr fM are allowed. The Yukawa couplings of the physical spin-0 states to
SM and mirror fermions will involve mixing angles between different SU(2) scalar

multiplets.

5.2.2 Symmetry breaking

Proper vacuum alignment that results in SU(2), x U(l)y — U(1)en follows the

pattern below:

U2/ V2 0 Vo / V2 0
(®y) = V2 , (Do) = V2 , (5.11)
0 712/\/§ 0 'UQM/\/§

and
Umr 0 0
= 0 vy 0 |, (5.12)
0 0 Um

Thus, the VEVs of real parts of ®;, ®oy; and x are (va/v2), (vanr/v/2) and vy
respectively such that

v + vay + 80y = v, (5.13)
where v ~ 246 GeV. We define

22
82:%; SzM—WTM; Sy = V2 o ) (5.14)
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A generic SU(2);, x SU(2)r preserving potential for these scalars can now be

written as

2 2 2
V (@, Bonr, X) = A | Tr®ld, — vg] e [T@;M@W _ ng] F s [TrXTX _ 3%]

+ N\

+ X5

+ X6

+ A7

- 2
Trcbg% —v) + Trq);Md)QM — iy +Trxtx — 3@%4

7_b

- TCL
(Trols) (Trx'y) =2 (Trel -0, %) (T TxT)]

- 7@ ,7_b
(Trdly Ponr) (Trx'y) —2 (TT’@EMg%M?) (TTXTT“XTb)}

(Trold;) (Trol, @) — (Tr@l@ay) (Tro),@,)|

+ As [3 Trx"xx"x — (TTXTX)2] : (5.15)

where My, = gv/2. Note that this potential, like the one in the minimal EWvg

model is also invariant under y — —x. The vacuum alignment given above breaks

the global SU(2), x SU(2)r down to the custodial SU(2)p.

It is found that three ‘massless’ Nambu-Goldstone bosons can be obtained after

spontaneous breaking of SU(2);, x U(1)y to U(1)em, when a condition A5 = A\g = A7

is imposed on the potential above. Thus, the final form of the scalar potential, which
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is to be used to find the physical Higgs states, is

2 2 2
V (@, anr, X) = M [Trof, — o]+ 0 [Trdfy o — oy |+ X[ Triix — 303

2
Y [Trcbgcbz — 02+ Tr®, Bops — vy + Trxx — 31@]

T4 7_b
+ As [(TT(I)}I)Q) (TrxTy) —2 (TﬂIDT—CI)QE) (Trx T xT) + (Trdl, , ®onr) (Trxty)

29
70 Tb
) (T?“CI);M?(I)QME) (TryT*XT?) + (Trold,) (Trdl,, o)
— (TT@;@gM) (TT@;Mq)Q)] + g [3 T?“XTXXTX — (Trx*x)Q] (5.16)

After SU(2);, x U(1l)y — U(1)em, besides the three Nambu-Goldstone bosons, there
are twelve physical scalars grouped into 5 + 3 + 3 + 1 of the custodial SU(2)p.
This includes 3 custodial scalar singlets.

To express the Nambu-Goldstone bosons and the physical scalars in terms of

SU(2) scalar d.o.f.’s, let us adopt the following convenient notation:

Vo Vomr 2\/51)]\/[
So=—, Somy = —, SmM = ’
v v v
2 2 2 2 2 2
Uy + 8oy, /vy +8uy, /Uy gy 5 17
C2—f702M - #7CM_f' ( )

Thus, s5+c2 = s2,,+ 3y = sa;,+¢3; = 1. Notice that in the limit sops — 0, spr — sy

and cp; — cy. Like we did for the minimal EWvg model, let us also define:

1 A 7
6 = (oot + ),

1
XO = UM+_<XOT+ZXOZ)a 77ZJ:N:

V2

(vans + B + 108 )
1

Sl Sl

(x*+€%), ¢t = —=(x* - €*)(5.18)

Sl
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With these fields the Nambu-Goldstone bosons are given by

th = Sng;t + SQMQZ);EM + syb* and Gg = z( — 590" — Son @Yy + sM)(O’). (5.19)

The physical scalars can be grouped, based on their transformation properties under

SU(2)p as follows:

five-plet (quintet)
triplet
triplet

three singlets

++ £ 0.
H5 9 H57 H5’

+ 0.
Hg, H3,

+ (VN
H3M7 HSM?

HY, HYy, HY' (5.20)

where
1
HY = Xt HP = HY = (260 - V™)
) ) \/6 )
S2SMm SoMSM
H??L = - - (b;_ ¢2+M+CM1/1+7
M CmM
S98  SoS . .
HY = (e S ),
Cymr Cymr
Som S9 SoM 0; S20i
Hi = -oi+ 2o, Hho— (-2 2a,).
Cym Cym Cym Cym
1
HY = o H = Y= (VRO €). (521)
with phase conventions Hy ~ = (HJ")*, Hy = —(HJ)*, Hy = —(HS)*, Hyy, =

—(Hjy)* HY = —(HY)* and HY = —(HYJ)*. The masses of these physical scalars can

easily be obtained from eq. (5.16).
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As long as the SU(2)p custodial symmetry is preserved, members of the physical

scalar multiplets have degenerate masses. These masses are

mg = 3()\50?\/[ + )\88?\4)1}2 ,

mi = Asv®, miy = As(1+ vt (5.22)
In general, HY, HY,, and HY can mix according to the mass-squared matrix

88%()\1 + )\4) 88282M/\4 2\/6828]\4)\4
Mzinglets =% x 8598901\ SSgM()\Q + )\4) 2\/652M5M)\4 . (523)

2\/68281\4)\4 2\/682]\48]\/[)\4 38%4()\3 + )\4)

It should be noted that in the limit Ay — 0 the off-diagonal elements in the matrix
above vanish. Also note that, in general, we have six parameters in the physical scalar
potential and we can have six independent physical scalar masses. Thus, given the
masses of the physical scalar states the parameters (these include quadratic coupling
parameters, Ay, A5, Ag) in the potential can be uniquely determined and vice versa.

Hence, the generic mass eigenstates are given by

0
H ay1 Q1,1M a1/ H1
27 — 0
H = | a1 aimam Qi Hiyo| o (5.24)
H" ayr ayip  Aary H?/

the lightest of which is H, while H” is the heaviest.
Tables D.2 - D.6 list couplings of the physical Higgs states with fermions and

gauge bosons.
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5.2.3 Physical particle spectrum in the extended EWv model

The total particle content in this model is shown in Fig. 5.2 below.

Three generations Three generations
of Standard Model fermions Gauge of mirror fermions
| 1] 1l bosons | Il

mass —| 2.4 MeV/c? 1.27 GeV/c? [l |171.2 GeV/c? | ? Gevic? ? GeVic?
charge -2/ s %5 t 124 Ml |25 M
spin~1/zu sz Y 1/zu VzC
name - up charm top . up charm
4.8 MeV/c? 104 MeV/c? 4.2 GeV/c? ? GeVic? ? Gevic? ? Gevic?
xd |rs b oo W [P [ o ) B
= % Y Y 1, 1, 1, s =
8 down strange bottom down strange bottom 'm;‘r Q
<2.2 eV/c? <0.17 MeV/c? 2 GeVic? 2 GeVic? 2 Gevic?
0 0 0 0 V 0 V
2V1Le f||72Y Lp Y% YRl |2 Y Rp"|| |2 Y RM
electron muun electron muon tau
neutrino neutrino neutrino neutrino neutrino neutrino
0.511 MeV/c2 [l [105.7 MeV/c? || |1.777 GeV/c? ? GeV/ic? ? Gevic? ? GeVic?
—
0 |1 4l 4l A2 A~AMEl2, M il M6 =
: AT | T |%:
S % Yy Yy Y Y Y g o
5 =
@ | electron muon tau electron muon tau 3
|
Left-handed fermion doublets Right-handed mirror fermion doublets

? Gev/c? ? GeV/c? ? Gev/c? ? GeV/c? ? GeV/c?

)

SHoEHL L Ha e Hy L H
o1 Ispjo & s g0 & is5 0 8 fq Q0 8 by
Higgs Higgs Higgs Higgs Higgs
boson boson boson boson boson

? GeV/c? ? GeV/c? ? GeV/c? ? GeV/c? 27?2 eVic?
+ +

¢ L g* Hlo O flerp gt o P |l[o (I)

o||3 OII3 oIIsM o||105

Higgs Higgs Higgs Higgs Higgs

boson boson boson boson boson

|:| Interacts only with mirror fermions
Interacts with Standard Model and

l:l mirror fermions

l:l Interacts with Standard Model
fermions Created by Ajinkya Kamat

Figure 5.2: Physical particle spectrum in the extended EWrgz model.

Note the difference between the figure above and Fig. 3.1 in Chapter 3. Since we
have added 4 scalar degrees of freedom to the original model, we obtain 4 additional

physical scalars.
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5.2.4 A comment on oblique contributions in the extended

EWvrir model

We know from the analysis in Chapter 4 that those combinations of parameters of the
EWvg model would agree with the experimental constraints on S and T , for which
the positive fermion contributions to S are compensated by the negative contributions
from the scalar sector of the model. We saw that the scalar contributions §5 can take
negative as well as positive values. Therefore, even after adding an additional scalar
doublet to the minimal model, it is reasonable to expect existence of a significant
region in the parameter space to result in negative gscalar that can compensate for
the positive S termion- We therefore believe that the contribution due to these extra
d.o.f.’s will not change the conclusion about the agreement between the contributions
to S and T in the extended EWvg model and the electroweak precision constraints
from experiments.

Hence, we argue that S and T in the extended EWvg model would also satisfy

the experimental constraints, just like the minimal EWvg model.

5.2.5 A comment on the pseudo Nambu-Goldstone bosons

in the EWvri model

Before proceeding to analyze the decay properties of the scalars in the EWrg model,
an important clarification is in order here, regarding whether or not the Nambu-
Goldstone (N-G) bosons arise due to breaking of the U(1)gy X U(1)yr symmetry.
When any symmetry is broken spontaneously there arise massless N-G bosons.
If a local symmetry is spontaneously broken in the vacuum state of the Lagrangian,
then the N-G bosons are absorbed by the longitudinal-polarization components of the

corresponding gauge bosons [57] (refer to Chapter 1). On the other hand, if a global
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symmetry is broken, then the N-G bosons appear as physical massless particles. In
a different scenario the global symmetry is not exact i.e. it is broken “explicitly”
by symmetry breaking term(s) in the Lagrangian. In such a case, the would-be N-G
bosons acquire masses proportional to the symmetry-breaking term(s). Such massive
would-be N-G bosons are referred to as “pseudo Nambu-Goldstone bosons” [10].

Keeping this in mind let us look at what happens to the N-G bosons associated
with breaking of the U(1)sy x U(1)mr symmetry.

In the context of the minimal EWwvg model this question arises for the U(1)yp
symmetry (referred to as U(1)ys in [26]). How different fields transform under this
symmetry is given in Eq. (3.16). This question of N-G bosons has been addressed in
detail in [29] and, specifically in the EWwvg model, in [26]. Recall the scalar potential
in the minimal EWvg model, in Eq. (3.35). The term proportional to A4 is necessary
for the proper vacuum alignment of ®5 and , so that SU(2)xU(1)y — U(1)ga. This
term includes interactions such as (£°x°¢Tx ™). It can be seen from Eq. (3.16) that
these terms explicitly break the U(1),r symmetry. As a result, after the spontaneous
breaking of SU(2) x U(1)y to U(1)gu, the pseudo N-G bosons of the global U(1)F,
which are the triplet Hg ’i, acquire mass proportional to A4, as given in Eq. (3.43).

Similarly, in the extended EWrg model we have the global U(1)gy X U(1)pp sym-
metry. Notice the terms proportional to A; in the potential in Eq. (5.15). These
terms are necessary to ensure the proper vacuum alignment of ®,, ®9,, and xy. How-
ever, as can be seen from Egs. (5.7), (5.8) and (5.10), these terms explicitly break the
U(D)sm x U(1)mr symmetry. Hence, when SU(2) x U(1)y — U(1)ga, the pseudo-
N-G-bosons pick up masses proportional to A5 and become Hg’i and ng’\j[ (refer to
Eq. (5.22)).

Thus, in both, the minimal and the extended, EWvg models the U(1)yr and

U(1)sm x U(1)mr symmetries (respectively) are broken explicitly to ensure proper
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vacuum alignment for the spontaneous breaking of the electroweak symmetry. Hence,
there arise no massless N-G bosons associated with these symmetries!

