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Abstract

Neutrinos are massive and they oscillate. The three-neutrino oscillation paradigm
is characterized by the three mixing angles (012, 013, 653); two mass square splittings

(Am2,..,Am?, ) and one complex phase (§) responsible for CP violation. It is
noteworthy that Am?2, /Am?2, =~ 1072. Earlier the experimental observations

were roughly consistent with popular lepton mixing patterns like the Tribimaximal
(TBM), Bimaximal (BM) and Golden Ratio (GR) mixing as they give 613 = 0 and
maximal mixing in the atmospheric sector (A3 = m/4) by construction. In 2012
short-baseline reactor anti-neutrino experiments observed non-zero #;3 which is
small compared to the other two mixing angles i.e., #135 ~ 9°. A running theme
of my research work is to consider a two-component Lagrangian, one of which is
dominant and the other one smaller. The dominant constituent offers any of the
popular lepton mixings or a scenario where all the mixing angles are either 0 or
maximal (7/4) to start with accompanied by Am?, == 0, while the sub-dominant
component amends the dominant part so as to generate non-zero 613 and Am?,,
and brings the other mixing angles in concord with the experimental data while
predicting the CP violation phase 9.

We began with an introduction which reviews the essentials of neutrino properties
and the Standard Model that were used throughout the thesis. Then we have
analysed the two-component scenario in the context of different mixing patterns
in a model independent fashion. Next we examined the possibility that the sub-
dominant contribution could originate from a Type I seesaw mechanism. The
theories result in interesting interrelationships between different oscillation param-
eters making it testable. In particular, the CP phase §, octant of 53, ordering of
neutrino masses and the lightest neutrino mass get correlated.

We have also explored the possibility of such models arising from discrete flavour
symmetries such as A4 and S3. We have identified the quantum numbers of the
leptons such that the Type II seesaw mechanism gives rise to the dominant part of
the neutrino mass matrix while the smaller Type I seesaw contribution attributes
corrections which bring the mixing angles and masses into the measured range.
The Lagrangian includes all terms allowed by the symmetries and no soft sym-
metry breaking term is introduced. Symmetries are broken spontaneously. The
models predict the octant of y3 as well as the effective mass for neutrinoless double
beta decay in terms of the lightest neutrino mass and are therefore testable. It
was inferred that normal ordering is always associated with the first octant of 6a3
whereas the second octant with inverted ordering. The models have rich scalar
sectors which are carefully studied in terms of the local minimization of the scalar
potential and the necessary conditions specific to them are obtained.
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in the light of recent oscillation data
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Abstract

Three-neutrino oscillations are characterised by the mixing angles (612, 613, f23), mass square splittings
(Am? .., Am2,,...) and a Dirac CP phase (§). Experiments indicate that Am?2,, /|AmZ,,...| ~ 1072
Prior to the observation of 613 # 0 in 2012, lepton mixings of the Tribimaximal, Bimaximal, and Golden
Ratio forms were constructed with 613 = 0 and 03 = m/4. Their sharp contrast with the experimental
observations accentuates the necessity of amendment. A two-component formalism is the motif of
the thesis. The dominant contribution corresponded to Am?olar = 0 along with any of the popular
mixings or NSM (no solar mixing i.e., o3 = 7/4, 613,012 = 0). The sub-dominant constituent nudged

these parameters into the observed range. Predictions for the CP phase § were obtained.

Preceded by an overview of neutrino physics and the Standard Model in Chapter 1, in Chapter 2 a
model independent realization of the strategy for the four mixings is presented. In Chapter 3 viability
of the scheme was explored for NSM with the dominant and sub-dominant contributions generated by
Type II and Type I seesaw respectively. In Chapters 4 and 5, we employed discrete flavour symmetries
A4 and S3 to yield the mass matrices conducive to our scheme. All four mixings were considered in
Chapter 5. Our endeavours were restricted to only the NSM case in Chapter 4. The octant of 63, §
and |my,,,,| were predicted in terms of the lightest neutrino mass thereby interrelating them. In all
the cases, the first octant of 023 got associated with normal ordering, the second octant with inverted
ordering. Both models had opulent scalar content studied to the extent of local minimization of
scalar potential. Symmetries were broken spontaneously to render vev to the scalars leading to lepton
masses. No soft symmetry breaking was allowed. The models have several testable predictions.
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Chapter 1

Introduction

Neutrinos are one of the most fascinating entities of the particle kingdom. These
chargeless spin % fermions were first proposed by Wolfgang Pauli [1] in 1930 to
explain the missing energy of beta decay. Neutrinos are the second most abundant
particles in the universe but are extremely feebly interacting and therefore very
hard to detect. They interact only through weak interactions. Clyde Cowan and
Frederick Reines [2] jointly reported the first detection of the anti-neutrinos (the
antiparticles of neutrinos) in 1956 for which Reines was awarded Nobel Prize in
1995. The elusive neutrinos can serve as ideal messengers for transporting informa-
tion from distant cosmic sources such as supernovae. They may play a pivotal role
in the evolution of the early universe, in particular in generating the dominance of
matter over antimatter by providing a source of lepton number violation as well
as CP violation.

Another interesting property of the neutrino is its surprisingly tiny mass (it could
be about 500000 times lighter than the electron). This along with neutrino oscilla-
tions circumscribes the periphery of my thesis. This chapter comprises of a detailed
discussion of neutrino oscillation (Sec. 1.1.1) and its interrelationship with the neu-
trino masses which is indispensable for oscillations to occur. This is succeeded by
a general discussion (Sec. 1.2) of the Standard Model (SM) in the context of its
signature mass generating principle thereby identifying the limitations which for-
bid it from providing masses to the neutrinos. Thus the experimental observation
of neutrino oscillation was one of the pioneering evidences of physics Beyond the
Standard Model (BSM). In Sec. 1.3 some BSM scenarios for neutrino mass genera-
tion technically known as the seesaw mechanism will be discussed. Finally, having
discussed in detail the inducements that propelled my doctoral research, we will
conclude this chapter by presenting a schematic layout of the thesis in Sec. 1.4.



1.1 Nuances of Neutrinos

Neutrinos occur in three flavour eigenstates (v., v, v;) named after the charged
lepton counterparts (e~, u~, 7~ ) whose left-handed component constitute doublets
of SU(2); along with left-handed neutrinos! of the same flavour. These flavour
eigenstates (v, where oo = e, i, 7) participate in weak interactions and are therefore
also often termed as the weak basis in which the neutrino mass matrix is not
necessarily diagonal. Thus it is worth defining the mass eigenstates (v;, i = 1,2, 3),
a basis in which the neutrino mass matrix is diagonal that is different from the
weak eigenstates. The weak basis and the mass basis of the neutrinos are connected
by a unitary basis transformation matrix (U,),

N
) = S (U )ail). (1.1)
i=1
where N is the number of generic species of light neutrinos taking part in weak
interactions?. Similarly one can define a flavour basis for the charged leptons (I3,
f = e ,u,7") in which the charged lepton mass matrix is not diagonal and a
mass basis ([;, j = 1,2,3) for the same designated by a diagonal charged lepton
mass matrix. If the unitary basis transformation matrix relating these two bases
for the charged leptons be U; then one can define the unitary lepton mixing matrix
called the Pontecorvo Maki Nakagawa Sakata (PMNS) [3] matrix® (Upprns) as:

Upnns = UJU,. (1.2)

Now if we can choose a basis for writing down the mass matrices such that the
charged lepton mass matrix is diagonal in that basis then it is crucial to note that
the lepton mixing matrix for that case is given by:

UPMNS = U,/ for Ul =1 (13)

simply*. Neutrinos are capable of oscillating from one flavour eigenstate to another
by virtue of their mass in course of their propagation from one point to the other
by a purely quantum mechanical phenomenon known as neutrino oscillation (to be
discussed in detail in the following sections) which in its turn dictates the Uppns.

For an N x N unitary matrix, there are N(N —1)/2 angles and N (N +1)/2 phases
among which (2N — 1) phases can be absorbed by appropriate re-phasing of the

!Needless to mention that the SM is an SU(3)c x SU(2), x U1 (Y') theory that will be discussed
in detail in Sec. 1.2.

2From Z° — invisible decay width it is well known that N = 3.

3This can be thought to be an analogue of the Cabibbo Kobayashi Maskawa (CKM) mixing
matrix in the quark sector.

4In all the chapters of my thesis except Chapter 5 this choice of the flavour basis has been
adopted in which the charged lepton mass matrix is diagonal and the entire mixing resides in the
neutrino sector. In Chapter 5 we performed our analysis in the mass basis of the neutrinos and
the entire mixing was generated by the charged leptons.



left-handed Dirac fields. Thus (N — 1)(/N — 2)/2 physical phases remain, which
are responsible for CP violation. Needless to point out that CP violation can
therefore occur only if the number of generations for the neutrinos N > 3. Thus
for a simple case of 2 flavour oscillation, CP violation cannot take place. If the
neutrinos are of Majorana nature®, then the phases associated with them cannot
be absorbed by re-phasing. Only N phases associated with the left-handed charged
lepton Dirac fields can be re-phased and absorbed and N (/N —1)/2 physical phases
persist among which (N —1)(N —2)/2 are the usual Dirac phases whereas the N —1
phases are of Majorana kind. Thus for a three-flavour oscillation (N = 3) there are
three mixing angles (namely 615,013, 023) and one Dirac phase (&) responsible for
CP violation and a couple of Majorana phases. Neutrino oscillations are immune
from the effects of Majorana phases and the latter are therefore of no consequences
for our discussion henceforth.

1.1.1 Neutrino Oscillations

Pontecorvo coined the concept of neutrino oscillation based on a two-level quan-
tum mechanical system [4] in 1957. For a quantum mechanical two-level system
characterized by the stationary state |¥,) with energy eigenvalue E,, the time
evolved ket after a time t i.e., |, (t)) is given by®

[Tn(t)) = 7T, (0)). (1.4)

Thus the stationary state will continue to be an eigenstate of the Hamiltonian after
the time ¢ with just a phase modification. But in case of a non-stationary state (for
example, some arbitrary superposition of the stationary states |¥;) and |Vy) with
eigenvalues F; and Fs respectively), it is evident that the probability of remaining
in the initial state after time evolution will instead be an oscillatory function of
time having frequency (Es — E).

One can immediately map this knowledge to neutrinos by identifying the neutrino
flavour eigenstates |v,) (non-stationary states) as a linear combination of the mass
eigenstates |v;) with (U, ). as the co-efficients of the linear expansion as implied
by Eq. (1.1) to fetch an explanation to the phenomenon of neutrino oscillations.
In other words, the probability a neutrino flavour eigenstate |v,) to be in the same
flavour eigenstate will also oscillate with time. If a neutrino flavour eigenstate |v,)
is produced at z,t = 0 by a source, then after time ¢ it will evolve in accordance
to

N

|Va<t>> = Z Uai|V¢(t)> = Z(Uy)aie*iEit

=1

v;(0)), (1.5)

and will travel as a superposition of the mass eigenstates |v;). The probability of
a neutrino flavour eigenstate |v,) to migrate into another flavour eigenstate |vg)

A property yet to be confirmed by neutrinoless double beta decay (0v23) experiments.
6Throughout the thesis we will be using natural units, h = ¢ = 1.



after time ¢ in which it travels a distance L(= t) in vacuum’

neutrino oscillation probability®, is given by

, 1.e., precisely the

N

1D > (U)ai(U)si s i) (1.6)

=1 j:l

PV&Vﬂ - |<VB‘V04

In the ultra-relativistic regime for tiny masses of the neutrinos we can approximate

pi~pi=p~FEand E; = \/p; +m? ~p+ ;n—g where m; and F; are the mass and
energy of |v;). Using this and the orthogonality of the mass eigenstates we get

N
Provy =005 = 4 Rel[(U0)ai(U,)g; (U;)5i(Uy )ag] sin® x5
i<j
N
+ 2 Z Im[(U,)ai(U,)6;(U;)5i(Uy) )aj] sin 2x77° (L.7)
i<j
where ) o A2
2 m? 2 TI/E
oo - m)L g Amy LIE (1.8)
J AE eV m/MeV
The oscillation wave-length is given by
AT E E (MeV) E (GeV)
Lo = ~ 248 M ——5- = 248 km ——5~ 1.9
v Amg " AmZ; (eV?) " AmZ; (eV?) (1.9)

It is imperative to note from Eq. (1.7) that for neutrino oscillations to take place,
the mass square splittings, Am?; = m; — mj have to be non-vanishing. Thus the
experimental observation of neutrino oscillation tells us that at least there should be
a non-zero mass difference between two neutrino mass eigenstates i.e., at least one
of the |v;) must be massive. Thus the observation of neutrino oscillation asserted
the massive nature of the neutrinos®. At this point it is also worth accounting
that neutrino oscillation is insensitive to the absolute neutrino mass scale and its
measurement can only render information about the mass square splittings. For the
three-flavour oscillation there are two such mass square splittings namely the solar
splitting, Am? ;. = m% — m? and the atmospheric splitting Am2, == m3 — m3.
These two mass square splittings along with the three mixing angles (6,2, 013, 023)

and one Dirac CP phase (J) constitute the spectrum of three-neutrino oscillation.

Let us now in the following section decipher Eq. (1.7) in terms of the mixing
angles for a simple toy model of two generations and later on extend it for the
three flavour oscillations.

"The effects of matter on neutrino oscillation will be discussed in Sec. 1.1.1.C.

8For anti-neutrinos the U, are to be replaced by U} and vice versa.

9 According to the SM neutrinos are devoid of masses (detailed discussion appears in Sec. 1.2).
Thus the discovery of neutrino oscillation was the first low energy signature of departure from
SM for which Takaaki Kajita and Arthur B. McDonald were awarded the Nobel Prize in 2015.



1.1.1.A Two-flavour oscillations

For a two-flavour oscillation, the neutrino mixing matrix U, is a 2 X 2 matrix
delineated by a single!® mixing angle 6 (say) expressed!! as:

U, = ( cosf sind > (1.10)

—sinf cos6

A single mass square splitting Am? prevails. Using the form of U, featured in Eq.
(1.10) in Eq. (1.7) we get:

L
L2 L2 2
Py, = sin” 20 sin (1.27Am E) , (1.11)
and ;
.2 .2 2
P; =1 —sin” 20 sin (1.27Am E) . (1.12)

Here the mass square splitting Am? is in eV?, the distance traversed by the neutrino
L is in m (km) and its energy £ in MeV (GeV). The oscillation amplitude and
frequency are dictated by # and Am? respectively. Thus to probe a particular
Am?, the experimental set up has to be devised with E/L ~ Am? i.e, L ~ L.

As already mentioned, the above discussion is a warm-up exercise for the three
generation case to be explored in the next section.

1.1.1.B Three-flavour oscillations

Since the active light neutrinos occur in three flavours, the study of three-
generation oscillation is of paramount importance and this discussion will con-
stitute one of the cardinal quoin on which my thesis is based.

From the closing remarks of Secs. 1.1 and 1.1.1 we have already gained cognizance
of the fact that the three-neutrino oscillation paradigm is characterised by the three
mixing angles (6,2, 613, f23), one Dirac CP phase () and the two independent mass
square splittings viz. Am?, = mi—m? and Am?2, == m3—m3. The solar mixing
angle is given by 615, 693 is the atmospheric mixing angle. As we will see later from
Eq. (1.16), all the three mixing angles have to be non-vanishing for CP violation
to take place'?. The splitting Am?2, == m3 — m? = Am3, is responsible for solar
neutrino oscillation and is observed to be positive (~ 107°eV?) ensuring my > m;.
The atmospheric splitting (~ 1073eV?) is larger i.e., |[Am2,| = |Am32,| > Am2,.
The sign of the atmospheric splitting is not yet known. For Normal Ordering (NO),
Am?, > 0i.e., m3>my > m; whereas Am?, <0 for Inverted Ordering (I0)
of neutrino masses'? i.e., my > my > mg .

0Recall, an N x N unitary matrix is characterised by N(N — 1)/2 angles.

HFor two-flavour oscillations CP violation is prohibited.

12Thus the experimental observation of non-zero ;3 in 2012 paved the way for CP violation.

13Note if m* = ms3 4+ mq, then m~ > 0 (< 0) for NO (IO). We will come across something
similar while discussing our endeavours integrated to compose this thesis from the next chapter.



The neutrino mixing matrix U, can be contemplated as a combination of three
successive Eulerian rotations in 3 dimensions in the 1-2 plane followed by that in
the 1-3 and 2-3 planes for which the rotation!* matrices are given by R, Vi3 and
Ros.

U, = Ro3Vi3Rio, (1.13)
where
ci2 S22 0 C13 0 s13e %
Rig=| —s12 c2 0|, Viz= 0 1 0 )
0 0 1 —s513¢ 0 3
1 0 0
Rgg = 0 Co3 593 . (114)

0 —s23 023
Here ¢;; = cos0;; and s;; = sin 6;; and 0;; is the ¢ — j rotation angle. The neutrino
mixing matrix!® so obtained is given by:

0

C12€13 $12€13 S13€
U, = —S12C23 — 012523313€i6 C12C23 — 512323313€i5 523C13
512523 — 012023513€i5 —C12523 — 51202351:«;@“S C23C13

= Upuns if U =1 (1.15)

The three-neutrino oscillation probability is given by Eq. (1.7). It is useful to note
that the CP phase ¢ is always associated with'® s;3. A basis-independent measure
of CP violation is given by the leptonic Jarlskog(J) parameter [5]:

1
J =Im[(U,)e1(U0)2(U))e2(U; ) a] = gcos 013 sin 26,5 sin 2095 sin 26015 sin d.

(1.16)
If CP is conserved J = 0. Thus it can be be immediately inferred that CP violation
transpires if all the mixing angles as well as 0 is non-zero.

So far we have discussed the neutrino oscillations in vacuum. Although neutrinos
interact weakly with the particles in the medium it still has an impact on its
oscillatory behaviour to be surveyed in the succeeding segment.

1.1.1.C Matter effects

Neutrinos while traversing through a medium interact with the medium compo-
nents through weak interactions that has consequential influences on its oscillation

4 There is nothing sacred about combining the rotation matrices in this particular order. They
can of course be combined in a different order yielding the neutrino mixing matrices of some other
form that can be mapped to the U, in Eq. (1.15) by a unitary transformation. But neutrino
physicists all over the world conventionally follow the standard parametrization of defining U,
as expressed in Eq. (1.15) that we will also endorse.

5By convention the PMNS mixing matrix (Upjsns) is defined with the mixing angles varying
between 0 < 0;; < § whereas for the CP phase 0 < ¢ < 2.

161f CP is conserved then the oscillation probabilities for neutrinos and anti-neutrinos are iden-
tical. Thus roughly speaking the difference between the oscillation probabilities of the neutrinos
and anti-neutrinos could provide a measure of CP violation in the lepton sector.



properties. Among these weak interactions (mediated by W* and Z°)!" some co-
herent forward elastic scatterings of the neutrinos with the matter particles take
place, the amplitude for which is not flavour democratic. This is because ordinary
matter does not contains =, 7~ but has e~ with which v, can interact through
CC interactions (left panel of Fig. 1.1) but v, cannot. This gives rise to a flavour
dependence for the CC processes whereas the NC processes contribute equally for
all the three flavours as can be seen from the right panel of Fig. 1.1 and hence are
not relevant for oscillation studies. The CC interactions of v, with e~ produces an
additional contribution for the v, which is absent for v, ; that tweaks the oscilla-
tion probability. The necessary tinkering has to be done with an additional matter
potential of the following form

VE?H“?T Veallﬂ'
ZO

e? n7p 67 n7p

Figure 1.1: Feynman diagrams for CC (NC) interactions of the neutrinos are shown in left
(right) panel.

Pmatter
Verr = V2GpN, ~ 7.6Y, ——=—¢eV | 1.17
Ir \/_ F 1014g/cm3e ( )

where Gr and pyatter are the Fermi constant'® and the matter density of the
medium respectively. The relative number density Y, = ﬁ where N., N,, N,

are the number densities of electron, proton, neutron in the interacting matter.

The Schrodinger equation governing the time evolution of a neutrino flavour eigen-
state undergoing matter effects in the two-flavour oscillation scenario is proffered
below:

0 (v, o Am? [ —cos20  sin20 Vesr 0 Ve
ZE <V$) - {C]I—i_ P sin26  cos 20 + 0 0 vy )’ (1.18)
where p, E are the momentum and energy of the neutrino and 6 is the mixing

angle defined in Eq. (1.10). Here v, = v, or v,. Using Eqgs. (1.17) and (1.18) one

can define:
2v/2EGEN.

Am?
The positive and negative sign of A in Eq. (1.19) corresponds to neutrinos and anti-
neutrinos respectively. Also the dependence of the sgn(A) on Am?, i.e., the mass

A=+A where A= (1.19)

1"The Z° boson mediates the neutral current (NC) interactions while charge current (CC)
interactions take place by exchange of W=.

18The Fermi constant is related to the weak coupling g by ?/’% = Si’; where Myy is the mass
w

of W=,



ordering, is of far reaching consequence as we will see later. For constant matter
density just a simple diagonalisation of the Hamiltonian could yield the results.
The two-level case as already pointed out in the vacuum oscillation discussion is
completely characterized by a mixing angle (f) and a mass square splitting (Am?)
that are modified in presence of matter as:

(AmQ)matter - X (Amz),
sin 20MAter  — in29/X  and
cos 20Mmatter (cos20 — A)/X. (1.20)

where

X = \/(cos 20 — A)? 4 sin®20 for neutrinos,

= \/(cos 20 + A)2 + sin?260 for anti — neutrinos. (1.21)

Thus one can immediately conclude that interaction of neutrinos and anti-neutrinos
with matter are different. If we study atmospheric neutrino oscillation then the
neutrino mass ordering dictates whether B, , > P, 5 or B 5 > P, whichin its
turn can be exploited to unravel the neutrino mass ordering!®. Precisely from Eq.
(1.21) we can say, if P, > Py then A > 0 which implies neutrino masses are
ordered in the inverted fashion whereas normally ordered neutrino mass spectrum
would lead to A < 0 causing P, > B,

In 2002, an experiment was proposed in India, namely the India-Based Neutrino
Observatory (INO), to measure the up-down asymmetry for atmospheric neutrinos
and anti-neutrinos separately and extract the P, ,, and P, ; and compare them

to specify the neutrino mass ordering. To distinguish between the v, and v, INO
will search for the p~ and pu* coming from processes like:

v+ X — pu+Y
v+ X — ut+Y (1.22)

Needless to mention that detection of % will indicate incoming 7, whereas v, is
associated with p~. To discriminate between p* and g~ INO will be using a 50 kt
magnetised iron calorimeter (ICAL) functioning with a magnetic field of 1 Tesla
for the first time to study atmospheric neutrinos. The charge of the particle can
be easily identified in presence of the magnetic field from the curvature direction
of their tracks. Thus 1~ and p* and subsequently the associated v, and 7, coming
in can be distinguished and the corresponding oscillation probability P, ., and
Py, 5, can be measured. This leads to successful determination of neutrino mass
ordering®.

For completeness it is worthy to mention that a resonance can occur when:
Am? cos 20 = A. (1.23)
YRecall, from Eq. (1.19) sgn(A)=sgn(Am?). A is positive (negative) for NO (10).

20Determination of mass ordering is one of the objectives of INO. Apart from this it is also
devised for various other measurements including the CP phase ¢ [6].




This is the famous MSW resonance?! effect [7].

Having discussed the mechanism behind the neutrino oscillation both in vacuum
and in matter, we will now pay heed to the outcomes of the measurements of this
phenomena.

1.1.2 The light of recent oscillation data

Neutrino physics is one of the most dynamic branches of contemporary particle
physics research. These mysterious particles are probed by experiments worldwide
to procure information about its oscillation parameters including measurement of
CP violation () in the lepton sector that might provide an explanation to the
matter dominance of the universe over antimatter, to look for indications of lepton
number violating BSM physics in 0v23 experiments, etc.?2. Neutrinos are also
used for astrophysical measurements. IceCube Neutrino Observatory located at
the South Pole has detected ultra high energy neutrinos (~PeV), roughly 250 times
larger than the energy at which the LHC operates, thereby opening up an alternate
avenue for studying high energy events, which although exceedingly interesting is
beyond the scope of this thesis. In the following discussion we will restrict ourselves
to the neutrino oscillation measurements only.

The current 30 global fits of the neutrino oscillation parameters as obtained from
the NuFIT2.1 of 2016 [8] are:

Am2, = (7.02—8.08) x 107°eV?, 6, = (31.52 — 36.18)°,
|AmZ| = (2.351 —2.618) x 107 2eV?, fy = (38.6 — 53.1)°,
615 = (7.86—19.11)°, § = (0 —360)° . (1.24)

These neutrino mixing parameters® evince certain fascinating features:

2

2 _ 2 _ 2 2 _ 2 _ .2 2 1
1. Am = Am3, = m; —mj and Amz,,... = Amz, = m3; — mj differ by two

solar

orders of magnitude and it is handy to define R,,,ss = §Z§1| ~ 1072,

31

2. The sign of the atmospheric splitting i.e., sgn(Am3,) and hence the neutrino
mass ordering is yet not known to us.

3. The atmospheric mixing angle 3 which is close to 7 can lie in both the
octants i.e., whether 63 < 7 (first octant) or o3 > 7 (second octant) remains
undetermined.

