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Abstract

After the discovery of neutrino, its mass has been an unanswered question for so long.
Neutrino oscillation experiments proved the neutrinos to be massive. Theoretical
way of predicting mass of neutrinos is by so-called seesaw mechanism.

In this dissertation we have examined the neutrino mass problem in detail. By
adding a right handed neutrino to the standard model of particle physics (SM) gives
unnaturally small coupling. So we needed a way that explains the tiny mass of
neutrinos as compared to the other fermions. The seesaw physics played a role to
answer smallness of neutrinos very well.

There are three types of seesaw mechanism (Type I, 1] and I1T). We have dis-
cussed Type I and I in detail. These two types of seesaw are the extensions of
the SM with right-handed neutrino and an SU(2), Higgs triplet with hypercharge
Y = 2 respectively.

Neutrino oscillation experiments gave a proof of massive neutrinos. The experimen-
tal results for the neutrino oscillation, specifically results from Super-Kamiokande
(SK) are discused.

The neutrino mass parameters plays an important role on Higgs mass bounds.
We have analyzed the effect of Type II seesaw on the Higgs mass bounds. By
choosing the Plank scale (A = 1.2 x 10 GeV) as cut-off energy scale has given us
the vacuum stability bound on Higgs mass about 126.3 GeV and the perturbativity
bound as 169.4 GeV'.
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Chapter 1
Introduction

Standard Model of particle physics (SM) [1, 2, 3, 4] is the most successful theory of
modern physics which describes all the known fundamental particles of nature and
the interactions between them.

Almost all the pieces of the SM puzzle had been identified with the discovery
of the top quark (m; ~ 176 + 8 GeV[5])! by 1995. The only missing piece was the
Higgs boson, the existence of which had been suspected since at least the 1960’s
6, 7, 8]. In 2012, ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid) at the Large Hadron Collider (CERN) finally announced the signature of
a new particle with a mass of about 126 GeV [9, 10]. This particle was consistent
with the SM Higgs boson. It took another year of data to claim the discovery with
mass of 125.2 + 0.3 GeV [11, 12].

Although the SM has been remarkably successful theory over the last centuary
in making quantitative as well as qualitative prediction in nature, which have been
experimentally verified. Despite this achievement, there ware still few unanswered
questions out of which neutrino mass was one of them.

The story of the neutrino started with the process of $-decay experiment. By the
1920’s, physicists were confused about the phenomenon of f-decay (in which an
electron is emitted from the atomic nucleus) which seemed to violate conservation

laws (energy and momentum conservation laws). If beta decay was only the emis-

'We have used natural units with ¢? = 1 throughout this thesis.



sion of electron as assumed at that time, then the energy emission should not be a
continuous spectrum but must have a specific value. But the energy spectrum of
the electrons, or S-rays, was continuous. if energy is conserved, another variable or
amount of energy must somehow leave the system. In 1927, Ellis and Wooster tried
and failed to capture and measure that missing energy[13].

Pauli had devised an explanation of conservation laws in beta decay in terms of
another, undetected, particle being emitted by the nucleus by 1930 which was dis-
covered by Chadwick in 1932 [14]; Fermi called it ‘the neutrino’. The existance of
the neutrino was proved in 1956 by Reines and Cowan [15]. Uptil the mid of 1990’s
there was no experimental evidence of neutrino mass. However, in 1998 the ques-
tion of whether the neutrinos had mass or not been answered by neutrino oscillation
experiments [16].

As neutrinos were thought to be massless so in the minimal SM we do not have
massive neutrinos but now after the proof of neutrino mass, we must have some
way to accomodate masses of neutrinos in the SM. If we simply add a right-handed
neutrino singlet (which is an SU(2), ® U(1)y as the other terms in the SM are) we
can get a neutrino mass term in the SM as well. However, this approach leads to
unnaturally small couplings (~ 10713). To solve this problem we need to go beyond
the SM and the most general way of introducing the neutrino mass in the SM is the
so-called seesaw mechanism[17].

With the help of seesaw mechanism, we can construct the correlation between
the Higgs boson mass and neutrino mass parameters and this is the purpose of our
thesis.

In this thesis, we have investigated the effect of neutrino mass parameters on the

Higgs mass bounds (vacuum stability and the perturbativity bound).

1.1 Spontaneous symmetry breaking (SSB);A toy

model

The symmetry of a system is said to be spontaneouly broken when the Lagrangian

of the system is invariant under the symmetry but the ground state of the system



is not.
In order to understand the basic idea of SSB, let us start with a complex scalar

field ¢ (¢ = \%(Cbl + i¢9)) and the Lagrangian of this complex scalar field is,
£ = 0,6°0"0— V(6), (L1.1)

where,

V(8) = i lof + Aol (112
with the condition A\ > 0 to ensure the stability of the theory.
The Lagrangian (1.1.1) is invariant under U(1) global phase transformation ¢ —

e®¢p. The Lagrangian can also be written in the form of the real and imaginary
parts (¢randegs) of ¢ as,

L %[(mxaw  (0u2)(@2)] — V(62 + 62,
1

vx¢%::§u%¢%-%ixmﬁf, (1.1.3)

where ® = (¢, ¢3) and ®? = ¢? + ¢2. The above mentioned potential acquires two
distinct cases: pu? > 0 and pu? < 0. Let’s investigate the Lagrangian under small
perturb ations around its minimum.

A) For p? > 0, the unique minimum of the potential occcurs at ® = (0,0)7. The
potential is schemetically shown in Fig.(1.1).

B) In the case of u? < 0, the Lagrangian does not contain a minimum at ® = (0, 0).
Instead, there is a continuum of vacua satisfying, (also illustrated in Fig.(1.2))

2
2 —K
= —. 1.14

We arbitrarily choose (0,v)” to be the vacuum state which then signals spontaneous

symmetry breaking. We expand ® about the minimum as ®, = (¢, n)? with,

= — By,

()=()-C)

Kinetic and the potential terms of the Lagrangian in terms of shifted field can be

written as,



V()

Figure 1.1: Potential with a unique minima at ® =0

using ¢y = ¢, ¢ = (v +1n), and p? = —\v?,
LG = H(@0@°) + 5 (@) @) —207) + (= Jue? = /A
+i>\n4 - }lAC“ + Ve + %)nf@) ,
= 20,0 00 + 5 ((Gun) (*n) — 20?) + (—iAv‘* + v
+i>\n4 + }l/\g“ + Anuc? + %)\nzgz) . (1.1.6)

The scalar field ¢ is massless, while the other field n acquires mass m,, = y/—2p2.
In general, the appearance of massless particles as a result of continuous symmetry
breaking is known as the Goldstone's theorem. Goldstone’s theorem states that
for every spontaneously broken continuous symmetry, the theory must contain a
massless particle [20, 3].

The number of produced Goldstone Bosons depends on the number of broken gener-

4



Figure 1.2: Potential with degenerate vacuum showing spontaneous symmetry

breaking.

ators of the symmetry. For example if the theory breaks down from SU(3) to SU(2)
by vacuum expectation value (vev), so 8 — 3 broken generators and 5 Goldstone
Bosons appear.

Coupling the scalar field ¢ to a massless guage field A, by introducing the co-

variant derivative D, the Lagrangian can be made invariant under the local U(1)

transformation,
¢ — 1N g, (1.1.7)
The U(1) covariant Lagrangian is,
1
L= (D,®)"(D,®) —V(P)— ZLFWF’W' (1.1.8)
with potential,
V(®) = p*®*® + \(®*P)? (1.1.9)



where,

o ¢1 £ i¢2’
V2
and the covariant derivative,
D, =0, +1iqA,. (1.1.10)

1
F,,, in the kinetic term (_ZFWFW) for the gauge field is,

F,, =0,A, —0,A,. (1.1.11)

Rewriting the Lagrangian in terms of the shifted fields  and ¢ (as earlier),

1 1 9 9 1 g’
L) = (0,0 (0" + 5 (@) (0"n) — 200%7) + (—ZFWFW— WAMAM)

1 1 1 1
+ (—Z)\U4 + AP + Z)ﬂf + ZA& + Anu¢? + 5)\772(2)

1
+q*A, A" (5(772 +¢)+ vn) + g A" (C0,m — n9,C)
—qA" (v0,() . (1.1.12)

The first two terms represent massive scalar particle (n) and massless particle (()
while the third term seems to represent that after local U(I) symmetry breaking,
the gauge field (A,) acquires a mass m% = g However, there is another term
—qA*(v0,() which shows the gauge field A,, is mixed up with the semingly massless
field. By choosing a suitable gauge will help to interpret it easily. Rewriting the

terms involving A, and ¢ as,

2
1 /
= §q2v2(Au)2. (1.1.13)

L y y ¢V gy TV L L
2 @C) (0"¢) —qA (Uauo + TA A, = (Au + q_v u€> <A - q_Ua C) )

which shows a form for the gauge transformation,
A Al A ! 0
p Ay = pt q_v LG | -

The rest of the terms are representing different types of interactions between the 7,
¢ and A,. For example the term An*v represents three point interaction of 7 field

with v and 5/\7]24“ 2 is representing interaction between n and ( fields etc.

6



1.2 An overview of SM

The SM is based on the gauge symmetry group SU(3)c ® SU(2)r ® U(1)y which
is broken down to a lower symmetry group SU(3)c ® U(1)ga by an electroweak
symmetry breaking. SU(3)¢ represents the strong interaction which is mediated by
eight gluons, where C' refers to quantum chromodynamics which is the theory of
strong interactions. SU(2), ® U(1)y part describes the electroweak interactions. L
refers to the fact that it is a chiral theory, i.e only the left-handed particles (when
the directions of spin and motion of the particle are opposite) participate in weak
interactions where as the right-handed ones (when the direction of spin is the same
as the direction of motion of the particle) do not (that is why we put the subscript
L) and Y refers to the weak hypercharge (a quantum number related to the electric
charge and third component of weak isospin). The electric charge generator is the
combination of I3 (third component of isospin) from SU(2) and the hypercharge Y
(corresponding to the gauge symmetry U(1)).

Y
Q213+§-

There are two kinds of particles in the SM: fermions (spin 1/2) and the bosons(integer
spin), which are the elemntary particles that make-up the universe. Another particle
which is recently found is the Higgs with spin zero and is responsible for the mass
of paticles in the SM.

fermions There are two families of fermions known as leptons and quarks. The
fermions in the SM are lised in Table. 1.1. Leptons include electrically charged
electron (e) and its counterparts (which are heavier than the electron), muon (u)
and the tau particle(7), as well as their electrically neutral neutrinos (v, v, v,).
Quarks come in six different flavors: up(u), down(d), charm(c), strange(s), top(t)
and bottom(b) and the corresponding antiquarks (which are given by bar above the
symbol). Each quark and anti-quark comes in three different colors. The subscript L
and R refer to the left-handed and the right-handed fermions. Left-handed fermions
are the doublet while right-handed ones are singlet under SU(2),. This is why

left-handed fermions are written in vector form.



Symbol Particle

Quark ; U t c
uarks q

g d) \b) \s

A L L L

qr ur g CR

= dp br SR

A Ve Yy 7
Leptons Iy

' €/ \F)  \T/,

R €r MR TR

Table 1.1: Table representing fermions in the SM

Gauge boson Symbol
Electromagnetic interactions photon y
Weak interactions W boson Z boson | W* Z
Strong interactions gluon g

Table 1.2: Table representing gauge bosons in the SM
Bosons Bosons are force-mediating particles, which mediate the interaction be-
tween fermions of the SM. These bosons are listed in Table. 1.2. Bosons include 8
gluons(G?, a = 1—8), photon(v), three weak gauge bosons (W*andZ bosons). Out
of these particles photons and gluons are massless and are resposible for the elec-
tromagnetic and the strong interactions respectively while the weak force is carried
by the weak gauge bosons (massive W*andZ bosons). The 8 gluons come from the
SU(3)c gauge symmetry, weak gauge bosons from SU(2), and the hypercharge in-

teractions mediated by one gauge boson is the generator of U(1)y symmetry group.

