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ABSTRACT

Title of the thesis “Investigations Beyond the Standard Model: Neutrino

Oscillation, Left-Right Symmetry, and Grand Unification”.

SUSY GUTS provide an attractive framework for representing particles and forces
of nature as they solve the gauge hierarchy problem. They unify three forces of
nature, and also explain the tiny neutrino masses through seesaw paradigm. The
R-parity preserving SUSY models like SO(10) also provide stability to possible cold
dark matter candidates of the universe. An evidence of SUSY at the LHC would
be a land-mark discovery which would certainly change the future course of physics.
But, in the absence of any evidence of SUSY so far, it is worthwhile to explore new
physics prospects of non-SUSY GUTs.

In the context of a new non-SUSY SO(10) framework in the 1st publication of this
thesis, we explored the complete dominance of type-II seesaw mechanism. The non-
SUSY SO(10) breaks to left-right symmetry SU(2), @ SU(2)r @ U(1)p_1, @ SU(3)c
or (Gaa13p) at intermediate scale. Then this breaks into SU(2),@U (1) g@U(1)p-L®
SU(3)c (Ga113) at TeV scale. The parity restoration scale is very high ( 108 GeV).
In this model the Z’ boson is present at low energy scale. So it can be verified exper-
imentally. This model shows the precious gauge coupling unification at 1056 GeV
and predicts proton lifetime close to the experimental bound. The basic feature of
this model is that the type-I seesaw term is automatically cancelled out due to the
addition of extra fermion singlets. The model predicts non-unitarity effect and lep-
ton flavor violating decays accessible to ongoing experimental searches for 7 — e,
T — wy, i — e7y. The corresponding branching ratios are only few order smaller

than the current experimental limits. This model can be verified experimentally
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through its predictions on observable non-unitarity effects and additional contribu-
tions to lepton flavor violations. In this case although the mass of the Wg boson is
at high scale, the addition of one extra fermion singlet per generation gives a new
contribution to neutrinoless double beta decay in the W — Wy channel due to the
exchange of first generation sterile neutrino. Resonant leptogenesis leads to baryon
asymmetry of the universe which is achieved by the quasi degeneracy of second and

third generation sterile neutrinos.

In the 2nd publication of this thesis, we have shown different types of seesaw
mechanisms in the same breaking chains mentioned above. The basic feature of this
work is that due to the addition of extra fermion singlets, the type-I seesaw term
is automatically cancelled out. Under different conditions, alternate types of seesaw
mechanisms are shown to be dominant. New contributions to neutrinoless double
beta decay in the W, — Wy channel are discussed. Leptogenesis leading to baryon
asymmetry of the universe is discussed through resonant leptogenesis both in quasi-

degenerate (QD) case as well as in normal hierarchical (NH) case.

In the 3rd paper of this thesis, we have discussed the collider phenomenon of
type-1I seesaw dominance model. The symmetry breaking model is same as that of
the 1st paper. Since in this model the RH neutrinos are present at TeV scale, their
signatures can be verified experimentally at LHC. The heavy RH neutrinos can be
detected at LHC and other high energy experiments in the channel pp — [FI*X
where [ = e, u. We have also discussed the DLSD events mediated by lightest sterile
neutrino. Similarly since in our model, the Z’ boson is present at TeV scale, its
experimental signature can be verified in different collider experiments such as LHC
and ILC by dilepton production due to the mediation of Z’ boson .

Even though the grand unification SO(10) models we studied are non-SUSY, their

LFV branching ratio predictions are of same order as of SUSY SO(10) model with
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or without TeV scale LR symmetry. Almost all of these models predict LFV, LNV,

proton life time which have a proper match with the current experimental data.
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|Chapter 1

Introduction

In the last hundred years of scientific development, our understanding about the be-
havior of nature has evolved from classical to a very neat and clear quantum picture.
In the course of this evolution, starting from the discovery of electron, the funda-
mental constituents of matter (fermions) and the messengers (gauge bosons) of their
interaction have been discovered. Like the unification of electricity and magnetism in
to electromagnetic theory, the construction of a single mathematical form to explain
various distinct phenomena is one of the virtuous paths has been followed by theo-
retical scientists. It is found that every action of nature can be explained in terms
of four fundamental interactions namely gravitational, electromagnetic, weak and
strong. The last three of these are nicely expressed in the mathematical formulation
of quantum field theory (QFT) under the Poincare symmetry. The gravitational
interaction is much weaker compared to other interactions at any reachable energy
scale. Therefore, in all micro-scale studies the gravitational interaction is usually
ignored. Also, a successful QFT of gravitation is not yet well established. On the
other hand, an elegant cocktail of abelian and non-abelian local gauge symmetries
(Weyl [1], Yang-Mills [2]) is found to explain nature at fundamental scales. A sin-
gle, coherent theoretical framework which could explain all physical aspects of the
universe, known till date, is yet to incarnate.

The attempts to cure the high energy behavior of Fermi theory of beta decay laid
the foundation of today’s theory of fundamental interactions. Glashow [3| added a
U(1) piece to Schwinger’s [4] SU(2) local gauge theory of weak and electromagnetic
interaction. This addition was necessary to explain the experimental data for non-
leptonic decay modes of strange particles, which indicated the existence of neutral,
weakly interacting current. In summary, a theory with massive vector bosons is

required to explain the short ranged weak interaction. With the implementation of



Higgs mechanism [5,6] in the SU(2), ® U(1)y structure, Salam |7] and Weinberg [§]
could successfully explain electro-weak behavior of the fundamental particles. This
mathematical construct was further extended by Gross, Wilczek 9] and Politzer [10]
to incorporate the explanation of interaction holding the quarks together, called
strong interaction. This completes our cocktail of gauge structure of internal sym-
metries based upon SU(2), ® U(1)y ® SU(3)¢, known as the Standard Model (SM).
A delightful description of ‘The Rise of the Standard Model’ [11] by its pioneers is a
science history worth reading. The anomalies generated, due to charge quantization
through U(1) symmetry by quarks fortunately cancel with anomalies generated by
leptons. Hence, though accidentally, it is an anomaly free theory. The renormaliz-
ability of the SM was shown by G. "tHooft [1215].