2IThis was first proposed by L. Wolfenstein and later on applied by S. P. Mikheev and
A. Y. Smirnov to observe this effect for the solar neutrinos.

22Experimental observation of 0v2f processes will ensure that neutrinos are their own antipar-
ticles (Majorana type), the corresponding mass term for which violates lepton number by 2 units
as we will see in Sec. 1.3. There is no such observation yet. Lepton number conservation is an
accidental symmetry of the SM and observation of 0v24 will mark evidences of lepton number
violating BSM physics.

Z3In Chapter 4 we also use the recent preliminary T2K hints [9] of § being near -7 /2.



4. The Dirac CP phase ¢ is not yet a well measured quantity [10, 11].

5. 013 although small compared to the other two mixing angles is non-zero [12],
as was observed by the short-baseline reactor anti-neutrino experiments in
2012.

The last in the list i.e., 013 # 0 is a comparatively recent result as we can see.
Earlier it was not inconsistent with zero and certain popular lepton mixings were
fabricated in consonance with ;5 = 0 as will be discussed in Sec.1.1.3. Before that
let us for completeness have an inventory of the unknowns of the neutrino sector
at a glance and the searches going on to unravel them.

1.1.2.A Mysteries that prevail

Despite of intense investigations with proficient experimental set-ups worldwide,
the neutrinos continue to allure us with several mysteries in their characteristics
as catalogued below:

The neutrino mass ordering is not ascertained.

The octant of the atmospheric mixing angle remains unsettled.

CP phase 0 has to be measured.
e The absolute neutrino mass scale has to be determined.

e Whether the neutrinos are Dirac or Majorana particles has to be elucidated.

The first three entries in the list are neutrino oscillation parameters while the rest
cannot be obtained by oscillation measurements. Searches for 0v2/ can shed light
on the Majorana nature of the neutrinos and beta decay end-point spectrum is
probed to perceive the absolute neutrino mass scale.

It must also be noted that the SM Higgs boson does not couple to the neutrino to
provide them masses?*. Theorists all over the world are attempting to render an
explanation to the origin of neutrino masses that happens to be the prime intent
of my doctoral research as well. As will be seen in the following chapters, we have
constructed neutrino mass models consistent with the neutrino oscillation parame-
ters already observed and have predictions about the ones yet to be determined?®.
This precisely is the impetus behind the endeavours to be discussed from the next
chapter onwards but for the time being let us resume back to the general overview
of the subject.

24For detail, refer to Sec. 1.2.
25In coming days, if the experimental observations about these parameters are found to be in
contrast with our model predictions then it can be falsified.
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1.1.2.B Searches to unveil

Having gained the acquaintance with the existing puzzles of the neutrino sector,
we can now account the proficient experimental pursuits of these parameters con-
ducted across the globe?:

1. Long-Baseline neutrino experiments: DUNE is the most eminent enterprise
in this category. The Deep Underground Neutrino Experiment (DUNE) for-
merly known as Long-Baseline Neutrino Experiment (LBNE) is the Fermilab
international mega-science project. Measurement of CP phase §, determina-
tion of neutrino mass ordering and the octant of #,3 are some of the main
objectives of the DUNE experiment apart from which it will also search
for proton decay and look for the v, flux from a core-collapse supernova.
Equipped with the supporting infrastructure at Fermilab, DUNE will be
supplied with the neutrino beamline from the Long-Baseline Neutrino Fa-
cility (LBNF). DUNE is deftly designed with a couple of detectors, one at
the Fermi National Accelerator Laboratory in Batavia, Illinois (near detec-
tor) and the liquid argon (LAr) far detector at a baseline of 1300 km at the
Sanford Underground Research Laboratory in Lead, South Dakota placed
more than a kilometre underground. The far detector of fiducial mass 40
kt will be made up of four similar modules, each serving as a liquid argon
time-projection chamber (LArTPC). Liquid argon will be used for the first
time in a long-baseline neutrino experiment at DUNE which owing to its ex-
cellent tracking and calorimetry performance leads to high signal efficiency
and effective background discrimination. Further, its excellent reconstruc-
tion of the kinematical properties with a high resolution makes it ideal for
precise measurement of neutrino events over wide spans of energies. DUNE
is expected [13] to be capable of measuring 6 up to a precision of 10° to
20° and observing CP violation at 3o for 67 % values of ¢ and fathom the
neutrino mass ordering up to Ay? > 25. India is a member of the DUNE
collaboration.

T2K in Japan [10] and Fermilab NOvA [11] are two important ongoing neu-
trino oscillation experiments of this kind.

2. Short-Baseline experiments: Short-baseline anti-neutrino experiments from
reactor sources, i.e., Nuclear Power Plants (NPP), measure the survival prob-
ability of 7, at short distances to obtain non-zero 3. In 2012, Daya Bay [14],
a multinational China-based short-baseline experiment, and the RENO [15]
(Reactor Experiment for Neutrino Oscillations), located in South Korea, col-
laborations reported one of the most significant discoveries of contemporary
particle physics experiments, namely the non-zero 6,3 up to 5.2 and 4.9 stan-
dard deviations respectively. There are six NPP’s operating at 2.9 (2.8 and

26We are restricting this discussion to a small sample of the large number of experiments that
measure the quantities of immediate interest to us for this thesis. There are several other ongoing
and proposed projects searching for diverse aspects of the neutrinos that are uncorrelated to our
work and therefore not covered here.
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2.66) GWy;, at Daya Bay (RENO) producing 7, and detected by eight anti-
neutrino detectors, distributed in three groups stretching over a distance of
1.9 km for Daya Bay. RENO has a couple of identical detectors located
at 294 m and 1383 m away from the source. Both the experiments use
Gadolinium-doped liquid scintillator (Gd-Ls) to identify inverse beta decay
ie., (7. +p — €T 4+ n) as the detection principle.

3. India-based Neutrino Observatory (INO): India is embarking on a major
neutrino physics programme through the India-based Neutrino Observatory.
The flagship experiment will make use of a 50 kt magnetised iron calorimieter
(ICAL) for the first time to study atmospheric neutrinos [6]. The main
objectives of the experiment are to determine the neutrino mass ordering by
studying matter effects®” and the CP phase (§).

4. 0v23 experiments: 0v2[ searches are capable of constraining the effective
Majorana neutrino mass and therefore is a riveting branch of neutrino physics
worth examining. Lepton number preserving two-neutrino double beta decay
(DBD) is allowed by the SM that emits two e~ and two .. For (0v2p)
processes lepton number is not conserved and emission of two e~ would take
take place sharing the total transition energy. This would lead to a peak
in the sum energy spectrum of the two e~. For the two-neutrino DBD the
phase space is smaller compared to that in the Ov2f3 processes which are
however suppressed due to the smallness of the Majorana neutrino mass.
Nonetheless, the latter has emerged to be a conducive tool for probing the
lepton number violating processes. In fact, this reaction rate is proportional
to the square of the effective neutrino mass (|m,,,.|) and thus very hard to
measure. It is also directly affected by the uncertainties in nuclear matrix
element determination. Various dexterous experiments are devised for the
search of (0v23) among which we discuss CUORE and GERDA here. A
detailed account of the present status of such searches can be found in [16].

The Cryogenic Underground Observatory for Rare Events (CUORE) is at
its constructional last phase. Housed at the Gran Sasso Underground Lab-
oratory at a depth of 3400 m.w.e. (meters water equivalent), CUORE [17]
will hunt for (023) using cryogenic bolometers®® functioning at 10 mK. This
temperature is particularly favourable owing to the reduction of the heat ca-
pacity of the crystal at this temperature leading to efficient detectability of
minute energy depositions from temperature fluctuations that can be yielded
by (0v253) processes. CUORE made a preliminary search for (0v25) with a
single string called CUORE-0 that could determine T’ 1> 4.0 x 10** years in
TeOy with an exposure of 9.8 Kg.year. In future it will attempt to improve
it to the extent of 3.5 x 10%% years with reduced background.

The GERmanium Detector Array (GERDA) uses a new technique of in-
stalling an array of 86% enriched HPGe detectors directly in the liquid argon

27Some more detail can be found in Sec. 1.1.1.C.
28Each bolometer is a 5 x 5 x 5 cm? crystal of natural TeO;. These will be arranged in 19
towers each comprising of 52 crystals containing 200 Kg of 139Te.
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(LAr) cryogen that shields external 7 rays and supplies the necessary cool-
ing [18]. It started taking data from 2011 and sets T, >21x 10%° years limit

for "*Ge with an exposure of 21.6 Kg.year. This combined with the previous
experiments puts the best present limit of T’ 1> 3.0 x 10% years.

. KATRIN experiment: The KArlsruhe TRItium Neutrino (KATRIN) exper-
iment at Tritium Laboratory Karlsruhe is designed to measure the absolute
neutrino mass scale in a model-independent fashion by measuring the kine-
matics of electrons coming from beta-decay with ultra-high precision. In
order to do so, it employs an adroit high resolution spectrometer, Magnetic
Adiabatic Collimation combined with an Electrostatic Filter (MAC-E filter),
having 10 m diameter for accurate measurements of the electron energy com-
ing from a Tritium source [19]. Earlier experiments were able to impose an
upper bound on the 7, of about 2.3 eV, whereas KATRIN is expected to
measure it by one more order of accuracy.

. IceCube/ PINGU experiment: Located at the South Pole, the IceCube de-
tector was designed to detect the Cherenkov light produced by the interacting
neutrinos originating from high energy cosmic rays (~ PeV) using 1km® of
transparent Antarctic ice. This unique gigantic ice detector comprises of
5160 optical sensors or digital optical modules (DOM) placed 1.5 km below
the geographical South Pole. They are distributed on 86 vertical cables (each
holding 60 DOMs) called strings, out of which 78 are placed horizontally 125
m apart in grids of equilateral triangles that form a hexagonal array stretch-
ing across a square kilometer of area while the rest of them are more densely
organized to constitute the Deep Core. Each DOM contains PMT (25 c¢cm
long) along with data-acquisition and control electronics. In addition to this
324 DOMs constitute the surface detector called IceTop. After extensive
data collection and analysis for three years (2010 - 2013), IceCube detected
37 ultra high energy events.

Although IceCube was primarily devised and deployed for measurement of
very high energy astrophysical neutrinos (~ PeV), the detector had been
made capable of observing low energy neutrinos (10 GeV< E < 100 GeV),
specifically the energy range probed for atmospheric neutrino oscillation stud-
ies, by increasing the density of the photodetectors in the ice as well as the
efficiency of the PMTs. Thus it is now proficient to measure atmospheric
neutrino oscillation parameters like a3 and Am3, with efficiency comparable
to any other ongoing experiments. As reported in [20], an oscillation analy-
sis conducted with 5174 track-like events measured in 953 days, and binning
of data so obtained in logarithm of reconstructed energy ranging between
6 and 56 GeV revealed none of the mass orderings is preferred when 6,3
and Am3, were obtained using binned maximum likelihood technique. For

normal ordering sin?fy3 = 0.53709) and Am32, = 2.727025 x 1073eV? were

achieved whereas for inverted ordering the results were sin®fy; = 0.5175%7
and Am2, = —2.727028 x 1073eV?. Enhancement in the event reconstruction

precision and also the neutrino event number can be procured by increasing
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the density of photodetectors in the Deep Core volume. Keeping this in
mind, the Precision IceCube Next Generation Upgrade (PINGU) has been
proposed to achieve better statistics and more precision on the contours of at-
mospheric neutrino oscillation parameter so as to unravel the neutrino mass
ordering upto 3o after assembling four years of data. Improvisations in the
Deep Core design is made by reducing the DOM-to-DOM distance from 7 m
to 3 m, intensifying the string-to-string spacing from between 40 and 70 m to
22 m and enhancing the number of DOMs per string from 50 to 96 thereby
making the detector sensitive to low energy events (< 10 GeV).

In the following section the popular lepton mixings will be sketched.

1.1.3 Popular lepton mixings

Let us recall, 613 # 0 is a recent observation of 2012. Earlier this mixing angle
was consistent with zero. Also from Eq. (1.24), one can readily discern o3 = §
is allowed by the 30 data. Prior to the discovery of non-zero 6,3, the practice of
constructing popular lepton mixings in concurrence with 613 = 0 and 63 = 7 and
contriving neutrino mass models that can successfully fit in those mixing structures
were in vogue. The PMNS mixing matrix in Eq. (1.15) can be trivially engineered

with 613 = 0 and 6,3 = 7 to obtain a general form for the popular lepton mixings:

0 g0
cosftl]y sinfyy, O
__sin 9?2 cos 9?2 1

U’ = 7 R B (1.25)
sin 9‘1)2 __cos 9(1)2 1
V2 V2 V2

Tuning the 6%, in Eq. (1.25) gives rise to different variants of the popular lepton
mixings viz. Tribimaximal [21], Bimaximal [22], Golden Ratio [23] and no solar
mixing? as shown in Table 1.1.

Mixing name | Tribimaximal | Bimaximal | Golden Ratio | No Solar Mixing
Abbreviation TBM BM GR NSM
60, 35.3° 45.0° 31.7° 0.0°

Table 1.1: 69, for different popular lepton mixing scenarios.

Hence,
2

1
3 3
1

2The no solar mixing (NSM) was first proposed by us in [24].

0

U’ = for TBM, (1.26)
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for BM, (1.27)
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It is apparent that post non-zero 6,3 discovery none of the popular lepton mixings
accord with the neutrino oscillation data and the necessity of an amendment can
be easily comprehended®. The neutrino mass models that we will construct will
ameliorate this issue for the popular lepton mixings.

In the next section the salient features of the SM are highlighted in the context of
the thesis.

1.2 The Standard Model and Neutrinos

The celebrated Standard Model of particle physics is an SU(3)c x SU(2), x U(1)y
theory broken down spontaneously to SU(3)c x U(1)g by the Higgs mechanism.
In this segment we will briefly recollect the essentials implemented in our work. A
complete discussion of the Standard Model can be found in any standard particle
physics textbook [25]. If g and ¢’ be the couplings for the SU(2);, and U(1)y
respectively then the weak mixing angle or the Weinberg angle is given by:
/

tan 0, = g (1.30)
The SM particle content is shown in Table 1.2. It is worth noting that unlike
the neutrinos the charged leptons and quarks have both left- and right-handed
fields present within the particle spectrum of the SM model. This is of immense
consequence as we will see soon. With the fields in hand the charge current (CC)
interaction of the neutrinos mediated by the W= boson, already discussed in Sec.
1.1.1.C can be interpreted as:

~Loe = N nn W he, (1.31)

\/§Oé

30The solar mixing angle 65 = 33.720*_'8:?2 at 1o. Thus 0,5 for each of TBM, BM, GR, and,
needless to say, NSM lie outside this range.
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Fields Notations SUR2)L | Y

Left-handed leptons | (L)1 = (VO‘) 2 -1
L

Right-handed leptons ()R 1 -2

Left-handed quarks | (ga)r = (ua) 2 1/3
L

da
Right-handed quarks (ua)r 1 4/3
(da>R 1 _2/3
o
Scalar Higgs Boson ¢ = ( 40 ) 2 +1

Table 1.2: The SM particle content. Only the first generation of fermions is shown, o =
1,2, 3 for the three generations. The last in the list is a the scalar Higgs doublet of SU(2)y,
whereas the rest are fermions. Lepton number L = 1 for the leptons and 0 otherwise. The
electromagnetic charge Q@ = T3 + % For upper (lower) members of the SU(2);, doublets
T3 is & (-3) whereas it is 0 for singlets of SU(2)r. Thus for SU(2), singlets, @ = %
simply. Under SU(3)¢ quarks are triplets and leptons are singlets. The gauge bosons are

not mentioned in the list here.

Similarly the Z° mediated neutral (NC) interaction of the neutrinos is given by:

g _ 0
—Zne = E el G A 1.32
NC = 5 s 0. - VooV " VLa4y, ( )

In order to give masses to the gauge bosons in the SM, spontaneous symmetry
breaking (SSB) through the Higgs mechanism has to be invoked®' that we will
discuss in Sec. 1.2. The corresponding terms in the Lagrangian are given by

Litiggs = (D,®)/(D'®) — V(®). (1.33)

We will discuss the potential in detail in Sec. 1.2. The covariant derivative in the
kinetic term of the Lagrangian is expressed as:

3
Y
D,® = (au +igy TWi+ ig’EBu) D, (1.34)

a=1

31 Alternate arguments about the existence of the Higgs doublet in the SM from unitarity using
2 — 2 scattering of the W boson like WHW ™= — WTIW ™~ are also available in literature [26].
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where T, = % (0, being the Pauli matrices) are the generators of SU(2), and Y is
the hypercharge. Using Eqs. (1.33) and (1.34) one can compute the gauge boson

masses to be

1 1
My, = 59v and My = 5\/92 +97?% v, (1.35)

where v is the vacuum expectation value®? (vev) of ®. This leads to the famous

[T

p’ parameter:
My

M 7 cosly,
For a doublet of SU(2), this p = 1. Introduction of other scalar multiplets can
lead to departure from unity>3.

p (1.36)

Having provided masses to the gauge bosons, we consider the lepton number con-
serving Dirac mass term?* for the fermions:

gmass = _m<7~ZLwR + 7LRlﬂL)- (137>

Note that this term as it stands is not gauge invariant. This issue is also addressed
by the Higgs field®®. Since right-handed neutrinos are not present in SM, such
a mass term cannot be written for them. As a result the neutrinos are massless
within the SM framework.

In terms of the scalar Higgs doublet ®, we can write down the Yukawa terms as:
gYukawa = _ya(EaL(I)laR + ZaR(I)TLaL)- (138>

After SSB, one can readily identify the mass of the charged lepton as

me = *—. (1.39)

Similar mass terms can be written for the quarks. Note that since U(1)q is con-
served, only the neutral scalar can acquire vev. Because of the T3 and Y assign-
ments the ® can give mass only to the down-type quarks and for the up-type quarks
one has to use ® = igy®* for that purpose. Although our models are confined to
the lepton sector only, it is worth commenting here that the mass matrices for the
quarks so obtained in general, may not be diagonal. The diagonalization of the up
and down-type mass matrices can be separately performed by deploying unitary
matrices. A combination of these diagonalizing matrices is defined as the Cabibbo
Kobayashi Maskawa (CKM) mixing matrix for the quarks.

32 After spontaneous symmetry breaking the scalar acquires its vev given by (®) = 7 described
in Sec. 1.2.1.

33p = i My o— = 1 is a consequence of a custodial symmetry [27].
Z COS Uy
3Recall, ¥ = ¥y + Yp and Yr.r = Pr ryY, where the projection operators are given by
Pr = (1£7s)
, 2 -

35The gauge boson masses are protected by the gauge symmetry and the fermion masses are
protected by the chiral symmetry.
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Figure 1.2: Functional behaviour of V(®). Solid curve is for u? < 0, dot-dashed curve is
for 2 > 0. In case of u? < 0 spontaneous symmetry breaking occurs.

1.2.1 Sponatneous Symmetry Breaking for one scalar dou-
blet

If a Lagrangian conserves a certain symmetry but the vacuum breaks it [28], then
spontaneous symmetry breaking is said to have occurred [29]. Let us consider a
symmetry operation generated by 7° and 6, be the corresponding parameter. For
SSB to take place, the symmetry transformation e~ "0 shall not keep the vacuum
unchanged i.e.,

e £[0) = 7°0) #£0 for some b. (1.40)

Thus for a system, SSB eventuate if the symmetry transformation conserved by
the Lagrangian comprises of at least one generator that does not annihilate the
vacuum.

The SM Lagrangian is symmetric under SU(2), x U(1)y. The scalar potential in
Eq. (1.33) containing all the terms allowed by the gauge symmetry is written as:

V(@) = 12 (0TD) + \(dT)? (1.41)

A and p are the quartic and quadratic couplings respectively®®. When minimized

this leads to®7 -
—85) ) =P+ I® =0 (1.42)

For the potential to be bounded from below A > 0. u? can be both positive or
negative.

36To keep the potential renormalizable only the terms involving fields with mass dimension up
to 4 are included.
37For simplicity we are assuming real vev.
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For p? > 0, V(®) is minimum at (®) = 0 plotted as the dot-dashed curve in Fig.
1.2. Tt can be readily inferred from the plot (®) = 0 is the only minimum of
V(®) and for this case the vacuum preserves the original symmetry obeyed by the
Lagrangian and hence SSB cannot take place. Since the Lagrangian symmetry is
kept intact by the ground state both the complex scalar fields, namely ¢t and ¢°
constituting ® endure degeneracy in their masses.

The p? < 0 case, plotted by the solid line in Fig. 1.2, is devoid of any “true
minimum” at (®) = 0. Alternatively now a continuum of minima is available for

V(®) at |[(®)| = 75 where v = \/¥ The degenerate minima can be clearly
identified in Fig. 1.2, all of them are equally probable and the system can choose
to be in any one of them. Since the ground state does not preserve the symmetry
of the original Lagrangian the SSB takes place. The occurrence of the SSB is
irrespective of the preference of the system to lie on any point of the circle with

radius 5 in the complex plane spanned by Re(®) and Im(®P). Let us say, the
system chooses (Re(¢°)) = 7 then this can be written as:

= (f;) — = <(¢+>g;_+ix) (1.43)
\/5

Here the two real scalar fields x and ¢ have vanishing vev. Using Eqs. (1.41) and
(1.43) we obtain the mass of the physical Higgs field (¢):

m; = 2\, (1.44)

The other scalars x* and y are left massless. Thus spontaneous breaking of the
Lagrangian symmetry gives rise to massless modes in the theory in accordance
to the Goldstone theorem. After SSB, there are three massless Nambu-Goldstone
bosons (x* and ) and one massive physical real scalar field (¢).

Thus before symmetry breaking there were four massless gauge bosons (three cor-
responding to SU(2); and one for U(1)y)* each having 2 transverse degrees of
freedom (dof) contributing® 4 x 2 = 8 dof and the scalar ® is composed of two
complex scalar fields leading to additional four scalar dof. Thus before SSB there
are total 12 dof. After SSB, the W= and Z° gains mass (3 dof each, a total 9 dof)
while the photon remains massless (2 dof) and there exists only one massive real
physical scalar field (¢) with 1 dof summing to a total 12 dof. Thus the total dof
remains conserved before and after SSB as expected. It is often said that the 3
massless scalar dof were “eaten up” to provide longitudinal components to the W=+
and Z° gauge bosons?®. On July 4, 2012 both the ATLAS [30] and the CMS [31]
collaborations declared the observation of a Higgs-like boson of mass ~ 125GeV
marking the triumph of this theory.

388U (2), has three generators thus has three gauge bosons whereas U (1)y has only 1 generator
and therefore one gauge boson.

39There are two transverse dof for massless gauge fields whereas for massive ones an additional
longitudinal dof is added leading to a total three dof.

40After SSB, the Lagrangian in the unitary gauge lacks any term consisting of the Goldstones
xT and Yy, as if the gauge bosons “eat up” the Goldstones to acquire mass.
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Here we have studied the Higgs mechanism for one scalar field. The models we
have constructed have a rich scalar sector with different transformation properties
under SU(2);, that were studied in the context of local minimization of the scalar
potential inclusive of all the gauge invariant terms simultaneously allowed by the
additional discrete symmetry under consideration.

Let us now address the problem of providing masses to the neutrino, forbidden
within the periphery of the Standard Model, by some alternate mass generating
mechanism i.e., the seesaw mechanism.

1.3 Neutrino masses and Seesaw

Within the purview of SM, the neutrino Dirac mass term is forbidden owing to the
absence of the right-handed neutrino field (vg) while the Majorana mass term is
prohibited as as it violates the (B — L) symmetry by 2 units. Thus the SM needs
to be extended to bestow tiny masses to the neutrinos.

For Type I seesaw mechanism to be operational, the SM field content has to be
appended with right-handed neutrino fields vg, singlets under SU(2) x U(1)y.

Allowing violation of lepton number the relevant Majorana mass term is furnished
below: . .
. 0 M v
Lrnass = 3 (vl (wg)T) (MD Mg) ( L) + h.c. (1.45)

VR

.0 = C _ T
where: v, = (v,r)” = Cvp i and

0 ML

Here mp and mp are the mass scales of Mp and My respectively. mpg is not pro-
tected by electroweak gauge symmetry as vg is an electroweak singlet and therefore
can be large. Masses of Mp, on the other hand, owing to its origin from the vev
of Higgs field ® introduced in Sec. 1.2, is comparable to the electroweak scale.
Further, it is assumed that mp < mpg. In other words, the greatest eigenvalue of

\/ MIT)M p is assumed to be much less than the smallest eigenvalue of \/M;M R-

Moreover, My is assumed to be invertible. Needless to accentuate its symmetric
nature.

In order to decouple the heavy and light neutrino fields, a basis transformation is
employed leading to:

(1.47)

light
W Mp, W = (MV y )

heavy
0 M

41 Additional discrete symmetries were imposed to obtain the neutrino mass matrices of desired
form.
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and

(”5) - W ( Phight ) . (1.48)
Vg Vheavy

The terms of leading order corresponding to the light neutrino mass matrix results
into the famous seesaw formula

MY — MM Mp. (1.49)
The leading terms of the heavy neutrino mass matrix can be used to yield,
M"Y = Mp. (1.50)

It must be commented that the corrections to M!ht and M"Y are suppressed
by (mp/mg)?. Our discussions so far is confined to the Type I seesaw mechanism.
The Type II and Type III seesaw mechanisms are mediated by scalars and fermions
transforming as triplets under SU(2), respectively.