Higgs Boson The lattest particle of the SM which is discovered in 2012 is the
Higgs boson which is an SU(2) doublet. It is responsible to give masses to the
particles in the SM.



1.3 The gauge group (SU(2); ® U(l)y) of elec-
troweak interactions

In this section, we study the gauge groups SU(2), and U(1)y in detail. Then we
will see the gauge group SU(2); ® U(1)y. While studying these gauges, we will
study the local invariance of these groups and see how gauging the group SU(2); ®
U(1)y gives massless W and Z bosons and the photon A,,.

1.3.1 Gauge group SU(2),

The electron Dirac field operator can be split into ‘right-handed’ and ‘left-handed’
parts by setting,

e =er + eg, (1.3.1)
where
e — %(1 e, (1.3.2)
1
eR = 5(1 + 75 )e,
where ey, is left-handed while eg is right-handed chiral state.

The matrix 75 is defined as v° = i7%v'924? (see section 2.1 for details). In the chiral

S
V= :
0 I

Helicity and chirality The helicity of a particle is handedness of a particle.

basis 75 is given as,

Mathematically we can say that helicity is the projection of the spin vector onto the
momentum vector. Helicity is right-handed if the direction of its spin is the same as
the direction of its motion and is left-handed when the direction of spin and motion
are opposite.

Chirality is very closely related to helicity. Chirality is related to if the particle is
transformed in a right or left-handed representation of a group.

As the Dirac field representation is not an irreducible representation. It actually

splits into two irreducible representations. Their behaviour is similar under rotation



while behave differently under boost. We can split the representation into two
irreducible representations out of which one is called left-handed (e;) while the
other one is known as right-handed (eg).

The ey, and eg are doublet and singlet respectively under SU(2).
The Dirac mass term for fermions is of the type —m f@w, but such terms are not
allowed in the Lagrangian as are not invariant under SU(2),. To see it is covariant

we need to go to the eigenbasis,

—mppp = —my(eL + €r)(er + er),

= —Mmy (éLGR + éReL) . (since €€, = EReR = 0) (133)

Since ey, is left-handed doublet (vector) and eg right-handed singlet (scalar) so both
behave differently under transformation which results the mass term transformation
not to be a scalar. So this type of term is not invariant in the Lagrangian. So we
can not add this type of term in the Lagrangian by hand

We have so far seen the left-handed neurino in the experiments. The Lagrange

density for the three fields (v.r,er) (left-handed electron neutrino) and eg is,
Eo = E_Liy”ﬁﬂf + éRZ"}/‘LLa#GR,
. Ver, _ .
(DeL éL> (iv*0,,) ( > + egin"0,er. (1.3.4)
€r

The Lagrange density (1.3.4) is invariant under global SU(2) transformations but

is not invariant under local SU(2) transformations,

<V6L> N U((L’) <V6L> :

where U(x) € SU(2). This Lagrangian can be made invariant by replacing 9, by the
covariant derivative D,,. This introduces three vector fields, one for each generator
of SU(2). The covariant derivative for SU(2) is,

TWE
2 )

DF = 0" +ig (1.3.5)

where W (a = 1,2, 3) are the three vector fields introduced for the sake of invariance

and 7¢ are the Pauli spin matrices. ¢ is the gauge coupling constant.

10



It is customary to define,
W Wit
2 2 :

which is a 2 X 2 hermitian matrix with zero trace.

We now form the field strength tensor,

W, = 0W,—0,W,+igW,, W,
ng,Ta

; (1.3.6)

1
Using [ra, 7] = 5 CabeT ¢, where €4 are the structure constants for SU(2), we get,
WSV = aqu? - aVWs - geach;jW,/C-

We are now ready to write down the full Lagrangian. The Lagrangian density for

the neutrino, W-fields and the electron would be,

1 T Wy e :
L= §TT(WW)(W“”)+ (DeL éL> it ((% +1ig “) (V L) +eriy o er. (1.3.7)

2 er,

The Lagrange density (1.3.7) is invariant under local SU(2) transformations,

<V6L> N U(ZL’) <I/6L> :
€y, €y,
er — €R,

W, — U)W, U'(z) — gU(x)f)uUT(x), (1.3.8)

where U(x) € SU(2);, is a local gauge transformation. The gauge group W, (that
we have introduced) is the weak isospin group and the fields v, and ey, form a weak
doublet; whereas ep is singlet under SU(2)y.

The process to gauge the global SU(2);, symmetry introduces not only vector

fields, but also an interaction. The structure of the interaction can be read from Eq.

11



War, (v,
EeyW -9 <77@L éL) ,y,u L (V L) )
2 er,
1 0 w! 0 —iW?
— ﬁe e n_ H + 12
o ar) 2((% o) (W 0 )
w3 0 v,
+ ( Ou W3>> ( L) ' (1.3.9)
We may define, .
W, = 7 (W, FiW}), (1.3.10)
Wi ="

with W+ being creation /annihilation operators for the electrically charged W bosons.
Which gives the result,

1 W3 Vowt\ (v
— a5 = w_ Iz Iz
EeuW g <VeL 6L> i 2 <\/§WM_ —Wi’ ) <€L> )

= —g (Wj(ﬂeLV“VeL —ery'er)

+\/§W:I76L’7“€L + \/§W;5L’7“VSL> . (1.3.11)

The coupling (given in Eq.(1.3.11)) describes the neutrino transformation into an
electron with absorption of W~ particle. It also decribes that Wi—boson couples
with left-handed electron (ey) and to the left-handed neutrino (v, ), but not with
er, showing that Wj’ can not be identified as photon field. The photon couples to

the left and right-handed electron and not to the neutrino.

1.3.2 Gauge group U(1l)y

Now, let see the Lagrange density £y (1.3.4) under U(1) transformations. Again, £,
is invariant under global U(1) transformation (where 6, 6" are the constant phases

for right-handed and left-handed parts respectively),

Vel 9! Vel
— e ,
€r €r

12



Figure 1.3: Feynman diagram representing coupling between e~, v, and W boson

as given in Eq.(1.3.11)

er — eep. (1.3.12)

Gauging these two U(1) groups in analogy with Weyl approach in QED would yield
to massless gauge bosons. Which would lead to two photon like bosons in theory
(that is a contradiction to the experiment). Gauging special combination of the

U(1) transformations of the form,

Vel N eiYLX Vel :
€L €r
er — e PXep. (1.3.13)

The operators generating the above mentioned group (y; and yg) would be reffered
to as weak hypercharge Y. Where hypercharge y;, is given to the fields v, and e,
while yg to eg, then the transformation of U(1) hypercharge group is,

Ver, VerL
er | e | e |, (1.3.14)
€R €R
with
Y, 0 0
Y=10 Y, 0[. (1.3.15)
0 0 Yg

13



Again introducing the real vector field B,, and gauge coupling constant ¢' (for U(1)
gauge group), the field strength tensor is,

B, = 0,B, — 0,B,..
1.3.3 Gauging SU(2), @ U(1)y
The Lagrange density for SU(2), ® U(1)y is given by,
1 1 -
L= —§TT(WW,)(W/W) — ZBWBW + iyt D, (1.3.16)
where covariant derivative for the gauge group SU(2), ® U(1)y is,

. 1
D, = 0, +igW;iT, + §g'BHY7

T, = (%Ta 02><1) .
O1x2  O1x1
where the matrix for hypercharge Y is the same as it is given in Eq. (1.3.15).
The Lie algebra corresponding to SU(2), ® U(1)y clearly is,

with

[Taa Tb] = iEabcTca

T,,Y] = 0.

It is instructive to look at the interaction term L;,;, in Eq. (1.3.16).

Ling = "gWiTo + g'B.Y ),

(W VeL7 €L+W eLV VeL)

&IQ 3

1
5 (gwd + 2YLg B ) VeLPyMVeL
1
+§ (QWE — QYLg/BH) éLv“eL — YRg/BHéR’)/MeR, (1317)
where
Ver
Y= eL
€R



As Y, and Yg are constants, one of these constants can be chosen freely because

we already have another free parameter ¢’ ([34]). Let us conventionally choose

1
YL — —5

Wj’ and B, both are electrically neutral and massless so far, which means both

are on an equal footing. Let’s choose these two linear combinations and see what

happens,
1 3
Z, = \/ﬁ (9W3: —4g'B,). (1.3.18)
The gauge field orthogonal to Z,, is,
1 3
A, = T (9W2+9gB,) . (1.3.19)
Definig the weak mixing angle 6,, (Glashow 1961),
g/
cos b, = ———. (1.3.20)
/g2 + 912
and
sinf,, = g

Egs. (1.3.18) and (1.3.19) can be rewritten as,

Z,, = cos QWWE —siné,B,, (1.3.21)
A, = sin HwW3 + cos 6, B,,.

The interaction term in Eq.(1.3.17) becomes,

L= L (Wioarer + Wreny ve) (1.3.22)

V2

1 1 . _ _
- 92 + g’QZM <§VeL7“VeL - §éL7“€L — sin® O (_BL'YMBL + yR€R7”€R))

/

—\/%Au (—ery"er +yrery"er) .

Now it has become obvious that one of the combination is coupling with the electrons
and not with the neutrinos so we can identify that as a photon (the last term in

above expression).

15



It is clear from the above discussion that gauging the group SU(2), ® U(1)y
gives massless W and Z bosons and the photon field A,. The linear combinations
of W3 and B, give the neutral Z boson and the photon field A,. Wi and B,
fields are the isospin partners of the charged Wf fields and the gauge field of the
hypercharge transformation [34]. The value of weak mixing angle 6, (free perameter
in the theory) is determined from experiments.

To make the above theory realistic, we have to give masses to the bosons W and
Z and to the electrons. A possible solution was presented by Weinberg (1967) and
Salam (1968) which is the Spontaneous symmetry breaking. The general process is
given in previous section.

Let us see the effect of spontaneous symmetry breaking in SU(2), @ U(1)y.

1.4 Higgs field and spontaneous symmetry break-
ing

In order to get the similar type of Lagrangian (as in the previous section) in which
we already have an SU(2); doublet. The simplest way is to add another doublet
(Higgs doublet ¢) . So that doublet ® doublet gives us 3@ 1 theory. The introduced

complex scalar field ¢ such that ¢; and ¢, being the complex scalar parts is,

= ()

This introduced field is a Lorentz scalar SU(2);, doublet. Looking for a Lagrange
density L, that is invariant under local SU(2),, transformations.
We consider a scalar potential similar to Eq. (1.1.9) that is ameanable to spon-

taneous symmetry breaking. The Lagrange density would be of the form,

Ly =(0,0")(0u0) = V(9), V(e) = r(¢'0) + A(')". (1.4.1)

with the conditions,

k=—p <0, A > 0.
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The potential V' (¢) is same as that of illustrated in Fig. (1.2),

_122 ]' 4
V(¢)—2up A

SO p = ¢g = 1/ _T"Q corresponds to minimum of the potential. The field configuration

T
¢ = |0, 750 is not invariant under local SU(2), transformation U(x) (with

U(x) € SU(2)). The ground state of the gauge group SU(2); has been broken

spontaneously. Choosing the Higgs field’s neutral part as nonvanishing vev,

<0|¢<x>|o>:<¢<x>>o=< ! ) (142)

\%po
As the symmetry of the system has been broken spontaneously, which means that
the field has also been shifted, let the new shifted field is ¢’,

¢'(x) = ¢(x) — (0]6(x)[0). (1.4.3)

It is obvious that coupling should hold gauge invariance under SU(2);, @ U(1)y
group of the weak hypercharge and isospin. To do so, add isospin invariant cou-
pling between Higgs field (¢), right-handed singlet (eg) and the left-handed doublet
(Ver, € L)T.