In the next section we will discuss how the different partial widths of a CP-even
scalar can be calculated in the EWrp model. The signal strengths of a scalar in
this model depend on these partial widths. It is therefore important to review their
calculation before proceeding to numerical analysis of the 125-GeV candidate in this

model.

5.3 Partial decay widths of neutral Higgs

In this section we will discuss various production and decay channels that are relevant
for studying properties of the 125-GeV Higgs from the perspective of the EWvg
model. We will focus on tree- and one-loop decays of CP-even physical states in this
model. These include tree-level decays: H® — WW, ZZ, ff, and one-loop processes:
H° — ~v, gg- type decays (and also the Higgs boson production through gg — H).
We show calculation of the decay width ['(H — ~7) up to LO in QCD.

We also show how partial widths of all other than the ~v decay channel can
be calculated easily from the corresponding SM values modified by a multiplicative

factor. We calculate these widths in EWvg model from the SM values given in [58].

5.3.1 H—gg

The decay of a custodial singlet Higgs boson to two gluons proceeds through one-
loops at LO. Unlike H® — 4~ channel, this channel does not give a ‘clean’ signal at
a hadron collider like the LHC due to large QCD background. However, the gluon-
gluon fusion channel (gg — H) is the most dominant production channel for a neutral

Higgs and hence, Hgg coupling becomes important while studying u( H°-decay) for
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various decay channels.

The production cross section of gg — H? is related to the width of H° — gg by

o(gg — H®) < T(H° — gg), (5.25)

where the constant of proportionality includes phase space integrals and the mass of

HY (refer Eq. (2.30) in [28]). Therefore, for a given mass of Higgs

oBwur (99 = H°) _ Teww, (H° — gg)
osm(gg — HO) Lsn(H® — g9)

(5.26)

Hence, to calculate signal strengths p(H-decay), we use ['(H® — gg) instead of
['(H° — gg), since we are only interested in the ratios of production cross-sections.
Consider a general scalar mass-eigenstate H that is also a CP-even state in some

model of BSM Physics. The relevant part of the interaction Lagrangian is [28]

o A
Ll + g My A WiWH + ?W—V: S+S—HO (5.27)

£int =
Vg

where vpo is the vacuum expectation value of H°, v = 2My /g ~ /> .1 o0 Vigos ¥
is a fermion of mass my, S* is a charged BSM scalar. For SM Ay = 1/\/5, Ag = 0.

For a general (CP-even) Higgs boson H? that couples to the SM quarks with Yukawa

coupling in the equation above, the decay width of H® — gg is given by

2
042 92m3 1

[(H® — gg) = 224 Fypa (i 5.28

(1~ gg) = SERE ST Pl (5.25)

where, for a loop of quark having mass m;, 7, = 4m?/ myo (28], and F5(7) is given

by

Fipp(r) = =271+ (1 —7)f(7)]. (5.29)
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and
f(r) = [sin”! (1/\/?)}2, if 7>1,
= i [Log (ny/n-) — w]?, if7<1; (5.30)
where

ne = (1+£vV1-7). (5.31)

In [58] the width for H° — gg in SM is calculated up to the NLO QCD calculations.
We calculate F(ﬁ] — ¢gg) in the EWvgr model using these SM values. Using Eq.
(5.24), Tables D.2 and D.1 this decay width can be given by

2
a a
= a(Tiop) + ;;Af > Fip(tur)

52
|P11/2(7_top)|2

PEWvR(H — gg) = TSM(HYy, — gg) x

(5.32)
where H denotes H, H' and H"; >, is over all the mirror quarks; Tap, = 4 m3, 5 /M.
a1 and aq 15 are elements of the square matrix in Eq (5.24) - they are coefficients

of H? and HY,, in H respectively.

5.3.2 H° — 4y

For a custodial singlet Higgs boson decay to two photons also proceeds through one-
loops at LO. It is a ‘clean’ channel due to the absence of large QCD background.
Therefore, in the study of 125-GeV Higgs boson, decay to diphoton is an important

channel at CMS and ATLAS [59, 60].

For a general Higgs mass eigenstate H® having couplings as given in Eq (5.27) the
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decay width of H® — ~v is given by [28]:

mi
1024 7r3 .M2

U (H = y) =

Z N.i Q} F,

(5.33)

Here )", is performed over all the particles of spin-s which contribute to H® — 7,
s = spin-0, spin-1/2, and spin-1 is the spin of i** particle, Q; is the electric charge in

units of e, and

Fi(r) = AwT 3+ (4=37)f(7)],
F1/2(7') = =271+ (1 —-"7)f(7)],

Fo(r) = 2Xs [1—=7f(7)], (5.34)

with 7 = 4 m?/m?, and f(7) is given by Eq (5.30).

Considering the contribution from W= loop, the charged fermion loops in SM (all
except the top quark loop are negligible) and setting vyo = v gives the H2,, — 77y
decay width. Note that Fj(7) includes contributions from only the transverse polar-
ization of W-boson; the contribution from Goldstone boson must be added separately
using Fy(my). 3.

Based on Eq (5.33) we define partial amplitude of H® — v as

0 o 92 mHO
AH® = 77) =\ {051 =5 07k Z N, Q* Fy(ry) | . (5.35)

3The formulas given above in Eq (5.27), Eq (5.34) are a bit different from Eqgs.(2.15), (2.17) in
[28]. We try to give formulas for a general BSM model (e.g. using a general vgo, Ay and Ag)
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Then, in the EWvg model, we see from Eq (5.24) that

TEVR(H = yy) = lagg AEVR(HY = yy) + avir APVR(HDY, = 47)

2

+  agy AEVR(HY = 4| (5.36)

where ay; with (i = 1,1M,1') are the coefficients of H?, HY,, and HY in H mass
eigenstate, respectively; these are the elements in the H-row of the mixing matrix
in Eq (5.24). To calculate APW¥r(HY — ), in addition to the W*, Gi and
top-loop contributions we have to also consider one loop contributions involving H 3%,
H,, HE and HF*, whereas for APWvr(HY,, — ~v) we need to consider the W*,
G;f loops, the loops with the charged mirror fermion and the loops with H;, H;EM,
HZF and HF*. Various Feynman rules necessary for these calculations can be read
from Tables D.2-D.6 and the three point scalar Feynman rules can be obtained from
Eq. (5.16).

In Eq. (5.22) all the members of a scalar custodial multiplet are degenerate, e.g.
HY and Hj have same masses and so on. But once custodial symmetry is broken at
the loop level, different custodial multiplet members can have different masses. This
mass splitting can also be due to some custodial symmetry-breaking terms in the
Lagrangian (not given explicitly in this dissertation). In that case, the partial width

of H— v depends on the following variable parameters in EWvg models are:

Masses of H3, H;EM, HF and HF*;

® So, Som, SM,

Masses of charged mirror leptons and mirror quarks;

Scalar self-couplings: A1, Ao, A3, A4, A5, Ag;
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e Elements of 3 x 3 mixing matrix in Eq (5.24).

Note that all of these parameters are not completely independent, e.g. once we fix sg,
San, then s, is automatically fixed; scalar self-couplings and mixing matrix elements

must vary so as to give at least one scalar mass eigenstate at the mass of about 125

GeV .

5.3.3 Tree level decays of H

Tree level decay channels of a neutral (CP-even) Higgs include decays to two fermions
and to WW, ZZ. In this subsection first we show how the decay widths of these de-
cays in the EWrgr model are related to the widths in SM. Although at the LO these
decays have only the tree level contributions, NLO QCD+EW corrections become
significant at about 5% accuracy for [58]. Because the decay widths of these channels
at tree level in the EWvi model and in SM are related by a multiplicative factor as
described below, by using SM decay widths to calculate the decay widths in EWvg
model these NLO contributions will be automatically included in our results. For
vertices involving mirror fermions the QCD+EW corrections are different from the
corrections for SM quarks (in SM non-negligible QCD corrections only come from
top quark). Because mirror quark masses are of the same order as the top quark, for
~ 5% accuracy the NLO corrections due to mirror quarks can be assumed to have
the same magnitude as those due to the top quark. The different tree level couplings
in EWvg model can be found in Tables D.2, D.1, D.4, and Eq.[eqn. with relevant
Lagrangian terms|). Note that the predictions for u of various decay channels in the
EWvg model are stated up to 5% accuracy, because Yukawa couplings of HY,, with
the mirror fermions can be large and at these large values extra QCD corrections can

be dominant and reduce the accuracy to ~ 5%.
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5331 H — WW, ZZ

The HYVV, HY,,VV and HYVV couplings (V = W%, Z) in EWrg model are sup-
pressed by sy = /v, Sopr = vopr/v and sy = 24/2vyr /v respectively, as compared
to H2,,VV couplings in SM. Hence, using Eq (5.24) the decay widths for custodial

singlet Higgs mass eigenstates H are given by

rEWvr(H — WW, Z7) = SM(HY,, — WW, ZZ)
2V/2
X Qi1 S2 + a11M S2M + a1/ W Syl - (537)

5.3.3.2 H — ff

The decays of H, H', H" to two fermions take place through the tree level Yukawa
couplings at LO, when mass of the decaying scalar is at least twice as much as mass
of the fermions. It can be seen from Tables D.2 and D.1 that the Yukawa couplings
of charged SM fermions with HY and HY,, are enhanced by factors 1/sy, and 1/s9p
respectively as compared to the corresponding couplings with HY,, in SM. Also, HY
does not couple to particle-antiparticle pairs of charged fermions. Hence, the decay
widths to SM fermions can be calculated from corresponding SM decay widths given
in [58] and using Eq (5.24). Decay widths calculated in this way also include NLO
QCD corrections that are taken into account in [58]. The partial widths of decays to

SM fermions are given in terms of corresponding widths in SM by

2 , (5.38)

1,1

PEVYR(H = f ) = TSM(H" = f ) x |-
2
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On the other hand, the partial widths of decays to two charged mirror fermions need
to be calculated explicitly. We calculate these up to LO, i.e. up to ~ 5% accuracy,
since for further accuracy NLO QCD corrections become important. These partial

widths are given by

2 2 2
g° Mym Ay gy

~ _ 4 M2, 3/2
FEWVR(H - fM) T 321 M2, s2 7 (1 B me ) '
W Sam P

(5.39)

We are now equipped well enough to explore the signal strengths of the 125-GeV
H , which will be the focus of the next section. We will now see what features and
implications of the 125-GeV Higgs at the LHC are revealed through the analysis of

the parameter space in the EWvg model.

5.4 The Dual Nature of the 125-GeV Scalar

Measured properties of the 125-GeV scalar particle that was discovered at the LHC
so far tend to be close to the properties of SM Higgs boson. Hence, in every model
of BSM Physics it is imperative to (i) have at least one Higgs particle with a mass of
about 125 GeV having SM-like decay signal strengths, and (ii) study the implications
of these properties in the ‘allowed’” parameter space of the model (e.g. allowed masses
of any BSM particles in the model, etc.). To check the viability of a model or to
search for the model experimentally, decay properties of the 125-GeV Higgs boson
candidate in the model must be studied.

We denote the 125-GeV candidate in the EWvg model by H. From Eq. (5.24) we
see that it is a mixture of HY, H?,, and H{'. Recall that HY comes from the SM-like
scalar doublet ®, H?M comes from doublet @y, and HY from triplet Y.

Because the measured decay signal strengths of the 125-GeV Higgs boson are
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close to SM predictions, intuitively one might expect that HY has to be the dominant
component of H. But our investigation shows that the 125-GeV H can have SM-like
decay signal strengths, even if HY is a sub-dominant component in it. Hence the
dual-like nature of 125-GeV Higgs boson from perspective of the EWvi model. In
this section we will discuss this dual-like nature and its implications.

In the first subsection we will explain the methodology used in the analysis; the
next subsection presents the analysis and results for H ~ HY case. In the third
subsection, we present a more interesting case, where, although HY is a subdominant
component of 125-GeV H , it still satisfies the experimental constraints on the signal

strengths.
A note on CP of the 125-GeV Higgs in the EWvi model:

As seen in Sec. 5.2, the EWvrr model has 6 neutral physical scalars, of which 3 are CP-
even states (HY, H},;, H;) and 3 are CP-odd states (HY, Hy,;, HY). Their couplings
to fermions and gauge bosons are listed in Tables D.2 - D.6 in Appendix D. Among
these HY does not couple to charged fermions.

It can be seen from Tables D.2 and D.1 that decay widths of H/HS,, — f f
can be close to the SM predictions for some combinations of the BSM parameters in
the couplings. But as mentioned in Section 5.1, HY, HY,, are disfavored as 125-GeV
candidates as compared to the CP-even hypothesis [55].