The SM is a remarkably successful theory of interactions of fundamental parti-
cles in low energy regime and near electroweak scale. The recent discovery of Higgs
boson by A Toroidal LHC Apparatus (ATLAS) [16] and Compact Muon Solenoid
(CMS) [17] detectors at Large Hadron Collider (LHC) completes the search of basic
ingredients of SM. Despite the fact that the SM has unraveled the gauge origin of
fundamental forces and the structure of universe while successfully confronting nu-
merous experimental tests, it has various limitations. In the next chapter we will
discuss about its success and failures in more detail. Reliable extensions of the SM
to a simple groups are considered through differet models for Grand Unification.
The aims of Grand Unified Theories (GUTSs) include: (i) unification of SM gauge
couplings g1y, ¢2r, & g3c at some high enough energy, (ii) quarks and leptons are
treated under same Lie structure, i.e., the theory must also ensure the coalescence
of quarks and leptons in one or at most two irreducible representations of the unify-
ing group. This unification of quarks and leptons would explain the electric charge
quantization. The energy scale of gauge coupling unification should be consistent
with the current bounds on proton decay lifetime. In addition to the above re-
quirements, the structure should also be anomaly free and should able to explain
quark, charged lepton, and neutrino masses. The beyond standard model (BSM)
predictions such as large flavor violation, baryonic asymmetry of universe, Dirac or
Majorana nature of neutrinos, dark matter etc. are the premier goals of GUTs. If
possible, they should also explain long standing problems like fine-tuning problem,
Dirac monopoles, which have disappointed us till date. Models based on SU(5) and
SO(10) gauge groups with their minimal and extended structures in supersymmet-
ric (SUSY) as well as non-SUSY framework have been the most popular, and have

partially accomplished the goal.



SUSY GUTs provide an attractive framework for representing particles and forces
of nature as they solve the gauge hierarchy problem. They unify three forces of
nature, and also explain the tiny neutrino masses through seesaw paradigm [18-27].
The R-parity preserving SUSY models like SO(10) also provide stability to possible
cold dark matter candidates of the universe. An evidence of SUSY at the LHC
would be a land-mark discovery, which would certainly change the future course of
physics. But, in the absence of any evidence of SUSY so far, it is worthwhile to
explore new physics prospects of non-SUSY GUTs [28-35]. GUTSs based on SO(10)
gauge group have particularly grown in popularity compared to SU(5). This is
because SO(10) is the smallest, anomaly free group which unifies all fermions of
one generation, including the right-handed (RH) neutrino, into a single spinorial
representation. It provides spontaneous origins of P (= Parity) and C'P (C= Charge
conjugation) violations [30,31,|36-38] Most interestingly, it predicts the right order
of tiny neutrino masses through the canonical (= type-1) [39-43] and type-1I [44-50]
seesaw mechanism. In addition, it has high potentiality to explain all the fermion
masses |51H54] including large neutrino mixings [55] with type-II seesaw dominance
[44-50]. In fact, neither seesaw mechanism nor grand unification require SUSY
per se. The gauge couplings g1y, gor, & g3c automatically unify in the Minimal
Supersymmetric Standard Model (MSSM) [56-58]. But, they fail to unify through
the minimal particle content of the SM. Therefore, in one-step breaking of non-SUSY
SU(5) or SO(10) gauge coupling can not predict the right Weinberg angle. However,
once intermediate symmetries are included to populate the grand desert in case of
non-SUSY SO(10) [38,59-61], gauge couplings may unify. The intermediate gauge
symmetries may also occur near accelerator reachable energies.

Experimental evidences on tiny neutrino masses and their large mixings have
attracted considerable attention as physics beyond the standard model (SM) lead-
ing to different mechanisms for neutrino mass generation. Most of these models are
based upon the underlying assumption that neutrinos are Majorana fermions that
may manifest in the detection of events in neutrino-less double beta (0v33) decay
experiments on which a number of investigations are in progress [62-75]. Theories of
neutrino masses and mixings are placed on a much stronger footing if they originate
from left-right symmetric (LRS) [28-31] grand unified theories such as SO(10) where,
besides grand unification of three forces of nature, P (=Parity) and CP-viloations
have spontaneous-breaking origins, the fermion masses of all the three generations
are adequately fitted [51], all the 15 fermions plus the right-handed neutrino (V)

are unified into a single spinorial representation 16 and the canonical (= type-I



) seesaw formula for neutrino masses is predicted by the theory. Although type-I
seesaw formula was also proposed by using extensions of the SM [39-42,76,[77], it
is well known that this was advanced even much before the atmospheric neutrino
oscillation data [78] and it is interesting to note that Gell-Mann, Ramond and Slan-
sky had used the left-right symmetric SO(10) theory and its Higgs representations
10y, 1264 to derive it. A special feature of left-right (LR) gauge theories and SO(10)
grand unification is that the canonical seesaw formula for neutrino masses is always

accompanied by type-IT seesaw formula [79-82] for Majorana neutrino mass matrix

M, =my! +my, (1.1)
m! = —MDLMT (1.2)

v MN D>
m!’ = fur (1.3)

where Mp(My) is Dirac (RH-Majorana) neutrino mass, vy, is the induced vacuum
expectation value (VEV) of the left-handed (LH) triplet Ay, and f is the Yukawa
coupling of the triplet. Normally, because of the underlying quark-lepton symmetry
in SO(10), Mp is of the same order as M, the up-quark mass matrix that drives the
seesaw scale to be large, My > 101 GeV. Similarly the type-II seesaw scale is also
large. With such high seesaw scales, these two mechanisms in SO(10) can not be
directly verified at low energies or by the Large Hadron Collider (LHC) except for
the indirect signature through the light active neutrino mediated Ov55 decay and
possible leptogenesis.
It is well known that the theoretical predictions of branching ratios for LF'V decays
such as g — ey, 7 — vy, and 7 — ey and u — eee closer to their experimental limits
are generic features of SUSY GUTs even with high seesaw scales but, in non-SUSY
models with such seesaw scales, they are far below the experimental limits. Recently
they have been also predicted to be experimentally accessible along with low-mass
Wr, Zr bosons through TeV scale gauged inverse seesaw mechanism [83-85] in SUSY
SO(10). In the absence of any evidence of supersymmetry so far, alternative non-
SUSY SO(10) models have been found with predictions of substantial LEV decays
and TeV scale Z’ bosons with inverse seesaw dominance [86] or with the predic-
tions of low-mass Wg, Zr bosons, LF'V decays, observable neutron oscillatios, and

dominant LNV decay in the W — Wy, channel via extended seesaw mechanism [87].