Now let see the effect of Higgs field interaction with fermions and the gauge bosons.

Thus adding this term in the Lagrange density, the Yukawa interaction is given by,

Ly = —yerot <V6L>—|—h.c7 (1.4.4)

€r

=y <¢J{éRVeL + ¢£‘§R€L> + h.c,

where y is the coupling constant. We assign a suitable hypercharge Yy to the Higgs
field in order to fulfil the demand of coupling to be invariant under the hypercharge
transformation. For example,

ey — €R+§b2. (145)

is describing one of the interaction vertex of Eq.(1.4.4).

Eq.(1.4.5) should conserve the hypercharge as well (for that, as we’ve taken Y7, = —%
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and Yz = —1 in previous section) so,

1
Vi =YL —Ya= 7. (1.4.6)

Let us write the full SU(2), ® U(1) invariant Lagrangian. The Covariant derivative
for the Higgs field is,

9,6 — Do = (9, + z'gW[f% +ig B, Y)é. (1.4.7)

The total Lagrange density is,

1 1 ¢
L = _éTr(WWxWW)—ZBWB“W(DEL éL) (17" Dy) (V L)

er

VeL

t+erinDyer — yerd' ( ) —hc+ (D) (D") — V(). (148)

€r

In above Lagrange density, 3rd and 4th terms are SU(2) doublet and U(1) singlet
respectively, while 5th and 6th terms are the yukawa terms (note that only yukawa
term contains coupled right-handed and left-handed fermi fields) and the last terms
are for the Higgs field (with ¢ as Higgs doublet).

The Lagrange density (1.4.8) is invariant under SU(2), ® U(1)y group of gauge
transformations.

SU(2) gauge transformations are,
W, — Uz)W,U'(z) — gU(x)auUT(m),

B, — B,,

er — €R,

<V"’L> = U() <”€L> , (1.4.9)
o1 P1
(@) o <¢> |

where U(x) € SU(2)., given by,

U(z) = e3¢ (@) (1.4.10)



where 7, being 2 x 2 pauli spin matricles with (a = 1,2, 3) and ¢%(x) is an arbitrary
function of z.

U(1) gauge transformations are given as,
W, — W,,

1
B, — B, — E L (),

Vel ) L it [ Tel ) (1.4.11)
€r, er,

ep — e VRX@ep

with x(z) being an arbitrary real function of = for U(1) transformation group.
We can have rotation of the Higgs field (¢) in any direction in isospin space by

means of gauge transformation.

U<x>¢<x>=< ! ) (1.4.12)

7P(7)

where p(z) = ¢g = \/_T“Q.

Now the vev (vacuum expectation value) of the Higgs field is given by minimizing

the potential, which is,
(0lp()|0) = {p(x))o = po,
(Olp()|0) = ( Y ) | (1.413)

2P0
The problem with the above mentioned vev is that it is not invariant under full
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SU(2), ® U(1)y group i.e,
01 1 0 1 £o
SU(2)y : — = — 0 broken,

[ Po
0 broken,
¥ (o) .

/\QA
v
—_
[\D
/\
\_/
||
|
~

2P0 =
1 1 -1 Lo
T — = 0 broken,
7 \o 1>\/§<) ﬁ(())#
1 (0 :
Ul)y: Ypyo=Yy— #0 broken, (sinceYy = +1), (1.4.14)
\/§ Po
This choice of vev breaks the SU(2), ® U(1)y and leaves U(1)gn (generated by

T3 + Yy ) invariant. That is,

00\/§p0

zX(x)( +YH) 10 — 10 , (1416)
Woldl oLl

this subgroup corresponds to the gauge group of electromegnatism.

Ul)em:  Qpo= (% + Yr)po = (1 0) 1 <O> = 0, unbroken(1.4.15)

which means,

1.4.1 Boson Masses

The next step of spontaneous symmetry breaking is to shift the field p(z) by vev.
Chosing the shifted field (p'(x)) as done in Eq.(1.1.5) , such that,

#(2) = plx) — pola). (1.4.17)

Before using this shifted field to get the Higgs mass from Eq. (1.4.8), let’s apply vev
to the term (D,¢)T(D"¢) (without considering 9, part of the covariant derivative)
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given in Eq. (1.4.8),

. WMaTa, . . WaTCL .
(Dug")(D"6) = ()o(—ig—— —ig'B"Yu)(ig—5— +ig'BuYu)(d)o,
299 At (9" =92 9 0
_ (0 LPO) 2¢/g* + g7 v2 "
\/5 iw— B g2+gl2Z
v2 2 g
/ 2 2
209 A+ (9"~ 9%)Z" 9 e .
2 92 +gl2 \/5 ]
I yy-n _ Vgt AL Epo 7
NG 2
2 2 2 12\ 2
_ —g4p0W;W“++—(g +89 )pOZuZ“. (1.4.18)

It is clear from the above expression that W* and Z boson have become massive,

while the Photon A, is massless. From Eq. (1.4.18) boson masses are,

1

my = §9Po, (1.4.19)
1
mz = 5PV 9%+ g7,

which shows that vev of the Higgs field is directly propotional to the W and Z boson

masses.

1.4.2 Fermion masses

Let us see at the question of fermion masses. The Yukawa coupling in the Lagrange
density (1.4.8) is,

~Ye <6R<¢T>O <V6L> + (DeL éL) <¢>0€R> = —ye% o (Erer + €rer),
—Ye

€r

p
Po _
—ee. 1.4.20
= (1.4.20)

The fermion has acquired standard mass terms with,

1

Y. 0. 1.4.21
lero ( )

me =
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Now the Lagrange density in terms of new shifted field (1.4.3) is,

1 1
L = —§TT(WW)(W’“’) — ZBMVB/W + Ve iy Oyver, + €170,
+mi W WHT (1 - ﬂ,)2 + 1m?Z s (1 + ﬁ,)Q — meee (1 + ﬂl)
v Po 2 AT Po ‘ Po
1 1 F1 )
—i-éaupl(?“pl — 5mz,p’? (1 + % 7 (%) ) + L, (1.4.22)

where L' represents the coupling between the vector bosons and the fermions. The
term m 1s,

my = V2M$)o. (1.4.23)

According to Eq.(1.4.22), we can say that the Higgs mechanism has generated the
masses for all the fermions and weak bosons (W=, Z). The gauge symmetries
(SU(2)L ® U(1)y) are broken spontaneously, while the electromegnatic symmetry
U(1)gnm are unbroken. We can say that the symmetry group of the SM (SU(3)c ®
SU(2),®U(1)y) has broken down to a lower symmetry group of SU(3)c @ U (1) g
The theory has given us the masses of the particles in the SM which include three
massive vector bosons (W=, 7)), a massive fermion (electron) and a massive, spin
zero, neutral boson with mass m, (the Higgs particle). While vector boson (photon
with field A,,) remains massless. We have also got a left-handed fermion with zero
mass (neutrino).

This can be extended for other fermion families.

1.5 Thesis outline

In chapter 2, we discuss the main idea of how do we get the neutrino masses by
seesaw mechanisms. We discuss the neutrino mass problem. Then to solve that
problem, we discuss the seesaw mechanisms (including different types of seesaw
mechanisms) in detail. The seesaw mechanism gives the small masses to the neu-
trinos by introducing very heavy Majorana neutrino, typically of the order of some
higher energy scale (the scale of grand unification).

We also discuss the experimental evidence of the neutrino masses i.e neutrino oscil-

lations. We hav outlined the long base line experiments, mainly super-kamiokande
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(SK) neutrino detection experiment in order to understand the neutrino osillations.
We have given some experimental results of the SK neutrino detector.

Chapter 3 is dedicated to find the Higgs mass bounds using one of the seesaw
mechanisms (Type ] seesaw). Considering the energy scale in the range of Z-
pole (M) and the Plank scale (M,;) along with the known RGEs (Renormalization
Group Equations) for the gauge couplings, the Yukawa coupling and the quartic
coupling, we have found the vacuum stability as well as the perturbativity bound
of the Higgs mass. The seesaw scale for Type IT is taken as 1012GeV (due to the
reason that in SM the quartic coupling goes negative at about this scale) and after
this seesaw scale, there are some changes in the RGEs, which also give some new
(non-SM) parameters.

We basically have analyzed the contribution of these non-SM parameters in de-
terminig the vacuum stability and the perturbativity bounds. We have observed
that these non-SM parameters play an important role in predicting the Higgs mass
bounds.

As the coupling parameters of a theory are not constants and depends on the en-
ergy scale. Their relation with the energy scale is therefore given by renormalizartion
group equations(RGEs) also known as beta functions. After the new seesaw physics,
RGEs are modified, which means we have got the correlations between neutrino mass
parameters and the Higgs parameters and by knowing one, we can say something
about the other. As we know the Higgs mass now so we should be able to limit the
bounds on the neutrino mass parametrs.

We conclude our discussion in chapter 4.
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Chapter 2
Neutrino Mass (Generation

One of the fundamental particles which makes up the universe is the electrically
neutral neutrino with spin 1/2. It was postulated by Pauli in 1930 as an explanation
of conservation of angular momentum and energy in the radio-active beta decays.

Neutrinos come in three flavors called v.,v,,v,. Each flavor is related to a
charged particle(lepton) e~, =, 7~. Unlike the charged lepton, all the detected neu-
trinos are left-handed while all anti-neutrinos are right-handed [4]. These particles,
being electrically neutral, do not interact with the electromagnetic field but only
exhibit weak interactions.

Physicists thought neutrinos weighed nothing (for dacades) but in 1998 neutrino
oscillation experiments [16] showed that the neutrinos do have very small but non-
zero masses. It is not known yet if the anti-neutrino is identical to the neutrino, in
which case the neutrino would be described by a Majorana field as opposed to the
Dirac field of electrons, etc.

Since we have not seen the right-handed neutrino experimentally, the simplest
way of introducing mass is to posit that there is a right-handed neutrino. Then the
SU(2), ® U(1)y gauge invariant Yukawa interaction term in the Lagrangian would
be,

Loew = Lsyv — yplriosdvr + h.c, (2.0.1)

where the second term is representing interaction of right-handed neutrino with the

lepton and the Higgs doublet. vg is the right-handed singlet while [, and ¢ are the

24



doublet under SU(2),, with,

Ve
lL:< > )
e
L

and ¢ is the same Higgs field as discussed in chapter 1, which after symetry breaking

gives us the mass term,

/:Dz'rac = —yDl_Li02<¢>0VR + h.C, (202)

mass

leading to the Dirac mass
mp(v) = yp{P)o, (2.0.3)

Looking at Eq. (2.0.3), mp(v) represents the neutrino Dirac mass and we know
that it is of the order of eV and (¢)q = 246.2 GeV, which gives the Yukawa coupling
yp < (1071 — 107'2). That is unnaturally very small as compared to the other
charged fermions (e.g for the electron the coupling is of the order of 107°).