Hence, in this chapter while considering 125-GeV candidate in the EWrgz model,
we proceed with the hypothesis that this candidate is a CP-even eigenstate .

Out of the 3 CP-even Higgs bosons, only HY can have decay widths to SM fermions

similar to the SM predictions. Therefore, one might expect that in the EWrg model

4The possibility that the 125-GeV Higgs boson is a linear combination of CP-even and CP-odd
state has not been thoroughly checked experimentally yet. The spin and parity of the 125-GeV scalar
are yet to be measured at CMS and ATLAS. Thus, we will stick to the CP-eigenstate hypothesis
based on the likelihood analysis
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HY is the candidate for 125-GeV Higgs boson. However, in the absence of explicit de-
cay widths and based on current available signal strengths for various decay channels,
we will show that the 125-GeV Higgs boson can be very different from the standard
expectation. It is in the spirit of our analysis that we may coin the term “Dr. Jekyll”
to the Standard Model expectation (a mild impostor) and the term “Mr. Hyde” to the
definite “impostor” (which mainly comes from the scalar triplet) scenario presented

in this chapter.

5.4.1 Methodology for comparing the EWv; model predic-

tions with data

For any given decay channel of a Higgs, CMS and ATLAS experiments at the LHC
measure the total cross section of the decay process. The cross section of any decay

channel of the Higgs boson that is measured at the LHC is given by

o(H-decay) = o(H-production) x BR(H-decay), (5.40)

where o( H-production) is the production cross section of H and BR(H-decay) is the

Branching Ratio of the decay channel of H that is under consideration.

['(H-decay)

BR(H-decay) = T :
H

(5.41)

where I'(H-decay) is the partial width of the H-decay channel, and I'y is the total
width of H. To compare the data with the Standard Model predictions, the ratio of
the measured signal strength to its SM-predicted value is presented, denoted by pu.

o(H-decay)
osn (H-decay) ’

p(H-decay) = (5.42)
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o(H-decay) being measured experimentally or predicted by a model.

Therefore, to compare the EWwvg-predicted decay signal strengths with the data,
we investigate the agreement between the ratio of EWwvg prediction with the SM
prediction pgpwy,, = 0wy, (H-decay)/osy (H-decay), to the ratio of measured decay
cross section with the SM-prediction figeq = Odare(H-decay)/osy (H-decay). op_decay
in the EWvg model with the predictions SM for that decay channel.

Hence, we need to calculate

e partial decay widths for these channels,

e the total width of H and

e the production cross-section of gg — H.
The analysis is done in the following steps:

1. Identify all the decay channels that contribute significantly to the total width
of the 125-GeV H Identify the variables on which the aforementioned three

quantities depend.
2. Identify the limits on the variables.
3. Select a set of values for the variables within their respective limits.

4. Calculate the signal strengths p in various channels for the 125-GeV H , and
compare them with the measured values from CMS.
5.4.1.1 Decay channels under consideration

For this analysis we calculate signal strengths u for decay channels H— 277 ,WHW -,

vy, bb, 77. We calculate the production cross-section and partial widths of various
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decay channels as explained in Section 5.3. The total width of the 125-GeV H is

calculated by adding individual partial decay widths:

U =Th s+ larr * Tioee T Daswew-+ Uy + Uiy, + Uiy - (5:43)

Among all the partial widths considered above, I'; .7 and I'_, ;.4 ,,— are the most
dominant for the SM-Higgs. Because of the constraint m v > 100 GeV, the decay
channel H — MM does not occur at the leading order, when f™ is on-shell.

In what follows we identify the relevant variables in the analysis and estimate

their allowed ranges.

5.4.1.2 Lower limit on the masses of charged mirror fermions

The lower limit of 102 GeV on the masses of charged mirror leptons and mirror quarks
is imposed based on the results of search for sequential heavy charged leptons and
quarks at LEP3 (refer ‘Heavy Charged Leptons’ and ‘Heavy Quarks’ sections in [6]
and references therein). Strictly speaking these constraints apply only to sequential
heavy fermions, such as L' — 77 — 7ll,7qj or Q' — bZ — bll,bqjor Q' — bW+ —
blv, bqq ete.

However, charged mirror fermions in the EWvg model couple to the SM fermions

M

in an altogether different way, through the scalar singlet ¢g [26, 61]: ¢" — qos,

IM — lpg. This ¢g would appear as missing energy in the detector. Thus, the
signature of final states in charged mirror fermion decay would involve a lepton +
missing Er or a jet 4+ missing Ep. Moreover, at CMS or ATLAS these decays could
occur outside the beam-pipe and inside the silicon vertex detector [26, 61]. Therefore,
the constraints from the aforementioned searches do not directly apply to charged

mirror fermions. We still impose these constraints on charged mirror fermions, arguing
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that if these mirror fermions were lighter than ~ 100 GeV, they would have been

discovered at 200 GeV LEP3 [6].

5.4.1.3 Limits on VEVs, scalar and Yukawa couplings

We consider only the cases where the scalar couplings and Yukawa couplings of mir-
ror fermions are perturbative. The perturbative constraint on scalar and Yukawa
couplings are \;/4m < O(1) and ayn = g3,p/47 S O(1) respectively. For numerical
analysis we limit ourselves to cases, where \;/4m < 1.3 and « i <15,

As discussed towards the end of Sec. 5.2, the SU(2)p singlet mass eigenstates
depend on s, s9p; and sp;. Therefore, they also depend on the vacuum expectation
values (VEVSs) of the real parts of ®y, ®yp and x. While investigating different
numerical forms of {a;;}, one needs to vary the VEV’s. Hence, it is necessary to
estimate the limits on these VEVs before analyzing the 125-GeV candidate in detail.

Recall that the charged SM fermions, the charged mirror fermions and the right
handed neutrinos get their masses due to v, voys, and vy, respectively. Various
constraints on these masses constrain the ranges of the VEVs.

If the pole mass of top quark (173.5 GeV), the heaviest SM fermion, is perturbative
and comes from v, then vy 2 69 GeV (because g7, < 47). We set the lower bound on
the masses of all the charged mirror fermions at 102 GeV, which is the LEP3 [6] bound
on the heavy BSM quarks and BSM charged leptons. Hence, considering a constraint
of g%,/4m < 1.5 on the Yukawa couplings of all the charged mirror fermions, vop; =
27 GeV, implying vy, < 80 GeV. Thus, for perturbative determination of Mg requires
Mg < 283 GeV. We also know that Mr > My/2 =~ 45.5 GeV [26], and, hence,
vy 2 13 GeV. This implies that vy < 241 GeV and vy < 233 GeV. This limit on
vy along with the perturbative limit on gy, sets an upper limit on the masses of the

mirror fermions: myp S 715 GeV. The allowed ranges for VEVs and for parameters
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defined in Eq (5.14) are summarized in the table below.

Table 5.1: Allowed ranges of VEVs and parameters defined in Eq. (5.14). All values
are given in GeV .

69 < 0.28
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sy S 0.98
33 < v S 233 0.13 < sam S 0.95

~Y

13

N
<
=
A
00
&

0.15 < sy < 095

5.4.1.4 Common predictions for multiple decay channels

In the EWvg model, predictions for the signal strengths of H—- W W-and H - ZZ
are equal. Similarly, predictions for the signal strengths of H — bb are equal to those

for H — 77. This is expected, since as seen in Section 5.3,

DEWvn(H — WHW~)  TEWw(H — 722)

DSM(HY,, — WHW=) — TSM(HY, — ZZ)'
DEWvr(F —bb)  TPWen(H — 77) (5.44)
DSM(HS,, —bb) — DSM(HY,, —77)° '

Keeping all this in mind, in the next two subsections we analyze in detail the
decay properties of the 125-GeV candidate in the EWvg model.
5.4.1.5 Numerical Analysis

For this analysis a C++ code was written, also using some functionality of ROOT

[62]. We investigated this case in following steps:

e We generated random combinations of s, Sons, Sar, A1, A2, Az and A4, using

TRandom3 random number generator in ROOT. These parameters were varied
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over the following ranges:

—4r < A, A, A3, A < A,
028 < So < 0.98,
0.13 < Sonm < 095,
0.15 < Snm < 0.95. (5.45)

The limits |[A|/47 < 1 are set so that A’s are perturbative. Limits on sa, sap,

sy are based on Table 5.1.

e We numerically diagonalized the singlet mass matrix in Eq. (5.23) formed by
every combination of the parameters to find the mass eigenvalues and corre-
sponding eigenvector matrix (mixing matrix) in Eq. (5.24). Only those combi-
nations of parameters, which yielded the lightest mass eigenvalue in the range

125.74+1.0 GeV, were saved. 4 million such parameter combinations were found.

e For all the saved combinations we calculated various signal strengths for each of
these combinations. The gluon-gluon fusion channel was considered to calculate
the predicted production cross section of the H. The partial decay widths were
calculated according to Section 5.3, and the total width was calculated using

Eq. (5.43).

e In addition to the parameters in Eq (5.45), following parameters are required

to calculate the partial widths of H — ~vv and H — gg, and the cross section
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ofgg—)]:l:

0 < X < 15, varied with AX5 ~ 1.07,
As = =1, myp = mys =500 GeV,

Mmpg+ = 200 GeV, mH;+ = 320 GeV, mqéw =120 GeV,

5

mq{u = mqéw =mm = 102 GeV . (546)

e We checked if the signal strengths s of the 125-GeV H in various decay chan-
nels are within the 1o constraints on the signal strengths, as measured by CMS
experiment. We did not impose constraints from both the CMS and ATLAS,
because for some of the decay channels considered here, the signal strength
measurements from CMS and ATLAS do not agree with each other within the
lo constraints. Also, CMS and ATLAS have not published their combined
measurements from the recent analyses. We therefore chose to check agreement

with the CMS measurements.

Depending on their 1o constraints, certain combinations out of the 4 million
would agree with either only with CMS or with ATLAS results. Thus, imposing
the constraints from ATLAS would discard some of the combinations that the
CMS constraints would allow and vice versa. However, this would not change

any of the conclusions of this chapter.

e We found 1501 out of 4 million combinations of the parameters that satisfy 1o
constraints from CMS on the 125-GeV Higgs signal strengths in WW, ZZ, bb,
77 and vy decay channels. Table 5.4 lists 16 examples out of 1501 cases, with

the masses of H , H , H" , their mixing-matrix elements, and the signal strengths
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of the 125-GeV H for various decay channels.

e In the code, there was no constraint imposed as to what is to be the dominant
component in H. Interestingly, hardly any combinations among the 4 million

had HY as a dominant component in the 125-GeV H. This means that either

1. at the mass of about 125-GeV , 4 million combinations do not yield enough

resolution in the parameter space so as to find the H~H Y case, OR

2. the H ~ HY case cannot be found with the imposed limits on the pa-
rameters, and it requires at least some of these parameters to have values

outside of these limits.

e Thus, this scan of the parameter space only yielded Mr. Hyde cases, where the
SM-like H? is a subdominant component in the 125-GeV H. Implications of

these cases will be further discussed in section 5.4.3.

e On the other hand, to find the combinations of the parameters for which the
125-GeV H has a dominant SM-like H 9 component, and which also satisfy the
CMS constraints on the signal strengths, we had to choose some of the scalar
couplings to have values outside [—4m, 4x|. These Dr. Jekyll cases thus require
some interactions within the scalar sector to be in the strong-coupling regime.

In the next subsection we discuss this scenario in detail.

5.4.2 H as 125-GeV Higgs candidate with a dominant SM-

like component

We illustrate the step-by-step process which we followed to analyze this case.
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A Mathematica code was written to numerically diagonalize the custodial-
singlet mass matrix in Eq. (5.23) and obtain its mass eigenvalues and eigenvector

matrix i.e. the mixing matrix in Eq. (5.24).

In this code, the values of sy = 0.92, sop; = 0.16 (and thus, sy ~ 0.36) were
fixed. The analysis was performed for different s, values, but, for H~H . only
the cases with so 2 0.9 were found to satisfy the experimental constraints on

the signal strengths of the 125-GeV Higgs at LHC.

After fixing s, and sopy, the scalar couplings Ay, Ao, A3 and \; were manually
varied so that |A| /47 < 1.3, in order to find the combinations of \’s that yield the
lowest eigenvalue of the mass matrix to be 125.7+1.0 GeV and the corresponding

eigenstate to have dominant H{ component.