Another feature of non-SUSY SO(10) is rare kaon decay and neutron-antineutron
oscillation which is discussed in a recent work [88] with inverse seesaw mechanism
of light neutrino masses. The viability of the model of ref. [83-85] depends on dis-
covery of TeV scale SUSY, TeV scale Wg, Zr bosons, and TeV scale pseudo-Dirac
neutrinos which are almost degenerate in masses. The viability of the non-SUSY
model of ref. [86] depends on the discovery of TeV scale low-mass Zx boson and par-
tially degenerate pseudo Dirac neutrinos in the range 100 — 1200 GeV. Both types
of model predict proton lifetime within the Super-K search limit. The falsifiability
of the non-SUSY model of ref. [88] depends upon any one of the following predicted
observables: TeV scale Zr boson, dominant neutrino-less double beta decay, heavy
Majorana type sterile and righ-handed neutrinos, neutron oscillation, and rare kaon
decays. Whereas the neutrino mass generation mechanism in all these models is
through gauged inverse seesaw mechanism, our main thrust in the present work is
type-1I seesaw. A key ansatz to resolve the issue of large mixing in the neutrino sec-
tor and small mixing in the quark sector has been suggested to be through type-II
seesaw dominance [89H91] via renormalisation group evolution of quasi-degenerate
neutrino masses that holds in supersymmetric quark-lepton unified theories [28}29]
or SO(10) and for large values of tan 5 which represents the ratio of vacuum expec-
tation values (VEVSs) of up-type and down type doublets. In an interesting approach
to understand neutrino mixing in SUSY theories, it has been shown [55] that the
maximality of atmospheric neutrino mixing is an automatic cosnsequence of type-II
seesaw dominance and b— 7 unification that does not require quasi-degeneracy of the
associated neutrino masses. A number of consequences of this approach have been
explored to explain all the fermion masses and mixings including type-II seesaw, or
a combination of both type-I and type-II seesaw [49},92H99] through SUSY SO(10).
As a further interesting property of type-II seesaw dominance, it has been recently
shown [47-50] without using any flavor symmetry that the well known tri-bimaximal
mixing pattern for neutrino mixings is simply a consequence of rotation in the flavor
space. Different SUSY SO(10) models requiring type-II seesaw or an admixure of
type-1 and type-II for fitting fermion masses is given in ref. |55] and a brief review of
distortion occuring to precision gauge coupling unification is given in ref. [45]. All the
charged fermion mass fittings in the conventional one-step breaking of SUSY GUTs
including fits to the neutrino oscillation data require the left-handed triplet to be
lighter than the type-I seesaw scale. The gauge coupling evolutions being sensitive
to the quantum numbers of the LH triplet Az (3,—2,1) under SM gauge group, tend

to misalign the precision unification in the minimal scenario achieved without the



triplet being lighter.

Two kinds of SO(10) models have been suggested for ensuring precision gauge cou-
pling unification in the presence of type-II seesaw dominance. In the first type of
SUSY model [44], SO(10) breaks at a very high scale My > 10" GeV to SUSY
SU(5) which further breaks to MSSM at the usual SUSY GUT scale My ~ 2 x 10'6
GeV. Type-Il seesaw dominance is achieved by fine tuning the mass of the full
SU(5) multiplet 155 containing the Ap(3,—2,1) to remain at the desired type-II
scale Ma, = 101 — 10" GeV. Since the full multiplet 155 is at the intermediate
scale, although the paths of the three gauge couplings of the MSSM gauge group
deflect from their original paths for p > Ma,, they converge exactly at the same
scale My as the MSSM unification scale but with a slightly larger value of the GUT
coupling leading to a marginal reduction of proton-lifetime prediction compared to
SUSY SU(5). In the second class of models applicable to a non-SUSY or split-SUSY
case [45], the grand unificatication group SO(10) breaks directly to the SM gauge
symmetry at the GUT-scale My ~ 2 x 10'® GeV and by tuning the full SU(5) scalar
multiplet 155 to have degenerate masses at My, = 10" — 10" GeV, type-II see-
saw dominance is achieved. The question of precision unification is answered in this
model by pulling out all the super-partner scalar components of the MSSM but by
keeping all the fermionic superpartners and the two Higgs doublets near the TeV
scale. In the non-SUSY case the TeV scale fermions can be equivalently replaced by
complex scalars carrying the same quantum numbers. The proton lifetime prediction
is around 7p(p — e*7%) ~ 10% Yrs. in this model.

In the context of LR gauge theory, type-II seesaw mechanism was originally pro-
posed with manifest left right symmetric gauge group SU(2), x SU(2)g x U (1)p_1 X
SU(3)ex D (921, = gar) (= Gao13p) where both the left- and the right-handed triplets
are allowed to have the same mass scale as the LR symmetry breaking (or the Parity
breaking ) scale [43]. With the emergence of D-Parity and its breaking leading to
decoupling of Parity and SU(2)r breakings [36,137], a new class of asymmetric LR
gauge group emerged: SU(2), x SU(2)r x U(1)p—r X SU(3)c (g2 # 92r) (= Ga213)
where the left-handed triplet acquired larger mass than the RH triplet leading to
the type-I seesaw dominance and suppression of type-II seesaw in SO(10) [100]. It
is possible to accommodate both types of intermediate symmetries in non-SUSY
SO(10) but these models make negligible predictions for branching ratios of charged
LFV processes and they leave no other experimental signatures to be verifiable at
low or LHC energies.

As a new development along this line we have suggested a new class of SO(10) models



where type-I1I seesaw accounts for neutrino masses, but additional fermion singlets
mediate LF'V and LNV processes.

Compared to earlier existing SO(10) based type-1I seesaw dominant [44,45] mod-
els whose RH neutrino masses are in the experimentally inaccessible range and new
gauge bosons are in the mass range 10 — 10!” GeV, the present model predictions
on LHC scale Z’, light and heavy Majorana type sterile neutrinos, RH Majorana
neutrino masses in the range 1000 GeV accessible to LHC in the W, — W}, channel
through dilepton production, the LF'V branching ratios closer to experimental limits.
The model also predicts dominant Ov53 decay amplitudes in the Wy — W}, channel
caused by sterile neutrino exchanges providing a rich testing ground for new physics

signatures.

The proton lifetime in this model for p — e*n¥ is accessible to ongoing exper-
iments [101H104]. We have also discussed related collider phenomenology in this
dissertation. We have discussed the collider signature of RH neutrino through the
production of dileptons in the W, — W}, channel. We have also discussed the collider
signature of Z’ boson [85,105-120] at LHC and ILC. In addition we have also pre-
dicted the production of dilepton events through displaced vertex due to the sterile
neutrino exchange. We have also discussed a special mechaism for the automatic
cancellation canonical seesaw and dominance of other seesaw mechanisms without
finetuning by the suitable choice of appropriate parameters by adding extra singlet
fermions.

In chapter[2, we have discussed the SM and some of its consequences. We have
discussed the extension of SM to grand unified theories like SU(5) and SO(10)
in chapter The general mechanism for the cancellation of cannonical seesaw
and dominance of other seesaw is discussed in chapter Two step breaking of
SO(10) GUT to SM is presented in chapter |5 along with the cardinal points of
this study namely (i)matching the neutrino oscillation data by type-II seesaw and
determination of My,, (i=1,2,3) (ii) LHC reachable Z’ boson, (iii) proton lifetime
prediction, (iv) LEV and CP asymmetry. In chapter , we discuss the neutrinoless
double beta decay predictions in the Wy — W} channel due to exchange of a singlet
fermion predicted by the model. We then discuss resonant leptogenesis by two quasi-
degenerate sterile neutrinos in chapter [f] Sterile neutrino assisted dilepton events
with displaced vertices and its collider phenomenology are discussed in chapter [7] In
chapter [ we draw our conclusion. We have also discussed the relevat supplementary

material in the appendix.



|Chapter 2

Standard Model and Beyond

2.1 Standard Model of particle physics

The Standard Model of particle physics is a theory of electromagnetic, weak and
strong interactions, which governs the dynamics of basic building blocks of universe.
These building blocks do not possess any sub-structure, therefore are called elemen-
tary or fundamental particles. These elementary particles can be categorized into
spin-0 scalar (Higgs) bosons, spin-1/2 fermions and spin-1 gauge bosons under the
Lorentz symmetry of space-time. The fermions constitute the matter of universe
while gauge bosons form force-carriers. Passings the tests of hundreds of scattering
experiments in various channels, carried out over a dozen of collider experiments the
SM has earned the distinction to the extreme accuracy. The SM has not failed a
single test even at very high precision scale.