The problem with above mentioned approach is that it gives us unnaturally small

coupling and does not explain the reason.
One of the most attractive ways of introducing neutrino masses is through the
so-called seesaw mechanism. It can give the small masses to the neutrinos by intro-
ducing very heavy Majorana neutrino, typically of the order of some higher energy
scale (the scale of grand unification &~ 10*GeV'). If such heavy neutrinos exist and
are affected by the Higgs mechanism in a way as the other fermions do then this will
give masses to the neutrinos, which are suppressed by the ratio of the mass scale of
the very heavy Majorana neutrinos and of mass scale of other fermions. Thus, this
model would naturally describe the small neutrino masses that we observe in nature.
That is why we use seesaw mechanism to estimate the neutrino mass because it also
explains the smallnes of the neutrino masses.

In this chapter, we are going to explain the neutrino mass generation by using
seesaw physics. Then we will discuss the neutrino oscillation. We are also going
to highlight the experimental status of neutrino oscillation experiments. We will
basically discuss the long base line experiments. Out of which we will study the

experimental results of super-kamiokande neutrino detection experiment.

25



2.1 Dirac and Majorana mass terms

Dirac field is not an irreducible representation. It contains two irreducible represen-
tations of the Lorentz group. These two irredicble parts can transform differently
under an internal symmetry. We have so far considered the Dirac field Lagrangian.
We can construct smaller representations out of the Dirac field which are simpler
and transform differently.

Considering the irreducible spin 1/2 representations of Lorentz group as two com-
ponents right and left-handed chiral fermions Weyl fields (ur,ug), which transform
as,

UL r — AL,RUL,R, (2-1-1)

under Lorentz group, where the transformations are given as,

wo[Qy

¢i5 (0=id) (2.1.2)

-
h
Il
m@
ST
5
+
\E/i
=
=
Il

with 6 being the three Euler angles (rotations) and ¢ show the boosts.
Transformations given in Eq. (2.1.2) show that the left-handed spinor (¢1) and the
right-handed spinor (¢g) transform in same manner under rotations, while under
boosts these spinors transform in an opposite manner.

The following bilinear combinations are Lorentz invariant,
(M) ulioou;, and ukiooug
(D) wlup and  whug (2.1.3)
In above bilinear combinations, former is in case of Majorana type, while the later

one is the Dirac type.

The Dirac algebra for four-compopnents fermions is given as under,
{W, "}y =20 | with " = diag(+,—,—,—). (2.1.4)

The matrix v° is defined as,

7P = iy a3,

Two useful representations of the v matrices algebra are,

0 ]2 . 0 O'i —[2 0

0 % 5

V= ;Y= : , = ) 2.15
<[2 0) (-01 0) ( 0 [2> ( )



which is called the Weyl or Chiral representation,

IQ 0 . 0 O'i 0 [2
0_ . = ' , Y= , 2.1.6

is called the standard or ordinary representation with o as the Pauli matrices.

and

We are going to use the chiral representation throughout our thesis.
We also define,

i
o =31 (2.1.7)

which generate Lorentz algebra with the properties of v° given as,

P)'=7" (V=L , oul=0, {7} =0. (2.1.8)
Left and right projection operators are defined as,

Prr= . (2.1.9)

The four component spinor v transforms as 1» — A under Lorentz transformations.

Where the transformation A is given as,

A = elom (2.1.10)
¢ = ¢L + I/JRa
where . )
— +
Y = 2%1/1 , YR = 2%1/1- (2.1.11)

The charge conjugation for the Dirac field is defined as,
CTWC =—y) , CT=-C, (2.1.12)

with
C = —1i72%.
The Majorana mass term is written as,

my (V1 CYr, + h.c), (2.1.13)
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and the Dirac mass term is,

mp(Yrbr + Urbr) = mppp , where ¥p = 1r + Vg, (2.1.14)

Writing the dirac spinor ¢p as,

Vp = <UL> with vy = <UL> and Y = <0> : (2.1.15)
UR 0 UR

The left-handed antiparticle under charge conjugation behaves as,

(¥9)L = CUF. (2.1.16)

2.1.1 Majorana spinors

Majoran fermion is the one which is its own antiparticle(yy; = 9§;). This term
is used in opposite to the Dirac fermion which is not its own antiparticle. In a

Majorana spinor, v;, and ¥ are dependent, i.e,

1/)R = ia?w;n

0 —2
09 = .
v 0

The Lagrangian for the two components spinor, with left-handed chirality is,

with oy given as,

Las = i7" Quor, — (UL Cr + huc). (2.1.17)

The subscript M is indicating the Majorana type of the mass term throughout the
dissertation.

Introducing the Majorana spinor ,

Yy =+ CYf or = ( e ) (2.1.18)

102UT,

In original Majorana representation,

From
Oy Oty = 2517 0,b1 (2.1.19)
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and
barthar = YECYL + hec, (2.1.20)
we can get the Majorana Lagranian as,
1, - _
Ly = 5[WM’Y“<%¢M — my ). (2.1.21)

Wy 1s having the Majorana mass my.

2.2 The seesaw mechanism

One of the simplest and attractive ways to introduce neutrino masses in the SM is
by the seesaw mechanism [31, 32, 35]. This mechanism makes the experimentally
seen left-handed neutrinos light compared with an associated heavy particle that is
irrelevent for low energy physics. Hence the name seesaw mechanism, one heavy
object lifts the lighter one to a smaller mass.

There are three types of seesaw mechanism.

2.2.1 Type I seesaw

The simplest way is by introducing a right-handed neutrino vg field per family of
fermions (which is an SU(2), ® U(1)y gauge singlet). Then we can write the new

renormalizable Yukawa interaction as,
- M
Ly = —yplriosgrr — TRVECVR — h.c, (2.2.1)

where the second term is the Majorana mass term for the right-handed neutrino
(which is an SM singlet).
Introducing the Majorana spinors for the left and right-handed nutrinos (in order

to bridge the gap between Dirac and Majoran fields) respectively as,
vy =v,+Cvl . Ny=vgp+Crg. (2.2.2)

Simplifying for Eq. (2.2.1) in terms of above mentioned spinors with oy given as,

0 —s
09 = s
1 0
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using vy Ny = Nyvpg, we get,

1 _ 1 _ Mp
Ly = §(¢5M7“8HVM+¢NMW8HNM)+§mp(ﬂMNM+NMvM)+TRNMNM7 (2.2.3)

with mp = yppo and pg = (¢)o (which is the vev of the Higgs scalar field ¢). The
first two terms in Eq. (2.2.3) are the Kinetic terms of the Lagrangian while the

second and third terms are the mass terms and can be represented in terms of mass

e ) (i ) () s

with the condition Mgr ~ mp, we would have a messy combination of Dirac and

matrix as follow,

Majorana neutrinos. In the limit Mpr < mp, neutrinos would primarily be the Dirac
particles. Whereas for the case of Mr > mp (called seesaw limit), neutrinos are
principally be the Majorana particles.

In the seesaw limit Mg > mp, the eigen values of the mass matrix come out to
be,

mp T MD
y ~——— or o~ — , 2.2.5
my, ~my M, r mp A ( )
mpy =~ mg =~ Mg,
. L Ny
with the correspnding eigenstates as,
Vnm
mp
=y ~ + — Ny, 2.2.6
14 1%} Unr MR M ( )
mp
N =vy~ Ny — —v.
2) M Mn Vm

The above calculations show that the case Mg > mp gives approximately N (right-

handed eigen states) with the mass my = Mg and v with the tiny mass,
_ T
m, = —Mp——mp, (2.2.7)

which is the original seesaw formula [31, 33] (now a days known as Type I seesaw

mechanism). Here Mg and mp are the right-handed and the Dirac neutrino masses
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respectively. It is assumed that the Dirac mass is much less than or of the order of
the electroweak scale [21].

If we look at the Eq. (2.2.7), it is clear that Mp is of the GUT scale (i.e of the order
of 101 Gev). This is the reason, why this mechanism is called seesaw as one of the

mass (Mpg) is much higher as compared to the other mass (mp).

Figure 2.1: Diagrammatic representation of Type I seesaw

The diagramatic representation of Type I seesaw [35] is represented in Fig. (2.1)
which is showing that the introduced right-handed neutrinos interact with the Higgs
field (as other fermions do in the SM) and gives masses to the neutrinos. Seesaw

results are obtained by heavy neutrino propagators.

2.2.2 Type II seesaw

Unlike Type I seesaw, we do not have to introduce any right-handed neutrinos in
the SM for the Type II seesaw.
Type II seesaw includes the extension of SM by a charged Higgs triplet A with
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hypercharge Y = 2. Its matrix representation is,

A=Ad="A,
V2

A = (A_\/; A++> . (2.2.8)

0 At
At -5

An SU(2),®U(1)y gauge invariant renormalizable Lagrangian in most general form
is given by,

L= Lsy + L,

where,

L = tr(D,AN(DPA) =V (A, ¢) — yRTCoyAl; + h.c. (2.2.9)

¢ is the Higgs field.
The scalar potential involving both the SM Higgs doublet and the Higgs triplet is
[21]

V(A,¢) =V (¢) + MATrATA + % (TrAfA)?
+ % [(TTATA)2 —Tr (ATAATA)]
+ Mg oTr(ATA) + XAs0T[AT, Ag
+ [AGQSTJQA*qb + h.c] .
The new Yukawa interaction expression is,
AL =y T Coy Al + h.c. (2.2.10)

The Higgs triplet contains the Yukawa coupling with ¢; (lepton doublets with gen-
eration index 7)[21, 35], the term y¥ is denoting the elements of the Yukawa matrix
with 4,7 = 1....N, the generations counts. While C' is the charge conjugate matrix.

With the triplet scalar’s vev (A), the neutrinos get their masses,
my, = ya(A). (2.2.11)

The renormalizable terms in the potential are [35]; The vev of the triplet scalar (A)

comes from the cubic scalar interaction,

V(A, ) = X6t 02D ¢ + MATrATA + ... (2.2.12)
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The above potential does not have the minima at A = 0, but at real vev for A as,

() = 222,

here Ag as the coupling constant with dimension one. In Type II seesaw, the scalar
triplet A is introduced in a way that the neutrinos get Majorana masses via tha
vev of introduced scalar triplet. In other words, A® couples with neutrino, when

it has non-zero vev. It leads to Majorana mass for the neutrinos. The vev of the

(A)y = (O O) . (2.2.13)

introduced triplet scalar is,

VAO

The Higgs triplet effective potential becomes (after the electroweak symmetry break-

ing, by chosing A° as non zero vev),
V(A ¢) = MA(IATTP + |AT]? + |A%]?) — Ag(¢)g ReA’, (2.2.14)

(@Yo (given in chapter 1 in eq (1.4.2)) is the nonvanishing vev of the Higgs field
(¢) = (0, %)T. By inserting this vev in Eq. (2.2.11), the neutrino mass comes

out to be,
Ao (9)3
v = ; 2.2.15
m Ya Ma ( )

where we have defined a new dimensionless parameter A\g = ]\/}—Z. We assume that Ag
and Ma are of the2same order, then the type II seeasaw gives the neutrino massses
%. If (¢)o < Ma, the neutrinos are light naturally.

The diagrammatic representation is given in Fig. (2.2) for the neutrino mass gener-

of the order of

ation by Type II seesaw [35]. The figure is representing that the introduced charged
triplet field interacts with the Higgs field ¢ and gives neutrinos the mass with the

mass matrix elements y.