Recall (refer to Eq.(5.16)) that A;, A2 and A3 are the self-couplings of @5, ®op,

and y respectively. A5 is the measure of cross couplings of @9, $5;, and y.

As stated in section 5.4.1.5, we found combinations of the parameters which sat-
isfy the CMS constraints on the signal strengths, when Ao, A5 > 4m. |A1|, [\4], |As]
are still < 4m, while A3 ~ 15. For illustrative purpose, we show below two of

many cases which satisfy the CMS constraints.

The calculation of the partial width of the H — 7 channel necessitates fixing
the values or ranges for the remaining parameters. In the example cases shown
below we fix other parameters as follows:

— myg = 600 GeV, my: =700 GeV,

— masses of all three charged mirror leptons m;» = 102 GeV,

— mass of lightest two generations of mirror quarks m n = m n = 102 GeV,
1 ED)
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— for the purpose of partial widths of H -decays in scenarios above, we also
fix mass of the third mirror quark generation at m,u = 120 GeV. This

mass will be varied to analyze constraints on H ~ HY,,.

e The values of m Y and m Hy,, Are chosen so as to have largest allowed ranges for
myz and my++. We vary the latter two over the range ~ 400 — 730 GeV for
Example 1 and 2. This variation does not affect much the predictions for the
signal strengths of the H decays to WYW~, ZZ and ff, but only changes that
for H — Y- My and Myp++ Vary in correlation when the CMS constraints
on the signal strength of the diphoton decay channel are imposed. For the
numerical calculation of other signal strengths in the following two examples

we chose on of these correlated pairs of the two masses.

L4 Example 1: /\1 = —0077, )\2 = 1406, /\3 = 154, )\4 = 01175, /\5 = 15, )‘8 =
—1 and Myt = 500 GeV, Myt+ = 540 GeV. Fixing these along with sy =
0.92, sopr = 0.16, sp; =~ 0.36, fully determines the singlet mass matrix, and

hence the mixing matrix, given by:

H 0.998 —0.0518 —0.0329 HY?
H | =1 00514 0999 —0.0140 HY, | (5.47)
H” 0.0336  0.0123  0.999 HY

with H ~ H?, H' ~ HY,, H" ~ H” and myg = 125.7 GeV, mg, = 420 GeV,
mz, = 601 GeV. aj1a - the (1,2) element of the 3 x 3 matrix can actually vary
between (-0.0515, -0.05295) and still satisfy CMS constraints.

Another example is Example 2: A = 0.0329, Ay = 14.2, A3 = 154, N\, =
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0.0056, As =15, As = —1, and my+ = 590 GeV, my+ = 600 GeV,

H 0.99999... —2.49x 1073 —1.60 x 1073 HY?
H | =] 249%x1073  099999... —5.30x 10~ H |
H 1.60 x 107 5.26 x 107*  0.99999.. HY

(5.48)
with H ~ HY, H' ~ HY,, H" ~ H” and my = 125.7 GeV, mg, = 420 GeV,
mzg, = 599 GeV. The allowed range for a; 15 - the (1,2) element of the 3 x 3

matrix is (—1.20, —3.40) x 1073.

Table 5.2: Partial width of H — gg as the measure of the production cross sec-
tion, partial widths and branching ratios for various channels in SM (for mp,,, =
125.7 GeV with total width = 4.17E-3 GeV , and the EWvg model for Dr. Jekyll
example 2 scenario: a1y = —0.0025, where mz = 125.7 GeV, total width = 4.45E-3

GeV and H ~ HY. All the partial widths are given in GeV .

SM EWvg
I'H_gg Partial BR Fff—>gg Partial BR :

X Ogg—H width X Ogg—H width
H — WTW~ | 3.55E-04 | 9.42E-04 | 2.26E-01 | 3.46E-04 | 7.63E-04 | 1.72E-01 | 0.74
H—2ZZ 3.55E-04 | 1.17TE-04 | 2.81E-02 | 3.46E-04 | 9.49E-05 | 2.13E-02 | 0.74
H — bb 3.55E-04 | 2.36E-03 | 5.66E-01 | 3.46E-04 | 2.79E-03 | 6.26E-01 | 1.07
H > 17 3.55E-04 | 2.59E-04 | 6.21E-02 | 3.46E-04 | 3.06E-04 | 6.87E-02 | 1.07
H — ¥y 3.55E-04 | 9.51E-06 | 2.28E-03 | 3.46E-04 | 1.26E-05 | 2.82E-03 | 1.21

e Notice that, although Examples 1 and 2 have very different values for the off-

diagonal elements in {a;;}, they yield comparable numerical signal strength

predictions, the reason being principally that in both the cases H~H V. We

can also find other cases having intermediate values for the off-diagonal elements

yielding comparable signal strengths.
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e Table 5.2 shows cross section of 125-GeV H — gg (as a measure of production
cross section), partial widths and branching ratios in the SM and the EWwvg
model, for example 2. We see that these partial widths are not very different
from those in SM. This is expected as, in this case, the couplings of HY with

the SM gauge bosons and fermions are also close to those of the SM Higgs.

e The partial widths and the signal strengths for W*+W ™= and ZZ decay channels
are smaller, whereas those for bb, 77 and 7y decay channels are larger, than the

corresponding values in SM.

It is because, for the example in Table 5.2, 59 < |a1 1| < 1, and as per Eq. (5.37)
the partial width TEWve(H — WYW~=, ZZ) ~ |sy a11]> x DSM(HY,, —
WHW~=, ZZ). On the other hand, as seen in Eq. (5.38), FEW”R([{[ = ff) ~
|av1/so|* TSM(HO = f f) > TSM(HO — f f).

TEWvr(H — ~v) is larger than the corresponding SM value, because in the
EWwvg model, charged scalars and mirror fermions also contribute to this decay
through triangle loops (refer to Section 5.3.2). Recall that in SM this decay is

dominated only by the W loop.

e Fig. 5.3 shows the comparison between the CMS data for signal strengths
wu(H-decay) of the 125-GeV Higgs boson, and the corresponding predictions
for the 125-GeV H in the EWvg model, for examples 1 and 2 in Dr. Jekyll
scenario and examples 1, 2 and 3 in Mr. Hyde scenario, discussed in the next

subsection.

For calculating the EWvg predictions, we have considered the gluon-gluon
fusion production channel (g9 — H ), which is the most dominant Higgs-

production channel at the LHC. Calculations of the predictions in the EWvg
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model are explained in Section 5.3.

e Notice that the predicted ranges for u(H — WW~, ZZ) and u(H — bb, 77)

are much narrower than the allowed ranges by the CMS constraints.

A wider range of a; 15 than shown in Eqs. (5.47), (5.48) is allowed if we impose
the constraints on only, say, H — WHW- decay. However, for a part of the
ay 1y range that satisfies the constraints on u(ﬁ — WTW™), the constraints
on one or more of the other decay channels are not satisfied, and vice versa.
So is true for all the other decay channels. Hence, when we seek the range of
a1 1y that satisfies the constraints on all 4 of the H — WHW~=, ZZ, bb, 77)
decay channels, the predicted ranges for the signal strengths of these different
channels are correlated. This shortens the range of a; ;3 and of the signal

strength predictions. These correlated predictions are shown in Fig. 5.3.

e The predicted range for ,u(f] — ~y7y) spans over the range 0 — 2.5, because over
the ranges of my+ and m H ,u(]:j — 77y) can easily vary without significantly

affecting the predictions for the signal strengths of other decay channels.

e Conclusions from Fig. 5.3: We sce that in the H ~ HY scenario predictions
of the EWvg model for various signal strengths agree with those of the 125-GeV
Higgs boson, as measured by CMS. A slightly, but not very, different mixing
matrices can also agree with the ATLAS measurements. Future measurements

of partial widths would therefore be required to disentangle this scenario from

that the SM.

We now come to the most interesting part of our analysis, the one in which the

125-GeV Higgs boson is very unlike the SM Higgs.
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Figure 5.3: Figure shows the predictions of ,u(.f—j — bb, 77, vy, WYW~, ZZ) in the
EWwvg model for examples 1 and 2 in Dr. Jekyll and example 1, 2 and 3 in Mr. Hyde
scenarios, in comparison with corresponding best fit values by CMS [51, 52, 53, 54].
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5.4.3 H as the 125-GeV Higgs candidate with a sub-dominant

SM-like component

Can the 125-GeV H in the EWvg model have H Y as a subdominant component and
still satisfy the experimental constraints on its signal strengths? There are only two
CP-even, neutral scalar states other than HY, and they are HY,; and HY'. The analysis
explained in section 5.4.1.5 revealed 1501 out of 4 million parameter combinations,
for which HY can, indeed, be a subdominant component in 125-GeV H while agreeing
with the measured signal strengths of the 125-GeV Higgs at the LHC - the scenario

we earlier referred to as Mr. Hyde scenario.

5.4.3.1 Results of the analysis

e Table 5.4 shows 16 out of the 1501 combinations of the parameters.

e [t can be seen from Table 5.4 that in Mr. Hyde scenario, the CMS constraints
on the signal strength can be satisfied, even when the scalar couplings satisfy
|A/4m| < 1. This means that the scalar particles heavier than the 125-GeV
Higgs, need not be strongly coupled, and could be potentially detected as narrow

resonances at the LHC.

e Similarly, ssp; can be larger than in Dr. Jekyll scenario. The mirror fermion

masses are given in terms of sqps by

gMFSaMmU

s (5.49)

me =

Consequently, larger (than in Dr. Jekyll scenario) masses of the mirror fermions

are allowed by the perturbative limit on their Yukawa couplings. In other words,
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for a given mass of the mirror fermions, their Yukawa couplings in Mr. Hyde

scenario can be smaller than those in Dr. Jekyll scenario.

e To highlight interesting features of this scenario, we consider three examples

listed in Table 5.4.

e Example 1 (row 1 of Table 5.4): so = 0.900, sops = 0.270, sy = 0.341, A} =
—048]., )\2 - 600, )\3 == 146, )\4 == 299, )\5 == 2, >\8 == —1,

H 0.300 —0.094 —0.949 HY?
H | =1 033 —0921 —0.197 "o, | (5.50)
H" 0.893 0.376  0.246 HY

with H ~ HY, H' ~ HY%,, H" ~ HY mz = 1258 GeV, mp, = 416 GeV,
mp, = 1100 GeV, Mg < 105 GeV, and u(H — WHW~=/Z2Z) = 0.72, u(H —
vv) = 0.91, u(H — bb/77) = 1.00.

e Example 2 (row 2 of Table 5.4): so = 0.514, sopy = 0.841, sy = 0.168, \; =
6.15, Ay = 7.68, Ag = 8.84, A, = —2.131502, s — 5, As = —1,

H 0.188  0.091  0.978 HY
H | = —0941 —0.268 0.207 H | (5.51)
H” —0.281  0.959 —0.035 HY

with H ~ HY, H' ~ HY, H" ~ HY%,; mz = 1252 GeV, mp, = 633 GeV,
mpy, = 1427 GeV, Mp < 52.0 GeV, and u(H — WW~/ZZ) = 0.94,
w(H = yy) = 0.89, w(H — bb/77) = 0.65.
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e Example 3 (row 3 of Table 5.4): so = 0.401, sop; = 0.900, sy = 0.151, A} =
476, g =341, A3 =771, Ay = —1.20, As =4, A\g = —1,

H 0.187 0.115  0.976 HY
H |=1| 092 0321 -0215 ", | (5.52)
H” 0.338 —0.940 0.046 HY

with H ~ HY, H' ~ HY, H" ~ H%;; mz = 125.6 GeV, mp, = 454 GeV,
mp, = 959 GeV, Mg < 46.4 GeV, and u(H — WHW~/ZZ) = 0.89, u(H —
) = 1.09, u(H — bb/77) = 1.06.

e In example 1, HY,, is the dominant component in H', whereas H? is the dom-
inant in H' in examples 2 and 3. Although the mixing matrices in examples 2
and 3 are not very different, the ratio of VEV’s sg, s9), are different enough to
result in the signal strengths that are not very similar (especially for H — ff).
As the partial width of H — ff is proportional to |a;;/s2|?, it changes rapidly
with s,. Also, because we have 6 mirror quarks which contribute to the cross
section of gluon-gluon fusion, the production cross section dominantly changes
as ~ |ay1/s2+6 ay1ar/s20|>. Thus, any change in ay 157/s25 is amplified while

calculating the signal strengths.

e Comparison of the signal strengths for the three examples with the CMS con-
straints on them can be seen in Fig. 5.3. Notice the agreement between the
predictions for the signal strengths with the CMS constraints in the figure. This
agreement demonstrates that the SM-like signal strengths of 125-GeV Higgs at

the LHC are not sufficient to conclude that it is a SM-like Higgs, or even if it
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has a dominant SM-like component.

e Table 5.3 shows the partial widths, branching ratios and the signal strengths
for Mr. Hyde scenario in the EWrr model and SM. It can be seen that the
partial widths in this scenario are very different from the SM (smaller by a
factor of ~ 5 for the example in the table), but it results in similar signal
strengths. Measurements of the partial widths are therefore necessary to be

able to experimentally distinguish between Mr. Hyde scenario and SM.