The SM is a paradigm of quantum field theory (QFT) constructed on SU(2); ®
U(1)y ® SU(3)¢ group structure of local gauge symmetries, which exposes the under-
lying action of nature. Quantum field theory is the application of quantum mechanics
to the dynamical system of fields physically operating on the continuous symmetry
of space-time, namely, the Lorentz symmetry SO(1,3). For the sake of complete-
ness, the Lorentz symmetry is briefly recapitulated in Appendix [A.3] The exotic
extensions of SM incorporate additional particles, extra dimensions, elaborated in-
ternal and flavor symmetries to explain neutrino oscillations, dark matter, baryon
asymmetry of the universe (BAU) etc.

The particle content of the SM is inscribed in Tab. 2.1} The Greek indices on
the gauge boson depict their vectorial nature under Lorentz symmetry, while roman
indices a and 7 represent their number which is same as dimension of adjoint repre-
sentation (rep.) of the associated internal symmetry. The matter field is constituted

by the fermions belonging to spinorial rep of Lorentz symmetry while Higgs boson is



Spin=1
Hyperon B, (1,0,1) | U(1)y q
Weak Bosons | W, i =1,2,3 (3,0,1) | SU(2); g
Gluons Groa=1,2...81(1,0,8) | SU(3)c Js
Spin=1/2
eany (), (), )
Quarks L L L
(1,2/3,3) u$, ck t%
(17_1/3a3) daR SaR b?%
v v v
eoen1(2),] (), | ()
Leptons e), ), ),
(]-a _L ]-) €R HR TR
Spin=0
. H*
Higes 2.1/2,1) (%)

Table 2.1: The Standard Model particles.

the scalar of the symmetry. The alliance of particles under the internal symmetries
can be summarized by the set (72, Y, 73), where ry and r3 are the dimensions of reps
of non-abelian internal symmetries SU(2);, and SU(3)¢, and Y is the hypercharge
quantum number of the abelian symmetry U(1)y. All the left handed fermions and
the Higgs boson stay in the fundamental rep of SU(2)., while the right handed
fermions are its singlets. Quarks stay in fundamental rep of SU(3)¢, while leptons
and Higgs stay unexposed to this symmetry. All the flavor generations of fermions
under SU(2);, w symmetry are explicitly scripted. The index « on quark sector runs
over three colors in the fundamental rep. Coulomb charges of all the particles can

be estimated using Gellmann-Nishijima formula
Q=T;+Y (2.1)

where T3 is the diagonal generators of SU(2) symmetry. The kinetic part of La-



grangian of Gauge (Lgri) and Matter (L) fields can be written as

1 v 1 ) vi 1 a va

Lok = —BuB"™ = JWL, W — G, G" (2.2)
3

Lok = i (LTLZ.J“DMLLZ- + el 0" Dyer; + QL 0" D,Qus

=1

+ w0 Dyt + dly " Dyds ) (2.3)

where the corresponding field strengths can be expressed as

B,, = 0,B,—09,B,, (2.4)
Wi, = OW.—=0,W,—ge"WIw}, (2.5)
Ge, = 0,Gi—0,G% — gs [*"GGy. (2.6)

Here €% and 4 are structure functions of SU(2), and SU(3)¢ groups and i, j, k =
1,2,3; a,b,c = 1,2,...8., and g5 and g are SU(3)c and SU(2); gauge field cou-
pling strengths. Though non-abelian gauge field do, abelian gauge fields do not
self-interact which is clear from eq. —eq. . Abelian field strength appear
only in fermion-gauge-fermion and scalar-gauge-scalar interactions, through covari-
ant derivatives present in the fermion kinetic terms and scalar kinetic term, to be

introduced later. Covariant derivative operator in general can be expressed as

n2—1
Dy=0,1+iY g,y ArT*]]6, (2.7)
P lp
where p is index of internal symmetries present in a theory, [, are indices over adjoint
representation of internal symmetry p, and d, are the Kronecker delta for the internal
symmetries other than p. For U(1)y symmetry, ly = 1 and T =Y. The explicit
structure of covariant derivatives acting on fermion and Higgs fields are presented in
Tab. 2.2

The collider experiments have tested and confirmed the SU(2);, ® U(1)y gauge
structure of the theory in the fermion weak boson and triple gauge boson interaction
channels. If the gauge symmetry SU(2),®@U(1)y remains unbroken neither the gauge
bosons nor the fermions acquire masses. The bare mass terms for fermions and gauge
bosons, m i1y and M3 A, A*, are not SU(2),@U (1)y invariant hence are forbidden.
But, the weak gauge bosons are required to be massive to explain short range weak

interaction while quarks and leptons have to be massive to explain the micro structure
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Field | Multiplet Covariant derivatives

Qr | (21/63) | D.Qr = [(0,1 +igWiG +i% B,1)0as +igsG? ﬂl]QLﬁ
Ly | (2,-1/2,1) | DLy = (9,1 +igW\% —i% B 1)LL

uR (1,2/3,3) | Dyug = [(0,+ 1%+ g B,)6as +2g5G ]uRﬁ

dr | (1,-1/3,3) | Dudr = [0 — % B,)0as +igsGo 52 dry

er (1,-1,1) D,er = (au—zg Bu)eR

H [(21/2,1) |DH=01+igWi% +i%LB,1)H

Table 2.2: Covariant derivatives of fermionic and Higgs fields under SU(2),®U (1)y ®
SU(3)c gauge structure. 1 is 2 x 2 identity matrix and «, 5 run over the three color
indices. The index over quarks have been suppressed in the left-hand side.

of atoms. In fact! all the particles observed till date, except photons, are massive.
Therefore the symmetry is broken badly. Thus, under SU(2), @ U(1)y the current is
conserved but particle states are not symmetric. This we call spontaneous breaking
of symmetry. The novel mechanism to generate the masses for weak gauge bosons
and charged fermions won the 2013 noble prize to Prof. Peter Higgs [6] and Prof.
Francois Englert [5], and is called ‘Higgs mechanism’. Earlie the predictions of SM
ad their experimental tests won nobel prizes.