2.3 Neutrino oscillations

Neutrino oscillations refer to the phenomenon of the change in flavor of a neutrino as

it propagates. In other words, during its propagation from the point of production
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Figure 2.2: Diagrammatic representation of Typell seesaw

to the point of detection, the generation of the neutrino may change.

Actually flavor eigen states of the neutrinos are different from their mass eigen states.
Particles are always detected as mass eigen states while are produced in flavor eigen
states. That is why oscillations happen. The probability of one generation oscillation
to another generation can be calculated and is dependent on the difference of the
squares of the neutrinos masses [4]. A direct implication of this is that the neutrinos
should be massive.

Different neutrino experiments using atmospheric, solar, reactor and accelerator
neutrinos have demonstrated that neutrinos change flavor as they travel from the
source to the detector. Neutrino oscillation is a natural consequence of the neutrinos
that have finite mass and flavor eigenstates that are superpositions of the mass
eigenstates. The phenomenon is referred to as oscillation because of the survival
probability of a given flavor. If neutrinos have a non-zero mass, then the probability

that a neutrino of energy E, produced in a weak flavor eigenstate v, will be observed
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in another eigenstate vg after traveling a distance L through the vacuum is given
by [43],

(2.3.1)

P (v — vs) = 1 — sin? 20 sin? (1.27Am2(eV2)L(km))

E,(GeV)
where Am? is the difference of the squared mass eigenvalues, and 6 is the mixing
angle between flavor and mass states. This equation is true in vacuum for all the
cases, is true in matter for v, <— v, [42]. Eq. (2.3.1) is also true in matter for
v, <— V-, but may be modified for oscillation involving v, which travel through
matter [43].

Neutrino oscillations have been in focus since the first experiments were observed
in 1998 the by Super-Kamiokande collaboration. In that observation atmospheric
neutrinos were produced as decay products in hadronic showers resulting from col-
lisions of cosmic rays with nuclei in the upper atmosphere. Production of electron

and muon neutrinos were dominated by the processes
=t +u,,

followed by |,

M+—>€++%+Ve,

(and their charge conjugates) giving an expected ratio (= v, /v.) of the flux of v, +7,
to the flux of v, + 7, of about 2. The v, /v, ratio was calculated in detail with an
uncertainty of less than 5% over a broad range of energies from 0.1 to 10 GeV [38].
There has been a lot of evidence regarding neutrino oscillations coming from a
number of sources. Solar neutrino experiments have proved that the electrons com-
ing from Sun turns into other neutrino forms [40]. In addition to the solar neutrino
experiments, neutrino oscillations pattern has been observed for the neutrinos com-
ing from the nuclear process in reactor [44].
Atmospheric neutrinos are produced from the decays of particles resulting from in-
teractions of cosmic rays with Earths atmosphere. v, <— v; is considered to be

dominant in atmospheric neutrino oscillations [42].
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2.3.1 Neutrino oscillations in vacuum

Let the neutrino mass eigenstates be denoted as v;, (i = 1,2,3). These are distinct
from the neutrino flavor eigenstates v, (w = e, u, 7). The two basis sets {|v;)} and

{|vw)} are connected via a unitary transformation,
) =Y Usilvi), (2.3.2)
i
where U is the unitary mixing matrix with,

ZUsz* = 7,]7 (233)

where 6;; is the Kronecker delta in three dimensions.
As the neutrino mass eigenstates |v;) have some definite mass m; and energy E;, so

they evolve in time as plane waves so,

H(p)|wi(t)) = Eilvi(t)), (2.3.4)

where H is the Hamiltonian operator.
Since we have assumed that the all the mass eigenstates have the same momentum p.
The detectable neutrinos are ultrarelativistic !. We have taken the ultra relativistic

limit (since p > m;). At time ¢, the state |v;(t)) satisfies the Schrodinger equation,

0
i (1)) = H|vi(1)), (2.3.5)

where the ultra relativistic nature of neutrinos allow us to expand F; as,

m m?
— — . 2.3.
+2p+p(’)<p4> (2.3.6)

Since the neutrino mass eigenstates are the states with definite energy Ey = p*+m?,

so their time evolution is given as,

() = et |1;(0)) = e~ P, (2.3.7)

!Neutrinos are detected at energies greater than 100KeV and as the neutrino mass is around

less than 1eV, so ultra relativistic approximations are applied.
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Equation (2.3.2) becomes,

(2.3.8)

|1 () Z Upie "

The probability amplitude of finding the neutrino of flavor |v,,) in some other flavor

eigenstate |v,/) at time t is given by,
(Van| Vo)t = Z Uwi€ Eit (v |vs) Z UniU? e Eit (2.3.9)
Thus we can find the amplitude of v,, — v, transitions at time ¢t as,
Pyysv,y = [(Vr| vl

= Uil UnjUpy e B Ft,

Since we have assumed ultra relativistic limit neutrinos with energy given in Eq.

(2.3.6) so
E; =\/p? 2~ B+ = 2.3.10
where E = |p] is neutrino energy in massless approximation, and Amw =m? — m?.

To measure the flavor transition probability , we need to convert the time ¢, which
is not measured in neutrino oscillation experiments, in the known source-detector
distance L [36] (using the relation L = ct). We get the standard formula for the
oscillation probability,

Am?Z. L
I/w*ﬂ/ / ZUsz* eXp( QEJ' ), (2311)

which is used in analyzing the experimental data on the nutrino oscillations in vac-
uum. The mixing matrix U with elements U,;, normally called PMNS(Pontecorvo-
Maki-Nakagawa-Sakata) is [37],

U = U23U13U127

1 0 0 C13 0 813('3_1'(S C12 512 0
- 0 Co3 593 0 1 0 —S12 C12 01. (2312)
0 —s93 €93 —Slge_ié 0 C13 0 0 1
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0 is the CP violating Dirac phase. In case of Majorana neutrinos, the mixing matrix
is multiplied by I, with Iy = diag(1, €'**, e®?) being diagonal matrix of Majorana
CP-violating phases [4].

The measurement of different mixing angles have been performed by different meth-
ods. One of the lattest result showed the new measurement of mixing angle ;3 via
neutron capture on hydrogen at Daya Bay which is sin? 26,3 = 0.071 £ 0.011 in the

three-neutrino-oscillation framework [45].

2.3.2 Two flavor oscillation probability

Considering two flavor eigenstates (v, 1/#) with mass eigenstates vy, 5 with masses
my and my respectively. Considering both with the momentum p (as before). The

flavor states are related to the mass states by mixing matrix U as,

(Ve) —U ('“) , (2.3.13)

cosf sinf
U= ( ) , (2.3.14)

where U is given as,

—sinf cos6

with 6 being the mixing angle. Eq. (2.3.13) becomes,
Ve cosf sinf v
= Y. (2.3.15)
v, —sin@ cos@ Vo
The two states |v,) and |v,) at time ¢ = 0 can be written as,

|Ve) = cosB|vy) + sinO|vy)

\v,) = —sinf|vy) + cos O|wy) (2.3.16)

The weak eigen states are rotated by an angle € with respect to the mass eigen

states (v1,12) in order to alow oscillations between v, and v,,. After time ¢, the time
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evolution of v, state is given as,

(1)) = —sin0|y1)exp( Zh : ) + cos 0|vs) exp( Zh 2t) ,

m2

—i (p+ 2—1) t
= —sinf|v)exp p

h

2

—1 (p+ %)t

+ 08 6ua) exp | (2.3.17)

where we have used the approximation of the neutrinos to be relativistic i.e,

E; =1\/p*+m? and FEy;=/p?>+mj, (2.3.18)

S0
mi mi —m3
=ity )t Hi| o |
lv.(t)) =e p —sin@|vy) + cos O|vp)e P . (2.3.19)
Now the probability for v. — v, is given as,
Py, = [(velv) (1),
(%)
' i |
Welvu)(t) = e | —sinfcosf = sinfcosfe\ P . (2.3.20)

where (v,| is given as (from Eq. (2.3.16)),

(Ve| = cos 0(v1] + sin O(1|,

So the probability becomes,

‘Am2>

) L —1 L
P, ., =et¥esin*fcos’ 0 | -1+ e< 2p -1+ e< 2p ) (2.3.21)
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As the neutrinos are relativistic, so we can say that: p = F,. Using the trigonometric

relations,
1 . .
s R— —if3 +i3
Cos 5 (e +e ) ,
sin 23 = 2sin (3 cos (3,
1— 2
g2 5 (L= cos28)
2
we get,
Am? Am?
o Y L —iop L
P, = etZe % gin?f0cos’0 | =1+ e v —1+e v ,

2
= sin®fcos’d 2—2008AmL ,
2F,

Am?L
= 2sin?6cos?6 | 1 — cos mn ,
2F,
1 Am?L
= ésin220(1—cos m ),

(2.3.22)

v

Am?2L
= sin? 20 sin? .
S111 Sin 4E

By using suitable experimental numerical values we get the probability in more

perticular form,

L
P, ., =1—sin®20sin® (1.27Am25) , (2.3.23)

where 6 is the mixing angle representing the amount of mixing between two mass
eigen states, F/ is the energy of neutrino produced from the source, L is length of

source from the detector.

2.4 Long base line experiments (LBL)

Neutrino oscillation experiments are either short-baseline or long-baseline. Long-
baseline means Tu ~ Am? ~ 2.5 x 107%eV? [46] for the experiments include accel-

erator neutrinos as a source (with E, as the neutrino energy while L being the flight
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distance).

Conventional method is used to produce neutrino beams for the LBL experiments
where a target is hit by a high energy proton beam resulting in pion production
which then decays during the flight to give muon neutrino(v,). Typically, the en-
ergy of produced neutrino is 0.5 — 10 GeV which sets the required distance to a
neutrino detector to be of several hundreds of km which enables the investigation
of Am? ~ 2.5 x 1073eV? neutrino oscillation. Different types of neutrino beams
and their associated experiments are included in LBL experiments, few of them are
KEK to Kamioka (K2K), Neutrinos at the Main Injector (NuMI), CERN to Gran
Sasso (CNGS), and J-PARC (Japan Proton Accelerator Research Complex).

First generation LBL experiments were performed to confirm muon to tau neu-
trino oscillation. Kamiokande observed a deficit of v, coming through the Earth,
that could have been interpreted as muon to tau neutrino oscillation (v, = v,) [38].

The goal of K2K experiment (used the beam with neutrino energy of few-GeV)
was to detect the muon neutrino disappearance (because the energy of neutrinos was
rarely high enough to make tau neutrino). On the other hand OPERA is optimized
for the detection of v, appearance and CNGS experiments make use of high energy
neutrino beam (~ 20 GeV).

2.5 Super-kamiokande: Super-Kamioka neutrino

detection experiment

Study of atmospheric neutrinos in 1998 provided the evidence of neutrino oscilla-
tions. To study this phenomena, an accelerator based experiment was sarted in 1999
(called the KEK to kamioka long baseline neutrino oscillations experiment (K2K)),
where using proton accelerator (at KEK) artificially generate the neutrinos and are
observed in Super-K detectror, located far away from KEK (e.g at about 250 km).
That experiment completed in 2004 which result 112 neutrinos events in Super-
Kamiokande. The expected number of events was 158 (without oscillations). This
deficit of observed neutrinos gave the confirmation to the prediction of neutrino oscil-

lations discovered by observation of atmospheric neutrinos. The Super-Kamiokande
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detector is a water Cherenkov detector (50ktons cylindrical) which is located at
Kamioka neurino Observatory (250 km from KEK).