Table 5.3: Partial width of H — g¢gg as the measure of the production cross sec-
tion, partial widths and branching ratios for various channels in SM (for mpy,,, =
125.6 GeV and total width 4.15E-03 GeV ), and the EWvg model for row 3 in Ta-
ble 5.4, also in Eq. (5.52) where H ~ HY (with mz = 125.6 GeV and total width
1.34E-03 GeV ). All the partial widths are given in GeV .

SM EWvg
| Ry Partial BR Ff[%gg Partial BR g

X OggH width X OggH width
H — WTW~ | 3.54E-04 | 9.30E-04 | 2.24E-01 | 5.75E-04 | 1.64E-04 | 1.23E-01 | 0.89
H—ZZ 3.54E-04 | 1.16E-04 | 2.79E-02 | 5.75E-04 | 2.04E-05 | 1.53E-02 | 0.89
H — bb 3.54E-04 | 2.35E-03 | 5.67E-01 | 5.75E-04 | 5.07E-04 | 3.79E-01 | 1.06
H 77 3.54E-04 | 2.58E-04 | 6.22E-02 | 5.75E-04 | 5.42E-05 | 4.06E-02 | 1.06
H — ¥y 3.54E-04 | 9.46E-06 | 2.28E-03 | 5.75E-04 | 2.04E-06 | 1.53E-03 | 1.09

5.4.3.2 Remarks on the HY,, component in H

A few remarks are in order here:

e Notice that for all the cases listed in Table 5.4 HY is the dominant component,
in the 125-GeV H. In all 1501 cases we found, the modulus of the coefficient of

H?,, in the 125-GeV H was < 0.32.
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e In the gluon-gluon fusion channel H?,, is produced through triangle loops of 6
mirror quarks. Therefore, if HY,, is the dominant component in H, then the
production cross section of H could become too high to be compensated by
small branching ratios. Thus, it makes sense that H?,, is disfavored to be the

dominant component in H , by the constraints on the signal strengths.

e Even if HY,, is a sub-dominant component in H, one should not think that it
has decoupled from the other two singlets. In other words, the scalar doublet

®,)s does not really decouple from ®, and . This is because:

— Even if HY,, has a small coefficient in H , its production amplitude through
6 mirror quarks has a significant contribution to the production cross sec-

tion of H.

— The real degree of freedom of ®yy, leads to HY,,. But its other degrees
of freedom also contribute to other physical particles such as Hg =) Hg}\jj.
These particles contribute to H — vy and the total width. Hence, they
play a role in ensuring that the branching ratios are in the appropriate

range to achieve an agreement with the signal strength constraints.

e Thus, although HY,, is a sub-dominant component in H , the scalar doublet ®4,,,
newly added to the minimal EWvy model, plays a crucial role in accommodating
the 125-GeV Higgs boson in the EWvg model, in Mr. Hyde as well as Dr. Jekyll

scenario.

Before concluding this section, we will briefly discuss some indirect constraints on

the next heavier scalar H’ , in both these scenarios.
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5.4.4 The next heavier neutral scalar H’

In Dr. Jekyllscenario, examples 1 and 2 that we considered have HY,, as the dominant
component in H , which is the next heavier physical scalar after the 125-GeV H. Here
the total width of H' is also greater than its mass, with the scalar coupling Ay > 4.
Thus, it is a strongly coupled scalar, which is difficult to detect as a narrow resonance.

In example 1 of Mr. Hyde scenario, HY,, is the dominant component in H , while
in examples 2 and 3 HY is the dominant component in H'. In all 3 examples, H' has
a total width < 10% of its mass.

This subsection compares the signal strength of H' — W*W-~ and the o x
BR(?I " — ~7) with the CMS constraints on SM-like heavy Higgs, for examples having
mz, S 600 GeV. These CMS constraints [63, 64, 59, 65] assume the Standard model
background, whereas, in the EWvrg model, extra processes involving mirror fermions
and extra scalars also contribute to the background in addition to the SM processes.
The background in this model is therefore expected to be larger than that in the SM.
A detailed study of this background is out of the scope of this dissertation.

Although the SM background does not strictly apply to H' in the EWvg model,
we show how the EWvg predictions compare with the experimental constraints.

For our calculations we computed the total width of H using

3 3
Ug = § :Fﬁ’—>q{”q1{\4 +§ : X Fﬁ’—ﬂ;”l}”_'_ Ugw + Taowt Thos

i=1 j=1

+ Fﬁg)cé +Fﬁ’*)W+W— + Fﬁ/HZZ + Ffl’%gg + Ffl/%’y’y' (553)

The partial decay widths were calculated using the method illustrated in Section 5.3.
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5.4.4.1 Constraints on the signal strength of H - WW-

% 10 | T T T T I T T T T I T T T T I T T T T I T T T T I T T T T -
o N .
b B 2
— B -
O - .
N B 4
Te]

(@]
g "Mr. Hyde" Ex. 3, H= HY -
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1F

"Dr. Jekyll" Ex. 1, H= H
10"
300 350 400 450 500 550 600
mg, (GeV)

Figure 5.4: Predicted signal strength of H — W*+W~ in 4 example scenarios (blue
and purple squares). The results of the search for SM-like Higgs boson up to 600 GeV
with the 1o (green band) and 20 (yellow band) limits on the SM background (dotted
curve) and CMS data (solid black curve) are also displayed.

e Fig. 5.4 shows the signal strength of H — WHW~ for examples 1 and 2 in
Dr. Jekyll scenario (blue squares) and exmaples 1 and 3 in Mr. Hyde scenario
(purple squares). The 1— and 2 — 0 SM background bands and the CMS data
(63, 64] are also displayed. The signal strength for example 2 in Mr. Hyde
scenario is not displayed as mpg, = 633 GeV for this example, but the CMS

data for this decay channel are only available up to 600 GeV .

e In the figure, notice that the predicted signal strengths for examples 1 and

2 in Dr. Jekyll case and example 1 in Mr. Hyde case are within the +1o
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SM-background bands. Therefore, the CMS data are surely not conclusive for

confirming or ruling out these examples.

e Example 1 in Mr. Hyde scenario predicts a signal strength ,u(f[ P WEW ) &~
1.3, which is certainly larger the SM-background band and the data. HY - the
SM-like Higgs is the dominant component in H' in this example. However, the
SM-background still does not strictly apply here, since additional background
processes can contribute to it. For example, production of W*W~ from two

gluons through a box loop of mirror quarks.

5.4.4.2 Constraints on H' ~ HY,, from yv-decay channel

The constraints on o(gg — H') x BR(H' — ~v) from CMS [65] and ATLAS [59]
are accompanied by assumptions that the total width of the SM-like heavy Higgs is
0.1 GeV or 10% of its mass. The total width of H’ in our scenarios does not follow
cither of these patterns. We observed that o(gg — H') x BR(H' — ) predictions
for all the examples in both the scenarios is consistently lower than the CMS and

ATLAS constraints.

5.4.4.3 A comment on H”

In the examples of Dr. Jekyll scenario considered in this section, H" ~ H Y and in
the examples of Mr. Hyde scenario that we have considered, H” ~ H? or HY,,. For
all these examples, mz, 2 600 GeV. So far, the CMS data in Fig 5.4 are not sensitive
to the signal strengths of the order of SM predictions in this mass range. A detailed
analysis of its signal strengths will be of interest, when more data for this higher mass

range are available and are analyzed with full EWvg background.
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5.4.5 Conclusions about the 125-GeV Higgs candidate in the

EWvrir model

e In this section we investigated two very different scenarios of the 125-GeV Higgs

boson at the LHC from the perspective of the EWvrz model:

1. Dr. Jekyll: HY, which is the real part of the SM-like scalar doublet @, is

the dominant component in the 125-GeV H , and

2. Mr. Hyde: HY is a sub-dominant component in the 125-GeV H - a more

interesting scenario.

e We demonstrated that in both these scenarios the signal strengths of the 125-
GeV H in WHW~, ZZ, ~v, bband 77 decay channels agree with the constraints
from CMS (and also ATLAS) data. Thus, from the perspective of the EWvg
model, the present data at the LHC are inconclusive about whether SM-like H?Y
is the dominant or a sub-dominant component in the 125-GeV particle. Hence

“the dual nature” of the 125-GeV Higgs in the EWvg model.

More data, measurements of the individual partial widths and study of the
heavier physical scalars in the EWr g model are necessary to distinguish between

either of these scenarios and the SM-Higgs.

e As expected, the individual partial widths of the 125-GeV H in Dr. Jekyll
scenarios are not very different from those in SM. Here, the scalar couplings
|A2|, |As], |As| need to be greater than 47 to satisfy the constraints on the
signal strengths. This means that the heavier scalars in this scenario tend to

be strongly coupled and have large widths.

Dominant SM-like component in the 125-GeV Higgs also leads to vy (the VEV

of @) being the dominant part in v, and smaller v9y;, which gives masses to
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the mirror fermions. Consequently, the masses of the mirror fermions, allowed
by the perturbative limit on their Yukawa couplings, cannot be much greater
than ~ 120 GeV. We adopt a lower limit of 102 GeV set by the constraints

from LEP3 [6].

Hence, if future measurements of the individual decay widths of the 125-GeV
Higgs result in SM-like widths, then it is more likely to be consistent with Dr.
Jekyll scenario. In this case, the heavier scalars would appear not as narrow
resonances, but as broad resonances or enhancement in the background in this

model.

Since the SM-like HY is the dominant component in the 125-GeV H , the effec-
tive theory around this energy looks like SM, in which the heavier scalars are

integrated out.

In contrast, the individual partial widths of the 125-GeV H are very different
from those in SM, in Mr. Hyde scenario. In all 1501 combinations of the
parameters that we found to agree with the experimental 1o constraints on the
signal strengths contain HY' as the dominant component in the 125-GeV H. The
predicted signal strengths of this H agree with the experimental 1o constraints
on the signal strengths even when the scalar couplings |\|’s are smaller than 4.

The heavier scalars in this case are not strongly coupled, as a result.

The HY,, as a dominant component in H is disfavored to agree with the con-
straints on the signal strengths, due to its large contribution to the cross section

ofgg—>[:f.

Because vy); is not constrained to be small in this case, the perturbative upper

limit on the masses of the mirror fermions is about 700 GeV .



155

e Therefore, if the partial widths of the 125-GeV H are measured to be very dif-
ferent from those in SM, it would point towards Mr. Hyde scenario. The heavier

scalars in this case have narrow widths and can be detected as resonances.

The SM-like HY is the dominant component in one of the heavier scalars, H'
or H”. Thus, the effective theory around 125 GeV is very different from SM,

while the SM-like HY is integrated out with the heavier scalars.

e As can be seen from Eq (5.46) we scanned only a part of the entire parameter
space in the EWwvg model, by fixing the values or the ranges of a few parameters.
A more thorough scan of the parameter space could be of interest, especially if
more data from the LHC Run II show any signs of physics Beyond the Standard
Model.
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Chapter 6

Conclusions

In this dissertation we have presented a detailed analysis of the phenomenology of
the non-sterile Electroweak-scale Right-handed Neutrino (EWwvg) model. We started
by reviewing the development of the Standard Model of particle physics (Chapter 1)
and then extensions to SM that accommodate massive neutrinos (Chapter 2). Our
discussion provided the motivation for the development of a model, in which the
right-handed neutrino vg is accessible to the Large Hadron Collider (LHC) and other
experiments in the near-future.

In Chapter 3 we then reviewed Hung’s minimal EWvg model [26], in which the
vgr’s naturally acquire a Majorana mass near the electroweak scale Agy ~ 246 GeV.
These vg’s are non-sterile, meaning that they are members of SU(2), right-handed
fermion doublets. Their mass Mg is bounded from below at M /2 so that vg’s do not
contribute to the total width of the Z bosons. To achieve the EW-scale Mz, without
extending the gauge group of SM, the EWvg model also adds the mirror leptons,
mirror quarks and two scalar triplets xy and £ to the SM.