The masses of the gauge bosons and fermions are generated by the Higgs mecha-
nism via spontaneous symmetry breaking (SSB). To preserve the Lorentz symmetry,
the symmetry is spontaneously broken by scalar fields only. A SU(2), doublet scalar
field with non-zero U(1)y charge is required to generate the invariant Yukawa term
of fermions and scalar interaction. Hypercharge of left handed (LH) particles indoc-
(B — L)/2, while right handed (RH) ones

seem arbitrary. With the introduction of a Higgs doublet we may write the Yukawa

trinates another symmetry through ¥ =

part of the SM Lagrangian as

3
> [YflfQZLle erp, + Vi pQrp Hinyg, + Y5, Qry Hung, | +hee. (2.8)

J1,f2=1
B HOT
H=io,H™ = ( ) x
—H-

and Y5%" are arbitrary 3 x 3 matrices, eventually determining the fermion masses

EYuk = -

where

(2.9)

and flavor mixings. Sum over color and isospin indices have been ignored and fi, fo
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run over the number of flavor generations.

2.2 SSB and Higgs mechanism

A vacuum state may or may not be invariant under the symmetry present in the La-
grangian. These modes of symmetry realization are called Wigner-Weyl or Nambu-
Goldstone modes respectively. The symmetry realized in nature also depends on the
properties of the vacuum state. Wigner-Weyl realization causes all the particles in
a single multiplet to have degenerate masses while in Nambu-Goldstone realization
the multiplet contains zero-mass particles, known as Nambu-Goldstone boson, equal
to the number of broken generators. When the local gauge symmetries are broken
spontaneously, the Nambu-Goldstone bosons disappear providing longitudinal modes
to gauge fields making them massive.

The SU(2),, complex Higgs scalar doublet with SM quantum numbers (2,1/2,1)

is denoted as,
+ 1 (Hy+1tH
H:(HO)E— P (2.10)
H V2 \ H; +iH,

The scalar part of SM Lagrangian is augmented as
Ly = (D,H)'D,H— [*H'H + \(H'H)?. (2.11)

Where the scalar potential is V(H) = p>HTH + \N(H'H)? acquires above structure
due to SU(2);, ® U(1)y invariance and renormalizability condition. For p? < 0
electroweak symmetry breaks spontaneously, and A > 0 is required to keep vac-
uum stable. Kinetic part of the Lagrangian gives the three and four point inter-
actions between Higgs and gauge bosons, and the A term describes quartic scalar

self-interaction. Re-writing the scalar potential in real basis we get

V(H) = %u (Z Hf) + iA (Z Hf) . (2.12)

Without loss of generality we can choose the coordinates in this four dimensional
space such that (0| H;|0) = 0 for ¢ = 1,2,4 and (0|H3|0) > 0. Electromagnetic charge

neutral component of the scalar field acquires vacuum expectation value (VEV),
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preserving U(1)g symmetry of vacuum. Minimization of potential part yields

t 1 Vi 1 0
(H'H), = =9 (0|H|0) = NG (2.13)

called the Higgs field acquiring VEV. The complete transformation of Higgs field is

H— ez @O — — : (2.14)
V2 \vgw + h

Then gauge transformation with, say, a2 = 0 and a3 = 8 will be a symmetry of
vacuum. Thus, the generators o9 and %O’g — Y1 are spontaneously broken since
they give non-zero charge to vacuum. But, vacuum carries no quantum number for

Q= %03 + Y1 thus U(1)g symmetry stays unbroken. The scalar kinetic term with

(on)

1 2
SIBW 2y 4 (—gWP 4+ ¢/B,)Y] (2.15)

H = H' + (H) gives the relevant mass term

(DN D)~ 5(00m) g0 + 55,1

2 4
where
1 v
+ 1 . 2 . o EW
Wi = E(W# FiW;) with mass my = 9= (2.16)
1
Zy = ——=(gW, — ¢'B,) with mass mz = +/g*+ g’ZUEW (2.17)
92 +g/2 2

Thus, the field orthogonal to Z,, is electro-magnetic (EM) field A, = ——=—(¢'W} +

gB,,), which remains massless. The EM and neutral weak boson fields are related as
Zy\ _ (cosbty —sinby Wi
<Au) B (Sin Ow  cosby B, (2.18)

where Oy = cos™* g is called Weinberg angle. The relation M2, = M2 cos? Oy,
2+ 12 Z
V9*tyg

confirms the weak doublet nature of the Higgs particle. Fermionic mass terms are
acquired trivially as
1
My = —=Y " vgy, (2.19)

V2

where v = [,d,u. The Yukawa couplings (Y¥) are not any special matrices hence

can be diagonalized only using bi-unitarity transformation.
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This mechanism introduced the natures complexity through 28 fundamental pa-
rameters namely 12 masses, 6 angles and 2 Dirac phases in quark and lepton sectors,
and 2 Majorana phases in the neutrino sector. The parameters in the Bosonic sector
are a, Mz, Vpw, Mu, s and Ogcop where g = e? /4w is electromagneic fine structure
constant and 6gcp is CP violating parameter for strong interaction. The allowed
parameter space for Higgs mass was constrained to very limited region of parameter
space, around 100 GeV, with the help of radiative corrections to gauge bosons due
to presence of Higgs in the loop. This was further constrained by LEP, Tevatron
direct search experiments and unitarity constraint on W -scattering. The Higgs
has been eventually discovered at LHC.

The spontaneous symmetry breaking and Higgs mechanism also help in making
of a renormalizable theory with massive vector bosons. Breaking of gauge invariance
explicitly by adding mass terms for gauge bosons results in a non-renormalizable

theory.

2.3 Excellencies of the Standard Model

Gauge and fermionic kinetic terms together with Yukawa and Higgs Lagrangian
complete the Lagrangian for SM, except the fact that while quantizing SM we need
to add gauge fixing and Faddeev-Popov ghost terms. Since its origin the SM has
been beautifully confirmed by all the experiments. It has a very simple structure
and different forces of nature appear in same fashion, i.e., local gauge theories. The
58 objects (45 fermion fields, 12 gauge boson fields and 1 scalar boson field), 118
degrees of freedom (1 for Higgs, 2 for photons, 8 x 2 for gluons, 3 x 3 for massive
electroweak gauge bosons, 3 x 4 for charged leptons, 3 x 2 for neutrinos, 6 x 3 x 4 for
quarks) and 28 free parameters (12 for fermion masses, 3 angles and 1 CP phase of
Cabibbo-Kobayashi-Maskawa (CKM) matrix, 3 angles and 3 phases in Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, four in electroweak sector of bosons namely
a, Mz, vgw and My and 2 in strong sector namely ag and strong C'P phase Ogcp)
constitute the complete model. All these parameters have been experimentally mea-
sured except Ogcp, three phases of PMNS matrix, and absolute neutrino mass scale.
For a nice summary of SM and beyond see |121].