For the Type II seesaw, the scalar sector of the SM has to be extended with a
triplet of SU(2),, denoted by Ay. The lepton number violating mass term for this
case used in our model is given by:

1
Linass = 5 (YL CT VL AL) + he, (1.51)

The vev of this triplet scalar Ay, given by vy, is assumed to be very small*?
compared to v. This ensures that the parameter p remains close to unity. v’ is the
Yukawa coupling and the Majorana mass of the neutrino m,, o y'vy. In our work,
we have used Type I and Type II seesaw only*3.

So far our discussion was intended to recapitulate some fundamental ideas that we
make use of in our analysis. In the next section we deduce the motivations that
impelled our explorations and present a glimpse of the latter in a nutshell.

1.4 Modus Operandi of the thesis

Summing up, the highlights of our discussion till now:

e Neutrinos are massive and they oscillate by virtue of their mass.

e The particle content of the SM model is insufficient to provide masses to the
neutrinos.

42Tn the literature models can be found where the spirit of the nomenclature seesaw is captured
by attributing the smallness of the vewv of this triplet to the largeness of the vev of some other
scalar in the model.

43Type III seesaw is somewhat close to the Type I seesaw scenario in the sense both of them
are mediated by fermions but their SU(2); behaviour is the discriminating feature between the
two viz. singlet for Type I seesaw and triplet for the Type III case. In our work we have not
used Type III seesaw, hence will not pursue its description here.
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e Alternate BSM mechanisms like the seesaw had to be devised to generate
neutrino masses.

e Popular lepton mixings and the neutrino oscillation data are not in harmony
with each other and an amendment is necessary.

e Am?,  issmaller than Am?, . by two orders of magnitude. Also the mixing

angle 63 is smaller than the other two mixing angles 653 and 6;5.

This entire package will be addressed in our works. The operational concept behind
this enterprise was to construct models for realistic neutrino masses and mixings
using a two-component Lagrangian one of the dominant kind, other of the sub-
dominant nature. The dominant contribution was characterised by observed values
Am?2, - and vanishing Am? , in all the cases we have analysed. The mixing in the
neutrino sector for this contribution varied from project to project but our choices
were limited to the popular lepton mixings viz. TBM, BM, GR or NSM. Needless
to mention such a dominant scenario is not in consonance with the experimental
observations. The role of the sub-dominant component was to tinker the values of

the mass square splittings and mixings so as to concord with the oscillation data.

Guided by the last observation in the list of highlights, in Chapter 2 we did a model
independent investigation of the viability of this scheme [24,32] for the dominant

contribution with all the four mixing patters which was specified by Am? =

solar
0, 613 =0 and a sub-dominant correction could yield non-zero values of these two
oscillation parameters allowed by the data. Being derived from the same source i.e.,
the sub-dominant contribution, the solar splitting and 63 get interrelated which
in its turn put bounds on the parameters comprising this contribution leading to
interesting consequences and observable predictions of § for all the four mixing

patterns (Fig. 2.5).

In Chapter 3 we have considered a dominant contribution of NSM kind i.e., in
addition to AmZ2,,, = 0, 63 = 0, we had 61, = 0 and 3 = . Again a
sub-dominant contribution was capable of nudging these values of the oscillation
paramerters into the ranges allowed by the oscillation observations. The dominant
contribution was an outcome of the Type II seesaw mechanism whereas the sub-

dominant one was obtained by employing Type I seesaw [33-36].

In order to establish that the mass matrices used in Chapter 3 are not entirely
arbitrary but a result of some underlying symmetry of the Lagrangian, in Chapter
4 we imposed the discrete group symmetry A4 on it [37]. No soft symmetry
breaking was allowed. Symmetry was broken only spontaneously when the scalars
acquired their vev to give the masses to the charged leptons and the neutrinos. The
model could predict octant of 63, effective mass for 0v2p i.e., |m,,, | as functions
of the lightest neutrino mass (Fig. 4.2) as well as the CP phase ¢ (Fig. 4.3). The
predictions of CP phase d of our model is in agreement with NOvA observation of

o preference towards —7.

22



In Chapter 5, the discrete flavour symmetry S35 was appointed to obtain the mass
matrices**. The dominant Type II seesaw contribution with vanishing solar split-
ting was studied for all the four mixing patterns [38]. A Type I seesaw sub-
dominant contribution was capable of providing the necessary corrections to obtain
the oscillation parameters in the desired data allowed range. Our model has several
testable predictions including the CP phase 0 for all the four mixing patterns (Fig.
5.2).

Departure of experimental observations in future from the predictions obtained
from our models can rule them out. Thus our models are testable in the light of
recent oscillation data. Both the models had rich scalar sectors that were scruti-
nised to the extent of local minimization in the appendices of Chapters 4, 5.

44Here also soft symmetry breaking was prohibited.
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Chapter 2

Model independent formalism I

2.1 Introduction

This chapter is based on our works presented in the references [24,32]. The mea-
surement [15,39] of a non-zero ¢;3 which is small compared to the other neutrino
mixing angles created a stir in the world of particle physics.

The Daya Bay collaboration after 127 days exposure had obtained for 63 [39]
sin? 26,3 = 0.089 4 0.010 (stat) & 0.005 (syst) (Daya Bay) (2.1)

and from the RENO experiment with 229 days data [40] it had been reported
sin® 263 = 0.113 4 0.013 (stat) + 0.019 (syst) (RENO) (2.2)

The Double Chooz [41], MINOS [42], and T2K [10] experiments also determined
sin® 26,5, all consistent with the above but with larger uncertainties?.

Earlier there already was in place a strong upper bound on this angle [43]. The
measured value is close to this limit, leading to 6,3 getting referred to occasionally
as ‘large’. Now that in the lepton sector, as for the quarks, all three mixing
angles are non-zero the door has been opened for CP violation?®. Many alternative
strategies are being considered to explore leptonic CP violation as well as mixing
and the future prospects are rich.

The other face of the neutrino sector is the mass spectrum. Indeed, from the
several oscillation studies at accelerators and reactors complementing the solar
and atmospheric neutrino measurements the mass splittings are now very well
established though the absolute mass remains an unknown. From 1o global fits
the currently favoured values of the neutrino mixing parameters are [44,45]:

Amy = (T.501515) x 1077 eV?, 61y = (33.3675%)°,

45For current 30 global fit value of 613 see Eq. (1.24)
46CP violation in the heavy neutrino sector could be the origin of matter-antimatter asymmetry
through leptogenesis.
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|IAm2,| = (2.47370079) x 1072 eV?, 6y = (40.07%} @ 50.4 +0.13)°
bz = (8.667715)°, 0= (300575 . (2.3)

Recall that the atmospheric mixing angle, -3, is no longer consistent with maximal
mixing (fy3 = 7/4) at 1lo. There are best fit values in both the first and second
octants; determining the 693 octant is one of the priorities of future experiments. In
this chapter to simplify the discussion and minimize parameters we will nonetheless
take 03 = m/4. We comment on the effect of the small departure from maximality
on the results. In the global fit 6,5 is also large but not maximal while 6,3 is the
smallest of the three. Another noteworthy feature here is that the solar splitting
is about two orders of magnitude smaller than the atmospheric splitting?”. Thus
it is useful to define Ryass = |[Am3,/Am3;| = (3.03 +0.16) x 1072,

The non-zero value of #;3 close to its upper bound (‘large’) and yet small compared
to the other mixing angles has attracted a great deal of attention from diverse
angles. We list a sampling of this body of literature. For example, the role of
pu — 7 symmetry [46], see-saw models [47], charged lepton contributions [48], and
renormalization group effects [49] are among the avenues explored. A perturbative
approach has been espoused in [50]. Other attempts have been based on diverse
discrete symmetries [51,52].

In this work we seek to address the following question: Is it possible that at some
level the small quantities, the ratio Rmae and 3, are vanishing®® and that a single
perturbation induces the observed non-zero values for both? The answer is in the
affirmative. To our knowledge, this result was pointed out for the first time through
a specific example in [54]. Here, we make an exhaustive analysis and show that the
existence (or not) of a viable solution depends on two factors: the ordering of the
neutrino masses and the mass of the lightest neutrino, mg. For normal ordering,
for a large choice of parameters the requirements can be met*?. The perturbation
can be real or complex. In the latter case, CP violation is present. The inverted
ordering is less favoured if the perturbation is real. In this case one would have to
admit significant differences in the sizes of the matrix elements of the perturbation
to get satisfactory solutions.

This chapter is structured as follows. In the next section we set up the framework
for our discussion. In the following section we elaborate on the degenerate pertur-
bative mechanism which we will adopt. Next we discuss to what extent the global
fits of the mixing parameters constrain the choice of the perturbation. Our main
results are presented in the following section where we show the allowed ranges
of the perturbation matrix for the two mass orderings and the predictions for CP
violation. We then briefly indicate how the perturbation can arise from a mass
model. We end this chapter with some discussions.

47In [44] for inverted ordering a best-fit value of Am2, has been given. It is consistent to within
1o with the best-fit value of |Am3;| we have cited from their normal ordering fits.

48This may arise from a symmetry such as O(2) [53].

49 An earlier work relating 613 to the solar oscillation parameters which favoured normal mass
ordering can be found in [55].
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2.2 Neutrino mass and mixing scenarios

We restrict ourselves to the case of three flavours of neutrinos. We also work in
a basis where the charged lepton mass matrix is diagonal. In this basis the entire
lepton mixing resides in the neutrino mass matrix, see Eq. (1.3).

Our starting point will be the unperturbed Majorana neutrino mass matrix, M?,
which is always symmetric. We choose a form such that the solar splitting is absent;
i.e., in the mass basis one has

(MO)m2ss = diag(m”, m'” m{). (2.4)

For a specific mass ordering, the lightest neutrino mass, mg, determines m(10) and

m{”. As already noted it is useful to define® m* = (

(negative) for normal (inverted) mass ordering.

go) + mgo)). m~ is positive

In the flavour basis the mass matrix becomes:

)
(MO)fltwou’r — UO mgU U , (25>

i

=

where U? is the lowest order leptonic mixing matrix. The columns of U are the
unperturbed flavour eigenstates. Neutrino mass models lead to predictions for U°
of which three often-discussed variants are the Tribimaximal, Bimaximal, and the
Golden Ratio forms. Each of these imply 613 = 0 and 093 = 7/4. They differ only
in #15. We will consider them in turn along with a further option where there is
no solar mixing to start with.

Our goal is to check whether in each case a perturbation mass matrix, M’ (also
symmetric), can be identified which will add corrections to M° and U° leading to
mass splittings and mixing angles in agreement with observations, in particular
that the correct Am3, and 6,3 are realized.

2.2.1 General parametrization for popular lepton mixings

A vivid analysis about the popular lepton mixings can be found in Sec. 1.1.3. In
general as long as 013 = 0 and the atmospheric mixing is maximal (fe3 = 7/4) the
leptonic mixing matrix can be parametrized as®!:

b a 0
1
po— | —e/V2 b/V2 \@ , (2.6)
a/V2  —b/vV2 /i
S0We take mgo) (i = 1,3) to be real and positive. This can be accomplished by a suitable choice

of the Majorana phases.
51This form has appeared earlier in the literature, e.g. [56].
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Mixing Global fit 10 | Global fit 30 | TBM | BM GR
parameter Qmin Umaz Amin Amaz

a 0.539 | 0.561 | 0.515 | 0.585 | 0.577 | 0.707 | 0.526

Table 2.1: The limits on the mixing parameter a = sin 6, as obtained from the global fit.
The values of a for the TBM, BM, and GR forms are also shown. For NSM case a = 0.

with
a? +b*=1. (2.7)

For the above U the solar mixing angle®? is given by tan % = a/b. The experi-
mentally determined range of 615 in Eq. (2.3) corresponds to 0.539 < a < 0.561 at
lo. In Table 2.1 we list the allowed range of a from the global fit and its values in
the TBM, BM, and the GR models. Finally, we also examine the possibility that
the unperturbed mixing matrix has a = 0. This would imply one degenerate state
decoupled and the other maximally mixed to the third (nondegenerate) state. For
this choice 6% = 0. Another case with one decoupled degenerate state is b = 0 for
which 0, = /2. These cases give identical physics results.

As noted, the unperturbed matrix, M9, is such that the solar splitting is absent
and two eigenvalues are degenerate. Due to this degeneracy the two corresponding
eigenstates are non-unique. The perturbation, M’, which splits the degeneracy
determines the actual eigenstates which will be rotated with respect to the first
two columns of U° — Eq. (2.6) — by an angle ¢ also determined by M’. Therefore,
on inclusion of the perturbation we have a resultant solar mixing angle given by
912 = (9?2 + C

2.3 Perturbation Strategy

In this chapter we work in the mass basis unless explicitly mentioned otherwise.
Our discussion will involve only first order perturbative corrections. The pertur-
bation M’ is a (3 x 3) symmetric matrix which could be real or complex. These
two cases will be treated sequentially. The former provides a good starting point
for the latter.

After removing an irrelevant constant part the perturbation, M’, can be written

as:
0 v ¢
M=m"~y a n| . (2.8)
& n B

2Note that in this chapter we are renaming cos 87, and sin 69, as b and a respectively so that
the equations look less cumbersome as can be easily read off by comparing Eq. (2.6) with Eq.
(1.25).
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2.3.1 Real Perturbation

In this case all entries in the matrix M’ are real. For perturbation theory to
be acceptable the dimensionless entities «, 3,7, &, n should be small compared to
unity. Taken together with the unperturbed M® — Eq. (2.4) — at lowest order the
perturbation will induce the solar oscillation parameters through o and 7; 013 will

be determined by & and n; while § will result in a small correction to mgo).

2.3.2 Complex Perturbation

If M' is complex symmetric then it is not hermitian®®. In such an event one takes

the hermitian combination (M° + M’)T(M° + M') and considers M°TM° as the

unperturbed term and H' = (M°TM’ + M'TMP°) as the lowest order perturbation.
(0)

The unperturbed eigenvalues will now be (m; ’)? and the perturbation matrix with

f(@) =m*Re(p) +i m Im(yp) is given by

0 om{"Re(y)  f*(€)
H =m" | 2m”Re(y) 2m”Re() f*(n) ~ (2.9)
£(6) f) 2mPRe(B)

The imaginary parts of «, 3, and v do not appear in Eq. (2.9). However, they do
contribute at higher order via the M'TM’ term.

2.4 Relating elements of M’ to the data

We look for solutions which are consistent with the global neutrino parameter fits
up to lo. In particular, the solar mass splitting and ;3 must both emerge from
the perturbation. We discuss these aspects now.

2.4.1 The solar mixing angle

Due to the degeneracy, to lowest order, the solar mass splitting is obtained via the
(2 x 2) submatrix of the perturbation, M’, in the space of the first two generations.
For real M’ in terms of r = v/« from Eq. (2.8) this submatrix is:

M{yyq) =m*a (2 7{) for Real M" . (2.10)

If M’ is complex then r = Re(7y)/Re(a) and

r

(MM 4 M) gy = 2 e (0}

) for Complex M’ . (2.11)

53 M0 is hermitian by construction.
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Parameter TBM BM GR NSM
Tmin Tmax Tmin T'mazx Tmin | Tmaz | Tmin T'maz

r (x10%) | -4.59 | -1.95 | -23.1 | -19.9 | 1.54 | 4.18 | 108 | 125

Table 2.2: The range of the off-diagonal entry, r = «/a, in the 2x2 submatrix of the
perturbation (see Egs. (2.10, 2.11)) for the TBM, BM, and GR alternatives that produces a
012 consistent with the global fits at 1o. The NSM alternative is also noted.

If » = 0 then M’ will produce a mass splitting but will not change the solar mixing.
For r non-zero the eigenstates are rotated from those in U® through an angle ¢
given by

(= %tanl(Zr) : (2.12)

independent of the prefactor of the matrix. As noted, the Tribimaximal, Bimaximal
and Golden Ratio mixing models do not satisfy the currently measured value of
012 within 1o. Therefore for these cases we choose r # 0 in such a manner that
when the mass degeneracy is removed the mixing angle is tweaked to within the
allowed range. In Table 2.2 we show the ranges of r for each of the three models
that result in 015 values consistent with observations. It is noteworthy that r is
small in every case (but for the NSM alternative when it is O(1)). Since it is a
ratio of two elements of the perturbation matrix it could, in principle, be O(1).
The smallness can be traced to the fact that as r — 0 the mass matrix in the
flavour basis exhibits a Zy x Z, symmetry®® of the unperturbed model generated

by:
a? ab/\/§ —ab/\/i
Uy=1-21 ab/vV2 1?2  —b*)2 and
—ab/2 V)2 B?)2
b —ab/\/2 ab/V/2
Uy=1-2 | —ab/vV2 a*/2 —a?/2 | . (2.13)
ab/v2  —a?/2  a?/2

Before closing this subsection it is worth noting that to lowest order in degenerate
perturbation theory the first two eigenstates are:

b 0 a 0
) = cosC || —a/V2 | =€ 1/V2 || =sinC || 0/V2 | =7 |1/V2 ]|,

a/\?2 1/v2 —b/V2 1/\/§< |
2.14

b 0 a 0
o) =sin¢ | [ —a/V2 | =& 1/V2 || +cosC || b/V2 | =7 | 1/V2 ]|,
a/\2 1/v/2 —b/V/2 1/v2

(2.15)

54This is often a subgroup of a larger symmetry such as A4.
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with ¢ defined in Eq. (2.12) and

€= (m_:“) £ n= (m—J_r) n for Real M, (2.16)
m m
and
_ m+ m+
£ = (m—> Re(§)+iIm(§), 7= (m—) Re(n)+i Im(n) for Complex M. (2.17)

2.4.2 The solar mass splitting

The solar mass splitting is determined by the eigenvalues of the submatrix in Eqs.
(2.10) and (2.11).

For real M’ the first order corrections to the degenerate eigenvalues are:

md!) = m* % 1+ V1+ 42| . (2.18)
Identifying the heavier eigenvalue with ms, as required by the solar data, one has:
m2 —m? = 2m™mVav/1 + 412 . (2.19)

Up to small perturbative corrections m*m™ gives the atmospheric mass splitting.

Hence:
(0)

Runss = (3 = ) (5 — )| = 20 VT 5472 (2:20)
m
For complex M’ the corrections are to the squared masses and one directly obtains
Egs. (2.19) and (2.20) but for the replacement a@ — Re().

We will return to this equation when we discuss numerical estimates of the element
Q.

2.4.3 Generating 013 # 0

Using first order degenerate perturbation theory the corrected wave-function [i)3)
is given by:

0 b a
s) = | 1/V2 | +& | —a/V2 |+ | b/V2 ] . (2.21)
1/v2 a/V?2 —b/v/2

To minimize the number of free parameters we will restrict ourselves to only those
perturbations which leave the atmospheric mixing angle 693 fixed at the maximal
value® of 7/4. This gives the relationship:

(g) = g (2.22)

55We remark about deviations from maximal mixing at the end.
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Since a and b are real Eq. (2.22) implies that £ and 7 and hence ¢ and 7 have the
same phase. Comparing with Eq. (1.15) one then has:

sin g e = b& +aq]= % : (2.23)
where we have used (a? + b?) = 1.
For real M’ one has § = 0. Hence, from Eq. (2.16)
m- .
§= (m) bsin by . (2.24)

In the next section, these formulae will be used to relate M’ to the neutrino masses
and mixings.

2.5 Results

We now have all the ingredients in place to determine the full perturbation matrix
and extract the consequences. Once the neutrino mass ordering is chosen and the
lightest neutrino mass, my, specified, the unperturbed mass spectrum is fixed. The
matrix element « is determined from the solar splitting through Eq. (2.20). The
element 5 makes a small contribution (a few per cent) to the atmospheric neutrino
splitting and does not affect the physics at hand and so will not be pursued any
further in this section. = is fixed by the ratio r (see Table 2.2). Finally, £ and 7 are
determined through Eqgs. (2.22) - (2.24). The question to be examined, for each
of the popular mixing patterns for both mass ordering options, is for what range
of my are these matrix elements of acceptable magnitude as a perturbation?

2.5.1 Real perturbation

First we consider M’ real which amounts to § = 0 and CP conservation. In this
case one can determine the dependence of o on mg using Eq. (2.20). Since £ and
n are proportional to each other — see Eq. (2.22) — presenting any one of them is
adequate. Here we present & (which is larger than (equal to) n for the TBM and
GR (BM) mixing models) as a function of mg as obtained from Eq. (2.24).

Normal mass ordering

The results for normal ordering are in the left panel of Fig. 2.1. « is presented as a
function of the lightest neutrino mass my. We have shown the case for r = 0. We
have verified that using the small values of r required to fit the solar mixing angle
6,2 for the popular models — see Table 2.2 — in Eq. (2.20) causes no perceptible
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Figure 2.1: « and & (inset) as a function of the lightest neutrino mass my for real M’. The
left (right) panel is for normal (inverted) mass ordering. In the insets the region between
the two curves is allowed when 613 is varied over its 1o range. The results for £ (o< b) are

for Tribimaximal mixing (brpy = \/g ~ 0.816). The corresponding plots for Bimaximal

(bpm = % = 0.707), Golden Ratio mixing (bgr = ,/% ~ 0.851), and the NSM case

(b =1) can be obtained by scaling.

change®® in «. r is larger for the NSM case and this effectively reduces o by a
factor of around 2. As expected, a diverges as mgq tends to zero.

In the inset we show £ as a function of my for the 1o limits of #;3. In these

plots b = \/g corresponding to Tribimaximal mixing. For the other commonly

considered alternatives — Bimaximal (b = \%) and Golden Ratio (b= 4/ \%) mixing

— the ordinate should be scaled appropriately, see Eq. (2.24). For the NSM case
one must use b = 1.

At this stage one can identify a favoured region of mg by requiring that the elements
of M’ — such as £ and « — should be of similar order. For this purpose, we plot
in Fig. 2.2 the ratio |{/a| as a function of mg (green solid curves). For easy
identification we have shown where this ratio corresponds to the values 3 and %
(dot-dashed black lines), two limits separated by an order of magnitude. Notice
that for normal ordering the ratio is within the above limits only if 2.3 x 1073 eV <
mo < 3.7 x 1072 eV. If from other experiments a larger value of my is determined
then that could be an indication that M’ must be complex, as we discuss in the
following section. Recall that these curves are for Tribimaximal mixing. For the
Bimaximal (Golden Ratio) case the {/a curves will be lowered (raised) by about
13.35 % (4.28 %). For the NSM case « is reduced by a factor of about 2 while ¢ is
enhanced by 25%. As an upshot £/« is 2.5 times larger, squeezing allowed my to
smaller values.

56The corrections are O(r?).
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Figure 2.2: The ratio |{/a] is plotted as function of the lightest neutrino mass mg for both
mass orderings when the perturbation M’ is real. The area between the two curves of the

same type is allowed when 613 is varied over its 1o range. Also indicated are the values %

and 3 for |{/a| — black dot-dashed lines.

Inverted mass ordering

The results for inverted ordering appear in the right panel of Fig. 2.1. As before,
a as a function of mg is shown for r = 0 while £ for the 1o range of 63 is given
in the inset. As for normal ordering, inclusion in Eq. (2.20) of the small values
of r required to achieve the best-fit 15 in the TBM, BM, and GR models causes
essentially no change in a. For the NSM case « is roughly halved. Once again, we

have used the TBM value b = \/g for the calculation of £. In this case £ turns out
to be negative. The two curves in the £ panel correspond to the 1o limits of ;3.

The noteworthy difference from normal ordering is that « is about an order of
magnitude smaller than || for most of the range of my. The brown dotted curves
in Fig. 2.2 depict the ratio |{/«| for inverted ordering. It is seen that they lie
outside the range of 1/3 to 3 for all mg considered. Thus the inverted ordering
case would be a less favoured alternative for this picture if the perturbation is real.

2.5.2 Complex perturbation

We now turn to the case of complex M’. If perturbation theory is to be meaning-
ful then we should expect the magnitudes of the different dimensionless complex
elements of M’ to be small compared to unity. Barring fine tuning, they should
also be of roughly similar order. Below, we take a conservative stand and set:

a = eexp(igy), 7= eexp(ig,), & = eexp(ige). (2.25)

The dimensionless quantity e sets the scale of the perturbation. The phases ¢, ¢
and ¢ are left arbitrary®”.

5TThe magnitude of 7 is determined through Eq. (2.22). ¢ and 1 have the same phase.
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It is seen from Eq. (2.17) that

tand = tan ¢g = <%) tan ¢ (2.26)

where ¢¢ is the phase of €.

As we elaborate in the following, the phase freedom still leaves room for some
flexibility. In particular, we will mostly focus on those ranges of my which are
disfavoured for real M’ as they do not satisfy the chosen criterion 3 > |£/a| > 1/3.
We show that such mg are accommodated for complex M.

0.4 7 - - - - 0.25
; Normal Ordering Inverted Ordering
02t
0.3 |
0.15
w 02 w
0.1}
0.1 I
0.05
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
mg in eV mg in eV

Figure 2.3: The limits on the scale of the perturbation, €, for normal (left panel) and
inverted (right panel) mass orderings as a function of the lightest neutrino mass mg. The
upper (lower) limits from Eq. (2.27) for Tribimaximal mixing are the green dashed (blue
solid) curves. The region between the curves of the same type correspond to 613 values in
the 1o range. The dotted maroon curves are the lower limits from Eq. (2.28). Here r = 0
has been taken.