For any model that adds extra chiral fermions to the SM fermion sector, it is

crucial to verify its agreement with the experimental constraints on the electroweak
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precision parameters - the oblique parameters S and T. These parameters are measure
of the radiative corrections to the self-energies of the electroweak gauge bosons W¥,
Z and ~. They are finite observables, independent of any renormalization scheme.
Their experimentally measured values are close to zero, explicitly given in Eq (4.10).

Since the EWvg model adds the mirror fermions to the SM fermion sector, it is
important to first check whether it satisfies the experimental constraints on Sand T ,
before analyzing its phenomenology further. Generally, new chiral fermions lead to a
large positive contribution to the S parameter.

We have presented our extensive analysis of the parameter space in the minimal
EWvgr model in Chapter 4. We calculated the predicted S and T parameters. We
demonstrated that a non-negligible region in the parameter space of the EWvg model
agrees with the experimental constraints from the measurements of the oblique pa-
rameters. This result is shown in Fig. 4.4. This agreement is achieved because the
large positive contributions to S from the mirror fermion sector are almost cancelled
by the negative contributions from the scalar sector in this model.

It is worth noting that these electroweak precision constraints do not restrict the
VEV of the triplet x to be very small. It is only restricted by the perturbative limit
on various Yukawa couplings and the lower limit: Mr > My/2.

As the minimal EWrgr model does not violate the electroweak precision con-
straints, we further discussed how the EWvrgr model can accommodate the 125-GeV
Higgs boson. We argued that in the light of the spin-parity likelihood analysis for
the 125-GeV scalar, an extension to the minimal EWvg model is needed to accom-
modate the new scalar easily. The simplest possible extension is to add a complex
scalar doublet ®5,, to the minimal model. In Chapter 5, we first discussed this ex-
tended EWvg model and derived the physical particle spectrum in it by breaking the

SU(2)r, x U(1)y gauge symmetry to the global SU(2)p custodial symmetry.
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Our detailed analysis of the extended EWvgr model revealed a very interesting
feature of the Higgs sector of this model. This Higgs sector includes a 125-GeV
candidate H , which yields the signal strengths for its decays to WTW~, ZZ, v, bb
and 77 that are compatible with measurements at CMS and ATLAS. This agreement
is achieved, when H is dominantly like the SM Higgs - “Dr. Jekyll” scenario, and
also when it is very different from the SM Higgs - “Mr. Hyde” scenario. This result
for a few examples of parameter combinations is displayed in Fig. 5.3.

Thus, from the perspective of the EWrgr model, the present data at the LHC are
inconclusive about whether SM-like HY is the dominant or a sub-dominant component
in the 125-GeV particle. Hence “the dual nature” of the 125-GeV Higgs in the EWvg
model. More data, measurements of the individual partial widths and study of the
heavier physical scalars in the EWrp model are necessary to distinguish between
either of these scenarios and the SM-Higgs.

As expected, the individual partial widths of the 125-GeV H in Dr. Jekyll scenar-
ios are not very different from those in SM. The heavier scalars in this scenario tend
to be strongly coupled and have large widths. Also, the masses of the mirror fermions,
allowed by the perturbative limit on their Yukawa couplings, cannot be much greater
than ~ 120 GeV. Hence, if future measurements of the individual decay widths of
the 125-GeV Higgs result in SM-like widths, then it is more likely to be consistent
with Dr. Jekyll scenario. In this case, the heavier scalars would appear not as narrow
resonances, but as broad resonances or enhancement in the background in this model.

In contrast, the individual partial widths of the 125-GeV H are very different
from those in SM, in Mr. Hyde scenario. In this scenario, all the combinations of
the parameters that we found to agree with the experimental 1o constraints on the
signal strengths contain HY as the dominant component in the 125-GeV H. The

perturbative upper limit on the masses of the mirror fermions is about 700 GeV .
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Therefore, if the partial widths of the 125-GeV H are measured to be very different
from those in SM, it would point towards Mr. Hyde scenario. The heavier scalars in
this case have narrow widths and can be detected as resonances. The SM-like HY is
the dominant component in one of the heavier scalars, H' or H". Thus, the effective
theory around 125 GeV is very different from SM, while the SM-like HY is integrated
out with the heavier scalars.

We scanned only a part of the entire parameter space in the EWrr model, by fixing
the values or ranges of a few parameters. A more thorough scan of the parameter
space could be of interest, especially if more data from the LHC Run II show any

signs of physics Beyond the Standard Model.
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Appendix A

Loop Integrals and Functions

Different contributions to the oblique parameters are expressed using loop integrals
like Ay, By, B2s, By, Bo. and functions like F, GG, etc. Therefore, we define all the
loop integrals and functions that we have used in the calculations of different loop
diagrams before listing contributions from loop diagrams.

For the calculation of oblique parameters we need the loop diagrams with two

external vector bosons. These diagrams have a general form

H,uy = HA Guv + HB qudv (A1>

For the purpose of oblique parameters we only need the ‘g"”’ term in this equation.
Hence, hereafter in this paper 11, denotes only the first term on RHS above.

The loop diagrams involving one or two internal scalars or one or two internal
fermions appear in the calculation of one-loop vector boson self-energy diagrams and
Z~- diagrams. Following loop integrals appear in the calculation of loops with scalar

particles [66]:
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One-point integral:

/ h 1 (A2)

Two-point integrals:

/ d*k 1
(2m)* (k2 = m})((k + q)* —m3)

1

/ Ak Kk,
(2m)* (k2 = m3)((k + q)* — m3)

= 1672 gul/BZQ(QQ; m%a mg) (A4)

The expansion of LHS in the latter equation also has term with g,q, [66], but this
term is omitted as it does not contribute to the oblique parameters [36].

Following [66], in the dimensional regularization these integrals can be simplified

to
Ag(m?) = m? (A +1-— ln(mz)) (A.5)
1
Bo(g*;m?,m3) = A — / dx In(X — ie) (A.6)
0
2.2 2 1 2 , ¢
Baa(q™;my, m3y) = Z(A + 1)<m1 +m; — g)

1t ,
— 5/0 dx X In(X — ie) (A.7)
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where

X = mix+mi(l—x)—¢x(1 —x), (A.8)

2
= 2 in(n) —n. A.
A = T +in(n) -y (A.9)

in d space-time dimensions with v = 0.577216..., the Euler’s constant [10]. The
integrals in eqns. (A.6), (A.7) can be calculated numerically up to desired accuracy.
Note that these equations involve the logarithm of a dimensionful quantity, X and
the scale of this logarithm is hidden in the 2/(4 — d) term in A (refer to section 7.5

of [10]). It is useful, especially in deriving Tyearar in Eq. (4.17), to note that [56]

Ag(m?) — Ag(m3)

By(0:m?,m2) = , A.10
0( 7m17m) m%_m% ( )
4By (0;m7, m3) = F(m7, m3) + Ag(m]) + Ag(m3), (A.11)
where
ml1? + m3 mima m?
f(mimg) = 92 - m% _ m% In m_% )
if my # ma,
Note that

F(mi,m3) = F(mj,mi). (A.13)
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Also notice that
2

Bas(q*;mi,m3) = Ba(q*m3,m3i)

Bo(q2;m%,m§) = Bo(qz;mg,m%). (A.14)

While evaluating the fermion loops which contribute to the oblique parameters

following two-point loop integrals are useful (refer section 21.3 of [10]):

! X —ie
2.2 2y _ _
Bi(q ,ml,mg)/o dx (1 —x) ln( VE >, (A.15)
! X —ie
2. 2 2y _ _
Bs(q ,ml,mQ)—/O dx x(1 — x) ln< VE ), (A.16)

where X is as defined in Eq. (A.8). The logarithms in these integrals involve a mass
scale M. All the terms, which depend on this scale cancel while evaluating the final

expressions for oblique parameters. For m; = my = m and ¢* = M3,

2
B ) = -1 = S0 g (1)

; (A.17)

18 2

+<—12m—5+3ln<%22>)], (A.18)

By(MZ;m?* m?) = i[— 3 G(z)(2z+1)

where

Gr)= —4V4zr -1 Arctcm( (A.19)

1
=)

While deriving Tfermion in Eq.(4.12) we need to evaluate integrals in Eq. (A.15) for
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g = 0 and my # ms. One of the integrals, which appear in this calculation is

1 2 2
5 9 miz +m3(1 —x)
/0 dz (miz +mj(1 — z)) ln( E )

(m3 —m}) + 2 mf ln(ﬂ—i) —2mj ln(ﬂ—i) (A.20)
B 4(m? — m3) ' '

Using the loop integrals and functions defined and enlisted in this appendix we can
derive the expressions for the oblique parameters, which are suitable for the numerical

analysis.
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Appendix B

Feynman rules in the minimal

EWvrp Model

Various Feynman rules in the minimal EWvg model and SM are listed in this ap-
pendix. We work in the 't Hooft Feynman gauge (gauge parameter, {;quge = 1)
throughout the calculations in this appendix and all the appendices, which follow.
To calculate the new Physics contributions due to EWvgr model to the oblique pa-
rameters we also need the corresponding contributions from SM (refer to equations

(4.6, 4.7, 4.8)). Therefore, in this section we also list the related SM couplings.

Table B.1: SV;V; type couplings(V; and V3 are vector gauge bosons and S is a Higgs
boson), which contribute to Oblique Corrections. Common factor: igMy g*”

Jadw+w- 37% 9HYzZ jg iTVIé
Iuttw-w- V2sp Iurw-z ;P;
JHow+w- cH 9u%z 2 ETH
IHYWHW - %SH 9HY 22 %ﬁ ET;I/
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Table B.2: 515,V type couplings(V is a vector gauge boson and Si, Sy are Higgs/
Goldstone bosons), which contribute to Oblique Corrections. Common factor: ig(p —
p')*, where p(p') is the incoming momentum of the S;(53).

IHOH; W+
Iut H ~W+
IHYHy W+
IuH; - W+
IHH; W+
IHOH; W+
9a9a; w+
9eiH; W+
9cyusw+
IHoG; w+
IHoG; w+
InY Gy w+
IHOH; W+
IHY Hy W+

+ —
9utH; 2

Iuttu;~z
9u} Hy 2
9ufH; Z
9HOHZ
9aias z
9cyndz
9cim; 7
9HY Gz
9HY'GYz
9HOH)Z
9HY H)Z
Ju 1y
IHFtH; ~~
I3 Hy ~

ehgerg

2CW

(1-2s%))
2cw

1
2cw

1 cH

V3 ew

(1-2s%))
2cw

1 syg

V3 ew

o 2cw

CH
cw

250

3 Ccw
SH
2cw
2¢cH
3 cw
—2SW

Sw

Sw

(1-2s%))
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Table B.3: H;H,V, V5 type couplings, which contribute to Oblique Corrections. Com-
mon factor: ig?gh”

5 2.1
JHIHIW+W ~ 3 9uYHYZZ 3c2,
3 (chr+st)
+ - - -3 + - —
gHs Hy WHW 2 gH5 Hy ZZ 2,
(1—2s%,)2
T — _ 1 - 2w
IuF+H; - W+w Iui+n; -7z o
2 5% (1+c%)
JHYHYW W~ —(ciy + ) || 9uomgzz BT
2 2 )2 4 4
1 2 sy (1—siy) 2 (cwtsw)
+ p- - 5+c + - — | E A 4 o AW
Iui a; w+w (z +cx) IuiH; 22 [ 2 3, +cy 2
(1+s3) 1 2
9GAGIW+wW - - 9696922 —5a (1 +3s%)
w
12 1.2 2\2 2 (4 4
Jaia;wHw- —(5 + 5u) 9aias; zz — [3¢h (1 = 2s3)° + s (cly + si)]
1 1
IHYHOW+W - 2 9HYHOZZ 22,
4 4
JHY HYW+W - 3 IuYHY 722 32,
2 SwW _ 2
IuF HS v —2sjy Iut HS 2y (1 — 2sy)
- 852 G+ p—— 42W (1 — 2s%))
IHITH vy W HitH = Z o w
_ 92 SW. _ 2
IHF HS v 25y Iu} HT 77 o (1 = 2sy)
2 Sw _ 2
9cta; vy —2syy 9cita; zy (1 —2siy)
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Table B.4: H{H,V, V5 type couplings, which do not contribute to Oblique Corrections.
Common factor: ig?gH”

JHY HOW+W - \/75 IuYHYZZ —%j
Iutuzwiw-  —% || YufHs 22 CH(I_%;%V)
JHIGIW+W - —d IHGYzz —3%
Iuieyw+w-  TCHSH || nfarzz T cgi%f
Iureswrw-  —9 || 9urayzz  SH ul%im
9uS HS 77 CH%