Few of the world’s major collider experiments are LEP (ete™), SLC (eTe™),
Tevatron (pp), HERA (e~ p), PEP-II (eTe™), KEKB (e*e™) and the latest LHC (pp).
These experiments have explored the energy scale from 10 GeV to 8 TeV. Leptonic

collider experiments give clean signals at fixed energy suitable for detailed study.
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Hadronic collider experiment signals are messy with unknown/variable energy but
are suitable for discovery purposes due to high energy, involved nature and capability
of producing large amount of signal. With the above structure, SM fits precisely
the experimental findings of above experiments. To test a property of the theory
we measure the associated parameter in various ways, compare the predicted and
measured quantities. Once confirmed, fit the full parameter space of the model is
fitted and checked for consistency. All the particles predicted by the SM since its
origin, namely 7 (1975), v, (2000), ¢ (1974), b (1977), t (1995), gluons (1979), W,
Z (1983) and Higgs (2012) scalar, have not only been confirmed but also fit perfectly

in the model framework.

2.4 Deficiencies of the Standard Model

With the recent discovery of Higgs particle in CMS [17] and ATLAS [16] detectors
at LHC our quest for the SM parameters completes. Even ignoring the fact that
it does not incorporate gravitational interaction, there are enough reasons for not
believing it as a complete story. Few of the most crucial reasons behind the need of

BSM physics are listed as follows

e Neutrino Masses: The most important and widely discussed experimental
evidence of beyond standard model (BSM) physics is the observed neutrino
masses and their peculiar mixings in innumerable oscillation experiments. So-
lar neutrino experiments (Homestake, Kamiokande, GALLEX/GNO, SAGE,
Super-Kamiokande, SNO, BOREXINO) and reactor experiment KamLAND

estimated Am2, ~ 7.5x107° eV? and angle sin? 0,,; =~ 0.3. Atmospheric exper-

iments (Kamiokande, IMB, Super-Kamiokande, MACRO, Soudan-2, MINOS)
and long baseline experiments (K2K, MINOS and T2K) measured Am?, -~

2.4 x 107 eV? and a mixing angle sin® €@, ~ 0.5. The reactor experiments

Daya Bay, RENO and Double Chooz recently confirmed non-zero reactor angle

sin?6,.; >~ 0.02. In the standard three generation framework Am?2, = Am3,,

Am?2, = |Am3,| = |[Am3,| and Oy, = 012, Ot = 023, O, = 013 are chosen for

convenience. The latest global fit for these parameters is listed Tab. [122].

From a totally different scenario the cosmological bounds coming from WMAP

constrain the sum of light neutrino masses to » m; < 0.19 — 1.19 eV where

Planck15 data [] gives > m; < eV at 20 level [123]. Uncertainties in mass hier-

archy and C'P-phases are expected to be fixed in near future. From SM point

of view neutrino masses must vanish if no right handed neutrinos existed, hence
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Parameter | Case | Best fit | 1o range 20 range 30 range
% NH/IH 7.54 7.32-780 | 7.15-8.00 |6.99-8.18
Sinoz% NH/IH 3.08 291 -3.25 | 275342 | 259 - 3.59
Am2 NH 2.43 237-249 | 230255 |223-261
1073 eV? IH 2.38 2.32 -244 | 2.25-250 | 219 - 2.56
sin2 01 NH 2.34 2.15-254 1 1.95-274 | 1.76 —2.95
0.01 IH 2.40 218 =259 | 198 -2.79 | 1.78 —2.98
sin? 0o NH 4.37 | 4.14-470 | 3.93 -5.52 | 3.74 - 6.26
0.1 IH 4.55 424 -594 | 4.00-6.20 | 3.80-6.41
NH 1.39 1.12 - 1.77 | 0.00 - 0.16 —
5/m @ 0.86 —2.00
IH 1.31 0.98 - 1.60 | 0.00 - 0.02 —
¢ 0.70 — 2.00

Table 2.3: Latest global best-fit and allowed 1, 2 and 3¢ range analysis of 3v mass-
mixing parameters. The Am? = m3—(m? + m3)/2 for NH and = —m3+(m? +m3)/2
for TH. The x? for NH and TH are not very different (Ax? y = —0.3) [122].

no Dirac mass term for neutrinos exist and lepton number is conserved. An-
other method to understand m,, is to add a left-haded scalar triplet 6,3, —1,1
and assi it a tiny VEV which will be discussed in chapter[5] Charge neutralness
of neutrinos leave other doubts like whether neutrinos are Dirac or Majorana
type. If they are Dirac kind, Yukawa couplings will have to be ~ 107*2, and
there will not be any prediction for neutrinoless double beta decay. If they
are Majorana type their masses might come through seesaw mechanism quite

naturally.

e Dark Matter: There are cosmological and astrophysical evidences that most
of the matter in the universe is not SM like, as it does not emit electromagnetic
radiation and hence is dark. Neutrinos would also not emit electromagnetic
radiation but relic density abundance of neutrinos disfavors its possibility of
being cold Dark Matter. Implication for particle physics are such that there
must exist cold dark matter which in non-baryonic. Till date the existence of
cold Dark Matter, which is likely to have particle physics origin, is elevated
only because of its gravitational interaction. See review by Drees and Gerbier
in |124].

e Baryon Asymmetry of Universe: The imbalance in baryonic and anti-
baryonic matter in the observable universe is known as baryon asymmetry

problem. A system outside the thermal equilibrium is required to violate C,
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CP and B-number, to generate such asymmetry [125]. These conditions are
necessary, for theories in which B = 0 during the Big Bang, but not sufficient.
All of these conditions are satisfied in the SM. B is violated by instantons when
kT is of the order of the weak scale (but B — L is conserved). C'P is violated
by the CKM phase and out of equilibrium conditions could be verified during
the electroweak phase transition. A detailed quantitative analysis [126-129]
shows that baryogenesis is not possible in the SM because there is not enough
C P-violation and the phase transition is not sufficiently strong at first order,
unless my < 80 GeV. Possibility of this mass had been ruled out by LEP and
LHC experiments. The electroweak Higgs particle has been recently discovered
at LHC and found to have mg ~ 126 GeV.

Flavor problem: Despite the fact that all the SM fermions acquire their
masses through a single spontaneous symmetry breaking mechanism, their
masses exhibit strong hierarchical pattern. The symmetry of SM does not
impose any constraint on the masses or mixings of fermions. Including the
tiny but non-zero masses of neutrino, the ratio of heaviest to lightest fermion
is ~ 10'2. There is no explanation of three generations. Even in theories be-
yond the SM there is no single, justifiable, minimal mechanism to correlate

different Yukawa couplings at electroweak scale.