The choice of € is not entirely arbitrary. In particular, Eq. (2.17) implies:

+ —
‘m—_ e> g > €. (2.27)
m

These limits are presented in the left (right) panel of Fig. 2.3 for the normal
(inverted) mass ordering. The upper and lower limits on € are shown as the green
dashed and blue solid curves. The two curves of each type show how the limit
changes as 6,3 is allowed to vary over its 1o range. Tribimaximal mixing has been
assumed for these plots.

In addition, from Eq. (2.20) one has

m

2om V1 + 472

The lower limit from this equation is indicated by the dotted maroon curves in
the two panels of Fig. 2.3. This limit is independent of both (a) the choice of ;3

€ >

Runass - (2.28)
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and (b) whether the mixing is of the Tribimaximal, Bimaximal, or Golden Ratio
nature. We have checked that the dependence on r is insignificant for the physics
calculations. It can be seen from the left (right) panel of Fig. 2.3 that for the
normal ordering (inverted ordering) for most values of my (for all values my) the
lower limit on € from ¢ is more restrictive. Guided by these results, in the following
we choose € = 0.1, 0.05, and 0.025.

Normal mass ordering

From Fig. 2.2 it is seen that for real M’ and normal mass ordering |£/«/| is outside
the chosen range for mg > 0.04 eV. If M’ is complex, a in Eq. (2.20) is replaced
by Re(a). Demanding that the solar splitting is correctly obtained fixes ¢, when
€ is chosen. The results are shown in the left panel of Fig. 2.4 for ¢ = 0.1, 0.05,
and 0.025.

One can conclude from Fig. 2.1 that as my increases Re(a) approaches zero. This
is reflected in Fig. 2.4 (left panel) where ¢, tends to 7/2 asymptotically for all
choices of €. For a particular € the lightest neutrino mass mg has a lower limit
set by Eq. (2.27) where the curves have been terminated. The corresponding ¢,
can be read off from Fig. 2.3 — cos ¢, is the ratio of the value of the dot-dashed
maroon curve to that of the blue solid curve at this mg. For these plots we have
taken r = 0; the small corrections O(r?) for the TBM, BM, and GR models are
insignificant. In the NSM case Re(«) is reduced to about half and so ¢, tends
closer to m/2. One should bear in mind that we have used the central value of
Rinass which has a +5% uncertainty.

Normal Ordering Inverted Ordering
100 1 100
—
« 80 o 80
] e $ -
(o)) [ o [}
5] 3 g =f 1 @ L g @
2 60 5 ° 60 &
£ =T ] £ e
g 40 F w0 | £ 40 } Ea R S —
89 89
20 0 004 008 012 01 02 1 20k 0 o004 008 012 016 02
mgin eV mginev
0 L L L L 0 L L L L
0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2
mg in eV mg in eV

Figure 2.4: ¢, (¢~) for a complex M’ is shown as a function of m for normal mass ordering
in the left panel (left panel inset) for three values of €: in decreasing order of line-thickness
0.1, 0.05 and 0.025. In the right panel the same plots are displayed for inverted mass ordering.

As presented in Table 2.2, in the TBM, BM, and GR models the ratio r =
Re(v)/Re(a) = cos ¢,/ cos ¢, is tightly constrained from the solar mixing angle
612. Thus ¢, also tends to m/2 as my increases and since r is small it does so faster
than ¢,. This can be seen from the inset in Fig. 2.4.
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0 is not a free parameter in this model. Rather, picking a value for #;3 amounts
to fixing |¢| from Eq. (2.23). Now, by choice |£] = ¢, hence from Eq. (2.17) one
can get ¢¢. This in turn determines the phase of £ which equals §. The results
so obtained are presented in the left panel of Fig. 2.5 for the TBM (red solid),
BM (violet dashed), and GR (green dot-dashed) models for ¢ = 0.1. The brown
dotted curves are for a = 0,b = 1 i.e., NSM case. For each model the two curves
correspond to the 1o upper and lower limits of #;3. It is worthwhile to point out
that the procedure for extracting § using |¢| leaves a two-fold uncertainty & <> 7+4.
Keeping this in mind we have shown 4 in the first quadrant in Fig. 2.5 even though
the 1o range of the global fit — Eq. (2.3) — would prefer the partner 7+ § solution.

In the right panel of Fig. 2.5 we restrict to the case of Tribimaximal mixing and
show the dependence of § on the scale of perturbation €. The conclusion that can
be drawn from these panels is that ¢ is largely independent of the lightest neutrino
mass and varies over a limited region as ;3 covers its 1o range or € is varied.

A reparametrization invariant measure of CP violation is the Jarlskog parameter,
J [57]. For arbitrary mixing it turns out to be

1
J:Im[Uelng e*2 *

il = 47 (0" —@®)sin2C + 2abeos 2] Im(€) , (2.29)

where in the last step only the lowest order perturbation effect is retained. In the
inset of the right panel of Fig. 2.5 we show this CP violation measure as a function
of my. Note that J changes sign under 6 — 7w 4+ J. We remark at this stage that
for the b = 0 case J = 0.
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80 | 1 -l |
] 100
g g or N
= © o 0.04 0.08 012 0.16 02
S £ 60} mg in eV
o el s
Bimaximal 40 f o
Tribimaximal === TBM, 6,3,=8.66
Golden Ratio == 20 | f
No solar mixing
0 " . . n . . . . .
0 0.04 008 0.12 0.16 02 0 0.04 0.08 0.12 0.16 0.2
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Figure 2.5: In the left panel § for different models is plotted for the 1o limiting values of
613, namely, 9.1° (thick curves) and 8.2° (thin curves). € has been taken to be 0.1. The right
panel is for the TBM model. Three values of € are chosen — in decreasing order of thickness ¢
= 0.1, 0.05, 0.025 — and 63 is taken at the best-fit value. In the inset is shown the Jarlskog
parameter J for the chosen € and the 1o limits of 613. Both panels are for normal mass
ordering. For inverted ordering 6 — (m — ) and J is unchanged.
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Inverted mass ordering

The analysis procedure for inverted mass ordering is essentially the same. In the
right-panel of Fig. 2.4 we show ¢, (with ¢, in the inset) as a function of mg. The

difference from normal ordering arises due to the appearance of m&o) in Eq. (2.20)
which is larger in this case. Hence, ¢, and ¢, remain closer to 7/2 for all m.
The determination of ¢ using Eqgs. (2.23) and (2.26) on the other hand involves
only m* and not mz(»o). Consequently, it can be seen from Eq. (2.26) that for any
mg the CP phase in the inverted and normal mass orderings are simply related by
d <> (m —9). J remains unchanged. So, § and J for the inverted mass ordering
can be read off from Fig. 2.5.

2.6 Mass models

The discussion thus far has not been tied to any specific model for neutrino masses.
We restrict ourselves to just a few remarks here. The perturbation matrix in the
flavour basis®® corresponding to the general form of the mixing matrix in Eq. (2.6)
is:

a’o X —v2abo +
(M)Ttevonr = m* X (tPa+B)/2  (=b*a+p)/2 (2.30)
—V2aba +x  (—bPa+B)/2  (bPa+B)/2

where use has been made of Eq. (2.22) and we have set y = (aba + b& + an)/+/2.

Attempting to relate the above matrix in its general form to the popular mass
models will take us beyond the scope of this chapter. Rather, we indicate here a
limit when it can arise from a Zee-type model [58]. The required condition is:

B =a(2 - 3b?) (2.31)

It is seen using Eq. (2.7) that for this choice the diagonal elements of (M’)favour
become equal and can be subsumed in the unperturbed matrix. The remaining
terms can be obtained from a Zee-type model®. In these models (M’ ){jl“”m” is
proportional to (M7 — M?), M; (i = 1,2,3) being the charged lepton masses.
Since m, > m, > m,, without unnatural fine-tunings one would prefer x to
be much smaller than the other elements of the matrix. This was already noted
earlier [54]; further details and references can be found therein. An explicit A4
based model which exhibits most of these features is given in [52].

For Tribimaximal mixing, i.e., a = \/ig and b = %, Eq. (2.31) amounts to

(a=10

1

taking 6 = 0. For Bimaximal mixing = 75) it is accomplished with the

58 As noted, 7 is small compared to the scale of the perturbation fixed by «, &, and 7. In this
section, we neglect .
% An alternate derivation of 613 # 0 using the Zee model can be found in [59].
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choice f = a/2. For the Golden Ratio mixing (a = \%@,b = \%) the choice

B =alp—2)/(2¢ — 1) brings (M')/1@ou to the Zee form.

2.7 Conclusion

The neutrino mass spectrum and the mixing angles exhibit two noteworthy fea-
tures: the mixing angle #,3 is small compared to the the other two angles, namely,
015 and fo3, and the solar mass splitting is two orders of magnitude smaller than
the atmospheric splitting, Rpass = |Am3,/Am2,| ~ 1072, We show that both of
these small quantities could be the result® of a perturbation of a simpler partially

degenerate neutrino mass matrix (mgo) = méo)) along with a mixing matrix, U?,

which has 6,3 = 0.

The perturbation matrix can be chosen to be real only if the neutrino mass ordering
is normal and the lightest neutrino mass, my, less than about 0.04 eV. In this case
there will be no CP violation in the lepton sector.

For larger values of mg the pertubation M’ has to be complex. We show that
depending on the overall scale of the perturbation, which we have indicated by e,
the CP phase, 0, is calculable and could be near maximal (0 = 7/2,37/2) in some
cases. CP violation varies for the different popular models — e.g., Tribimaximal,
Bimaximal, Golden Ratio, etc. It depends significantly on ¢ — a smaller perturba-
tion resulting in a smaller 6 — but is essentially independent of mg. It also varies
with 613 — in the Tribimaximal model the current 1o (30) range of 63 translates
to about 10° (35°) variation in d.

In this chapter we have taken the atmospheric mixing to be maximal (fy3 = 7/4).
The current best-fit values are in the two adjoining octants, both more than 1o
away from maximality. We have repeated the analysis using these two best-fit
values of fy3. We find that the CP violation effects are changed by less than 10%

in both cases®!.

As they stand, none of the popular mixing models are consistent with the current
value of 015 at 1o0. We ensure that for every model the perturbation takes care of
this shortcoming. In passing, we also consider the possibility that in the unper-
turbed case #15 = 0 in addition to the vanishing ;3. In such a scenario, both these
angles arise from the perturbation. In this case ¢ is the smallest among all models.

Neutrino mass matrices which exhibit the features of the unperturbed mass matrix
are common in the literature. The perturbative contribution can arise from a sub-
dominant loop contribution from a Zee-type model.

60An attempt to generate the solar splitting and 613 at low energies starting from a partially
degenerate mass spectrum and 613 = 0 at a high scale through renormalization group effects in
a supersymmetric model has been made in [60].

61Models have been proposed where the deviation of 6,3 from maximality is correlated with
the value of 63 [61].
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Chapter 3

Seesaw based model independent
analysis

3.1 Introduction

This chapter is based on our publications [33,34] and the conference proceedings
[35,36]. In the previous chapter we have presented a perturbative scheme by which,
through a two-component formalism, one can reproduce the known neutrino masses
and mixing angles. In this chapter we show that seesaw mechanism provides a
framework in which these ideas can be implemented in a natural way. Here we
restrict ourselves to the NSM scenario. It is unique in the sense that the mixing
angles are initially either maximal, namely 7/4 (f3), or zero (03, 612) and the
solar splitting absent. In this spirit, here a proposal is put forward under which
the atmospheric mass splitting and maximal mixing in this sector arise from a
zero-order mass matrix while the smaller solar mass splitting and realistic 6;3 and
0,3 are generated by a Type I seesaw [62] which acts as a perturbation. 65 also
arises out of the same perturbation and as a consequence of degeneracy is not
constrained to be small.

The three non-zero mixing angles open the possibility of CP violation in the lepton
sector®. This model accommodates a CP phase § which must be close to maximal
(0 ~ m/2, 3m/2) if the neutrinos have an inverted mass ordering or if they are
quasidegenerate [33]. Earlier work which partially address similar issues can be
traced to [63,64], but to our knowledge this is the first time that all the small pa-
rameters have been shown to have the same perturbative origin and are consistent
with the latest data.

62For the lepton mixing matrix the standard PMNS form is used, see Eq. (1.15)
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3.2 The model

The unperturbed neutrino mass matrix in the mass basis is MY =

diag{mgO m\?, méo)} with the mixing matrix of the form

1 0 0
1 1
=0 V2o oz . (3.1)

S = (m§0))2 - (mgo))Q. By suitably choosing the Majorana phases the
masses m§0>,m§°) are taken to be real and positive. The columns of U are the
unperturbed flavour eigenstates®. As stated, Am?2,,. = 0 and 63 = 0. Since the
first two states are degenerate in mass, one can also take #1o = 0. It is possible
to generate this mass matrix from a Type II seesaw as we will see from the next

chapter onwards.

Here Am?

In the flavour basis the neutrino mass matrix is (M°)fl@vovr = JOMOUT which in

terms of m* = mgo) + m§0> is

L f2m” 00
(M) tavour — 3 0 mt m~ . (3.2)
0 m~ m"

A smaller additional contribution, which we include perturbatively, is obtained by
a Type I seesaw. To reduce the number of independent parameters, in the flavour
basis the Dirac mass term is taken to be proportional to the identity, i.e.,

MD:mD]I. (33)

This choice completely determines the right-handed flavour basis although the form
of M };lawur can be chosen at will to suit our purpose. In the interest of minimality
we seek symmetric matrices with the fewest non-zero entries. Five texture zero
matrices fail the invertibility criterion® and therefore are not pursued. Next we
try four texture zero options. By examining the different alternatives it can be seen
that all the perturbation goals that we have set for ourselves could be achieved by
only two such candidates out of which one is scripted below®:

0 e i 0
ML — g | et 0 0 : (3.4)
0 0 ye 192

where z, y are dimensionless constants of O(1). The Dirac mass is kept real without
any loss of generality.

63In the flavour basis the charged lepton mass matrix is diagonal.

64Existence of the inverse of My is an essential condition for the see-saw mechanism.

65The other alternative is a mere 2 <> 3 exchange of this configuration and the corresponding
results vary only up to a relative sign.
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3.3 Real Mg (¢1=0o0r m,¢o =0 or m)

As a warm-up consider first the real case, i.e., ¢ = 0 or m,¢o = 0 or w. For
notational convenience in the following the phase factors are not displayed; instead
x (y) is taken as positive or negative depending on whether ¢ (o) is 0 or .

The Type I seesaw contribution in the mass basis is:

0 y Y
M/mass — UOT [MT(Mflavour)_lMD U() _ m2D y X _ T
paH V2 zymp vz ¥

Yy ~v2

(3.5)

The effect on the solar sector is governed by the submatrix of M™% in the subspace
of the two degenerate states,

m2 0
M/mass — D ( ) ) ] 3.6
22 V2 zymp \Y $/\/§ (36)

To first order in the perturbation:
tan 26,5 = 2v/2 (3) . (3.7)
x

For y/x = 1 one obtains the Tribimaximal mixing value of 62 which, though
allowed by the data® at 3o, is beyond the 1o region. Since for the entire range
of 015 one has tan 26015 > 0, x and y must be chosen of the same sign. Therefore,
either 1 =0 = ¢ or ¢; = ™ = ¢o. Furthermore, the allowed values of 65 are such
that one has sin 2615 > 0 and cos 261, > 0. This rules out the second option, i.e.,
only z,y > 0 is allowed. From the global fits to the experimental results one finds:

0.695 < £ < 1.112 at 30 . (3.8)
x

Further, from eq. (3.6),

2
Am2, =D 0 2 g2 3.9
solar 1

TYMR

To first order in the perturbation the corrected wave function [i3) is:

K
ey = | ;51— %9) | (3.10)
0+ 5
where )
=" (3.11)
2 xmprpm

56We use the 30 ranges 7.02 < Am%l/lo’5 eV? < 8.08 and 31.52° < 012 < 36.18° as in Eq.
(1.24).
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As x is positive the sign of x is fixed by that of m™. Since by convention all the
mixing angles 6,; are in the first quadrant, from Eq. (3.10) one must identify:

_omp
\/§ TMpm—

where the PMNS phase 6 = 0 for normal mass ordering and § = 7 for inverted
mass ordering. Needless to say, both these cases are CP conserving. We show later
that the IO case cannot satisfactorily fit the observations.

sinfy3cosd =k = , (3.12)

An immediate consequence of Egs. (3.12), (3.7), and (3.9) is

9 _ (o) 4sinfzcosd
=mm; ——

Am (3.13)

solar sin 2912

which exhibits how the solar sector and 6,3 are intertwined. The positive sign of
Am?2 .., preferred by the data, is trivially verified since m™ sin ;3 cosd > 0 from
Eq. (3.12). However, Eq. (3.13) excludes inverted ordering. Once the neutrino
mass square splittings, 612, and 03 are chosen, Eq. (3.13) determines the lightest

. . _ 0
neutrino mass, mg. Defining z = m~m{” /Am2, and mq/\/|Am2,,| = tan€, one
has

z = sin¢/(1+siné) (normal ordering),
z = 1/(1+siné) (inverted ordering) . (3.14)

It is seen that 0 < z < 1/2 for NO and 1/2 < z < 1 for 10, with z — 1/2
corresponding to quasidegeneracy, i.e., mg — large, in both cases. From Eq. (3.13)

Am? . sin 261
— soLar .1
© (|Am2 ) (4sin913|cosé|) ’ (3.15)

atm |

with | cosd| = 1 for real Mp. As shown below, the allowed ranges of the oscillation
parameters imply z ~ 1072 and so inverted mass ordering is disallowed. The
remaining discussion in this section is confined to normal ordering only.

From Eq. (3.10) one further finds:

1— £z
tan fo3 = tan(n/4 — w) = 1% : (3.16)
tVay
where, using Eqs. (3.7) and (3.12),
9 g
tanw = 2sin b3 cos 9 . (3.17)

tan 2912
093 is in the first octant, i.e., the sign of w is positive as § = 0.

In Fig. 3.1 the global-fit 30 range of sinf;3 and tan 26,5 is shown as the brown
dashed box with the best-fit value indicated by a red dot. Once the atmospheric
and solar mass splittings are fixed, for any point within this region Eq. (3.15)
determines a z, or equivalently an mg, which leads to the correct solar splitting.
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Figure 3.1: The brown dashed box is the global-fit 30 allowed range of sin #13 and tan 26;5.
The best-fit point is shown as a red dot. The green dotted curve is from Eq. (3.13) with
mg = 2.5 meV when the best-fit values of the two mass-splittings are used. The portion
below the blue solid straight line is excluded by 023 at 30 — Eq. (3.17) — for the first octant.
In case of inverted ordering no solution of Eq. (3.13) is allowed for real Mpg.

From the 30 data in Eq. (1.24) wyin = 0 and wye, = 6.4° for the first octant. As
cosd = 1 for the real My case, in this model one has from Eq. (3.17) w > 5.14° at
30. Thus the range of 3 that can be obtained is rather limited®”. The blue solid
straight line is from Eq. (3.17) for wye.. The region below this line is excluded in
this model.

Using the 30 global-fit limits of 613 and 6012, from Eq. (3.15) one gets zpar =
6.03 x 1072 implying that (mg)mee = 3.10 meV. Also, consistency with both Egs.
(3.17) at Wiae and (3.15) sets 2y, = 4.01 x1072 corresponding to (mg)min = 2.13
meV. If, as a typical example, my = 2.5 meV is taken and the best-fit values of
the solar and atmospheric mass splittings are used then Eq. (3.13) gives the green
dotted curve in Fig. 3.1.

In summary, for real My the free parameters are mgy, m% /xmp and y with which
the solar mass splitting, 612, 013, 693 in first octant are reproduced for normal mass
ordering. Inverted ordering cannot be accommodated.

3.4 Complex Mp

Reverting now to complex Mg in Eq. (3.4) one has in the mass basis in place of
Eq. (3.5): ‘ '
0 yequl yeld)l

m2 it zet® —gel®

M/mass — \/_—D ye 1 \/; \/§ 2 (318)
2xymep yeit _peit2  peit2
V2 V2

67This range is excluded at 1o for the first octant.
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x and y are now positive. M’ is no longer hermitian. This is addressed, as usual,
by defining the hermitian combination (M°+ M')T(M°+ M') and treating M°T M©
as the unperturbed term and H™®$ = (MM’ + M'TM°) as the perturbation
to lowest order. The zero order eigenvalues are now (m(O)

.7)? and the complex yet
hermitian perturbation matrix is

. 0 2my y cos 6y yf(¢1)
Jimass — D ng )y coS ¢ %mg )x COS (g —\/Liflff(qbg) , (319)
VIme\ i) af(e) Zm
yf (¢ S (@2) 5y wcos ¢y
where
f(&) =mtcos€& —im ™ sin€ . (3.20)

The subsequent analysis is similar to the one for real Mg.

The perturbation which splits the degenerate solar sector is the 2 x 2 block of Eq.
(3.19). The solar mixing angle now is

Y €os ¢y
T coSdy

tan 2015 = 2v/2 (3.21)

The limits of Eq. (3.8) apply on the ratio (y cos ¢ /x cos ¢o). Also, (cos ¢1/ cos ¢s)
must be positive. Furthermore, cos ¢, cos ¢ > 0, i.e., ¢1, ¢2 can be in the first or
the fourth quadrants.

Including first order corrections the wave function |1)3) is

K f(d1)/m*
) = | 51— 252 f(d2)/m?) |. (3.22)

L1+ 2 (o) fm)
Kk is positive (negative) for NO (I0). One immediately has

sinfi3cosd = Kcos¢y ,

sinf3sind = kK m—+ sin ¢y . (3.23)
m

The sign of cos¢ is positive (negative) for normal (inverted) mass ordering. Fur-
ther, sin ¢; determines the combination sin#,3siné that appears in the Jarlskog
parameter, J. Note, ¢o plays no role in fixing the CP phase §.

It is seen that for normal ordering (x > 0) the quadrant of ¢ is the same as that of
¢1 i.e., the first or the fourth quadrant. For inverted ordering (k < 0) § is in the
second (third) quadrant if ¢; is in the first (fourth) quadrant.

623 obtained from Eq. (3.22) is

tan 923 = s (324)
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Figure 3.2: 6023 (|my, .| in €V) as a function of the lightest neutrino mass mq (in eV) is
shown in the left (right) panel. The blue (brown) curves are for the normal (inverted) mass
ordering. For every plot the region allowed at 3¢ is between the thick curves while the thin
curves are for the best-fit values of the inputs. The solid (dashed) curves correspond to the
first (second) octant of 3.

where, using Eqs. (3.21) and (3.23),

2sin 0,3 cos o
t = 3.25
anw tan 2612 ( )

Eq. (3.17) is recovered when cosd = +1. As cosd is positive (negative) for normal
(inverted) mass ordering, from Eq. (3.25) 6a3 is in the first (second) octant.

A straight-forward calculation after expressing mp and mpg in terms of sin 6,3 cos 9,

yields
Am? . — m_mgo) 4sin 015 cos d

solar

3.26
sin 2912 ( )

which bears a strong similarity with Eq. (3.13) for real Mg. Egs. (3.14) and (3.15)
continue to hold. Noting the factors determining the sign of cosd, one concludes
that Am?,,  is positive for both mass orderings. Thus, satisfying the solar mass

splitting leaves room for either octant of fo3. The allowed range of § can be easily
read off if we re-express Eq. (3.15) as:

Am? . sin 264
— sotar . ‘2
| cos 9] (]AmQ ) (4sin913 z) (3:27)

atm |

In the following enterprise my, #13, and 6,5 are taken as inputs and § and 6,3 are
obtained using Eqgs. (3.27) and (3.25). From these the CP violation measure, .J,
and the combination |m,,,, | which determines the rate of neutrinoless double beta
decay are calculated.

In the left panel of Fig. 3.2 marked by the thick curves is shown the dependence of
23 on the lightest neutrino mass mg when the neutrino mass square splittings and
the angles 613 and 65 are varied over their allowed ranges at 30. The thin curves
correspond to taking the best-fit values. The blue (brown) curves are for normal
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Figure 3.3: The CP phase § is plotted as a function of my (in eV). Inset: The leptonic CP
violation measure J is shown. The conventions are the same as that of Fig. 3.2.

(inverted) mass ordering. For inverted ordering the thick and thin curves are very
close and cannot be distinguished in this figure. Notice that the 3¢ predictions
from this model are not consistent with o3 = 7/4. Its range for inverted ordering
falls outside the 1o global fits but are consistent at 30. An improvement in the
determination of 693 will be the easiest way to exclude one of the orderings unless
one is in the quasidegenerate regime. For normal ordering the smallest value of
myg is determined by the 3o limit of fy3 in the first octant. Eq. (3.26) permits
arbitrarily small mg for inverted mass ordering (see later).

In the right panel of Fig. 3.2 |m,,,, | has been plotted. The sensitivity of direct
neutrino mass measurements is expected to reach around 200 meV [19] in the near
future. Planned neutrinoless double beta decay experiments will also probe the
quasidegenerate range of mq [65]. As can be seen from this figure, to distinguish
the two mass orderings at least a further one order improvement in sensitivity
will be needed. Long-baseline experiments or large atmospheric neutrino detectors
such as INO will settle the mass ordering more readily.