Table B.5: fM fMV type couplings, which contribute to the Oblique Corrections. For
each Feynman rule the charge conservation is implicit. f and fJ% are members of

1
the same mirror fermion doublet with isospins 3 and —3 respectively (ref. [26], [10]

& [11]). Common factor for all couplings: ig,

Ir W+ V2

1 f 2
g?%fg[Z J(T‘? - SWQf)

97 s swQs
sty
95y 1z o @1

g?i”fi”v swQy
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Appendix C

Loop Contributions to Oblique

Parameters in the EWvp model

C.1 One Loop Contributions to §Scalar and icalar

In this section the one-loop contributions to §Scalar and Tscalar are listed. In every
table the loop contributions in EWwvg model are listed first and then the corresponding
contributions in SM are also listed. The one-loop diagrams, which contribute to §scalar
can be found in tables C.1, C.3, C.4, C.6, C.2, C.5 below. To calculate fsmlar, Iy,
contributions from scalar sector in EWvrr model can be obtained from contributions
to Iy listed in tables C.1, C.3, C.4. The scalar-loop diagrams contributing to Ils3
are listed in tables C.7, C.9, C.8.
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Table C.1: One-loop diagrams with two internal scalar (S) (Higgs or Goldstone boson)
lines, which contribute to W7 and Z self-energies. Common factor: ¢*/167>

Contributions to Iy (¢?) Contributions to I1zz(q?)
i i
/ \ / \
w+ NS s W Z .S, z
~ ~
S S S S;
+ 0 2 + + CgW 2
HY  HY  3Bay(q? mH+, mHg) HS H; 2, — Bas(q?; mH+, mH;r)
Euy
HE;H_ H;_ 2322(q23 qu;-ﬂ mi{;) H;+ H;_+ 4 BZQ(Q m§1++7 m§{5++)
Gy
Cw )
HY  HY  Ba(q? mH+7 qug) Hf Hy %ng(q% miI;, miq)
c?
HE;H_ H;_ 20%1322@2; mi1++7 miﬁ) H; Hyj_ H822(q mH+7 miﬁ)
5 3 W 3
2
HY  HY % Bos(? mH+7 qug) H: Hy %Bﬂ(g mH+; mz;)
0 LG 2 2 0 o Ak 2 2
H  Hj ?322@ M0, mH;) H  Hj 3 TB (¢%; Mo, mHg)
+ 2 St 2
H HY  s}Ba(q% mH+, mi,) oy HY 0_322@ mHo, mi,)
W
8 2
H;_ H10/ CHBQQ(Q mH+, mip) Hg H?, HBQQ(Q mHO, m%{/)
3 1 3 ik, 1
2
s
W
Continued on next page...
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S; Sj Si Sj
2
_ s
GY  HS  s%Ba(¢* M3, mé;r) G5 H; CTHBQQ(Q2; M, qu;)
w
+ 0 sh 2 2 2 0 o 4 S7r 2 2 92
Gy H ?322@ ; My, mHg) G Hy 5 07322(61 ; Mz, mHg)
w
2
c
Gy HY 4 Bn(g® My, my,) |Gy HY CTHBzz(q2; M3, mj,)
1%
Gt gv 8 2 B (a2 M2 2 Ies HY 8 S%{B 2. \f2 2
3 1 3%H 2(¢% My, mH;) 3 13 22(q%; Mz, mH;)
2
c
Gi GY  Bxnl(¢*; My, M) Gy Gy ;—WBm(C]Q; Mg, Mg,)
w
Standard Model contributions
1
H G;M B22(q23 Mt%V? m%{) H G%M 07322((12; M%: m%,)
(1%
2
c
G;M G%’M ng(qQ; MI%V? M%) G;M G;M sz_WBm(qQ; MI%V’ MVQV)

w
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Table C.2: Tadpole diagrams with one internal scalar (S) (Higgs or Goldstone boson)
line, which contribute to W and Z self-energies. Common factor: ¢*/167>

Contributions to Iy (¢?) Contributions to I1zz(q?)
S; Si
ll \\l l\, \\'
Wt o\ Wt AN
’VV\MA/\M/\/ WJ\AMM/
Si Sz
HY =2 Ay (m) HY - Aomi)
R 6eg, OV
3 Gy + S5
w
c
Cyv 5
1
B - ) amy) HY b (14 36 Agmdy)
W
2
HY b2 Am2,) HY -S04 Agmd)
w
1
Hy ~Ao(mi,) HY =5 Ad(miy,)
w
07 2A 2 0r 2 A 2
Hy 3 O(mH{) Hy T32 0<mH;)
w
1
G5 -7+ st)Ao(M3) Gy a2 3s%) Ao(M7)
W
1 c2
Gy =51+ 2s) Ao(Myy) Gi  —oa (14 s7) Ao(Miy)
W
Continued on next page...
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Standard Model contributions
1 ) 1
1 1
Gy ——Ao(M3) Gy —5Ao(M3)
4 4y,
+ 1 2 + B 2
GSM __AO(MW) GSM __QAO(MW)
2 2cyy,
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Table C.3: One-loop diagrams with one internal scalar (.S) (Higgs or Goldstone boson)
line and one internal vector boson line, which contribute to W+ and Z self-energies.

Common factor: g?/167>

Contributions to Iy (¢?) Contributions to I1zz(q?)
d \\ d \\
MM\MM\M ’M"\MM\M
wt v, we z v, z
Si 'V S,V
0 + _Shae 2 0 4 st
Hy W _?MWBO( Mgy, my,) || HY  Z 3 =2 Mz Bo(q*; M3z, miy)
w
2
HY W+ —cy My Bo(q*; My, my,) || HY Z CfMQBo( M3, my,)
w
8 8 s2
HY W+ -3 siMiy Bo(q%s Miy, my,) || HY Z -3 C—HMQBO( Mz, my,)
w
2 7
oy Z =M Bo(g% M3, m2.,) || HY W= —=LM§ Bo(q* Mg, m2.)
CW 5 CW 5
2
HIt W= —2s2,M2,By(q% MZ, m;ﬁ) Hy W+ —CTHMV?VBO(Q2; M, ng)
w
Standard Model contributions
Z
H W+ =M By(q* My, mj) H 7z —5"Blg* Mz, mi)
w
+ SW 1 2 2. 272 2 + - SW 1 72 2. 272 2
Gom 2 _CTMWBO(CI ; Mz, My) Gou W _QCTMWBO(Q s My, My,)
w w
54
Gom v —siwMiyBolg?; 0, M) Gon W =2 EVMZ Bo(q*; My, M)
Gy
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Table C.4: One-loop diagrams with two internal scalar (S) (Higgs or Goldstone bo-
son) lines, which contribute to photon () self-energy and Z-v transition amplitude.
Common factor: g?/167>

Contributions to II,,(¢*) Contributions to IIz,(¢?)
Si Si
-~ -~
d \ d \
TNSi s zZ NS /o
~ - ~ -
SZ' Sj Sz Sj
ng H5+ 453, Baa(q7; mH+, ?{;) ng H+ Q_WCQWBQQ(Q mH+, ?1;)
Sw
HY  H  4s}, Boy(q% mH+, ng) HY Hy 2—WC2WBQQ(C] mH+, m?{;)
Sw
G; Gj 48%}[/BQQ<q2; M%V’ M&V) G;r G; 2;62wB22<q2; M%V’ MI%V)
Standard Model contributions
Sw
Géy Géy AshyBaa(a® My, My,) G G§M2JCQWB22<Q2; Mgy, Miy)
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Table C.5: Tadpole diagrams with one internal scalar (5) (Higgs or Goldstone bo-
son) line, which contribute to photon (7) self-energy and Z-v transition amplitude.

Common factor: g?/167>

Contributions to II,,(¢? Contributions to I, (¢
vy gl
. &
AN zZ N,
’VM\A/\AM/ W\A/\AW\/
S S
s
H —25%[/140(771?{;) H —%QVVAO(mHJF)
s
H;_+ _88‘2/‘/A0(m§{5++) Hg—+ —4%62wA0(m§{5++)
s
Hj —28%/‘/140(?71?{4,_) H;r __WCQWAO (miﬁ)
3 Cw 3
s
G5 —2siy Ao (M) G3 —C—W@WAO(M%/)
1%
Standard Model contributions
s
G —2s3, Ao(M) G _£CQWAO(MI%V)
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Table C.6: One-loop diagrams with one internal scalar (.S) (Higgs or Goldstone boson)
line and one internal vector boson line, which contribute to photon () self-energy
and Z-v transition amplitude. Common factor: ¢*/167>

Contributions to II,,(¢*) Contributions to IIz,(¢?)
,’ \\ ,’ \\
’W\a"\/\/\w; ’\N\a"\/\/\w;
v v, g Z v, ¢!

Si VY Si v
3

G W~ —s3 M3 By(M3; My, M3) | G5 W~ M3 By(M3; M7y, M)
Cw
3

Gy W* —s3, M§By(M3; My, Myy) | Gy W+ ZL0ME By(M3; M7y, M)
cw

Standard Model contributions

3

GEy W™ —siy My, Bo(Mz; M, M) | G& W™ S_WMI%/BO(M%; Mg, M)
Cw
3

GouW* —st M, Bo(M3; M3y, M) || Gy W 2 MR, Bo(M3; Mf,, M3)
cw
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Table C.7: One-loop diagrams with two internal scalar (S) (Higgs or Goldstone boson)
lines, which contribute to Il33(¢?) in 7. Common factor: ¢*/167>

Contributions to I33(¢?)
S
i
1img/_>0 ‘/ \
z NS /, Zz
‘/
S; S; S; S;
Hf Hf DBxnld Mo M) Hf  Hf 4 Bxnl(d®; my,, M)
_ _ 4
Hy H; % Bo(g? ngr, mz;) H? HY 3 % Bas (q?; ng, milg)
8
HY  HY 5% Bay(q% m?ig, mi,) HY HY 3 2 Bos (¢?; ng, mlzqi)
Gi  Hf  shBalds M. o) | Gy Hy  shBalds M, )
4
G HY LB My.miy) |G HD  GiBa(d My mi,)
8
Gy HY  osyBan(e’ My, my,) | G G5 Bale’ My, My)
Standard Model contributions
H Gy Ba(g® M, my) Géy Géy Baald®s Mj,, Mj)
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Table C.8: Tadpole diagrams with one internal scalar (S) (Higgs or Goldstone boson)
line, which contribute to I33(¢*) in T. Common factor: g*/167>

Contributions to I33(¢?)
S;
limglﬁo |\/ \\'
zZ N\, Zz
WW\A/V\M
S; S;
0 2 2 +
Hf =S d) A, | HY = Ao(mid,)
HY 2A 2 GY L 14 3s2) Ao (M2
1 ~3 o(miy) 3 _Z( +3s3) Ao(Myy)
1
Gy —5(1+3%{)A0(Mv2v)
Standard Model contributions
1 2 0 1 2
H _ZAO(mH> Gsm _ZAO(MW)
Gt 1A M2
SM _5 0( W)
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Table C.9: One-loop diagrams with one internal scalar (.S) (Higgs or Goldstone boson)
line and one internal vector boson line, which contribute to II33(¢?) in 7. Common

factor: ¢g*/16m>

Contributions to II33(¢?)

Si
llmglﬁo /,’_\\\
’VV\M\MW\/
Z v Z
S,V S,V

HY 7 _gsg,Mng()(q?; M, m2,)

Hy Wt —s}, M3 Bo(q?*; Mg, m2 )

H,

+
H-5

H W~ —s% M2 Bo(q*; M3, m

4
HY Z =3 syMyBo(a*; My, miye)| HY Z —ciy My Bo(q®s My, mi, )

)

S5

Standard Model contributions

H Z =M Bo(q* Mg, my)

C.2 One Loop Contributions to S fermion and ffermm

The new Physics contributions, S Fermion and ffermion, due to fermion sector in EWvg

model can be calculated by adding the respective contributions due to the lepton-
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and quark-sectors in EWrgr model that is,

S(/fermion = S/’lepton + S(/quark (C]')

In this section the one-loop contributions to S fermion and Tfermion are listed in tables
C.10, C.11, C.12, C.14. In each of these tables only the loop contributions due to
the mirror fermions in EWvg model are listed. The same expressions for the loop
contributions can be used to calculate the lepton loop diagrams and the quark loop
diagrams. The fermion loop contributions in SM can be obtained from the mirror
fermion loop having fermions with the opposite chirality going in the loop. Consider,
for example, the mirror-up-quark-loop diagrams in FIG. C.1 and SM-up-quark-loop
diagrams in FIG. C.2.