2.5.1 Neutrino Beam

It is important to consider both the detector as well as the beam in understanding
the performance and design of the experiments (as the detector and beam both are
strongly coupled in an experiment).

Neutrino beams contain an interesting feature that without major effect on the
beam itself, multiple detectors can be introduced to the same individual beam.
This feature helps specially when there are multiple experiments running in the

same underground laboratory.

2.5.2 KEK Beam

First LBL experiment K2K in Japan was in operation from 1999 to 2004 [53]. The
proton beam was extracted in a single turn from the proton sychrotron (PS) with
a 2.2s cycle time. The produced spill was 1.1us in length and consisted of nine
bunches. The beam intensity reached about 6 x 10'2 proton per pulse which corre-
sponds to 5 kW of beam power. The target was 66 cm long and 2 cm in diameter
Aluminum rod buth then (in November 1999) was replaced by 3 cm wider rod.
Two electromagnetic Horns focus the secondary positive pions.

Using the pion monitor, momenta and the angular distribution of secondary pion
N(px,0,) were measured. The detector used was Cerenkov gas detector normally
placed at the second horn (in the target section).

The expected neutrino spectra at SK are plotted in Fig. (2.3) (experimental results
taken from [47]). Fig. (2.3) is representing the energy spectra of each type of neu-
trino at SK estimated by the beam Monte Carlo simulation. About 97.3% (97.9%) of
neutrinos at SK are the muon neutrinos, which are decayed from positive pions, and
the beam is contaminated with a small fraction of neutrinos other than muon neu-
trinos; v, /v ~ 0.013(0.009), v, /v, ~ 0.015(0.012), and v, /v, ~ 1.8 x 10*(2.2 x 10%)
at SK .The neutrino energy was 1.3 GeV (average), the electron neutrino v, con-

tamination to be 1.3% and the purity of muon neutrino v, in beam was estimated
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Figure 2.3: The expected neutrino flux of K2K beam[47]

to be 98.2%. The K2K experiment started taking date in June 1999 and finished in
November 2004. Total number of delivered protons on target(POT) was 1.049 x 102,
out of which 0.922 x 10* POT were used in final physics analysis [46].

2.5.3 Neutrino detection

Neutrino detector is physics apparatus designed to study the neutrinos. As neutri-
nos only interact weakly with other particles of matter, so neutrino detector must
be very large in order to detect a significant numbers of neutrinos.

Neutrio detector is normally built underground to isolate from cosmic rays and othe

background radiations.

Presence of neutrino is detected if it interacts with other particles of matter. Neu-

trinos interact in two ways;
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Charged current interaction Where the neutrino converts into an equivalent
charged lepton (an electron, muon or tau, or their antiparticles, depending on the
type of neutrino). In this case the detector detects the charged lepton. Although

the neutrino is electrically neutral but the lepton it converts into is not.

Neutral current interaction Neutrino remains neutrino in this case but trans-
fers its energy and momentum to whatever it reacts with. In this case the detector
detects the energy transfer, either becaause the target recoils or becuase it breaks
up into other particle.

Different detection methods are used according to different experiments. For ex-
ample, SK detector is a large volume of ultra pure water surrounded by photo-tubes
that watch the cherenkov radiations emitted when an incoming neutrino creates an
electron or muon in water. Cherenkov radiations are the electromagnetic radiations
emitted when charged particle pass through a dielectric medium at a very high speed

through that medium.
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Chapter 3

Higgs boson mass bounds using

Type II seesaw model

After the discovery of the Higgs [9, 10] the mass of the discovered particle was the
question to be answered. Which was answered in 2012 (my = 125.2 + 0.3 GeV)
(11, 12].

Before the discovery of exact mass of the Higgs, there were different predictions
about it. In this chapter we are going to discuss the Higgs mass bounds (vacuum
stability and the perturbativity bound) by using Type II seesaw model with energy
scale (u) between Z-pole and the Plank scale (i.e Mz < p < M,,), where My is
taken to be equal to 91.1876 GeV and the Plank scale to be 1.2 x 10*GeV[21].

3.1 Type II SeeSaw

In Type II SeeSaw, the SM is extended with SU(2), triplet scalar field A carrying
hypercharge Y = 2 (for detail see section 2.2.2) which is,

A=—2=A,
V2
AT
AT A+
A= (ﬁ) N) : (3.1.1)
V2
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The scalar potential for the above given triplet scalar would include both the SM
Higgs doublet as well as the Higgs triplet (defined above). The full potential is given
as [21],

V(A ¢) = —mi(¢ld)+ %(M)2 + M2tr(ATA) + %(WNA)?

+% ((trATA)? —tr (ATAATA)) + Aol ptr(ATA)

+ 50T [AT A]p + [%qﬁTz’agATgb + h.c], (3.1.2)

A
where \; are taken to be real. A dimensionless parameter \g = M_6 is defined here.
A

3.2 Triplet scalar and the Higgs boson mass

Assuming that M, < Ma and integrating the heavy higgs triplet, low energy effec-
tive potential for the SM doublet is,

1 2
V(@)es = —mg (610) + 5 (A= A))(¢0) " (3.2.1)
At low energy scale (M; < My), the Higgs quartic coupling is [23],
Asar = A — A2 (3.2.2)

My is the Z-pole and My is the seesaw scale (Ma is chosen to be 1012 GeV for our
analysis). For the energy scale u > M, the Higgs triplet contributes to one-loop
RGEs (that means type II seesaw is applied at this energy scale).

For a suitable value of the given Ag (which is a dimesionless parameter defined in
the potential \g = ]\/}—i). Higgs quartic coupling at matching condition pu = Ma
is lowered by A2, resulting in the Higgs boson mass being lowered (we are going to
show this in this chapter).

We have considered the known RGEs (renormalization group equations).

For the SM gauge coupling RGEs are given as [29],

dg bi 3 9? > 2
ding ~ 1627 " {152y >_bigj, (3.2.3)

=1

46



where g; are the gauge couplings with (1 = 1,2, 3),

gi = VAma;

and «; are given as (a1, as, a3)=(0.01681,0.03354,0.1176) [21] and,

199 27 44

50 10 5

bi:<ﬂ _19 _7), bj=|2 B 12|, (3.2.4)

11
) —26

N[O O

To solve Eq. (3.2.3), the top quark pole mass is taken at the central value i.e
M; = 170.9 GeV (we have used the value given in [21]) at Z-pole, which is My =
91.1876 GeV'.

For the Top quark Yukawa coupling y;, the RGE is given as [24],

dy 1)) 1L @
_ 3.2.5
dinp Ye (167?2 0t (167T2)2 L) ( )

where the one and two-loop beta functions are,

9 17 . 9
69=§ﬁ—(%ﬁ+1£+%®, (3.2.6)
and
393 ., 252
W)Z—U£+C@ﬁ+ﬂy%%®$ﬁ
1187 9 19 23

+aﬁﬁ—%ﬁ£+ﬁﬁ£—Z£H%£

3
—108g§+-§A2-—6Ay3 (3.2.7)

Initial top Yukawa coupling at top quark pole mass (u = M;) is determined by using

the relation between Pole mass and running Yukawa coupling [25, 26, 27] given as,

(0 = Y2 (),

with

M, = o (M) ( LA 00) ) (M)Q _ (M)Q) 28

3 7 T 2mv
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where pg = 246.2 GeV is vev(i.e. vacuum expectation value). In Eq. (3.2.8), the
second and third terms are corresponding to one-loop and two-loop QCD corrections
respectively and fourth term is electroweak correction at one-loop. The numerical
values coming from second and third terms are approximately equal, with opposite
signs. The two-loop electroweak correction and three-loop QCD corrections are
ignored(as are of comparable and sufficiently small magnitude). In solving Eq.
(3.2.8), the value of Top quark pole mass is taken as M; = 170.9 GeV, which
gives the value of m;, eventually giving the initial condition to solve RGE of gauge
coupling (given in Eq.(3.2.5)).
RGE for the Higgs quartic coupling is given as [24],
ax 1 ooy, 1 e
ding 16727 7 (1672)2

(3.2.9)
with one and two-loop beta functions,

9 9(3 , 2
B = 12)2 — (ggf + 993) At (25911 + <9195 + 92> + 1290 — 12y, (3.2.10)

and
) 73 117 2661
= —78A3+18(91+3 ) ( 2 2—09?9§+W9?>A
305 1677 3411
—3\y} + ?gl f 5 — 200 9195 — 10009? — 64g3y;
16
—ggfyf - ggyt + 10X ( 92 + 93) o
3 . (57
—ggl (1091 - 2192) — T2X\%y? + 60y°. (3.2.11)

The initial condition for the running Higgs quartic coupling can be evaluated by us-
ing the relation between running Higgs quartic coupling through one-loop matching
condition [28],

M My) v? = Mp (14 Ap(Mpy)), (3.2.12)

with the matching correction A, (M) given by,

GF 2 2 2 2 2 2
A(Mi) = ZESZ (%Qﬁ(%g)w (%2) i (%2)) (3:2.13)
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where each of the functions f; (i = 1,0, —1) is defined as ( with £ = —’2;) :

3 1 /1 1, /(1 2 9 /25 7
ho = gme=sz(g) =57 () -2 (%) -ma+3 (5 - 75).

2

fo(&) = —GIH% (1 +2¢2 — 2Mt2) + Ll In S +27 (%) +4c2 7 (%)

Z M §—a o
3¢ ) 15 ) M? M? M?

2

M M2 1 2
~ = 6ln—L([1+2* —4—L)—6=—1247Z( 2 ) —12¢* In?
f l(f) n M% ( + Cu 74 f Coy g Cp MGy

M? M? M?
1+ 26 24—t (In—"Lt —2+4+72(—L)]. 3.2.14
8 (14 2e) + Mg(“M; " (M;g)) (3:214)

2

The parameters used in functions f; are, s2, = sin® Oy, 2 = cos? Oy, where Oy is

the weak mixing angle (s? = 0.23126) [22] and Z(z) is given as,

1 Lok
S s e

where A = /|1 — 4z].

For energy Scale u > M, the triplet Higgs contributes to one-loop RGEs (so
we have used one-loop RGE beyond cut-off /seesaw scale Ma). As the Higgs triplet
contributes for the scale y > Ma, the parameters b; used in Eq. (3.2.3) are replaced

by,
47 5

bi=|— —= —-7]. 3.2.16
< 10 2 ) ( )
The RGE for the top yukawa coupling does not change. There are some new pa-

rameters procured by RGE of Higgs quartic coupling in Eq. (3.2.10),
B = B 4602+ 4A2. (3.2.17)

The positive contribution of Ay and A5 in Eq. (3.2.17) is dicisive in lowering both
vacuum stability and the perturbativiy bound of Higgs mass in type II seesaw.
RGEs of these non-SM parameters \; (i=1,2,4,5) are given as, (only one-loop RGEs

are given, as for energy Scale u > Ma, the triplet Higgs contributes to one-loop

49



RGEs ),

d\ 36 108 72
167r2m = - <€g% + 2493) A+ 2—59% + 18¢5 + ggfgg + 142
FAM A2 + 203 + 4AN] + 4XE + 4tr (Sa) Ay — 8tr (S3) , (3.2.18)
d\ 36 144
16W2d1n2,u = — <€gf + 249%) )\2 + 12g;1 — ?gfgg + 3/\% + 12/\1/\2
—2XZ + 4tr (Sa) A2 + 8tr (S3) (3.2.19)
d\ 9 33 27
167T2d1n4,u = - <§gf -+ 793) i+ 5201 + 69z + 8X5 — dir (83)
+ (8A\1 + 2Xa + 6A 44Xy + 67 + 2tr (S3)) A4, (3.2.20)
d\ 9 33 18
167T2d1n5,u = —§gf)\5 — ?g%)ﬁ — gg%gg + 4tr (SZ)

+ (201 — 20 + 20+ 8A\y + 6y7 +2tr (S3)) A5, (3.2.21)

where YA is the yukawa matrix, Sn = YATYA and the corresponding RGE is given

by,
dSa

1 2
om dlnp

=652 — 3(§gf +397)Sa + 2t7[SA]SA. (3.2.22)

3.3 Constraints on Higgs boson mass

The mass of the Higgs is a known parameter in SM [12]. However, there are few
constraints on the Higgs mass bounds. We are mentionaning the constraints relevent

to our research.