Fine tuning: Once the dependency on the cut-off scale is absorbed in the re-
definitions of masses and couplings, SM is a renormalizable theory. Higgs mass
is not protected by any symmetry and receives large radiative correction from
new-physics scale. This requires order by order fine tuning of extreme orders
to make the Higgs mass stable. Best solution out of few is the introduction of
SUSY at TeV scale.

Gauge symmetry problem: The gauge structure and pattern of represen-
tations once discovered looks simple, but the origin of this structure and three
different gauge couplings of totally different nature remains unexplained. A
satisfactory theory should be able to explain the origin of these gauge symme-
tries and couplings. Evolution of these gauge couplings appear to be converging

to a single origin, this behavior should also have some convincing explanation.

Charge quantization: Gellmann-Nishijima equation is convincingly acquired
while generation masses for gauge bosons, but it does not answer the question

why all the particles have integer multiple of Q./3, where Q). is charge of
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electron. More generically, why charges are quantized? From within the SM

we do not get hint for Hypercharge quantum numbers.

e Ultra High energy cosmic rays: The highest energy cosmic rays observed
have macroscopic energies up to several 10*! GeV. They may provide a good
probe to physics and astrophysics at such a large energies, unattainable in
terrestrial lab experiments. The origin of such an energetic cosmic rays is
one of the unresolved problem, searching for an explanation in the variety of

theories from astrophysical acceleration to BSM physics. For a review see [130].

The motive of our study is two folded: (1) To address some of the above mentioned
open problems from grand unification point of view, and (2) to predict some new
BSM physics within the reach of ongoing or future experiments. Unfortunately, all
the precision data, extensive flavor physics programs at K and B factories, and direct
collider searches indicate that there is no new physics at the electroweak scale.

Before we move to next level of our discussion let us have a look at the evolution

of gauge couplings of SM and its minimal SUSY extension.

2.5 Evolution of gauge couplings and unification

The high energy behavior of the three gauge couplings of SM ¢gg, ¢ and ¢’ point
towards the unification of the electro-weak and strong forces. This is one of the main
motivation behind studying Grand Unification. Aesthetically too, we will prefer all
the forces of nature to unify at certain very high energy. Fig. and Fig.
describes the evolution of gauge couplings of SM and MSSM. The group theoretic
formulations of one and two loop beta functions coefficients for a general G x Go
gauge theory are listed in ref. [131132] for both non-SUSY and SUSY scenarios. The
renormalization group evolution (RGE) of gauge coupling with two loop correction

can be expressed as [131},/132]

1
Han =P = 1o

aigf’ + W Z aijgf’gf- + Yukawa term (220)

where ¢ run over the three symmetries, i is the energy parameter, and a; (a;;) are

one (two) loop beta function coefficients.
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Figure 2.1: One loop correction to gauge boson propagator.

2.5.1 SM gauge coupling running

In the non-SUSY scenario the beta functions coefficients are [132]

Q;; = —% [CQ(Gl)]z + {?02(01) + 2CQ(R1):| GT(Rl)d(Rg)

+ ECg(Gl) + 26’2(51)] 0T (S1)d(S>)

where 6 = 1(2) for Weyl (Dirac) fermions and § = 1(2) for real (complex) scalar
fields. The fermionic and scalar multiplets transform according to the representations
R; and S; with respect to the symmetry G;. For an irreducible representation X we

have

tr(Ma(X)My(X)) = T(X)0a,
[Ma(X)Ma(X)]ij = C2(X)di;, (2.22)

where M, is the matrix representation of the generators of the group. The T'(X) and
Cy(X) are called Dynkin index invariants and quadratic Casimir invariants, respec-
tively, and are related by Co(X)d(X) = T(X)dg. Here d(X) is the dimension of the
representation X and dg is the number of generators of the group. We have availed a
brief discussion on Quadratic Casimir and Dynkin index invariants in Appendix
If the theory has product of more than two group d(X;) = [],5, d(X;) is assumed.
C5(G) is the quadratic Casimir for the adjoint representation. For a representation
of abelian symmetry U(1), we have Cy(G) = 0 and Cy(X) = T(X) = 22, where 2 is
the appropriately normalized charge associated to the U(1) symmetry.

We will be frequently estimating these coefficients for various gauge groups under
study, hence we have explicitly elaborated the way to calculate those in the following

example.
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Figure 2.2: Standard Model gauge coupling running.

Example: Assume that we have quark doublet (2,1/6,3), which is a Weyl fermion
above electroweak restoration scale hence § = 1. This example is as general as

required. One loop coefficient corresponding to this representation is

2 (1 3/1\° 1
a(271/6’3) = g (5 X 3, g (6) X 6, 5 X 2) X Ng (223)

In the eq. the common factor 2/3 is the impression of representation being
fermionic. There are three terms inside the bracket corresponding to three groups.
The first term has a Dynkin index for fundamental of isospin group SU(2)., i.e.,
T(Rsu(2),) = 1/2 and this isospin fundamental occurs thrice as the dimension of the
rest part of the theory, U(1)y ® SU(3)¢, dgr, = 3. In the second term the factor
3/5 is the renormalization factor in redefining the U(1)y gauge coupling ¢’ to the
new gauge couplings g; as ¢'Y = ¢;T1, such that the generator 7; is normalized to
1/2 for a fundamental representation of the unifying group. This condition gives
g = \/% g1. Eventually, the comparison of the RGE of the two gauge couplings
g and g; gives a; = (3/5)ay. The term (1/6)? is the Dynkin index (T = Y?)
for U(1)y symmetry. This is further multiplied by the dimension (=6) coming from
remaining symmetry SU(2),®SU(3)¢. Similarly in the third term we have a SU(3)¢
fundamental and the dimension of rest of the theory, SU(3)c ® U(1)y, dg = 3. At
last n, is the number of flavor generations in the theory for this representation (for

SM n, = 3). Similarly we calculate two loop color-color beta coefficient for the above

20



representation, which would be

Gscse = K?CQ(GQ+QCQ(R1)) T(Rl)d(Rg)} X n,

10 1 1\? 8
= [(§x3x§x2)+2><(§) ><§><2]><3, (2.24)

where dg, Co(R;) = T(R;)dg, have been used in the second term. Cy(G) =3, dg = 8
for SU(3)¢c and particles are in it’s fundamental representation hence dp, = 3 and
trivially dg, = 2. Similar calculations will be required for all other representations
present in the theory over all generation of scalars and fermions.

The non-zero contributions of all particles to the gauge couplings at one loop
level are depicted in the feynman diagrams of Fig. We have listed one and two
loop RGE beta coefficient in the first row of the Tab. in the Sec. |A.3.1]

The Fig. shows the nature of evolution of gauge couplings assuming the
bare SM throughout the range of energy beyond electroweak scale. We find that
the inverse fine structure constants of SU(2);, and U(1)y crossing at 10" GeV and
those of SU(3). and U(1)y crossing at 10'** GeV. Similarly the inverse fine structure
constants of SU(2);, and SU(3). are found to meet at 10’7 GeV. This generates a

fine triangular region and the SM couplings do not unify at a single unification scale.