In Fig. 3.3 is displayed the variation of § with my for both mass orderings while J
is shown in the inset. The conventions are the same as in Fig. 3.2. For NO (I10)
d can be in first (second) or the fourth (third) quadrants and accordingly J has
positive or negative values. With this proviso in mind, Fig. 3.3 has been plotted
keeping 0 in the first or second quadrant and J has been taken as positive. For
inverted mass ordering both § and J remain nearly independent of my.

For mg smaller than 10 meV, the CP phase ¢ is significantly larger for inverted
ordering®. This could provide a clear test of this model when the mass ordering
is known and CP violation in the neutrino sector is measured. The real limit (§
= 0) is seen to be admissible, as expected from Fig. 3.1, only for normal ordering
and that too not for the entire 30 range.

%81n fact for inverted ordering & remains close to 7/2 or 37/2 for all my.
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Since 0 < z < 1/2 for NO and 1/2 < z < 1 for IO, the allowed values of § in
the two orderings as seen from Eq. (3.27) are complementary tending towards
a common value as z — 1/2, the quasidegenerate limit, which begins to set in
from around mg = 100 meV. The main novelty from the real Mpg case is that
in Eq. (3.15) by choosing cosd sufficiently small (in magnitude) one can make
z = m_mgo) JAm?2, ~~ 1 so that solutions exist for mg for inverted mass ordering
corresponding to even vanishing mq unlike the case of normal ordering where the

lower limit of my is set by cosd = 1, i.e., real Mp.

We have checked that the size of the perturbation is at most around 20% of the
unperturbed contribution for all cases.

3.5 Conclusions

In conclusion, a model for neutrino masses has been proposed in which the atmo-
spheric mass splitting together with fo3 = 7/4 has an origin different from that
of the solar mass splitting, 612, 013, and w = 7/4 — a3, all of which arise from a
single perturbation resulting from a Type I seesaw. The global fits to the mass
splittings, 015 and 0,3 completely pin-down the model and the CP phase ¢ and the
octant of fy3 are predicted in terms of the lightest neutrino mass mgy. Both mass
orderings are allowed, the inverted ordering being associated with near-maximal
CP violation. Both octants of fs3 can be accommodated; the first (second) octant
being associated with normal (inverted) ordering. Further improvements in the
determination of 93, a measurement of the CP phase d, along with a knowledge
of the neutrino mass ordering will put this model to test from several directions.
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Chapter 4

Seesaw model based on A4
symmetry

4.1 Introduction

This chapter is based on our paper [37]. As already noted in Chapter 1, many
neutrino oscillation experiments have established that neutrinos are massive and
non-degenerate and that the flavour eigenstates are not identical with the mass
eigenstates. For the three neutrino paradigm the two independent mass square
splittings are the solar (Am?2,,) and the atmospheric (Am?,, ). The mass and

solar atmos
flavour bases are related through the PMNS matrix usually parametrized as:

C12C13 S512€13 s13e”"
_ i5 5
U= —C23512 + $23513C12€"°  C3C12 + S23513512€""  —S23C13 ) (4.1)

i6 6
—823512 — C23513C12€ 523C12 — C23513512€ C23C13
where C;j; = COS gij and Sij = sin 91]

The recent measurement of a non-zero value for 6,3 [66], which is small compared
to the other mixing angles, has led to a flurry of activity in developing neutrino
mass models which incorporate this feature. Earlier in Chapter 2 we had demon-
strated that a direction which bears exploration is whether two small quantities in
the neutrino sector, namely, 03 and the ratio, R = Am?, /Am?2, . could in fact
be related to each other, both resulting from a small perturbation. Subsequently
in Chapter 3, we had shown that it is possible to envisage scenarios where only the
larger Am?2, _ and 6,3 = 7/4 are present in a basic structure of neutrino mass and
mixing and the rest of the quantities, namely, 63,602, the deviation of 053 from
7/4, and Am?,,. all have their origin in a smaller seesaw induced perturbation®.
Obviously, this gets reflected in constraints on the measured quantities. A vanish-
ing 03 follows rather easily from certain symmetries and indeed many of the newer

models are based on perturbations of such structures [67,68].

89Farly work on neutrino mass models where some variables are much smaller than others can
be found in [63].
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Encouraged by the success of this program we present a model based on the group
A4 which relies on the seesaw mechanism [62] in which the lightest neutrino mass,
mg, the seesaw scale and one other parameter determine 6,35, R, #5, and the
deviation of g3 from 7 /4. If this last parameter is complex then the CP phase
0 is also a prediction. Here, the atmospheric mass splitting is taken as an input
which together with the lightest neutrino mass completely defines the unperturbed
mass matrix generated by the Type II seesaw. The size of the perturbation is
determined by the Type I seesaw and is of the form m%/mp where mp and mp
respectively are the scale of the Dirac and right-handed Majorana mass terms.

After a brief summary of the A4 group properties and the structure of the model in
the following section we describe the implications of the model in the next section.
The comparison of this model with the experimental data appears next. We end
with our conclusions. The model has a rich scalar field content. In an Appendix
we discuss the A4 invariant scalar potential and the conditions under which the
desired potential minimum can be realized.

It should be noted that neutrino mass models based on A4 have also been investi-
gated earlier [69-71]. In a majority of them the neutrino mass matrix is obtained
from a Type II seesaw and the earlier emphasis was on obtaining Tribimaximal
mixing. Recent work has focussed on obtaining more realistic mixing patterns [72]
sometimes taking recourse to breaking of A4 symmetry [73]. Our work is unique
in the following aspect. It uses a combination of Type II and Type I seesaw mech-
anisms where the former yields mixing angles which are either vanishing (61, and
613) or maximal — i.e., m/4 — (fy3) while keeping the solar splitting absent. This
kind of a scenario has not been considered before. The Type I seesaw acting as a
perturbation results in a non-zero CP phase and realistic mixing angles while at
the same time creating the correct solar splitting.

4.2 The Model

A4 is the group of even permutations of four objects comprising of 12 elements
which can be generated using the two basic permutations S and T satisfying S? =
T3 = (ST)®> = I. The group has four inequivalent irreducible representations
one of 3 dimension and three of 1 dimension denoted by 1,1 and 1”. The one-
dimensional representations are all singlets under S and transform as 1, w, and w?
under 7" respectively, where w is the cube root of unity. Thus 1’ x 1”7 = 1.

For the three-dimensional representation

1 0 0 0 1 0
S=[0 -1 o0 and T=[0 0 1] . (4.2)
0 0 -1 100

This representation satisfies the product rule

33=10101"03¢3 . (4.3)
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The two triplets arising from the product of 3, = a; and 3, = b;, where i = 1,2, 3,
can be identified as 3. = ¢; and 3; = d; with

(a263 + agbg CL3b1 + a1b3 a162 + &le) o
c; = s s or ¢ = Oéz'jk(ljbk s
2 2 2
bs — asb by — arbs ajby — asb
d, = (a2 3 5 3 2 4301 5 « 3 22 5 @2 1) or d; = Bijka;by , (4, j, k, are cyclic).

(4.4)

In this notation the one-dimensional representations in the 3 ® 3 product can be
written as:

1 = a1b1 + a2b2 + (1353 = ph-jaibj s
1/ = &1[)1 + w2a2b2 + wagbg = pSij@ibj s
1// = a1b1 + u}agbg + w2a3b3 = pgijaibj . (45)

Further details of the group A4 are available in the literature [69,70].

Fields Notations | A4 | SU((2), (V) | L
Left-handed leptons (vi, 1)L 3 2 (-1) 1
llR 1
Right-handed charged leptons lar 1 1(-2) 1
l3R 1//
Right-handed neutrinos Nig 3 1 (0) -1

Table 4.1: The fermion content of the model. The transformation properties under A4 and
SU(2)r, are shown. The hypercharge of the fields, Y, and their lepton number, L, are also
indicated.

In the proposed model the left-handed lepton doublets of the three flavours are
assumed to form an A4 triplet while the right-handed charged leptons are taken
as 1(er), 1'(1ur), and 1”(7g) under A4. The remaining leptons, the right-handed
neutrinos, form an A4 triplet”™. The lepton content of the model with the A4 and
SU(2), properties as well as the lepton number assignments is shown in Table 4.1.
Note that the right-handed neutrinos are assigned lepton number -1. This choice is
made to ensure that the neutrino Dirac mass matrix takes a form proportional to
the identity matrix, as we remark in the following. The assignment of A4 quantum

OWe closely follow the notation of [69].
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numbers of the leptons is by no means unique. The entire list of options for this
have been catalogued in [74]. Our choice corresponds to class B of [74]. We do not
discuss the extension of this model to the quark sector’.

Mass of Notations A4 | SU2), | L
Y)
o
Charged fermion b= | o5 ¢ 3 2(1) |0
¢35
Neutrino Dirac n=mn"n") 1] 2(1) |2
(AT A A
Type I seesaw Al = ATT A7 AY 31 3(2) |-2
AT Ay A
1| 302 |2
Type I seesaw AL = (AL AL AYF ] 312 |-2
" [ 3(2) |2
A%\ "
Right-handed neutrino AR = | AJ 3] 1(0) |2
A
Right-handed neutrino Al = (AR 1”1 1(0) |2

Table 4.2: The scalar content of the model. The transformation properties under A4 and
SU(2)r, are shown. The hypercharge of the fields, Y, and their lepton number, L are also
indicated.

All lepton masses arise from A4-invariant Yukawa-type couplings. This requires
several scalar fields™ which develop appropriate vacuum expectation values. To
generate the charged lepton masses one uses an SU(2), doublet A4 triplet of scalar
fields ®; (i = 1,2,3). The Type II seesaw for left-handed neutrino masses requires

"'For A4-based models dealing with the quark sector see, for example, [75] and [76].

"2 Alternate A4 models address this issue by separating the SU(2); and A4 breakings [70].
The former proceeds through the conventional doublet and triplet scalars which do not transform
under A4. The A4 breaking is triggered through the vev of SU(2),, singlet ‘flavon’ scalars which
transform non-trivially under A4. While economy is indeed a virtue here, one pays a price in the
form of the effective dimension-5 interactions which have to be introduced to couple the fermion
fields simultaneously to the two types of scalars.
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SU(2), triplet scalars. The product rule in Eq. (4.3) indicates that these could
be in the triplet (A,LL), or the singlet 1, 1/, 1” (Af, ¢ = 1,2,3) representations of
A4. As discussed in the following, all of these are required to obtain the dominant
Type Il seesaw neutrino mass matrix of the form of our choice. The Type I seesaw
results in a smaller contribution whose effect is included perturbatively. For the
Dirac mass matrix of the neutrinos an A4 singlet SU(2), doublet n, with lepton
number -1, is introduced™. The right-handed neutrino mass matrix also arises
from Yukawa couplings which respect A4 symmetry™. The scalar fields required
for this are all SU(2),, singlets and under A4 they transform as triplet (AR) or
the singlet 1”7 (Af). The scalar fields of the model, their transformation properties

under the A4 and SU(2); groups, and their lepton numbers are summarized in
Table 4.2.

The Type I and Type II mass terms for the neutrinos as well as the charged lepton

mass matrix arise from the A4 and SU(2); conserving Lagrangian™:

Lrnass = Yipiirlrilrj®) (charged lepton mass)
fp1avLiNpen” (neutrino Dirac mass)
1

L T ~—1 A LO
SV ayr, O v A

YCL pgijyfiC_luLjAfo)] (neutrino Type II seesaw mass)

1. A
5 (V7 Qi Ng O Ny A

V¥ psijN;C ' Np;AFP)]  (rh neutrino mass) + h.c.

+ o+ o+ o+ o+

(4.6)

The scalar fields in the above Lagrangian get the following veuvs (suppressing the
SU(2), part):

1 1
(%) = 7 } (AR =y 8 A = (A = (A" =, (A7)
) 1
() =u, (M) =vr [ W |, (AF") =ur. (4.8)

The scalar potential involving the fields listed in Table 4.2 has many terms and is

given in an Appendix. There we indicate the conditions under which the scalars
achieve the vev listed in Eqs. (4.7) and (4.8).

™The assignment of opposite lepton numbers to v;, and Ny forbids their Yukawa coupling
with ® and the Dirac mass matrix can be kept proportional to the identity.

™Since the right-handed neutrinos are SU(2);, singlets, in principle, one can include direct
Majorana mass terms for them. These dimension three terms would break A4 softly.

">Note that the Dirac mass terms are also L conserving.
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This results in the charged lepton mass matrix and the left-handed neutrino Ma-
jorana mass matrix of the following forms:

v n Y2 .gs
Meyr = —= w w )
m \/3 hn 2y2 Ys
o WY Wys

Vi 0 0
M,,L == 0 (leLA - }/QL)UL YLUL/2 . (49)
0 Yior /2 (Y =Y
where we have chosen Y;) = Y. In the above the Yukawa couplings satisfy

Y1V = Mg, Yo = My, y3v = m,. The Type Il seesaw generates, M,, the dominant
contribution to the neutrino mass matrix. In the absence of the solar splitting this

involves just two masses m§°) and méo). To obtain the requisite structure one must

identify 3YFuy = 2[2m§0) —méo)], 3Yfuy, = m§°)+m§°), and Ylv, = 2[m§0)+m§0)].
The neutrino Dirac mass matrix and the mass matrix of the right-handed neutrinos
are:

R Yiug }A/RURW/Q f/f%vaz/Q
Mp=ful , Myp=| Y%rw/2 Yfupw®  YHvp/2 . (4.10)
Yivpw?/2  YEup/2  Yiupw

The two unknown combinations appearing in Mg above are expressed as Ytur =
(2a +b) and YRvg = 2(b — a).

The mass matrices in Eq. (4.9) can be put in a more tractable form by using two
transformations, the first being U on the left-handed fermion doublets and the
other Vi on the right-handed neutrino singlets. Uy, and Vi are given by

1 1 1 1
Up=—71|1 w? w |=Vs. (4.11)
V3 1 w w?

No transformation is applied on the right-handed charged leptons. In the new
basis, which we call the flavour basis, the charged lepton mass matrix is diagonal
and the entire lepton mixing resides in the neutrino sector. The mass matrices
now are:

me 0 0 om{” 0 0

Meflﬁl_vaur: 0 m, 0 : MjéavouT:% 0 m+ - :
0O 0 m, 0 —-m~  m"
(4.12)
and
1 0 a O
Mp=ful , MI*" =_1a 0 0 (4.13)
2\o 0 o

Here m* = mgo) + m§°). m~ is positive for normal ordering of masses while it is
negative for inverted ordering. We use the notation mp = fu.
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4.3 Model implications

The A4 model we have presented results in the four mass matrices in Eqs. (4.12)
and (4.13). The lepton mixing and CP violation will be determined, in this basis,
entirely by the neutrino sector on which we focus from here on.

The left-handed neutrino mass matrix M/!***" obtained via a Type II seesaw,
dominates over the Type I seesaw contribution from the mass matrices in Eq.
(4.13). The contribution from the latter is included using perturbation theory.

In the ‘mass basis’ the left-handed neutrino mass matrix is diagonal. The columns

of the diagonalising matrix are the unperturbed flavour eigenstates in this basis.
We find from lec é‘wour:

m®” 0 0
M = Mpes =U M vt = 0 o m” o0 |, (4.14)
o 0 mY

the orthogonal matrix, U°, being

0
U = ?5 -5 |- (4.15)
0 7
From Eqgs. (4.14), (4.1) and (4.15) it is seen that the solar splitting is absent,
912 :O, 913 :0, 5:0, and 923 :7T/4

Before proceeding with the analysis we would like to remark on the right-handed
neutrino Majorana mass matrix in Eq. (4.13), M/ which follows from the
A4 symmetric Lagrangian. It has a four-zero texture. This has the virtue of being
of a form of Mﬁ%‘wom with the most number of texture zeros. For the seesaw to
be operative, the matrix has to be invertible. This eliminates matrices with five
texture zeros in the flavour basis. Of the 15 possibilities with four texture zeros
there are only two which are invertible and also meet the requirements of the model
(i.e., result in a non-zero 05, 013, and shift fy3 from 7/4). These are:

1

1
My =5 -

LMy = (4.16)

o e O
o O Q
> O O
Q* O O
o ot O
o O Q

Note, M; «+ M, under 2 «+ 3 exchange™. The results from these two alternatives
are very similar except for a few relative signs in the interrelationships among 63,
012, and y3. The Mﬁ;”om in Eq. (4.13) is of the form of M;. We remark in the
end about the changes which entail if the M, alternative is used.

"In the Lagrangian in Eq. (4.6) the replacement AL — AZ where AZ transforms like a 1/
under A4, yields an Myf}lz‘wour of the form of Ms.
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. I
Taking a and b as complex we express M p as:

0 xe i 0
Ml — g | zemir 0 0 : (4.17)
0 0 ye 92

where z,y are dimensionless real constants of O(1) and mpg sets the mass-scale.
No generality is lost by keeping the Dirac mass real.

In the flavour basis, the Type I seesaw contribution, which we treat as a pertur-
bation, is:

2 0 ye 0
M/flavour _ M%(Mj}l%av‘mr)_lMD] — D Y ei¢1 0 0 . (418)
LYMe 0 0 x €2

In the mass basis it is:

m i z e? z e

Mmass — UOTM/flavourUO — \/_ D ye #1 \/g2 \/é2 (419>
2 TYMR ip1 x_e'P2 z elP2
ye V2 V2

4.4 Results

After having presented the group-theoretic underpinnings of the model we now
indicate its predictions which could be tested in the near future. As noted, from
Eq. (4.15) one has 3 = 7/4 and the other mixing angles are vanishing. Further,
once a choice of mg, the liéghtest neutrino mass, is made, depending on the mass
ordering either m§°) or m30) is determined. The remaining one of these two is
fixed so that the atmospheric mass splitting is correctly reproduced. The solar
mass splitting, 612, 613 and the deviation of A3 from maximality are all realized
through the first order perturbation, which results in inter-relationships between
them. These offer a scope of subjecting the model to experimental probing. From
Eq. (4.14) it is seen that to obtain the solar mixing parameters one must take

recourse to degenerate perturbation theory.

4.4.1 Real My (¢1 =0 or m,¢y =0 or m)

Mp is real if the phases ¢ in Eq. (4.17) are 0 or w. For notational simplicity,
instead of retaining these phases we allow = (y) to be of either sign, thus capturing
the possibilities of ¢1 (¢9) being 0 or 7.

In the real limit Eq. (4.19) becomes

_mh
\/§ TYMR —y

< O

M/mass — (420)

Sl
Sl
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The effect of this perturbation on the degenerate solar sector is obtained from the
following 2 x 2 submatrix of the above,

2
0
My = "D ( Y ) . 4.21
2 V2 zymp \ Y z/V?2 (421)
This yields
_ y
tan 20,5 = 2v/2 <x> . (4.22)

From the data, tan26,, > 0 always, implying = and y have to be either both
positive or both negative. In other words, ¢y = ¢ and can be either 0 or 7.
Moreover, from the data 26> < 5 at 3o. This implies that only z,y > 0 is allowed
or equivalently ¢; = ¢ = 0. The fitted range of 6,5 translates to

0.695 < £ < 1.112 at 30 . (4.23)
x

Eq. (4.21) also implies

2
Am?, = mDR m\” /2% + 82 . (4.24)

Including the first-order corrections from Eq. (4.20) the wave function for the
non-degenerate state, [13), becomes:

—K
) = | —m(1=2%2) | | (4.25)
0+ 5D
with )
k= "D (4.26)
2 xmprpm

The sign of k is the same as that of m~. Comparing with the third column of Eq.
(4.1) one then has

2
mp

I m— (4.27)

sinfi3co80 = —k = —

In the case of normal ordering 6 = 7 while for inverted ordering 6 = 0, CP remain-
ing conserved in both cases”. Notice the difference from the result in Chapter 3
where NO (IO) corresponds to 6 = 0 (m) for real Mg. From Egs. (4.27), (4.22),
and (4.24) one can write,

(0) 4sinf;3cosd

2 . _
Amsolm‘ =m my

4.28
sin 26‘12 ( )

which relates™ the solar sector with 6;5. Once the neutrino mass splittings, and
the angles 615, and 6,3 are given, Eq. (4.28) fixes the lightest neutrino mass, my.

"TRecall, the mixing angles 0;; are kept in the first quadrant and  ranges from —m to 7, as is
the convention.

81t is readily seen from Eq. (4.27) that m™ cos§ is always positive, ensuring Am?2_,, > 0.
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35

Real Mg ‘

| :
i Normal Ordering

0.13 0.14 0.15 0.16 0.17
sin 6,3

Figure 4.1: The area inside blue dot-dashed box in the sin 613 - tan 2615 plane is allowed
by the experimental data at 30. The best-fit point is shown as a black dot. The red dotted
curve gives the best-fit solar splitting — from Eq. (4.28) — for mo = 2.5 meV. Using Eq.
(4.32) for O3 the area excluded at 30 is below the green solid straight line for the first octant.
Only normal ordering is allowed for real Mp.

It can be checked that Eq. (4.28) does not permit inverted ordering. To this end,

one defines z = m’mgo) JAmZ, and tané = mg/\/|Am2,,..s|. Note that z is
positive for both mass orderings and one has:

z = sin&/(1+sin¢) (normal ordering),
z = 1/(1+siné) (inverted ordering) . (4.29)

This implies 0 < z < 1/2 for NO while 1/2 < z < 1 for 10. In both cases z
approaches 1/2 as mg — large, i.e., one tends towards quasidegeneracy. From Eq.

(4.28)
Am? . sin 201
= o : 4.30
: ( ’Amgtmos‘ ) (4 sin 913' Cos 6’ ( )
Bearing in mind that for real Mg one has |cosd| = 1 and using the measured

values of the other oscillation parameters one finds z ~ 1072. This excludes the
inverted mass ordering option.

Further, Eq. (4.25) implies:

1— £2
tan o3 = tan(m/4 — w) = 1& . (4.31)
R

Taken together with Eqs. (4.22) and (4.27) one has

KT _23in9130055
V2y tan 20,

As noted, for NO, which is the only allowed ordering, one has 6 = w. Thus w is
positive and 6,3 is in the first octant.

tanw =

(4.32)
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We are now in a position to state the consequences of this model for real Mg. There
are three independent input parameters, namely, mg, x, and y/z which determine

019,013,023, and Am? , for NO. For real My inverted ordering is not permitted.

In Fig. 4.1 the main consequences of this model for real My are displayed. It is
similar to what has already been noted in Chapter 3. The region inside the blue
dot-dashed box is the 30 range of sinf;3 and tan 26,5 from the global fits, the
best-fit point being the black dot. From the data in Sec. 1.1.2 w,;, = 0 at 30 and
Winaz = 6.4° for the first octant. For wy,.. Eq. (4.32) of this model corresponds to
the green solid straight line, the area below being excluded. Further, for real Mg,
as cosd = 1, from Eq. (4.32) we get w > 5.14°. So far, we have not considered
the solar mass splitting. Once Am?, = and |Am?2, | are specified, the z (or
equivalently mg) that produces the correct solar splitting for any chosen point in
the plane is determined by Eq. (4.30). In this way, using the 30 ranges of 6;3
and 615 one finds 2,4, = 6.03 x 1072, corresponding to (1mg)mez = 3.10 meV. The
consistency of Eq. (4.30) with Eq. (4.32) at wpaee sets zmin = 4.01 x1072 for
the first octant which translates to (mg)mim = 2.13 meV. As an example, choosing
mgo = 2.5 meV and taking the best-fit points of the solar and atmospheric mass
splittings Eq. (4.28) gives the red dotted curve in Fig. 4.1.

4.4.2 Complex Mp

The shortcomings of the real Mg case — no CP violation, inverted ordering disal-
lowed — can be overcome when Mpg is complex. One then has, as in Eq. (4.19),

m : i i
prmess = — D |yt s s ) (4.33)
\/§$ymR ) zetP2

oy ptP
ye  =a Vo)

x and y are now both positive. Since M’ is not hermitian any more the hermitian
combination (M + M')T(M° + M’) is considered, treating M°TM° as the unper-
turbed piece and H™$ = (M°TM' + M'TMP°) as the perturbation at lowest order.
The zero-order eigenvalues are (mgo))Q. Written as a 3 x 3 hermitian matrix the
perturbation is

. 0 2m§0)y cos ¢ —yf(p1)
Hmass — —\/ﬁx Dm 2m§0)y cos ¢ \%m&o)x COS P2 \/Lixf(@) . (4.34)
TN o) o) Fmircose,
Above
flp) =mt cosp —im singp . (4.35)

Eq. (4.34) provides the basis for the remaining calculation.

In a manner similar to the real Mg case, from Eq. (4.34) we get

tan 20, = 22 ¥ S0 (4.36)
T COS (o
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Since tan 26,5 remains positive at 30, cos ¢; and cos ¢, must be of the same sign.
Further, cos 26, and sin 26,5 are both positive from allowed range of 6,5 in Eq.
(1.24). This implies cos¢; > 0, cospy > 0. The allowed possibilities for these
phases are shown in Table 4.3. We can take over the limits in Eq. (4.23) which

now apply on (y/x)(cos ¢/ cos ¢g).
In place of Eq. (4.25) we now have at first order:

—rf(¢r)/m*
sy = | — 51l — G55 f(o2)/m*] | (4.37)

L[+ 22 f(6a)/m*]

Since z,y are now positive quantities, the sign of x is determined by that of m™,
i.e., K is positive (negative) for normal (inverted) ordering. From Egs. (4.1) and
(4.37)

sinfi3cosd = —kKcosoy ,

sinfi3sind = —k m—+sin¢1 ) (4.38)
m

Using Eq. (4.38) one can immediately relate the quadrant of § with that of ¢; for
both orderings. These are also presented in Table 4.3. Notice™ that near maximal
values of 9 can be obtained in all cases for a suitable choice of ¢;. As an example
for NO (10) if ¢; = § — e then § ~ —F + ¢ (~ —5 — ¢) while ¢; = —F + € implies

b~ F4e(~f—e).