3.3.1 Vacuum stability bound

As seen in section of Higgs mechanism, if the value of quartic coupling A in effective
Higgs potential is negative, the vacuum is not stable from below (since it has no
minima). To keep the potential bounded from below, the value of quartic coupling

should remain positive upto the cut-off scale (M), that gives a lower bound on
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Higgs mass. We have chosen Plank scale (A = 1.2 x 10' GeV) as cut-off energy
scale which gives us vacuum stability bound on Higgs mass of about 126.3 GeV
(which is not exactly equal to world average but quite close to that). This is called

vacuum stability bound.
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Figure 3.1: The running quartic coupling

In the above figure, we have ploted quartic coupling vs the energy upto the Plank
sclae. Which shows a upper and lower bound on the value of quartic coupling in

order to keep the vacuum stable as well as the theory perturbative.

3.3.2 Perturbativity bound

In order to keep the theory perturbative, there should be a limit on the quartic
couling at cut-off (A(A)) as well. The perturbative bound on Higgs Boson mass
can be calculated by using the condition on running Higgs quartic coupling, which
satisfies the condition A(A) < v/4r ([21]). This is called perturbativity bound. By
choosing Plank scale as cut-off, we have found the perturbativity bound on Higgs
mass of about 169.4 GeV'.
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3.4 Contribution of non-SM parameters in our
analysis

We next analyze the two loop RGEs numerically and show vacuum stability and
perturbativity bound on Higgs mass can be predicted.

As we are taking one loop RGEs for \;, (i = 1,2,4,5) and at one loop level, \g is

decoupled with other RGEs, so we are not considering the contribution of Ag in our
analysis though, like other couplings, it remains in perturbative region throughout
our analysis (upto Plank scale M,;). A¢ plays an important role in anlyzing the
matching condition between high and low energy scale at u = Ma. The effective
Higgs quartic coupling at low energy has already been defined in Eq. (3.2.2). For
a suitable value of A\g, the Higgs quatric coupling is shifted down to SM quartic
coupling by A2 through matching condition at u = Mj, resulting in lowering of the
Higgs boson mass.
In addition, since the contribution of A4 5 are positive to one loop beta function (as
clear from Eq. 3.2.17). This works, so as to reduce the Higgs quartic coupling at
low energies. Subsequently, we can expect the resultant Higgs boson mass to be
reduced due to contribution of non-SM parameters Ag and A4,5 in type I1 SeeSaw.
Although A, 2 and YA are not directly contributing to the Higgs quartic coupling
RGE they still effect through RGEs of Ay 5 (as the RGEs of non-SM parameters are
all coupled).

3.5 Analysis

3.5.1 Vacuum stability and perturbativity bound on Higgs

mass
Let us anlyze the RGEs and analyze how the vacuum stability and the perturbativity
bounds on higgs mass can be altered using the neutrino mass parameters of Type

1] seeasw.
By chosing cutoff to be the Plank scale (M,; = 1.2x 10" GeV'), we define vacuum
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stability bound to be the lowest Higgs boson mass obtained by the running Higgs
quartic coupling with the condition A(x) > 0 for any scale between My < pu < M,,.
On the other hand, perturbativity bound is defined as the highest Higgs boson mass
obtained by the running Higgs quartic coupling with the the condition A(u) < v/47w
for any scale between My < pp < M.

3.5.2 Higgs boson mass bounds for varying \g

Let us first investigate the Higgs boson mass bound by varying the value of \g,
keeping the other non-SM parameters fixed.

In Fig. (3.2), we show evolution of running Higgs boson mass, defined as
my(p) = VA(1){p)o for vacuum stability bound for a fixed seesaw scale My =
10'? GeV, for various values of Ag. The other non-SM inputs at M, are taken as
A = V4m, Ay = —1,0, = A\; = 0 and YA = 0[21]. We have observed that the allowed
values A\g for vacuum stability bound on running Higgs mass does not exceed than
0.118 (in our calculations, this maximum value of Ag is 0.1182) for Mx = 10 GeV.
This shows that only specific values of A\g are allowed for a fixed seesaw scale for
vacuum stability bound on Higgs mass.

In paper|[21] (that we've reviewed), they have used A¢ = 0,0.07,0.1 and 0.118
that gives the higgs mass vacuum stability bound as 127 GeV. In our analysis, We
have used \¢ = 0,0.07,0.1 and 0.1182 which gives vacuum stability bound on Higgs
mass as 126.368 GeV (that is much closer to the recent value of Higgs mass of
125.3 + 0.3 GeV [12]).

In Fig. (3.3), we show evolution of running Higgs boson mass, defined as
mpg(p) = /A(p){@)o for perturbativity bound for a fixed aecesaw scale Mp =
10'2GeV, for various values of Ag. The other non-SM parameters at M, are same
as for Fig (3.2).

In Fig (3.3) we have used the same values of A\g (as given in paper [21], except
for the maximum value of A\g that we have taken as A\g = 0.8549. We have observed
that for larger values of \g, vacuum stability and the perturbativity bounds on higgs
mass become almost equal (e.g in Fig(3.2), we have found that for \¢ = 0.1182

vacuum stability bound on Higgs mass comes as my(pu) = 126.368 GeV and in
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Figure 3.2: Running Higgs Boson mass (mpy(p) = /A(p)(¢)o) corresponding to

vacuum stability bound for allowed values of \g for M = 10'2 GeV. Each plot
corresponds to Ag = 0,0.07,0.1, and 0.1182 (from top to bottom).

Fig. (3.3), forA\¢ = 0.8549, perturbativity bound is 126.38 GeV'). Which shows
that vacuum stability and perturbativity bounds merge by increasing the value of
Xg. Consequently the Higgs mass coincides with the vacuum stability bound for SM
Higgs mass obtained with a cutoff scale of A = M.

In other words, by increasing the value of A\g for a sufficiently large value, the
Higgs mass bound can be more accurately predicted (as the vacuum stability and
perturbativity bounds are close for higher value of Ag).

In Fig. (3.4) we are showing that for higher values of g, the vacuum stability and
the perturbativity bounds coincide, resulting in Higgs boson mass between vacuum
stability and perturbativity bound becoming narrow.

Fig. (3.4) is showing vacuum stability (dotted line) and the perturbativity
bounds (solid line) on Higgs pole mass M versus \g for different seesaw scales (Mx).
Each dashed and solid line is corresponding to Ma = 10'*,10%2,10°,1.14 x 107 and
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Figure 3.3: Running Higgs Boson mass (mg(n) = /A(u){¢)o) corresponding to
perturbativity bound for allowed values of \g for Ma = 10'2 GeV. Each plot
corresponds to A\g = 0,0.6,0.8, and 0.8549 (from top to bottom). The horizontal
line is representing My = (47)1(¢)o = 464 GeV .

103GeV . For appropriate values of \g and Ma, values for My close to LEP2 bounds
are realized (i.e 114.4GeV ). Also for Ma of the order of TeV, the lower bound is
close to 120 GeV (our lower bound for Ma = 10® GeV is coming as 122.6 GeV),
that is quite below than standard value of 127 GeV in absence of type II sessaw (as
the higgs is discovered now i.e 125.24+0.3 GeV[12], the observed result is still below
that the lattest value).

3.5.3 Higgs boson mass bounds for varying \s;

In Fig. (3.5), evolution of running Higgs boson mass, defined as myg (1) = \/A(1){$)o
for vacuum stability bound for a fixed seesaw scale Ma = 102 GeV, for various
values of A5 are shown. The other non-SM inputs at M, are taken as A\ = v/4m,

A = —1,04 = A¢ = 0 and YA = 0. By using the above mentioned conditions on
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Figure 3.4: The vacuum stability (dotted line) and the perturbativity (solid line)
bounds on Higgs boson pole mass My vs Ag. Each line correspond to differnt
values of Ma = 10*,10%2,10%,1.14 x 10" and 10® GeV, from top to bottom. For
Ma = 1TeV are given for \¢ < 0.1. The horizontal line is representing LEP2 bound
(i.e My = 114.4GeV)

non-SM parameters and by varying A5, vacuum stability bound on Higgs mass comes
as 126.3 GeV (in our analysis)

Fig. (3.6) shows the evolution of running Higgs boson mass defined as my () =

M) {p)o (for perturbativity bound) for a fixed SeeSaw scale M = 102GeV for
various values of As. The other non-SM inputs at M, are taken same as for Fig.
(3.5).

We have found that vacuum stability and perturbativity bounds merge for higher
values of A5 and the corresponding Higgs mass coincides with vacuum stability bound
with cutoff scale Mx.(i.e we have found that for A5 = 0.3, vacuum stability bound
is my = 126.348 GeV (3.5) and for A\; = 0.1351, perturbativity bound is 126.339
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Figure 3.5: Running Higgs Boson mass (mpg (i) = v/ A(p){(¢)o) corresponding to vac-

uum stability bound for various values of A5 with sesaw scale of Ma = 10'2 GeV .Each
plot corresponds to A; = 0.3,0.22,0.2,0.15 and 0 at Plank scale (from top to bot-

tom).

GeV. Both the vacuum stability and the perturbativity bound on Higgs mass are
close for the larger values of A5, as for the case of ). Eventually, for a sufficiently
large value of A5,Higgs boson mass between vacuum and perturbativity bound is
close and become more easier to be calculated. Which shows that A5 also plays an
important role in finding the Higgs mass bounds. We have also observed that for
A5 close to 0.1 and Ma = 1TeV, the vacuum stability bound for My coincides with
LEP2 bound (i.e 114.4 GeV).
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Figure 3.6: Running Higgs Boson mass (my(p) = /A(u)(¢)o) corresponding to
perturbativity bound for various values of A5 with seesaw scale of M = 1012 GeV.
Each plot is corresponding to A5 = 0,1.0,1.25 and 1.35 (from top to bottom). The
horizontal black line is representing My = (47)3 (¢)g = 464GeV

3.6 Comment

We have used a set of input parameters (as given in paper [21]) to keep our analysis
in perturbative region for the energy scale of Ma < p < M,;. We have basically
considered the potential impact of Type II seesaw on vacuum stability and pertur-
bativity bounds on Higgs boson mass in the SM.
We have considered two main effects (as given in paper [21]). One is the tree-level
matching condition given in Eq.(3.2.12) for the SM higgs quartic coupling, which is
induced by Ag at seesaw scale (triplet mass). The SM Higgs mass is then studied by
using known RGEs.

In second set of examples we have considered the other coupling( A5) which plays
an important role in predicting the Higgs boson mass bounds. In both cases, we have

identified the regions in parameter space for which the Higgs boson mass bounds
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Figure 3.7: The vacuum stability (dotted line) and the perturbativity (solid line)
bounds on Higgs boson pole mass My vs A5. Each line corresponds to differnt values
of Ma (i.e. Ma =10'"10'2,10% 1.14 x 107" and 10® GeV), from top to bottom. The
horizontal line is representing LEP2 bound (i.e My = 114.4GeV)

lie quite below than 127 GeV (the value obtained in absence of type II seesaw).