M
URp

4 M q2 m2M
- Tu _ 82 y 2 E I U A
7 VA
ul - QQBQ(q2§ miM7 miM) + miMBl@Q; mim, miM)}
(a)
ul ulM 5
M
= _%miM (T3 — SIQ/VQuM)SIZ/VQuM [A — 2B (q2; miﬂla mZM)}
7 VA
ulf uM

(b)

Figure C.1: EWvg model mirror fermion loop examples
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4 ¢  m?
= ——(Tv — 2 u 2 1 Tu A
WQM 7 (T3 = Q" | (5 =3
VA Z
- — ¢Ba(q* my, my) +miBi(q®; my, my)]
(a)
ur, UR 2
= AT QIR QD 2B (g i, )
Z Z
ur, UR

(b)

Figure C.2: Standard Model fermion loop examples

Table C.10: Fermion loop diagrams with two internal mirror fermion lines, which
contribute to Iy (¢%). Here f%’s and fi4’s are members of a mirror fermion doublet
with isospins (7§) equal to  and —1 respectively. Common factor: ¢>N. /1672

Contributions to Iy (¢?)

%
¢ 1 2
W wH+ —2 6 Z(mlf +m3;) |A = q*Ba(q®; miy, miy)
fon
1

+§(mff31(q2; m%fa m%f) +m§fBl<q2; mgﬂ m%f))
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Table C.11: Fermion loop diagrams with two internal mirror fermion lines, which

contribute to Iz7(¢*). Common factor: ¢g*>N,./167>

Contributions to I1zz(q¢?)

M

R

4 q> m>

B oY S 2| (L _ A

@w C%V( 3 SWQf) [(6 9
M
i

—q*Ba(q*; m3, m3) +m3Bi(q*; m7, m%)]

M
L

4 ¢ mfc
AL [(E “3 A

—@*Bs(q*; m3, m3) +m3Bi(q%; m3, m?)]

.

M
L

e

2
——m3(T] = shQp)st Q| A — 2Bi(¢% m3, m3)]

Cw
e
M M
L IR

Cw

e

£/I fM

2
— (T — 58, Qp)sh Qr|A — 2B1(¢% m3, m3)|
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Table C.12: Fermion loop diagrams with two internal mirror fermion lines, which

contribute to Iz, (¢?). Common factor: g*N./167>

Contributions to Iz, (¢?)
i
4 q> m2
——(1f = s, QpswQs | [ 5 — 5 | A
VA vy Cw 6 2
i
—@*Bay(q*; m3, m3) +m3Bi(q*; m7, mfc)]
!
4 2 mg
— Q2 T _ TP \A
VA 0% Cw 6 2
M
L
—@*Bay(q%; m3, m3) +miBi(q*; m7, mfc)]
o
2
M{}vvw —mfc(Tgfc — sy Qr)swQy | A — 2B (¢% m7, m?)}
Z v Cw
fm it
yoo
2
——m2s3, Q%A — 2B (¢% m?2, m?
“ZQT s[5 23 i )
y
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Table C.13: Fermion loop diagrams with two internal mirror fermion lines, which
contribute to II,,(¢*). Common factor: g*N,/167>

Contributions to IL,(¢?)
M
R
2 m2
4202 | (L -2\ A
v v sw@; [( 6 2
M
R
—q*Ba(q*; m3, m3) +m3Bi(q*; m7, m%)]
M
L
2 2
qg My
BTN N T N
M
L
—¢*Ba(q*; m}, m}) +miBi(g? m, m?)]
wa
> > 2m3 sy Q7 [A — 2B1(¢% m7, mfc)]
oo
v
> > 2m7siy Q7 [A —2B1(¢% m7, m%)]
7y
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Table C.14: Fermion loop diagrams with two internal mirror fermion lines, which
contribute to Il33(¢?). Common factor: g?N./1672

Contributions to I33(¢?)

2
+ (1)
lim Z Z

g’'—0

—@*Bs(¢% m3, m3) +m3iBi(¢% m}, m})

The contribution due to the loop diagram in FIG. C.2(a) (with two left-handed
SM up quarks in the loop) has similar form of expression as the loop diagram in FIG.
C.1(a) with two right-handed mirror-up-quarks in the loop. Also, if the SM up quark
loop diagram has mass-insertion propagators as in FIG. C.2(b), then it has similar
form of expression as the loop diagram with mass-insertion propagators of mirror up
quarks, FIG. C.1(b), when the left-handed-up-quarks-side of the loop is replaced by
the right-handed-mirror-up-quark side of the loop and vice versa. The same corre-
spondence exists between other one loop diagrams involving mirror fermions listed in
tables C.10, C.11, C.12, C.14 and the diagrams involving SM fermions. Therefore,
we have not listed separately the SM fermion loop diagrams in this paper.

Definitions of the loop functions used in these tables are given in Appendix A.
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Appendix D

Feynman rules in the extended

EWvrp model

Table D.1: Yukawa couplings with SM quarks and mirror-quarks in the extended
EWvg model. The Yukawa couplings involving charged SM (and mirror) leptons can
be obtained by replacing up-type SM (and mirror) quarks by left-handed (and right-
handed) neutrinos and down-type SM (and mirror) quarks by the charged SM (and
mirror) leptons in this table.

SM Leptons Mirror Leptons
_ - myg (l =T e) M —Z—ml]w J
gH?ll 2 MW So ? lu7 gH?leMl 2 MW Son
i My g sy myMm g Sm
gHg” ZQ MW CMPYS gHglf.”LM 22 MW CMm s
g my Sy g nym Sy
- 7 ——(1 — _ M ——— (1 +
gH3 vl 2\/§ MW CM< 75) gH3 vRil; 2\/5 MW CM( 75)
my g Sam Tt 9 52
7 _— =M _—
gH:(s)M” 2 MW S9 s gHngz]'uli 2 MW 82M’y5
g my Sonmr g mpm Sg
- 3 —1 1— _ M —1 o 1+
gH3MVLl 2\/5 MW S5 CM( 75) gHgMVRili 2\/5 MW Sons CM( 75)
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Table D.2: Yukawa couplings with SM quarks and mirror-quarks in the EWvg model.
The Yukawa couplings involving charged SM (and mirror) leptons can be obtained by
replacing up-type SM (and mirror) quarks by left-handed (and right-handed) neutri-
nos and down-type SM (and mirror) quarks by the charged SM (and mirror) leptons

in this table.

SM Quarks Mirror Quarks
M
my g mg g
- —— ... (q=1t,b z —l——
gH?qq Z2 MW S9 (q ) gH?MquM Z2 MW Son
me g Sm myM g Sm
9IHt Zm% JHuMuM —Zm%
My g Sy Ma)r 9 5m
— N L _ Z—
gHgbb 2 MW CM/Y5 gH(S)dsziw 2 MW Cyp 7
9dy—1 Z& g M 'l&
H3 tb 2\/§ MW Cpr H?’_uf\/lb’ 2\/§ MW Cpmr
X [me(1 4 75) = mp(1 = 75)] X My (1=75) —mgar (14+75)]
Mg g Sam My g S2
9HY, —Zm% 9IHY, uMaM —@m%
~ My g Sam mgM g Sz
gHgMbb ! 2 My s 5 gH:?MdzMaz]'M ZQ My, SQMF}/S
g Sam g S2
- 7 7 my(1 + _ =M 7 mym (1 —
gH?’Mtb 2\/§ MW So Cpr [ t< gH3MuZ]'V[di 2\/5 MW Som CM [ ¢ (
¥5) — mp(1 = 75)] 5) — mam (14 75)]
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Table D.3: 5159V type couplings(V is a vector gauge boson and S, S, are Higgs/
Goldstone bosons), which contribute to Oblique Corrections. Common factor: 1g(p —

p')*, where p(p') is the incoming momentum of the S;(S5s).

0
IHOH; W+

+ —_—
IutH; W+

IHOH; W+

9HO HZ W+

3M~"3M

+ —_—
IufH; W+

IHOH; W+

0
IuYH; W+

9aya; w+

9t H; W+

+ —_
9eio;-w+

9a9m; w+

IuG; w+

T g
Iuito; -z

+ —
9uH; 2

9H}Hy 2

9HF HI, Z

3M~"3M

+ —
9uiH; 2

JHIHOZ

9ciay z

9aynoz

9ciH; 7

9H0GYZ

9HY,,G92

9HY'GYz

Cw

(1—2s%)

26W

(1—2s%)

ZCW

(1-243)

QCW

1

QCW

1CM

V3ew

(1—2s%)

QCW

1SM

V3ew

QCW

S2
Cw
SoM
Cw

2SM

§CW

(1—2s%)

Continued on the next page.
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IuoG; w+

InoG; w+

9mo,, G5 W+

InY G w+

IHOH; W+

gH ?1\4

Hy W+
IHY Hy W+
IuoH;, W+

3M

gH?]\/I H??]WWJF

SoM
ZCM

52
ZCM

9HOH)Z
9HY,, H)Z
9HOH)Z
IH H ~
IuF+H; =~
I} Hy ~
gH;_MHB_M'Y
9aiasy

9HYHY,, Z

9HO,, HY,, Z

S25Mm
2CMCW

SoaMSM

QCMCW
2CM

36W

Sw

—28W

SW

Sw

SW

Som
2CM

59

QCM




191

Table D.4: SV1 V5, type couplings(V; and Vi are vector gauge bosons and S is a Higgs
boson), which contribute to Oblique Corrections. Common factor: 1g My, g"”

Sum 2 sy
JHOW+W - -0 9HYZZ =5
° V3 ° V3
SMm
Jar+w-w- V2sur Jutw-2z -
9 9 CW
S92
IHIW+W - 52 9uY 77 5
Cy
s Som
JHO, W+W— 2M 9H9,,22 _C‘Q/V
2v/2 2v/2 s
JHYW+wW— —F=SM 9uvzz = o5
1 1
V3 V3 ciy

Table D.5: Hy H,V; Vs type couplings, which contribute to Oblique Corrections. Com-

mon factor: 1g?g"”

5 2
JHIHIW+W -~ 3 9HOHOZZ E
3 (cw + sw)
Iua; wrw- ) 9utrn;zz - 2
(1— 253"
IuF+a; - w+w- 1 Iuitb; -2z 2 2
(1+c2)) 1
9§ Hw+w - = | 9mgmpzz — 5 (1+3c}))
Cw
L sh (1= siy)?
Iuta; ww- _<§ + ) Iuin;zz - [7 Z
4 4
o (cw + sw)
+ciy ) }
W

Continued on the next page.
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1 1
JHY, HY, ,W+W~ D) 9HY,, HY,, 22 —20%/
1 (1—2s%,)?
gH;rNIH?TAlW+W7 _5 gH;MH:;MZZ N 20%/[/
(1+s3)
9GoGowW+W- —TM 9696922 —5a (1+ 3s%s)
G
1
IHYHOW+W - 5 9HOHO ZZ 52
1471 2 171 2012/‘/
2 2 \2
cy (1 — sw)
9at Gy ww- —(5 + k) 9eta; zz - [TT

+83 3
w
1
9HO, , HO, W+W 2 9HO, HY,, 27 _2CW
4
JHY HYW+W - 3 9HYHY ZZ 32
w
Sw
2 2
IHF H 4~ —2syy 9uf Hy 77 T ew (1 —2sy)
8s? 42V (1 — 242
IHITHS vy Sw IHF Y H; ~ 2 CW( — 2sy)
Sw
2 2
IHF Hy v~ —2sjy It H; 7 T ew (1 —2sy)
Sw
2 2
g —25 + - —— (1 —2s
gH3M 3m 7Y w gHsMHsMZ’Y CW( W)
Sw
2 2
9ai ez vy —2syy 9cicy zy —— (1 —2sy)
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Table D.6: H;H,V, V5 type couplings, which do not contribute to Oblique Corrections.
Common factor: 1g?gH”

V2 2v2
JHY HOW+W— 3 IuYHYZZ - 322,
Crr (1 — 2812/1/)
I Hy WwHw - 5 IufH; 22 M2
w
CMSM 3cmsm
IHIGIW+W -~ T o 9IHGYzZ D) 2
CMSM
Iuia; wHw- —CMSM Iuicy 72z -
3 U3 3 G3 QC%V
Sy (1—2s%)
Iurc;w+w- ) IurG; 22 SM 2
Cw
Sw
+ 77— e —
Iu; HS 2 M
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