01 o)) Normal Ordering Inverted Ordering
quadrant quadrant 0 O3 ) Oa3
quadrant | octant | quadrant octant

O0—n/2 |0—7/20r-7/2 -0 |-7m —-w/2 | 0—7/4 | -w/2 -0 | 7w/4—7/2
m/2—-0|0—-7/20r-7w/2 -0| 7/2—7 |O0—7/4| 0—7/2 | w/4—7/2

Table 4.3: The options for the phase ¢; in Mg and the consequent ranges of the other
phase ¢o in Mp, the leptonic CP phase 9, and the octant of o3 for both mass orderings.
All angles are in radians. For inverted ordering or quasidegeneracy § ~ /2 or —m /2.

In addition, for 63 Eq. (4.37) implies

K T

1-— ot COS (9

4.39
1+ \%% COS (g ( )

tan 923 =

The deviation from maximality, w, can be obtained from the above and using Eqgs.
(4.36) and (4.38) expressed as

2 sin #3 cos o

t = 4.40
ane tan 2612 ’ ( )

"We point again about the prominent difference from the Chapter 3 result in the correlation
of mass ordering and the allowed quadrants of §.
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which has the same form as Eq. (4.32) for the real My case except that now cosd
can deviate from 4+1. The octant of #y3 for different choices of ¢, quadrants is
given in Table 4.3 for both mass orderings. Note that NO (10) always goes with
first (second) octant as in Chapter 3 model.

Substituting for m% /mpg in terms of sin ;3 cosd, using Eq. (4.38) one has from
Eq. (4.34)
(0) 4sinfy3cosd

2 . _
Amsolar =—m m

4.41
sin 26,5 ' ( )

which is reminiscent of Eq. (4.28) for real My. Keeping in mind that cos ¢/ cos ¢y
must be positive and using Eq. (4.38) it is easy to see that Am?, > 0 always.

solar

As in Eq. (4.30) one again has
Am? in 26
| COS 5| _ ( m2sola7" |) ( S1n 12 ) : (442)

|Amz,,. . 4sin b3 z

with the further proviso that | cosd| can now be anywhere between zero and unity.
This freedom removes the bar which applied on inverted ordering for real Mg.

50
01}
D L I
B 45
I
=) —u0.01
(] =
h= >
£ £
~ -—
0.001
35 . .
0.01 01 1 0.0001 e -
Mo (in ev) mg (in eV)

Figure 4.2: 693 (left panel) and |m,,,.|, the quantity controlling neutrinoless double beta
decay, in eV (right panel) as a function of the lightest neutrino mass mg (in eV). The green
(pink) curves are for NO (10). The 30 allowed region is between the thick curves while
the thin curves are for the best-fit input values. The solid (dashed) curves are for the first
(second) octant of 3.

Here we use myg, 013, and 615 as inputs to fix the model parameters. Eqgs. (4.40)
and (4.42) then determine 63 and ¢ respectively, as shown in Figs. 4.2 and 4.3.
One can also obtain |m,,,, |, which determines the neutrinoless double beta decay
rate, in terms of the mass eigenvalues and the mixing angles. In these figures the
green (pink) curves are for NO (I0).

In the left panel of Fig. 4.2 the dependence of f33 on my is presented while the
right panel shows |m,,,, | again as a function of mgy. The thick lines delimit the
30 allowed regions while the thin lines correspond to the best-fit values of input
parameters. The solid (dashed) curves are for the first (second) octant of 6,3 i.e.,
NO (IO). The thick and thin curves for 10 overlap and cannot be distinguished.
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The experimental 30 bound on #,35 determines a minimum permitted mg for NO.
For 10 there is no such lower bound. Planned experiments to measure the neutrino
mass [19] are sensitive to mg not less than 200 meV. From Fig. 4.2 it is seen that
at such a scale the two mass orderings have close predictions though in different
octants, which is a reflection of quasidegeneracy.

180 - _
1 TUe=Ty, o T
I I
.‘ZNormaI Ordering
. T2 | FTK9wCL -
2 5 ! D e _..--Inverted Ordering
> k=l T2K, 90% C.L.
3 g8 o0 =
120 .
£ E
o )
—TVZ 7777777777
90 o=
- Ll ‘f./"“< Lt N .
0.001 0.01 01 0.07 0.08 0.09 0._1 ) 0.11 0.12 0.13 0.14
mgq (in eV) sin® 26,5

Figure 4.3: The CP phase ¢ from this model. The green (pink) curves are for NO (10).
Left: § as a function of mgq in eV. The line-type conventions are as in Fig. 4.2. Results are
shown only for the first and second quadrants. Right: The blue vertical solid (dot-dashed)
lines are the 30 (1o) allowed ranges of sin?26;3 from global fits. Dependence of § for
mo = 0.5 eV (mg = 2.5 meV) on sin? 203 within the allowed range are the solid (dashed)
lines. Also shown are the 90% C.L. curves (dotted) obtained by T2K [9] which disallow the
region to their left.

In the left panel of Fig. 4.3 we show the dependence of § on mgy for both NO and
IO. The line-type conventions are the same as in Fig. 4.2. As noted in Table 4.3
and Eq. (4.38), 0 can be in any of the second and third (first and fourth) quadrants
for NO (I0) depending on the choice of ¢1. Eq. (4.42) indicates that for all these
four cases, namely, +6 and +(7 — ¢), the dependence of | cosd| on my is identical
for a chosen mass ordering. Keeping this in mind, Fig. 4.3 (left panel) has been
plotted with ¢ in the second quadrant for NO and first quadrant for 10. For mq
smaller than ~ 10 meV, ¢ changes sharply for normal ordering. As expected from
Fig. 4.1, the real Mg limit, i.e., § = 7, is obtained only for NO.

The variation of § with sin? 203 obtained from Eq. (4.41) for both mass orderings
for two representative values of my = 0.5 eV (solid curves) and 2.5 meV (dashed
curves) is shown in the right panel of Fig. 4.3. Here the best-fit values of the two
mass splittings and ;5 have been used. The allowed range of sin®26;3 from the
global fits at 30 (1) is bounded by the blue solid (dot-dashed) vertical lines. For
IO § remains close to but less (more) than +x/2 (—7/2) for all mg. For NO, with
mo = 0.5 eV, ¢ is slightly above (below) but close to +7/2 (—n/2) while for mg
= 2.5 meV one finds § around £ and that too for a limited range of sin®26,5. In
this panel we have also shown 90% C.L. exclusion limits in the sin® 26,5 — § plane
— dotted curves — identified by the T2K collaboration. The regions to the left of
the curves are disfavoured. Notice that § = —m/2 is preferred, which in our model
is consistent with IO for all masses but a limited range of sin? 20,5 while for NO
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though the full range of the latter is consistent one must have mg > 100 meV.
More precise measurements of neutrino parameters will test this model closely.

Finally, it is noteworthy that the phase ¢, enters only in two places: in the combi-
nation x cos ¢ /y in the expressions for tan 26,5 and tan 6,3 - Egs. (4.36) and (4.39).
So, its effect can be entirely subsumed by redefining cos ¢s/y — 1/y. Therefore
for complex Mp the free input parameters are really mg, s, y/x and ¢; which
determine the three mixing angles, the solar mass splitting, and the CP phase §.

Before concluding, we would like to make a comment on our choice of Mg. In Eq.
(4.16) two four-zero textures, M; and M,, were identified both of which could be
admissible for Mpr. We had chosen M, for this work. If instead, we had chosen
M, then the discussion would go through essentially unchanged except for the
replacement k — —k. This would bring the model to a close match of the results
in Chapter 3.

4.5 Conclusions

In this chapter we have proposed a model for neutrino masses and lepton mixing
which relies on an underlying A4 symmetry. All masses are generated from A4
invariant Yukawa couplings. There are contributions to the neutrino masses from
both Type I and Type II seesaw terms of which the latter is dominant. It generates
the atmospheric mass splitting and keeps the mixing angles either maximal, e.g.,
7 /4 for 093, or vanishing, for 013 and 615. The solar splitting is absent. The Type I
seesaw contribution, which is treated perturbatively, results in 0,3, 612, and 653 con-
sistent with the global fits and generates the solar splitting. Testable relationships
between these quantities, characteristic of this model, are derived. In particular,
normal ordering is associated with first octant of o3 while for inverted ordering
only the second octant is allowed. As another example, inverted ordering of neu-
trino masses is correlated with a near-maximal CP phase ¢ and allows arbitrarily
small neutrino masses. For normal ordering é can vary over the entire range and
approaches maximality in the quasidegenerate limit. The lightest neutrino mass
cannot be lower than a few meV in this case.

4.A Appendix: The scalar potential minimiza-
tion

In this Appendix we discuss the nature of the scalar potential of the model in some
detail. We also identify the conditions which must be satisfied by the parameters
of the potential so that the veus take the values considered in the model. Needless
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to say, the conditions ensure that the potential is locally minimized by this choice.
To check whether it is also a global minimum is beyond the scope of this thesis®.

The scalars listed in Table 4.2 have fields transforming under A4, SU(2), and
U(1)y which also carry a lepton number. The scalar potential has to be of the
most general quartic form which is a singlet under all these symmetries. Below we
include all terms that are permitted by the symmetries. Invariance under SU(2),
U(1)y and lepton number are easy to verify.

4.A.1 A4 invariants: Notation and generalities

Here we give a brief account of our notation and the A4-invariant terms. First
recall that there are scalars which transform as 1,1’,1”, and 3 under A4. One
must include in the potential up to quartics in these fields which give rise to A4
singlets. The product rules of the one-dimensional representations 1,1’ and 1” are
simple, it is the A4 triplet which requires some discussion. To this end consider
two A4 triplet fields A = (ay,as,a3)’ and B = (b, by, b3)T where a;, b; may have
SU(2), x U(1)y transformation properties which we suppress here. As noted in
Eq. (4.3), combining A and B one can obtain

3.23=10101" 363 . (4.A.1)

We denote the irreducible representations on the right-hand-side by O;(A, B),
0s5(A, B), O3(A, B), Ts(A, B) and T,(A, B), respectively, where, as noted in Egs.
(4.4, 4.5)

Ol(A, B) = 1= a1b1 + (1262 + a3b3 = plijaibj s

OQ(A, B) = 1, = a1b1 + w2a2b2 + wa3b3 = pgijaibj s
Og(A, B) = 1” = CL1b1 + wa2b2 + w2a3b3 = pgl-jaibj , <4A2>
and
T (A B) 3 — agbg + CL3b2 CL3b1 + a163 albz + agbl r
S 9 - 2 Y 2 Y 2 )
by — azb by — aib by — ashi\ "
T.(A,B) = 3= (“2 = G572 G > L 5 = 1) . (4.A3)

Note that O3(AT, A) = [Oo( AT, A)]" and T, (A, A) = 0.

The scalar potential can be written in this notation keeping in mind the following:

e No two scalar multiplets have all quantum numbers the same. So terms in
the potential cannot be related by replacing any one field by some other.

80For example, the global minima of the relatively simple case of one A4 triplet SU(2), doublet
scalar multiplet have been identified in [77] and used in the context of a model for leptons in [78].
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e Neither is there a scalar which is a singlet under all the symmetries.

Thus the scalar potential can consist of terms of the following forms (displaying
only A4 behaviour):

1. Quadratic: WTW,

2. Cubic: X, X! X/, X, X; Xy, XIXIX[, XUXIXY, O1(Ys,Y)) Xp, Os(Yi, Y)) XY,
03(Y“Y])X’

3. Quartic: (W] W,)(WIW;), (XX)(Xk X)), (XiX;)(XLXP), (XIXT)(XXD),
(XIX0)(XLX0), (XPX) (X[X0), O (i, Y)) Xe X, Oa(¥i, Y;) X[ X,

02( i J)Xth 02( i J)Xle 703(Y17 J)XI;/XZH7 03(}/;7Y)Xlev
O1(Y;, Y5)01(Ys, Y1), 05(Y;, Y;)10a(Yy, Y1), O5(Y;, Y5)T03(Ya, V),
0a(Y:, Y;)03 (Vi Y1), O1(Ty (Y, Y;), Ty (Vi Y1),
TV, Y), Tu(Yi, Y0), Oy (Tu(¥:, Y5), T (Vi Y0), O1(TL(Yi, Y5, Yi) X,
TV, Y,), YO XT, Oy(T4(Yi, ;). Vi) X],
AT (Y2 V), Yo) Xi, Ox(Tu(Yi, Y,), YO T, Os(Tu(Yi, Vi), Yi)X]

In the above W is any field, X, X', and X" stand for generic fields transforming as
1, 1/, and 1” under A4 while Y is a generic A4 triplet field. We have not separately
listed the invariants formed using X', X't, X”T and Y.

Because of the large number of scalar fields in our model — e.g., SU(2), singlets,
doublets, and triplets — the scalar potential has many terms. To simplify this dis-
cussion, we exclude cubic terms in the fields and take all couplings in the potential
to be real. For ease of presentation, we list the potential in separate pieces: (a)
those restricted to any one SU(2)y, sector, and (b) those coupling scalars of differ-
ent SU(2)y sectors. Since the vev of the SU(2)y, singlets, which are responsible for
the right-handed neutrino mass, are much larger than that of the other scalars, in
the latter category we keep only the terms which couple the singlet fields to either
the doublet or the triplet sectors.

4.A.2 SU(2); Singlet Sector:

In the SU(2), singlet scalar sector there is an A4 triplet A® and another scalar
AP that transforms as a 1”. Eq. (4.A.1) shows that two A triplets can combine
to give different A4 irreducible representations. For this purpose we introduce the
notations:

O = Oy(AM,AR); 05 = Oo(AM, AR); T3* = T, (A%, AT, (4.A.4)

Generically, we will use the notation a or fs,a if the second A4 triplet field in the
argument is replaced by its hermitian conjugate. For example, here

03 = O5(AF Ay and T2 = T,(A", AR, (4.A.5)
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We will also require the combinations:
05° = Oy(A", T51). (4.A.6)
From the A4 singlet A one can make the combination
= AFTALR (4.A.7)
which is obviously a singlet under all the symmetries.
Using this notation the most general scalar potential of this sector is given by:
Vsmglet = mzAéan;S + miROfs
bOONIQT + g {08 + (03105 + O\(T T}
+ %A; Q0] + A [0 AF + he] + A8 [6§SA§A§ + h.c.}
(4.A.8)

In the above, we have taken A3 as the common coefficient of the different A4 singlets
that can be obtained from the combination of two A% and two (AF)T fields. We
also follow a similar principle for the fields with other SU(2), behaviour.

4.A.3 SU(2); Doublet Sector:

The SU(2)., doublet scalar sector comprises of the two fields ® and 7 transforming
as 3 and 1 under A4 respectively. Recall that ® and n have opposite hypercharge.
In analogy to the singlet sector we denote the required A4 triplet ® combinations
as:

0% = 0,(®7, ®); 0 = 0y(d", ®); T = T,(D, D), (4.A.9)

and from the A4 singlet n
di =7y . (4.A.10)
The potential for this sector is:
1 2 1
Viowier = myQp’ +mgO1" + 2T [Q]" + S X {[01)? + {05} 0y

+ Ol(Tjd,Tde)}+%/\§ QU0 (LA11)
4.A.4 SU(2); Triplet Sector:

The SU(2) triplet sector consists of four fields, viz, A*, AF, AL and A% trans-
forming as 3, 1, 1/, 1” under A4.
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We define

O = O, (A*, AF); OF = O,(AM, AR, T = T,(AF, AF), (4.A.12)
Q= AMAL | (i=1,2,3), (4.A.13)

and R
O = O;(AF, T (i =1,2,3). (4.A.14)

The scalar potential for this sector:

DO | —

3 3
1
Vi = Dy QF +mi, O+ 53, [0+
i=1

2 3
D D e
i=1 k<j, k=1 j=2
3
1 1
£ A {[OUF + {080 + 0y (T, T} + 0 3 X QU4
=1
+ A [OFAY + hee] + N [OFAY + he] + AL [OFAL + he]

3
+ Z)‘gi [6ftAiLAzL+ hﬁ.] + [)\glé?AgAg%— h.c. + cyclic} (4.A.15)
i=1

4.A.5 Inter-sector terms:

So far, we have listed the terms in the potential that involve scalar fields which
belong to any one of three sectors: singlets, doublets, or triplets of SU(2). Besides
these, there will also be terms in the scalar potential which involve fields from
multiple sectors. Below we list the terms which arise from couplings of the singlet
sector with either the doublet or the triplet sector. The other inter-sector terms
— doublet-triplet type — are dropped. Since the vacuum expectation values of the
singlet fields are by far the largest this is not an unreasonable approximation.

Inter-sector Singlet-Doublet terms:

It is useful to define,
T = T,(A% AR, and T% = T,(®, o1, (4.A.16)

and
O3% = Oy(TH, T5); 03 = O5(AR, T . (4.A.17)

For simplicity, we do not keep the combinations T s = TQ(AR, ART) and ffd =
T,(®, d1).

In terms of the above:
1 S SS 1 S SS 1 S SS S S
Vi = o QEQI ¢ N [5OF] + D [QUOT] + X (0308 + e
1
+ 5)\?[ [Odefs + {OSS}TOgd + {Ogd}TOSS + Ofé} ) (4.A.18)
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Here, in the last term, we have made the simplifying assumption that there is
a common coupling A\{? for the terms in the potential which arise from various

combinations of (®T®)(ARTAR) each of the four fields being A4 triplets.

Inter-sector Singlet-Triplet terms:

For this case the following combinations arise:

OF = OJAM AY) (i=1,2,3);0f5 = 0TI T2);

0% = 0T, AY) (i=1,2,3); 0% = O4(T", A7) . (4.A.19)
In line with the convention introduced earlier: O = O;(ART ALt) (i =1,2,3).

The intersector potential for this case is given by:
1o 1 1o

Vi = 32 M[QFQUT+ 5A8 [Q50N] + 5 DM [@or]
i=1 =1

1 S SS SS SS S
+ 5)\3 (0707 + {05°}10F + {05} 05° + Of%]
3 o~
+ Yo [ﬁ;mf* + h.c.} Y [@fm?* + h.c.]

=1
oAl [0§SA§TA§ + h.c.] AL [O?AfTASR n h.c.] AL [ogSAgTASR + h,c_]
© N [OpARAE ¢ e + 2 [05ARAL 4 he] + A [OFATAY + he]
(4.A.20)

4.A.6 The minimization conditions:

After having presented the scalar potential we now seek to find the conditions under
which the vev we have used in the model — see Egs. (4.7) and (4.8) constitute a
local minimum. For ready reference the vev are:

1 1 1
o _ Y ALOY — o) AROY — oo | 02 A
%) = u, (AT°) = (A5°%) = (A3") = ur . (AF°) = ur . (4.A.22)

where the SU(2)., nature of the fields is suppressed.

It can be seen from Eq. (4.A.21) that the A4 triplet fields ~ AXE and & — acquire
vev which have been shown to be global minima in [77]. While this is certainly
encouraging, that result is for one A4 triplet in isolation. Here there are many
other fields and so it is not straight-forward to directly extend the results of [77].

In the following we list, sector by sector, the conditions under which the vev in
Eqgs. (4.A.21) and (4.A.22) correspond to a minimum.
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SU(2), singlet sector:

The vev of the singlet fields AF and AR are much larger than those of the SU(2)r,
doublet and triplet scalars. So, the contributions to the minimization equations
from the inter-sector terms can be neglected.

Using the singlet sector potential in Eq. (4.A.8) and the vev in Egs. (4.A.21) and
(4.A.22) we get (bearing in mind vg is real):

a‘/szn et |min 3
%ﬂ =0= up {mig + AMugug + 5)\31112% + 303 [Njug + 2\5uk] =0
Ug

(4.A.23)
and

a‘/singlet |m7,n

=0
Oy,

S

A
= VR |:m2AR —+ 4)\31]?% + Egu}buR + )\ZUR(2UR + 'LL*R) + 2)\211?% =0 .

(4.A.24)

SU(2), doublet sector:

In this sector we have to include the contributions from both the doublet sector
itself — Eq. (4.A.11) — as well as the inter-sector terms in Eq. (4.A.18). We define
Vo = Vaoublet + Via-

In order that the potential minimum corresponds to the vev in Eqgs. (4.A.21) and
(4.A.22) we must have:

av@ |mzn
ou*

= 0= u [2m] 4+ 2X{u v + Ajv v + A ujug + 3570 = 0. (4.A.25)

and

av@j |mm
ov?

)

= 0

*

v v*v . 1 i «

+ A (uf + ur)vr + ZA?,%]%L} = 0. (4.A.26)

Notice that one has to resort to some degree of fine-tuning to satisfy Eqs. (4.A.25)
and (4.A.26) which involve both SU(2), doublet and singlet vev of quite different
magnitudes.
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SU(2)y, triplet sector:

Using Egs. (4.A.8) and (4.A.20) we define Vo = Viiprer + Vis.

In this sector there are a plethora of couplings. To ease the presentation we choose

MAL = MpL = MpL = MAL M, =L =20 =0 AL =2, =0, =
)‘321 = )‘532 = )‘331 = )‘i ) Xél = Xég = Agg = /\Z ; /\51 = /\gg = /\st)g = )‘Z
M= M= =AR =A== M= = =
Ao = AT =M =00 5 A== =0 (4.A.27)

For the minimization of Vz so as to arrive at the vevin Egs. (4.A.21) and (4.A.22)
one must satisfy:

*
ou;

1 1 3
= u mZAL + (A + XD)usug + 5)\21)21@ + éAZSUEuR + 5)\}‘;51)12{}

1
+ 20 (N + M) + vpvn | =5 ATvR + AU + A;SUR] _ 0.
(4.A.28)

Again:

8‘/9 ‘min - 0
vy,

3 1 3
= v {mQAL + §Aiu*LuL + 2X\Evs v + iAgsu}}uR + 5)\33@%]

3
+ up |:6ULUZ(/\Z +AL) — 5)\’;51}12% + 3\FuRvg + SAﬁlsuRvR] = 0.

(4.A.29)
Also we have
ovj, 0vi 4
1
= ULUR —Zx\fva + Mg (up +ug)| = 0. (4.A.30)

Here again fine-tuning is required to ensure that Eqs. (4.A.28) - (4.A.30) are
satisfied.
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Chapter 5

Seesaw model based on discrete
group 53

5.1 Introduction

This chapter is based on our paper [38]. In this chapter we propose a neutrino mass
model based on the direct product group S3x Z3. The elements of S3 correspond to
the permutations of three objects®!. Needless to say, S3-based models of neutrino
mass have been considered earlier [79,80]. A popular point of view [81] has been to
note that a permutation symmetry between the three neutrino states is consistent
with®? (a) a democratic mass matrix, Mye,,, all whose elements are equal, and (b) a
mass matrix proportional to the identity matrix, I. A general combination of these
two forms, e.g., ¢1 1 4+ coMyem, Wwhere ¢, co are complex numbers, provides a natural
starting point. One of the eigenstates, namely, an equal weighted combination
of the three states, is one column of the popular Tribimaximal mixing matrix.
Many models have been presented [81] which add perturbations to this structure
to accomplish realistic neutrino masses and mixing. Variations on this theme [82]
explore mass matrices with such a form in the context of Grand Unified Theories,
in models of extra dimensions, and examine renormalization group effects on such
a pattern realised at a high energy. Other variants of the S3-based models, for
example [83], rely on a 3-3-1 local gauge symmetry, tie it to a (B — L)-extended
model, or realise specific forms of mass matrices through soft symmetry breaking,
etc. As discussed later, the irreducible representations of S3 are one and two-
dimensional. The latter provides a natural mechanism to get maximal mixing in
the v, — v, sector [84].

The present model, also based on S3 symmetry, breaks new ground in the following
directions. Firstly, it involves an interplay of Type I and Type II seesaw contri-
butions. Secondly, it presents a general framework encompassing many popular

81More details of S3 can be found in Appendix 5.A.
82Note, however, there is no 3-dimensional irreducible representation of S3 (see Appendix 5.A).
So these models entail fine tuning.
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Model [ TBM | BM | GR | NSM
0%, | 35.3° [45.0° | 31.7° | 0.0°

Table 5.1: The solar mixing angle, 69, for the TBM, BM, and GR mixing patterns. NSM
stands for the case where the solar mixing angle is initially vanishing.

mixing patterns such as Tribimaximal mixing. Further, the model does not invoke
any soft symmetry breaking terms. All the symmetries are broken spontaneously.

We briefly outline here the strategy of this work. We use the standard notation
for the leptonic mixing matrix — the Pontecorvo Maki Nakagawa Sakata (PMNS)
matrix — U defined in Eq. (1.15). The neutrino masses and mixings arise through a
two-stage mechanism as in Chapter 4. In the first step, from the Type II seesaw the
larger atmospheric mass splitting, Am?2, . is generated while the solar splitting,
Am?2 .., is absent. Also, 13 = 0, 63 = m/4 and the model parameters can be
varied in a continuous manner to obtain any desired 6Y,. Of course, in reality
613 # 0 [12], the solar splitting is non-zero, and there are indications that 6o is
large but non-maximal. Experiments have also set limits on #15. The Type I seesaw
addresses all the above issues and relates the masses and mixings to each other.