Perhaps quite an interesting result from our set of parameter space is that Higgs

boson mass can be as low as LEP 2 bound of 114.4 GeV, with the type II seesaw.
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Chapter 4
Concluding Remarks

In this dissertattion, we have demonstrated how the Higgs mass bounds (both vac-
uum stability as well as perturbativity bounds) get affected by neutrino mass pa-
rameters. We have analyzed the effect of Type I seesaw on the Higgs mass bounds
in detail.

We have started our thesis with the Higgs mechanism which is basically based on
spontaneous symmetry breaking. We have taken a toy model to represent the basic
idea of spontaneous symmetry breaking. Then we took gauge theory SU(2),®U(1)y
to compile the Higgs mechanism. We have added the Higgs field and studied the
spontaneous symmetry breaking of the introduced Higgs field which gave masses to
the particles in the SM, including the expected Higgs mass in the theory.

In second chapter, we have discussed the neutrino mass generation problem in
detail. We have seen that the Higgs mechanism does not give neutrino mass as the
neutrinos were considered massles before the neutrino oscillation experiments. We
have discussed an easy and the most suitable way to introduce the neutrino masses
by extending the SM with different gauge groups. The possible extensions of the
SM called seesaw mechanisms including Type I and II are discussed in detail .

We have also discussed the neutrino oscillations in our presented dissertation as
it is the main experimental evidence that the neutrinos are massive.

In third chapter, we have presented the Higgs mass bounds by using Type II
seesaw. By taking the Plank scale to be our upper energy bound, keeping our theory

in the perturbative region for the energy scale of M, < u < M,; and considering the

60



known RGEs for gauge couplings and the quartic coupling, we have solved all of the
possible known RGESs to measure the vacuum stability bound on Higgs mass, which
came out to be 126.348 GeV according to our analysis and we have also found the
perturbative bound on the Higgs mass which is about 169.4 GeV (according to our

analysis).

61



Bibliography

1]

W. N. Cottingham and D. A. Greenwood, “An Introduction to the Stan-
dard Model of Particle Physics”, Second Edition, Cambridge University Press,
(2007).

S. Glashow, S.L. “Partial Symmetries of Weak Interactions ” Nucl. Phys. 22
(1961) 579-588 ; S. Weinberg, “A Model of Leptons ” Phys. Rev. Lett. 19 (1967)
1264-1266.

Jeffrey Goldstone, Abdus Salam, and Steven Weinberg, “Broken Symmetries 7,
Phys. Rev. 127 (1962) 965-970.

Fayyazuddin, Riazuddin, “A Modern Introduction to Particle Physics”, World
Scientific Publishing Company, 3" Edition.

F. Abe et al. (CDF Collaboration), “Observation of Top Quark Production
in pp Collisions with the Collider Detector at Fermilab”, Phys. Rev. Lett, 74
(1995) 2626-2631.

F. Englert and R. Brout, “Broken Symmetry and the Mass of Gauge Vector
Mesons ", Phys. Rev. Lett., 13 (1964) 321-323.

P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys. Rev.
Lett. 13 (1964) 508-509.

John Ellis, Mary K. Gaillard and Dimitri V. Nanopoulos, “A Historical Profile
of the Higgs Boson ”, [arXiv:1201.6045 [hep-ph]] (2012).

62



[9]

[10]

[11]

[12]

CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with

the CMS experiment at the LHC”, Phys. Lett. B 716 (2012) 30-61.

ATLAS Collabration (Aad, Georges et al.), “Observation of a new particle in
the search for the Standard Model Higgs boson with the ATLAS detector at
the LHC”, Phys. Lett. B 716 (2012) 1-29, [arXiv:1207.7214 [hep-ex]].

John Ellis, Tevong You, “Global analysis of the Higgs candidate with mass~ 125
GeV”, JHEP, 123 (2012) 1-22 [arXiv:1207.1693 [hep-ph]].

ATLAS collaboration, “An update of combined measurements of the new
Higgs-like boson with high mass resolution channels”, ATLAS-CONF-2012-170
(2012).

C. D. Ellis and W. A. Wooster, “The Continuous Spectrum of 5-Rays 7, Nature
119 (1927) 563-564.

J. Chadwick “Possible existance of neutron ”, Nature 192 (1932) 312.

Dr. Fredrick Reines and Dr. Clyde L.Cowan , “The Neutrino ”, Nature 178,
(1956) 446-449.

Lincoln Wolfenstein, “Neutrino mass discovered ”, Phys. World 11(7), (1998)
17.

Keith R. Dienes, Emilian Dudas and Tony Gherghetta, “Light neutrinos with-
out heavy mass scales: a higher-dimensional seesaw mechanism 7, Nuc. Phys.
B 557, (1999) 25-29.

Dore, Ubaldo and Lucia Zanello. “Bruno Pontecorvo and neutrino
physics.” arXiv preprint arXiv:0910.1657 (2009).

M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and T. Schwetz, “Global fit to
three neutrino mixing: critical look at present precision ”JHEP 1212, (2012)
123+4-24.

M.E. Peskin and D.V. Schroeder, “An Introduction to Quantum Field Theory”,
Frontiers in physics, Westview Press, (1995).

63



[21]

[22]

[23]

[24]

[25]

[20]

llia Gogoladze, Nobuchila Okada and Qaisar Shafi, “Higgs mass bounds in a
type II seesaw model with triplet scalars”, Phys. Rev. D, 78 (2008) 085005+7.

K.A. Olive et al. “Particle Data Group”, Chin. Phys. C' 38 (2014) 090001.

E. Ma and U. Sarkar, “Neutrino Masses and Leptogenesis with Heavy Higgs
Triplets”, Phys. Rev. Lett. 80 (1998) 5716-5719.

M. X. Luo and Y. Xiao, “Two-Loop Renormalization Group Equations in the
Standard Model ”, Phys. Rev. Lett. 90 (2003) 011601+-4.

H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J. Piard, P. Ramond,
and B. D. Wright, “Renormalization-group study of the standard model and
its extensions:The standard model”, Phys. Rev. D 46 (1992) 3945+66.

H. E.Haber, R. Hempfling,and A. H. Hoang, “Approximating the radiatively
corrected Higgs mass in the minimal supersymmetric model”, Z. Phys. C' 75
(1997) 539-554.

F. Jegerlehner and M.Y. Kalmykov, “The O(aas) correction to the pole mass
of the t-quark within the Standard Model” Nucl. Phys. B 676 (2004) 365-389 .

A. Sirlin and R. Zucchini, “Dependence of the Higgs coupling I_zMS*( M) O My
and the possible onset of new physics” Nucl. Phys. B.266 (1986) 389-409.

Damien M. Pierce,“The Strong Coupling Constant in Grand Unified
Theories” [arXiv:hep-ph/9701344] (1997).

C. Quigg, “Gauge theories of the strong, weak, and electromagnetic interac-
tions”, Westview press (1997).

E. Molinaro, “Type I Seesaw Mechanism, Lepton Flavour Violation and Higgs
Decays,” J. Phys. Conf. Ser 447 (2013) 012052+6.

W. Grimus, L. Lavoura and B. Radovcic, “Type II seesaw mechanism for Higgs
doublets and the scale of new physics,” Phys. Lett. B 674 (2009) 117-121.

64



[33]

[34]

[35]

[36]

[37]

[42]

[43]

K. R. Dienes, E. Dudas and T. Gherghetta, “Neutrino oscillations without neu-
trino masses or heavy mass scales: A Higher dimensional seesaw mechanism,”
Nucl. Phys. B 557 (1999) 25+17.

Otto Nachtmann, “Elementary Particle Physics Concepts and Phenomena”,
Springer-Verlag Berlin Heidelberg (1990).

Goran Senjanovi¢, “Neutrino Mass: from LHC to Grand Unification ,Nuovo
Cim, ICTP, Trieste, Italy”(2011).

Giunti Carlo, “Theory of neutrino oscillations ”, Proceedings, 16th Conf. HEP
(2004) 427-438, [arXiv:hep-ph/0409230].

Ziro Maki, Masami Nakagawa and Shoichi Sakata, ”Remarks on the Unified
Model of Elementary Particles “, Prog. Theor. Phys. 28(5) (1962) 870-880.

Super-Kamiokande collaboration, Y. Fukuda et al., “Evidence for oscillation of
atmospheric neutrinos”, Phys. Rev. Lett. 81 (1998) 1562-1567, hep-ex,/9807003.

M. Apollonio et al., “Search for neutrino oscillations on a long baseline at the
CHOOZ nuclear power station,”, Furopean Physical Journal C. 27 (2003) 331-
374.

J. Davis, Raymond, D. S. Harmer and K. C. Hoffman, “Search for neutrinos
from the Sun”, Phys. Rev. Lett. 20 (1968) 1205-1209.

Super-Kamiokande collaboration, S. Fukuda et al., “Determination of solar neu-

trino oscillation parameters using 1496 days of Super-Kamiokande-I data”, Phys.
Lett. B 539 (2002) 179-187 .

Super-Kamiokande collaboration, Y. Ashie et al., “Evidence for an oscilla-
tory signature in atmospheric neutrino oscillation”, Phys. Rev. Lett. 93 (2004)
101801-101806.

Super-Kamiokande collaboration, Y. Ashie et al., “A measurement of atmo-

spheric neutrino oscillation parameters by Super-Kamiokande I”, Phys. Rev. D
71 (2005) 112005-112040.

65



[44]

[50]

[51]

[52]

[53]

KamLAND collaboration, T. Araki et al., “Measurement of neutrino oscillation-
with KamLAND: Evidence of spectral distortion”, Phys. Rev. Lett. 94 (2005)
081801+-5.

An, F. P. and others, “New measurement of #;3 via neutron capture on hydrogen
at Daya Bay 7, Phys. Rev. D 93 (2016) 072011+26.

G. J. Feldman, J. Hartnell, and T. Kobayashi, “Long-Baseline Neutrino Os-
cillation Experiments,”, Advances in High Energy Physics, 2013, Article 1D
475749 (2013) 30 pages.

M. Ahn et al. (K2K Collaboration). Measurement of Neutrino Oscillation by
the K2K Experiment. Phys. Rev. D. T4 (2006) 072003+39.

I. Ambats et al. (MINOS Collaboration), “The MINOS Detectors Technical
Design Report” NUMI-L-337, FERMILAB-DESIGN-1998-02 (1998) 200 pages.

R. Acquafredda et al. “The OPERA experiment in the CERN to Gran Sasso
neutrino beam”. JINST, 4 (2009) P04018.

K. Hirata et al. (KAMIOKANDE-II Collaboration). “Experimental Study of
the Atmospheric Neutrino Flux”, Phys. Lett. B, 205 (1988) 416-420.

T. Haines et al. “Calculation of Atmospheric Neutrino Induced Backgrounds in
a Nucleon Decay Search”. Phys. Rev. Lett. 57 (1986) 1986-1989.

Y. Fukuda et al. (Super-Kamiokande Collaboration). “Evidence for oscillation

of atmospheric neutrinos”, Phys. Rev. Lett. 81 (1998) 1562-1567.

M. Ahn et al. (K2K Collaboration). “Measurement of Neutrino Oscillation by
the K2K Experiment”, Phys. Rev. D 74 (2006) 072003+-40.

66