The starting form incorporates several well-studied mixing patterns such as TBM,
BM, and GR mixings within its fold. These alternatives all have 6;3 = 0 and
023 = /4. They differ only in the value of the third mixing angle 6%, as displayed
in Table 5.1. The fourth option in this Table, NSM, exhibits the attractive feature
that the mixing angles are either maximal, i.e., /4 (63) or vanishing (#;3 and

01s)-

In the following section we furnish a description of the model including the assign-
ment of S3 X Z3 quantum numbers to the leptons and symmetry-breaking scalar
fields. The consequences of the model are described next where we also compare
with the experimental data. A summary and conclusions follow. The scalar poten-
tial of this model has a rich structure. In two Appendices we present the essence of
S3 symmetry and discuss the S3 invariant scalar potential, deriving the conditions
which must be satisfied by the scalar coefficients to obtain the desired minimum.

5.2 The Model

In the model under discussion fermion and scalar multiplets are assigned S3 x Z3
quantum numbers in a manner such that spontaneous symmetry breaking naturally
yields mass matrices which lead to the seesaw features espoused earlier. All terms
allowed by the symmetries of the model are included in the Lagrangian. No soft
symmetry-breaking terms are required.

To begin it will be useful to formulate the conceptual structure behind the model.
Neutrino masses arise from a combination of Type I and Type II seesaw contri-
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butions of which the latter dominates. In the neutrino mass basis, which is also
the basis in which the Lagrangian will be presented, the Type II seesaw yields a
diagonal matrix in which two states are degenerate:

(0)

my 0 0
M, = o m” 0 : (5.1)
o 0 mY

= (m")2 = (m\?)2 while Am2,,,. = 0. Later,

This mass matrix results in Am? olar

atmos

we find the combinations m* = méo) + m§°) useful. m™ signals the mass ordering;

it is positive for normal ordering and negative for inverted ordering.

Fields Notations | S3 (Z3) | SU2).(Y) | L
L. 1 (1)
Left-handed leptons L, 1" (w) 2 (-1) +1
L, 1 (w)
er 1 (1)
Right-handed charged leptons (’I;R ) 2 (1) 1(-2) +1
R
Nig 1 (1)
Right-handed neutrinos Nor 1" (w) 1 (0) 0
NgR 1 (Cd)

Table 5.2:  The fermion content of the model. The transformation properties under S3,
Z3, and SU(2), are shown. The hypercharge of the fields, Y, and their lepton number, L,
are also indicated. Here L1 = (v, I).

At this stage the mixing resides entirely in the charged lepton sector. We follow
the convention
\I/flavour = U\P\Ilmass ) (52>

for the fermions ¥, so that the PMNS matrix, U, is given by
U=UU,. (5.3)

As noted, at this level 615 = 6%,, where alternate choices of 6, result in popular
mixing patterns such as Tribimaximal, Bimaximal, and Golden Ratio with the
common feature that 613 = 0 and o3 = 7/4. 6% = 0 is another interesting
alternative [37] where initially the lepton mixing angles are either vanishing 03 =
0 = 612 or maximal, i.e., m/4 (f23). Thus, till Type I seesaw effects are included,
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the leptonic mixing matrix takes the form:

cos %%2 sin 990(1)2 0
=@ A | =un, (5.4)
sin 09y __cos 09, 1
V2 V2 V2
where UY = I and the charged lepton mass matrix is:
me 0 0 mecostly —TEsind,  Tzsinf
M., = U, 8 778# 0 | [=| mesin®, % cos %, —%T:os 69,
K mz
M 0 7 Vs

(5.5)
The identity matrix, I, at the right in the first step above indicates that no transfor-
mation needs to be applied on the right-handed charged leptons which are SU(2),
singlets.

In this basis, the matrices responsible for the Type I seesaw have the forms:

re i e~
Mp =mp 1 and Mp = ;n—R e ye T2 /2 —ye /2] | (5.6)
I\ gemior —yemi92 /32 ye %2 /\/2

where mp and mpg set the scale for the Dirac and right-handed Majorana masses
while 2 and y are dimensionless real quantities of O(1). We take the Dirac mass
matrix Mp proportional to the identity for ease of presentation. We have checked
that the same results can be reproduced so long as Mp is simply diagonal. The
right-handed neutrino Majorana mass matrix, Mg, has a Nor <> N3 discrete
symmetry. This choice too can be relaxed without jeopardising the final outcome.

We will show later how the mass matrices in Egs. (5.1) - (5.6) lead to a good fit to
the neutrino data and yield testable predictions. But before this we must ensure
that the above matrices can arise from the S3 x Z3 symmetric Lagrangian.

The behaviour of the fermions, i.e., the three lepton generations®® including three
right-handed neutrinos, is summarised in Table 5.2. The gauge interactions of the
leptons are universal and diagonal in this basis. A feature worth noting is that the
right-handed neutrinos have lepton number L = 0. We discuss later how this leads
to a diagonal neutrino Dirac mass matrix. The lepton mass matrices arise from
the Yukawa couplings allowed by the S3 x Z3 symmetry.

The S3 x Z3 structure of the lepton sector is matched by a rich scalar sector
which we have presented in Table 5.3. The requirement of charged lepton masses
and Type I and Type II seesaw neutrino masses dictates the inclusion of SU(2),
singlet, doublet, and triplet scalar fields. The S3 x Z3 properties of the scalars are
chosen bearing in mind the S3 and Z3 combination rules. In particular, for the
former the representations are 1, 1’, and 2 which satisfy the multiplication rules
(see Appendix 5.A):

1x1'=1, I'x1'=1,and 2x2=2+1+1". (5.7)

83The scope of this model is restricted to the lepton sector.
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Purpose Notations S3 | SU2)L | L vev
(23) | (Y)
n=m*n’) 1(1) ] 2@ |0 (n) = vy (0 1)
cpaz(d);i zg) o) | 2(1) |o <<I>a>=3—a§(8 Z:)
Me/m‘
cpl,;(zii iﬁ) 2w | 2(1) | o <‘I’b>:%(8 Zi)
a = (at a?) 1(w)| 2(1) |0 (o) = v,(0 1)
Mp B=(8p") 1(1) | 2(1 |1 (B) =v3(10)
Ap=(A77, A7 AL | 1) | 3(2) [ -2] (Ar)=wva(001)
My
pr=(p"s pr, P2) | 1) | 3(2) |-2| (pr)=1v,(001)
X =x" Lw) | 1(0) |0 (X) = ux
Mp
v=9° 1 (w) | 1(0) |0 (7) = uy

Table 5.3: The scalar content of the model. The transformation properties under S3, Z3,
and SU(2)r, are shown. The hypercharge of the fields, Y, their lepton number, L, and the
vacuum expectation values are also indicated. w; (i = 1...4) are dimensionless.

The scalar multiplets are chosen such that the mass matrices appear with specific
structures as discussed below®. It can be seen from Table 5.3 that all neutral
scalars pick up a wvev. The vev of the SU(2), singlets, namely, u, and w,, can
be much higher than the electroweak scale, v, and determine the masses of the
right-handed neutrinos. The other vev break SU(2),. We take va ~ v, < v, ~
Vg ~ Up ~ Uq ~ Vg ~ v to maintain consistency with the “p” parameter.

Charged lepton and neutrino masses are obtained from the Yukawa terms in a
Lagrangian constructed out of the fields in Tables 5.2 and 5.3. Including all terms
which respect the SU(2), x U(1)y gauge symmetry and the S3 x Z3 flavour sym-

metry so long as lepton number, L, is also conserved one is led to the Lagrangian

84In general the multiple scalar fields in models based on discrete symmetries also result in
flavour changing neutral currents induced by the neutral scalars. Discussions of this aspect in
the context of S3 can be found, for example, in [85].
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mass terms

Lrass = f1 en(urdd — TrReY) + fo fip(prdy — TRES) + f3 TL(Urd] + TRET)

+  f1 fipera® + fs erern” (charged lepton mass)
+ (MUer,Nig + hoUyr Nog + hsv-,N3g)B° (neutrino Dirac mass)
1
+ 591 VeTLC’_ll/eLAOL
1
+ 3 (92 VZLC_IVML + g3 v£,.C"'v;r) pr| (neutrino Type II seesaw mass)
1 _ _ _
+ 5 ([k‘lNQTRC INQR + kQN?;TRC lNgR] X + ngQTRC lNgR’}/)
1 T -1 - T -1 N .
+ 3 (k4N1RC Nogpx + ks NigC Nngy) (rh neutrino mass) + h.c. .

(5.8)

Here, ¥ and 7 are charge conjugated fields which transform under Z3 as w* = w?.
For each term in the Lagrangian the fermion masses which arise therefrom have
been indicated. Both Type I and Type II seesaw contributions for neutrino masses
are present.

The above Lagrangian gives rise to the mass matrices in Egs. (5.1) - (5.6) through
the Yukawa couplings and the vewvs in Table 5.3. Before turning to these let us note
how the quantum number assignments of the fermion and scalar fields force certain
entries in the mass matrices to be vanishing. For example, the mass term 7 ep is
zero in Eq. (5.5) because there is no SU(2), doublet field which transforms as a
1" under S3. Similarly the diagonal nature of the left-handed neutrino Majorana
mass matrix in Eq. (5.1) is ensured by the absence of an SU(2), triplet field which
transforms either as (i) a 1’ under S3 or (ii) as w? under Z3. The neutrino Dirac
mass matrix in Eq. (5.6) arises from the Yukawa couplings® of the SU(2);, doublet
scalar 8. Since it transforms as 1 under both S3 and Z3 it can be seen from the
left-handed and right-handed neutrino quantum numbers in Table 5.2 that only
diagonal terms are allowed. Finally, the N/, N, term is absent in the right-handed
neutrino Majorana mass matrix in Eq. (5.6) since there is no Z3 singlet among
the SU(2), singlet scalars.

Before proceeding further it may be useful to comment on the sizes of the vari-
ous vacuum expectation values in Table 5.3. The SU(2). doublets acquire vews
Up.aba,g Which are O(My) while the triplet vevs va , are several orders of mag-
nitude smaller. This is in consonance with the smallness of the neutrino masses
as also the p parameter of electroweak symmetry breaking. Needless to say, the
SU(2)y, singlet fields x and v can acquire vewvs well above the electroweak scale.

The non-vanishing entries in the mass matrices in Eqgs. (5.1) - (5.6) which arise
from the Yukawa couplings entail the following relationships:

85 As the N;g carry L = 0, conservation of lepton number forbids any contribution to the Dirac
mass from the SU(2)y, scalar doublets which generate the charged lepton masses.
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1. Charged lepton masses — On matching the Lagrangian in Eq. (5.8), the scalar
doublet vewvs in Table 5.3 and the charged lepton mass matrix in Eq. (5.5) one
gets:

F1(69) = —%sm 6% . fi(ed) = —%sin i (5.9)
m®:%m%,m®:%m%7m@=%,mmz%,
) (5.10)
an
f4(a®y = mesin€), | f5(n°) = mecos 6, . (5.11)

Notice that Egs. (5.9) and (5.10) imply

W2 _ W _ T (5.12)

w1 W3 m,

2. Left-handed neutrino Majorana mass — Similarly, the mass matrix in Eq. (5.1)
is obtained when

91<A%> = m? = 92<POL> ) 93<P%> = mg . (5.13)

The first equation above requires a matching between two sets of Yukawa couplings
and vevs. This is to ensure degeneracy of two neutrino states, implying the van-
ishing of the solar mass splitting at this stage. Notice that the relatively large size
of the atmospheric mass splitting requires g, and g3 to be of different order.

3. Neutrino Dirac mass — The Dirac mass matrix in Eq. (5.6) is due to the
relations:

hl = h2 = h3 = h and h<60> = mp . (514)

The equality of the three Yukawa couplings, h;, above is only a simplified choice.
We have checked that deviations from this relation, i.e., a diagonal Dirac mass
matrix but not proportional to the identity, can also readily lead to the results
which we discuss in this chapter.

4. Right-handed neutrino Majorana mass — Finally, the right-handed neutrino
Majorana mass matrix follows from:

(%) = TEC (0 ks(70) = — B k(%) = RS (30
1{x") Nor 2 (") 5 ks(7") WP 2(X) 5 <5<7 >>
5.15

We show in Appendix 5.B how from a minimisation of the scalar potential the
required scalar vevs may be obtained.

5.2.1 Type I seesaw contribution

In the previous section we have shown that the S3 model results in a diagonal
left-handed neutrino mass matrix given in Eq. (5.1) through a Type II seesaw.
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The charged lepton mass matrix as given in Eq. (5.5) is not diagonal and induces
a mixing in the lepton sector. This mixing, Eq. (5.4), receives further corrections
from a smaller Type I seesaw contribution to the neutrino mass matrix as we
discuss.

The Type I seesaw arising from the Dirac and right-handed neutrino mass matrices
in Eq. (5.6) is

m? 0'¢ g ejil Y eij;lz
M’ = [M}5(Mg)'Mp] ==L |y =5 75 : (5.16)
mpg ip1  —x €2 z e'?2
ye NG V2

5.3 Results

We have given above the contributions to the neutrino mass matrix from the Type
I and Type II seesaw. Of these, the former is taken to be significantly smaller than
the latter. As we have noted, in the absence of the Type I seesaw the leptonic
mixing matrix in this model is determined entirely by the charged lepton mass
matrix. It has 013 = 0, 0,3 = 7/4, and 615 arbitrary. We will be considering four
mixing patterns which fall within this scheme and in each of which the value of
6%, is specified, namely, the TBM, BM, GR, and NSM cases. In addition, in this
model the Type II seesaw sets the solar mass splitting to be zero. The Type I
seesaw, whose effect we incorporate perturbatively, brings all the above leptonic
parameters into agreement with their values preferred by the data. Before we
proceed further with this discussion it will be useful to mention that we have used
the 30 global fit ranges of the neutrino mixing parameters furnished in Eq. (1.24).
Later, we also remark about the compatibility of this model with the recent T2K
and NOvA hints [10,11] of ¢ being near -m/2.

5.3.1 Real Mg (¢1 =0 or m,¢2 =0 or 7)

A limiting case, with less complications, corresponds to no CP violation. This
happens when Mg is real, i.e., the phases ¢ 2 in Eq. (5.16) are 0 or m. These cases
can be compactly considered by keeping x and y real but allowing them to be of
either sign, i.e., four alternatives. We show below how the experimental data picks
out one out of these.

Without the phases ¢, i.e., for real Mp, one gets

m2 (O Y Y
M =D 2z oz 5.17
e \ 0 V2 5:17)

vy =2

The equality of two neutrino masses from the Type II seesaw requires the use of de-
generate perturbation theory to obtain corrections to the solar mixing parameters.
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The 2 x 2 submatrix of M’ relevant for this is:

! mD 0
This results in:
O = 0% +C , tan2( = 2v/2 (§> . (5.19)
x
A related quantity, €, which is found useful later is given by
2 1
sine= ——2— and COSEZL e., tane = —tan2( . (5.20)
Vi + 222 Y+ /2 2
Model (69,) | TBM (35.3°) BM (45.0°) GR (31.7°) NSM (0.0°)
¢ -4.0° <> 0.6° -13.7° < -9.1° -0.4° «» 4.2° | 31.3° +» 35.9°
€ -4.0° <» 0.6° -14.5° < -9.3° -0.4° <» 4.2° 44.0° <> 56.7°
€ — 69, -39.2° ¢+ -34.6° | -59.5° <+ -54.4° | -39.2° < -30.0° | 44.0° <> 56.7°

Table 5.4: The ranges of ¢ (Eq. (5.19)), € (
for the different popular mixing patterns.

Eq. (5.20)), and (e — 6%,) allowed by the data

Once a mixing pattern is chosen, i.e., 6%, fixed, the experimental limits on 6,5 as
given in Eq. (1.24) set bounds on the range of ¢ and also from Eq. (5.20) on
€. These are displayed for the four mixing patterns in Table 5.4. If ( is positive
(negative) then the ratio (y/z) will also be positive (negative). In addition, from
Eq. (5.20) the sign of y is fixed by the value of €. Taking these points into account
one can conclude that x is always positive, i.e., ¢ has to be 0. On the other hand,
y must be positive, ¢; = 0 (negative, ¢; = 7) for NSM (BM). For the other mixing
patterns, i.e., TBM and GR, both signs of y are possible.

The solar mass splitting arising from the Type I seesaw is also obtained from Eq.

(5.18).
Am2 \/_mD

solar —

\/x2 + 8y? = m(o) *

b ocos2¢

Furthermore, incorporatlng the leading order corrections to neutrino mixing from

Eq. (5.17) one gets from Eq. (5.3):

(5.21)

cos ( —sin( Ky Sin €
U = U, with U, = sin ¢ cos ( —K,COS€ | , (5.22)
Kpsin(¢ —e) K, cos(¢ —€) 1
with ) )
=D 5y 2/9_ "D z
Ky = T 222 = . 5.23
mprm=— 4 / mprm-— \/§cos € ( )
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The third column of the leptonic mixing matrix becomes:
K, sin(e — 6%,)
) = | 5Ll —mrcos(e—60)] | . (5.24)
\%[1 + K, cos(e — 6%,)]

Since, as noted, x is always positive, , is positive (negative) for normal (inverted)
ordering.

The right-hand-side of Eq. (5.24) has to be matched with the third column of Eq.
(1.15). This yields:
sin @13 cos 0 = K, sin(e — 6%,) (5.25)
and
tan(m/4 — 0y3) = tanw = K, cos(e — 6%) . (5.26)

For ready reference the ranges of (e —69,) allowed for the different mixing patterns
are presented in Table 5.4. For normal ordering®® the CP phase § is 0 (7) when
sin(e — #Y,) is positive (negative). From Table 5.4 one can then observe that § = 0
for the NSM mixing pattern and is 7 for the three other cases. Needless to say,
both correspond to CP conservation.

7

Real Mg, Normal Ordering, First Octant

6.5

(T74-6,3) in degrees

w=

31 32 33 34 35 36
6., in degrees

Figure 5.1: w = (m/4—633) as a function of ;2 for normal ordering. The solid lines indicate
the range for the 3o allowed variation of sin f13 while the dashed line corresponds to the
best-fit value. Thick green (thin pink) lines are for the NSM (BM) case. The horizontal and
vertical blue dot-dashed lines delimit the 30 allowed range from data. Note that w is always
positive, i.e., the first octant of a3 is preferred. For the TBM and GR mixing patterns w,
still positive, lies beyond the 30 range. Best-fit values of the solar and atmospheric splittings
are used. For My real there is no allowed solution for inverted ordering.

Combining Egs. (5.21), (5.23), and (5.25) one can write:

sin 013 cos d cos €
cos 2¢ sin(e — 6Y,)

Amiolar =2 m_mg[))

(5.27)

86We show in the following that inverted ordering is not consistent with real Mg.
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Eq. (5.27) leads to the conclusion that inverted ordering is not allowed for this
case of real Mg. To establish this property one can define:

2
atmos

and tan& = mg/\/|AmZ,.0s| (5.28)

2= m_mgO)/Am atmos

where z is positive for both mass orderings. From Eq. (5.27) one has

Am? 2¢ sin(e — 69
= () (St 529

2 os 2sin 63| cos | cos €

It is easy to verify from Eq. (5.28) that

z = sin¢/(1+sing) ie., 0 <z <= (for normal ordering),

DN | —

z = 1/(14+sin€) ie., = <z<1 (for inverted ordering) . (5.30)

1
2
There is a one-to-one correspondence of z with the lightest neutrino mass mg. The
quasidegeneracy limit, i.e., my — large, is approached as z — % for both mass

orderings.

In Eq. (5.29) |cosd| = 1 for real Mp. Using the global fit mass splittings and
mixing angles given in Eq. (1.24) and Table 5.4 one finds z ~ 1072 or smaller for

all four mixing patterns. This excludes the inverted mass ordering option for real
Mp.

From Egs. (5.25) and (5.26) one has

sin 63 cos &
tanw = Lo : (5.31)
The noteworthy point is that for normal ordering Eq. (5.26) implies that w is always
positive irrespective of the mixing pattern. So, in this model 6o3 is restricted to

the first octant for real Mpg.

Egs. (5.19) and (5.20) can be used to express € in terms of 612 and thereby put w
in Eq. (5.31) as a function of 015 and 6;3 only. In Fig. 5.1, w is shown as a function
of 6,5 for the NSM (thick green lines) and BM (thin pink lines) mixing patterns.
The ranges of 615 and w have been kept within their 3o allowed limits from global
fits as given in Eq. (1.24). The TBM and GR cases are excluded because for the
allowed values of 615 they predict #53 beyond the 30 range. The solid lines in the
figure correspond to the 30 limiting values of 613 and the dashed line is for its
best-fit value. The blue dot-dashed horizontal and vertical lines display the 3o
experimental bounds on 693 and 65.

Using Eq. (5.29) any allowed point in the w — 615 plane and the associated 603 can
be translated to a value of z or equivalently myq, provided the solar and atmospheric
mass splittings are given. We find that for both the allowed mixing patterns the
range of variation of my is very small. For the NSM (BM) case this range is 2.13
meV < mg < 3.10 meV (3.20 meV < my < 4.42 meV) when both neutrino mass
splittings and all mixing angles are varied over their full 30 ranges.

To summarise the real Mg case:
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1. Only the normal mass ordering is allowed.
2. 53 can lie only in the first octant.

3. The TBM and GR alternatives are inconsistent with the allowed ranges of the
neutrino mixing angles even after including the Type I seesaw corrections.

4. For the NSM and BM mixing patterns real My can give consistent solutions
for the neutrino masses and mixings. The ranges of allowed lightest neutrino
masses are very tiny.

5.3.2 Complex Mp

Keeping Mg, real eliminates CP violation. Further, inverted ordering is disallowed.
Also, the TBM and GR mixing patterns cannot be accommodated. These restric-
tions can be ameliorated by taking Mg in its general complex form giving rise
to the Type I seesaw contribution M’ as given in Eq. (5.16). Recall that this
introduces the phases ¢1 2 and = and y take only positive values.

With its complex entries, M’ is now not hermitian any more. To address this we
consider the combination (M° + M’)T(M°+ M’), and treat M MO as the leading
term with (MM’ 4+ M'TMP°) acting as a perturbation at the lowest order, both
hermitian by construction. The unperturbed eigenvalues are thus (mgo))? The
perturbation matrix is

2 0 2ymi” cosér yf(61)
(MM’ + M'TMO) = % 2ym§0) cos ¢ \/§xm§°) COS ¢y —\%f(@)
" yf* (1) _\%f*((ﬁz) ﬂxmgo) COS g
(5.32)
In the above
flp) =mt cosp —im ™ singp . (5.33)

The remaining calculation proceeds in much the same manner as for real Mg while
keeping the distinctive features of Eq. (5.32) in mind.

In place of Egs. (5.19) and (5.20) for the real Mg case, we get from (5.32)

y cos ¢

010 = 67 tan2¢ = 2v/2 5.34
12 12 +§ ) an C \/_ T COS ¢2 ) ( )
and
. Y COS Oy T cos ¢y /\/2
sine = , COSE€ = :
VY2 cos? ¢1 + 22 cos? g /2 VY2 cos? ¢y + 22 cos? dg /2
1
tane = 3 tan 2 . (5.35)
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Mixing Normal Ordering Inverted Ordering

Pattern ) Q23 ) 023
quadrant octant quadrant octant
NSM First/Fourth | First | Second/Third | Second
BM, TBM, GR | Second/Third | First | First/Fourth | Second

Table 5.5:  Quadrants of the leptonic CP phase ¢ and the octant of o3 for both mass
orderings for different mixing patterns.

The allowed ranges of ( and ¢ depend on the mixing pattern and are given in
Table 5.4. It is seen that for all patterns cose is positive. Therefore, from Eq.
(5.35) we can immediately conclude that ¢o must be always in the first or fourth
quadrants. The possible quadrants of ¢; are also determined from the range of
¢ for the different mixing patterns. From the first relation in Eq. (5.35) we find
that ¢; has to be in the first or fourth (second or third) quadrants if € is positive
(negative). Using the results in Table 5.4 we conclude that the first (second) option
is valid for the NSM (BM) patterns. For TBM and GR cases € spans a range over
positive and negative values and so both options are included.

The solar mass splitting is induced entirely through the Type I seesaw contribution.
From Eq. (5.32) one finds:

Am?

solar

7 2
= \/Emgo) @ \/xQ COS2 ¢2 + 8y2 COS2 gbl _ \/ﬁmgo) @ T COS ¢2
i mpr €os2(

L b2V Fycoser

5.36
mpg  sin2¢ ( )
Eq. (5.24) is now replaced by:
e[ (1) cos O — 56 F(y) sin 0] /m*
sy = | {1 - Relzassr f(@1) sin 0% + s [(d2) cos 0] /m™} ) (5.37)
{1 RS (91 sin 0 + S5 F(gy) cos 6] /m*}
where
b fcos 1 T 2o Gaf (5.38)
Ke = Ccos 22 cos , :
p— Y 1 2

Eq. (5.35) has been used, and the complex function f(¢; ) is defined in Eq. (5.33).

K. is positive (negative) for normal (inverted) ordering. Comparing the right-hand-
side of Eq. (5.37) with the third column of Eq. (1.15) we find

sin 013 cos d = k. sin(e — 6%,) , (5.39)

m

sinfigsind = K [sin €sin ¢, cos ¢y cos 8%, — cos € cos ¢, sin ¢, sin 9(1)2] .

(5.40)

“ m™* cos ¢ cos Py
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Figure 5.2: 63 (left) and the CP phase 0 (right) as a function of mg from this model for
different mixing patterns when the best-fit values of the input data are used. The NSM, BM,
TBM and GR cases correspond to the green solid, pink dashed, red dot-dashed, and violet
dotted curves respectively. Thick (thin) curves of each type indicate normal (inverted) mass
orderings.

As indicated in Table 5.4, (¢ — 6Y,) always remains in the first (fourth) quadrant
for the NSM (BM, TBM, and GR) mixing pattern. For normal ordering Eq. (5.39)
then implies that for the NSM (BM, TBM, and GR) case(s) § lies in the first or
fourth (second or third) quadrants. For inverted ordering of masses, k. changes
sign and so the quadrants are accordingly modified. The different possibilities are
indicated in Table 5.5. For any mixing pattern and mass ordering there are two
allowed quadrants of & which have sin § of opposite sign. Which of these is chosen
is determined by the phases ¢; o through the sign of the right-hand-side of Eq.
(5.40). As noted above, ¢y can be in either the first or fourth quadrants and the
quadrant of ¢, is determined by the mixing pattern in such a way that sin ¢; can
be of either sign. Thus the the phases ¢; and ¢, can always be chosen such that
sind can be of any particular sign. Therefore the two alternate quadrants of § for
every case in Table 5.5 are equally viable in this model.

The perturbative Type I seesaw contribution to #»3 can also be extracted from Eq.

(5.37). One finds:

in 6 )
tanw = SY13 €080 ) (5.41)
tan(e — 6%,)

Recalling that Eq. (5.39) correlates § and (e — 69,) through k. one can readily
conclude that for all mixing patterns 63 always lies in the first (second) octant
for normal (inverted) ordering. This important conclusion from these models is
shown in Table 5.5.

In the expression for the solar mass splitting in Eq. (5.36) one can trade the factor
m% /mp in terms of k. and use Eq. (5.39) to get
9 2m*m§0) sin 013 cos d cos e
Amsolm‘ = . 0
sin(e — 0Y,) cos2¢

(5.42)
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The strategy that we have followed to extract the predictions of this model relies on
utilising Egs. (5.41) and (5.42). We take the three mixing angles 613, 612, and fa3
as inputs. With these at hand Eq. (5.41) fixes a value of the CP phase §. Using
these and the experimentally determined solar mass splitting one can calculate
from Eq. (5.42) the combination mgo)m_, or equivalently the variable z, which
fixes the lightest neutrino mass mg. It might appear that arbitrarily large values
of mg, and hence mgo)m*, may be admitted by taking cosd to smaller and smaller
values. However, this is not the case. Experimental data require w = (7/4 — 6q3)
to lie within determined limits. Since all other factors have experimentally allowed
ranges, Eq. (5.41) also gives lower and upper bounds on §. Consequently, for any
mixing pattern myq lies within a fixed range.

In the left (right) panel of Fig. 5.2 we show the mixing angle 6,3 (the CP phase
J) as a function of the lightest neutrino mass mg as obtained from this model for
different mixing patterns when the best-fit values of the various measured angles
and mass splittings are used. The NSM, BM, TBM and GR correspond to the
green solid, pink dashed, red dot-dashed, and violet dotted curves respectively.
The thick (thin) curves of each type indicate normal (inverted) mass orderings.
Note that normal and inverted orderings are always associated with the first and
second octants of a3 respectively. For normal (inverted) ordering with the NSM
mixing pattern ¢ lies in the first (second) quadrant while for the other cases it is
in the second (first) quadrant. As expected, for inverted ordering |J| stays close
to m/2 for the entire range of my. For normal ordering ¢ is near 7/2 for my larger
than around 0.05 eV.

Of course, as indicated in Table 5.5 if ¢ is a solution for some mg then by suitably
picking alternate values of the phases ¢; o which appear in Mz one can also get a
second solution with the phase —§. We have not shown this mirror set of solutions
in Fig. 5.2. The T2K [10] and NOvA [11] experiments have presented data which
may be taken as a preliminary hint of normal ordering associated with § ~ —m /2.
As seen from Fig. 5.2 this is consistent with our model, with § ~ —7 /2 favouring
myg in the quasidegenerate regime, i.e., my > O0(0.05 eV). If this result is confirmed
by further analysis then the model will require neutrino masses to be in a range to
which ongoing experiments will be sensitive [19,86].

The correlation between the octant of 693, the quadrant of the CP phase 9, and the
ordering of neutrino masses is a smoking-gun signal of this S3 x Z3 based model.

5.4 Conclusions

In this chapter we have put forward an S3 x Z3 model for neutrino mass and mix-
ing. After assigning the flavour quantum numbers to the leptons and the scalars we
write down the most general Lagrangian consistent with the symmetry. Once the
symmetry is broken, the Yukawa couplings give rise to the charged lepton masses
as well as the Dirac and Majorana masses for the left- and right-handed neutrinos.
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Neutrino masses originate from both Type I and Type II seesaw terms of which the
former can be treated as a small correction. The dominant Type II seesaw results
in the atmospheric mass splitting, no solar splitting, keeps 63 = 7/4, and 613 = 0.
By a choice of the Yukawa couplings 615 can be given any preferred value. Thus, at
this level this model can accommodate any of the much-studied Tribimaximal, Bi-
maximal, Golden Ratio, and no solar mixing patterns. The smaller Type I seesaw
contribution acting as a perturbation generates the solar mass splitting and nudges
the mixing angles to values consistent with the global fits. The octants of 6.3 are
correlated with the neutrino mass ordering — first (second) octant is allowed for
normal (inverted) ordering. The model is testable through its predictions for the
CP phase 0 and from the relationships between mixing angles and mass splittings
that it entails. Further, inverted mass ordering is correlated with a near-maximal
CP phase ¢ and arbitrarily small neutrino masses are permitted. For normal mass
ordering 0 can vary over a wider range and maximality is realised in the quaside-
generate limit. The lightest neutrino mass must be at least a few meV in this
case.

5.A Appendix: Essentials of the S3 group

S3 is a discrete group of order 6 which consists of all permutations of three ob-
jects. It can be generated by two elements A and B satisfying A? = I = B3 and
(AB) (AB) = I. The group table is given below.

I |A|B|C|D|F
I |1 |A|B|C|D|F
AlA| T |C|B|F|D
F|F|C|I|D|A|B
C|C|F|D|I|BJA
D\D|B|A|F| I |C
B|\B|D|F | A |C|I

Table 5.6: The group table for S3.

The group has two 1-dimensional representations denoted by 1 and 1’, and a 2-
dimensional representation. 1 is inert under the group while 1’ changes sign under
the action of A. For the 2-dimensional representation a suitable choice of matrices
with the specified properties can be readily obtained. We choose

() (M) s (2 5) 0 e

where w is a cube root of unity, i.e., w = €2™/3. For this choice of A and B the
remaining matrices of the representation are:

c= (%) o=(S ) r=(5 ) Ay
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The product rules for the different representations are:

Ix1"=1,1"x1"=1,and2x2=2+1+1" . (5.A.3)

One can see that each of the 2 x 2 matrices M;; in Egs. (5.A.1) and (5.A.2) satisfies:

Z ajp Mij My = oy, (5.A.4)

3l =1,2

where a;; = 0 for 7 = j and a;; = 1 for ¢ # j.

P2 V2
doublets then using Eqs. (5.A.1) and (5.A.4):

Ifo= (¢1> and ¥ = (%) are two field multiplets transforming under S3 as

Grha + Gar =1, d1hy — doipy = 1" and (ijji) =2 . (5.A.5)

Sometimes we have to deal with hermitian conjugate fields. Noting the nature of
the complex representation (see, for example, B in Eq. (5.A.1)) the conjugate S3

.I.
doublet is ®T = (z% ) As a result, one has in place of (5.A.5)
1

;
Oyhs + i1 =1, dhibn — ¢l = 1" and <¢%¢2> =2 . (5.A.6)

Egs. (5.A.5) and (5.A.6) are essential in writing down the fermion mass matrices
in Sec. 5.2.

5.B Appendix: The scalar potential and its min-
imum

As seen in Table 5.3 this model has a rich scalar field content. In this Appendix
we write down the scalar potential of the model keeping all these fields and derive
conditions which must be met by the coefficients of the various terms so that the
desired vews can be achieved. These conditions ensure that the potential is locally
minimized by this choice.

Table 5.3 displays the behaviour of the scalar fields under S3 x Z3 besides the
gauged electroweak SU(2); x U(1)y. The fields also carry a lepton number. The
scalar potential is the most general polynomial in these fields with up to quartic
terms. Our first step will be to write down the explicit form of this potential.
Here we do not exclude any term permitted by the symmetries. SU(2), x U(1)y
invariance of the terms as well as the abelian lepton number and Z3 conservation
are readily verified. It is only the S3 behaviour which merits special attention.
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There are a variety of scalar fields in this model, e.g., SU(2), singlets, doublets,
and triplets. Therefore, the scalar potential has a large number of terms. For
simplicity we choose all couplings in the potential to be real. In this Appendix
we list the potential in separate parts: (a) those belonging to any one SU(2).
sector, and (b) inter-sector couplings of scalars. The SU(2), singlet vevs, which
are responsible for the right-handed neutrino mass, are significantly larger than
those of other scalars. So, in the second category we retain only those terms which
couple the singlet fields to either the doublet or the triplet sectors.

5.B.1 SU(2); Singlet Sector:

The SU(2)., singlet sector comprises of two fields x and 7 transforming as 1(w)
and 1'(w) of S3 (Z3) respectively. They have L = 0. The scalar potential arising
out of these is:
i s A 2 A3
Viinglee = max'x +m2yTy + A5 {7° X+h0}+— [x"x] +5 [v'~]”

+ %(XTXXV 7+ {000 + e} (5.B.1)

where the coefficient of the cubic term, Af, carries the same dimension as mass
while the A} are dimensionless.

5.B.2 SU(2);, Doublet Sector:

The SU(2). doublet sector of the model has two fields ®,, that are doublets of
S3, in addition to «, 3, and 1 which are S3 singlets. Among them, all fields except
®, and a (€ w ofZ3) are invariant under Zj.

Vioubtet: = mig, 1P, + m3, <I>T<I>b—|—m27] n+maota+m3s'8

= M ale) X (aje) "+ Bialen ey + 2ol @,

b (@) ') + 2 (]a) (0ha) + o (],)(515) + 20(@],) (o)
)‘9 i T >‘10 T T )‘6111 T \2 )‘6112 i i

b2 @l)(518) + 22 (@@ (') + 2 (af)” + 22 (aha)(n'n)

+ 2 ety rla) + 4 (ata) (518) + 232 (yfn)” + X0 ) 515)

+ A%{(@l@b)(aTn)—i—h.c.}—i—%(5T5)2 : (5.B.2)

Leaving aside S3 properties for the moment, to which we return below, out of
any SU(2) doublet ® one can construct two quartic invariants (®®)(®®) and
(®T7P)(PT7®). Needless to say, this can be generalised to the case where several
distinct SU(2) doublets are involved. In order to avoid cluttering, in Eq. (5.B.2)
we have displayed only the first combination for all quartic terms.
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The quartic terms involving A\; to A4 in Eq. (5.B.2) are combinations of two pairs
of S3 doublets. Each pair can combine in accordance to 2 x 2 = 1+ 1’ + 2 resulting
in three terms. The S3 invariant in the potential arises from a combination of the
1, 1, or 2 from one pair with the corresponding term from the other pair. Thus,
for each such term of four S3 doublets, three possible singlet combinations exist
(recall, Eq. (5.A.3)) and we have to keep an account of all of them. We elaborate
on this using as an example the ¢ term which actually stands for a set of terms:
/\il i 2 d 1 1 2 d + t 2
F(@h0,)" - X, (@] + (@])] + 1, [(@]@) - (@]ey)]

+ O [(@]0,)(@f@,) + (@[0))(@]e,)] . (5.B.3)

d
Substituting vevs, (1) = v; and (®3) = vy and defining )\tlil + )‘?1, — 21 and

2
)\d
2(M — )\‘fll + M) = 52 we get:

A(li T 2 )\Zl * 2 * 2 )\gz * *

5 (@l®,)” — - [(vivr)? + (v3va)?] + 5 (vivy)(v3va). (5.B.4)
Similarly,

)\d 9 )\d Ad

72 (CIDIT)(I)()) — % [(vivs)? + (vjva)?] + %(vgvg)(vf;m) (5.B.5)

where, (®3) = v3 and (®4) = vy. Further,

)\d -
2l @le)@fe)] = A (@0 + oley) (@], + 2joy)]

+ A, [(@]e; - ofes)(@le; - ol

b [@ley(@le,) + (@foy)@le)] . (5.56)

Substituting the respective vevs and defining A4 + )\dl, = /\%’1, M — )\gll = )\%’2
and \j, = A, we get;
)\g t i )\Zbl * * * *
5 [(2aPa)(PyPs)| —> 7 [(viv1)(v50s) + (v302) (v304))]
)\gbz * * * *
+ 9 [(v7v1)(viva) + (v302)(v3v3)]

+ A%, [(Vive) (vivs) + (vsvr) (vsve)] . (5.B.T)
In a similar fashion the A\? term when expanded will lead to

Ad T S‘gb
3 @ie)@le)] — “

5\gbg * * * *
9 [(vv3)(vv2) + (v304) (v301))]

Aay [(V70a) (vjvr) + (v303) (v502)] . (5.B.8)

[(vv3)(v3v1) + (v304) (Vi02)]
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Adding Egs. (5.B.7) and Eq. (5.B.8) we get:

A X, Nive 00 10 .
2@l (@fen)] + 3 (@@ (@]0)] = 2 [(vfen) (vivs) + (v3vs) (o)
A,
5 [(vivn)(vve) + (v302) (v503)]
Ny [(v102) (vj03) + (V301) (v500)]
(5.B.9)
3d 5d d 3d _ d . 5d
where, /\“2”1 = /\“2"1 + /\“261, A‘;’” = )\gbg + /\'121’2 and \J, = A“;Q + A%, Also, summing

d A~
up the X%, and \%; terms lead to %(v;va)(vgvn), where My, = N9, + 2.

5.B.3 SU(2); Triplet Sector:

Both the SU(2), triplets present in our model (Ap, pr) that are responsible for
Majorana mass generation of the left handed neutrinos happen to be S3 invariants
and differ only in their Z3 properties i.e., Ar(1) and pp(w).

Al 2 2 AL
V;E'r’iplet - mZLATLAL + mszTLpL + ?1 [ATLAL] + ?2 [PEPL} + f(AEAl)(pEpL)

bV AL
+ f(ATLPL)(PTLAL)ﬂLé’(ALPL)(ALPL)T : (5.B.10)

It is noteworthy that when we write the minimized potential in terms of the vacuum
expectation values, the A}, A} and AL terms will be providing the same contribution
as far as potential minimization is concerned. Thus we can club these couplings
together as A,z = \§ + Aj + AL

5.B.4 Inter-sector terms:

So far we have listed those terms in the potential which arise from scalars of any
specific SU(2), behaviour — singlets, doublets, or triplets. In addition, there can be
terms which couple one of these sectors to another. Since the vacuum expectation
values of the singlet scalars are the largest we only consider here the couplings of
this sector to the others. The SU(2), triplet sector vev is very small and we drop
the doublet-triplet cross-sector couplings.

SU(2). Singlet-Doublet cross-sector:

Couplings between the SU(2), singlet and doublet scalars in the potential give
rise to the terms:

Vie = A®[(®]d,)1y + h.c.} + A% [(@l@a)lx + h.c.] + A§ [(a'n)x + h.c.]
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A 010 (vt 4 2 (@D () 4 25 (@D ) () A (@) (o
— (@1 Pa)(X"X) + == (P Pa) (V') + == (P Py) (X x) + - (P, Py) (v1)

T 2 2 2
/\_gs f T )\_gs 1 1 )\_0715 T i )‘_gs 1 t
+ 5 (a'a)(x"x) + 5 (a'a)(y"y) + 5 (') (x"x) + 5 (n'n) (")

+ /\gs [(CIDIL(IDZ,)X2 + h.c.] + )\‘118 [((I)ZLCI)b)*yQ + h.c.] + A% [(nfoz)x2 + h.c.}

ds
+ A5 [(e)y? + hee] + 25 [(@1®) 1 (x7) + hoc.] + %(ﬁ*ﬂ)(x*x)
ds
+ 2Bt . (5:B.11)

SU(2), Singlet-Triplet cross-sector:

The terms in the potential which arise from couplings between the SU(2),, singlet
and triplet scalars are:

)\ts )\gs

Vi = A (A +he] + S-(ALA) M) + S (AL AL) (1)

ts ts
+ o) 00 + S (phen) (1) + A {(ALpu)x® + hue. |

+ )\gs{(ATLpL)72—|—h.c.} . (5.B.12)

5.B.5 The minimization conditions:

The vevs of the scalar fields are given in Table 5.3. Using these:
SU(2), singlets: (7°) = u, and (x") = u,.

SU(2),, doublets: (®,) — (8 Z;) (@) = (8 Zi) )=, (0 1),

() =v,(0 1)and (B) =vs(1 0).

Recall that from the structure of the charged lepton mass matrix Eq. (5.12) re-
quires vo/v1 = vg/v3 = A where the real quantity A = m,/m,. We often also need
B=(1+ A?%).

SU(2)y, triplets: (p)) = v, and (AY) = va.

SU(2)., Singlet sector:

Sk s %\ 2 )\S * S %
= 0= u, [mi + )xluxux] + Aj (u,y) + uy ?3%(“7 + 2Ajujuy | =0

a‘/;inglet|min
ou*
X
(5.B.13)
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and

aVvsmglet |mm

D = 0= u, [mi + )\Suzuw]—l—QAi (ui‘;u;)—l—ux 5 uyu + 2 uluy | =0 .
Y
(5.B.14)
SU(2); Doublet sector:
Define V,@ - Vdoublet + V:i&
av min /\d * )\d *
;J; = w, lmi + ?6(7)11)1)3 + 78(1}3113)B
J Mg & &
+ Vo [ AL (Vhva) + T(U vy) + )\14(%”5) + T(U;“x) + 7(u§u7)
+ vy [Xf7(vag)B + Agsux + )\f‘i (u;)2 + Af;(u:)Q] =0.
(5.B.15)
OV | main A pY: A, PV
8—112‘3 = g {m%—{— 27(1;1 v1)B+ — 5 (0303)3—1— 5 ( "Ua) + %(vnvn)}
J 1 iz
+ vg {)\18(@;%) + T(U;‘(ux) + T(uiuv) =0.
(5.B.16)
OVop|min A A4 A
—;vl* = v, m + = 5 5 (vivy) B + %(vgvg)B + 1223 (Viva) + Mg (v Un)]
n
Moy o 2 e o A
b o |0+ 2 ) + 5 )
+ [)‘6117@3”1)3 + AdSU* + ATy )? 4+ A5 (us) }
= 0. (5.B.17)
av@|mzn
vy
/\d
= {m%a + (viv) ()\Zl + A2$)}
M M
+ o1 | (v3v3) < ;bl + A® 362 +A2)\ab3>]
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8‘/@ |min

*
ov;

ov;

ov}

+

+ o+

+

U1

(%1

+ o+

U3
0.

AUl

A’Ul

AUl

A’Ul

A’U3
0.

_|_

U3

U3

+ o+

(%1

0.

A’Ug

A’Ug

H%g(vflvn) + %g(v;’;va) + %g(UEWH

{2 0 + 5 i ] + o [ 0]

[{APw + AP a4+ NG (uy)? + AT (1)) + A3 (uyus) }]
(5.B.18)

| )
i+ (o) (423, + 22 )

i D
i (% s, )|

(A
{75(%%) + 76(%%) + ?7(1)5@5)}]

{ EACR %<>H + Avs [{ X (vGon) ]

[{ AP + AfPuy, + A (uy)? + AT (uy)? = A3 (wyus) }
(5.B.19)

)\d
méb + (vivs) (/\f1 + A2%>}

i Al Y A
(vivy) < abi 4 A2Tab2 4 p2)d )]

2 9 abs

M \d . 2\ . 2\¢ .
{_8(%%) + 79(%@5) + %(vnvn)H

. ds

2
{2 w0+ ) ] o [0 0500))

[{ATwy + AZuy -+ AP () + M (ul)” + A5 (uus)

(5.8.20)

2

| DD
(vivn) (AZ%’” + 52+ Az%)]

] \
mg, + (vjv3) (AQ)\gl + ﬁ)}

2

e T
{Z o)+ Lo + Loy |



Avs H )\ngs (uyuy) + %ﬁs(“fy“w)}] + Avy [{ A (v5va) ]

Avy [+ {=APuy + APuy + AP (1)) + Al (ul)? — M5 (uiul) }]
0. (5.B.21)

SU(2)r, Triplet sector:

Define Vy = ‘/tm'plet + ‘/ts-

LN

= ua | {m, + Xz0s) + 22 0 |

Alp Al
+ va {%— {7(u;ux) + T(U;UW)}]
+ v, [APW + AUl + A5l ] = 0. (5.B.22)

e :1¢Hmi+£( )+{?( Aﬁ}

A

/\ts .
+ v, H?g(ux » +— ul H
7]

+ va [APuy + A (u )+A“ =0. (5.B.23)
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Chapter 6

Summary and Conclusions

Neutrino mass and mixing have been subjects of intensive exploration as they
shed light on the physics beyond the standard model. The three-neutrino oscil-
lation scenario is completely characterised by the three mixing angles (612, 613,
f23), two independent mass square splittings (Am?2,,,, Am?2, ) and the CP phase
0. Oscillation experiments over vastly different baselines and a range of neutrino
energies have filled up a vast portion of the mass and mixing jigsaw of the neu-
trino sector. Atmospheric and solar neutrinos indicate two very different scales of
neutrino mass splitting — Am?, /|Am?, | ~ 1072 — which are confirmed in accel-
erator and reactor experiments. Yet, we still remain in the dark with regard to CP
violation in the lepton sector. Neither do we know the mass ordering — whether it
is normal or inverted. Further open issues are the absolute mass scale of neutrinos
and whether they are of Majorana or Dirac nature. While we await experimental
guidance for each of the above unknowns, there have been many attempts to build
models of lepton mass which capture much of what is known which is the prime

intent of my doctoral research as well.

The thematic flow of the thesis has been to consider a two-component procedure
such that from the dominant contribution we could achieve any of the popular
lepton mixings viz. TBM, BM, GR and the NSM, each of which requires 6,3 = 0
and 03 = 7. Needless to say that these mixing patterns are in sharp contrast
with the current status of the neutrino oscillation data. The role played by the
sub-dominant contribution had been to tweak the dominant component so as the

obtain the oscillation parameters within the observed range.

After a summary of the essential background of neutrino physics and the Stan-
dard Model of particle physics, in Chapter 2 and Chapter 3 model independent
implementations of this mechanism were undertaken. The dominant contribution
in Chapter 2 had Am? ,,, = 0 with the data allowed value of Am2, . The mixing
angles were that of the popular lepton mixing type studied case by case. Sum-
ming up, all the dominant contributions were characterised by Am?2, = 0 and
013 = 0 that were ameliorated by the sub-dominant contribution to produce non-

zero values of these quantities. CP phase § was predicted for all the four mixing
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patterns. We restricted ourselves to the NSM scheme in Chapter 3. Thus the
dominant component had Am?,,. =0, 613 =0, 63 =%, 61 =0. The origin
of it can be derived from a Type II seesaw mechanism. The corrections offered by
a Type I seesaw sub-dominant contribution tuned these oscillations parameters in
to the allowed range. Predictions for the octant of #53, CP phase § and the effec-
tive mass for neutrinoless double beta decay in terms of the lightest neutrino mass
were presented. As a result these unknowns of the neutrino sector get correlated
in our model. Chapter 4 comprises of a model for the scheme discussed in Chapter
3 based on the discrete flavour symmetry A4. All the four mixing patterns were
amended by this two-component formalism in Chapter 5 where the mass matrices

derived their origin from an underlying S3 x Z3 symmetry of the Lagrangian.

Both the models depicted in Chapter 4 and Chapter 5 had an opulent scalar sector.
All the lepton mass matrices — charged leptons, left- and right-handed Majorana
and Dirac masses of the neutrinos — were generated through these scalars via
spontaneous symmetry breaking. All terms consistent with the symmetry were
retained. No soft symmetry breaking terms were entertained. The scalar poten-
tial was extensively studied with all the terms allowed by the particular flavour
symmetries under consideration to the extent of local minimization.

Several predictions were obtained including the octant of 6535, CP phase § and the
effective mass for neutrinoless double beta decay which if found to be in contrast
with the experimental observations in future can rule out our model. An interesting
inference of our enterprise was the interrelationships between the octant of 693
and the ordering of neutrino mass. Normal ordering always was predicted to be
associated with the first octant of 6,3 whereas inverted ordering got correlated to
the second octant of fy3. Thus the models are amenable to testing in the near
future.
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