2.5.2 MSSM gauge coupling running

The SUSY is a symmetry which transforms boson (fermion) in to fermion (boson)
and, thus, it contains fermi-bose symmetry. In the no-supersymmetric (non-SUSY)
standard model the one-loop radiative correction to the Higgs mass as shown in
Fig[2.4 which gives quadratic divergence for the Higgs mass. this causes the SM
vacuum to be unstable. But when superpartners called Higgsinos are introduced as
in MSSM, there is another one-loop diagram mediated by the Higgsino loop shown
in Figl2.5] The resultant contribution of Fig[2.4 and Fig[2.5| vanishes and the Higgs
mass has no quadratically divergent contributions. Thus the major motivation of
introducing supersymmetry is to remove the called “gauge hierarchy” problem and
keep the SM vacuum stable. Without SUSY, however, the quadratic divergence is
controlled by finetuning of parameters to energy loop order which is not so natural
as the divergence cancellation in SUSY case. SUSY is required in certain kind of
theories which integrate gravitation with internal symmetries of Standard Model.

Usually, it is introduced at very high energy scales. The emancipation of SM from
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the fine tuning problem require the SUSY scale at TeV.

SUR)c

2 4 6 8 10 12 14 16 18
log;o(WGeV)

Figure 2.3: MSSM gauge coupling running.

SUSY pairs fermions and bosons hence every SM fermion is paired with their,
yet to be discovered, super-partner. Gauge couplings acquire corrections due to
super-partners of SM particles present at TeV scale. The gauge coupling meet at
a point, around 2 x 10'® GeV. Evolution of gauge couplings is shown in Fig.
and corresponding one and two loop beta coefficients are listed in Tab. 2.4, Meeting

MSSM beta coefficients
33/5 199/50 27/10 44/5
1 9/10 35/6 12
-3 11/10 9/2 —26

Table 2.4: One and two loop gauge coupling beta coefficients.

of gauge coupling at a point may be another leading motivation for believing the
existence of SUSY. To keep the gauge couplings unified beyond the meeting point
we need to embed the MSSM in a higher theory like SUSY SU(5) or SUSY SO(10).
The ongoing experiments at LHC have constrained the parameter space of MSSM
[133] to the effect that masses of superpartners of quarks and gluons are bounded
near or above TeV scale. This experimental result at LHC has cast doubts about the
existence of SUSY at electroweak scale as a resolution of gauge hierarchy problem.
Further extensions of a minimal SUSY GUT like SU(5) will be required to explain

neutrino masses.

22



R
S N

H H

Figure 2.4: One loop correction to Higgs mass.

Figure 2.5: Higgsino mediated correction in MSSM.
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|Chapter 3

Grand Unified Theory

3.1 Motivations and constraints

The plausible convergence of the gauge couplings of SM, although with marked
deviation as shown in Fig. 2.2] is one of the major aesthetic reason to believe in
grand unification. Other motivations behind studying the grand unification are:
(a) To reduce the number of arbitrary parameters of SM. (b) To address, if not
all, some of the deficiencies of SM in a higher symmetry, possibly present at very
high energy scale. (c¢) To find other beyond SM signature of which there have been
no experimental evidence, and only bounds are available. The proton decay, LFV,
non-unitarity, rare decays, etc. are just few examples from the list.

The basic mathematical requirement for GUT model construction is a simple Lie
algebra (G) as the gauge group, similar to SM. This simple group should be large
enough to have SM as its subgroup. The total number of commuting generators (=
rank of the group) in SM is four. Hence, the G must be a rank > 4 group. All the
gauge couplings of theories below GUT symmetry restoration scale become equal to
GUT gauge coupling, a¢, and above this scale we have only one gauge coupling ag.
The next requirement is that the reps of GUT model must correctly reproduce the
particle content of the observed fermion spectrum of SM as well as the Higgs boson.
Thus G must posses complex reps, as well as it (or the combination) must be free from
anomaly in order not to spoil the renormalizability of GUT by an incompatibility
of regularization and gauge invariance. The requirement of complex representation
is based on the fact that embedding the known fermions in real representations
would require mirror fermions, which must be very heavy making all SM fermions
masses close to their scale. The above requirements constrain the possible algebras
to SU(5), SU(6), SO(10) and Eg. The smallest possible unification structure with
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rank four is SU(5). The other most popular structure is SO(10) w with rank=>5.
While SU(5) enjoys being smallest and most predictive structure which can give
SM after spontaneously breaking the SO(10) is the smallest Lie group for which
all the SM fermions of one generation can be accommodated in a single anomaly
free irreducible representation (16 dimensional spinor), with the natural prediction
of right handed neutrino. Having a larger structure SO(10) offers enormous freedom
in choosing the symmetry breaking pattern.

The model independent achievements of grand unification theories include: (a)
A unique gauge coupling describing nature above the unification scale. (b) Because,
quarks and leptons come together in rep(s) of G, the charge quantization is automat-
ically achieved. (c) For the same reason quark-lepton Yukawa couplings get related
as a consequence of GUT symmetry constraints. (d) The baryon and lepton number
violating super-heavy gauge bosons open the channels for nucleon decay, specifically
proton decay. The resolutions of other problems in SM like (i) Fine tuning problem,
(ii) Dark matter content of the universe, (iii) Baryonic asymmetry of universe, and
(iv) Highly flavored structure of the SM fermions etc. are usually tackled model de-
pendently. In this report we have focused on SO(10) based models at their variant

forms.

3.2 SU(5)

The grand unification theory based on SU(5) was first proposed by Georgi and
Glashow in 1974 [32]. The SU(5) group has only four generator in Cartan sub-
algebra hence the rank of this group is 4 and the rank of SM is also 4. The adjoint
representation is 52 — 1 = 24 dimensional, hence the number of generators and
therefore number of gauge bosons is also 24. Because an adjoint representation is
a bi-product of fundamental representation and its conjugate representation, 5 x
5 = 1+ 24, hence it is an effectively two rank tensor and can be represented in
5 x 5 matrix form. Only 12 out of 24 gauge bosons belong to SM hence below
SU(5) scale only 12, belonging to SM, gauge bosons remain massless while rest
acquire GUT scale masses. The fundamental representation, 5, of SU(5) can be
decomposed in to SU(2); and SU(3)c like 5 = (2,1)1/2 + (1,3)_1/3, where the
structures within bracket are fundamental representations of the respective groups
and numbers at subscripts are associated hypercharges, such that > Y = 0 [135],
i.e., no hypercharge quantum number in SU(5). Any multiplicative number to the

hypercharges is subject to normalization. The 15 Weyl field of each generation of SM
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Reps | Origin Anomaly | SM Decomposition

5 Fund. 1 (1,—1/3,3) + (2,1/2,1)

10 | (5x5). |1 (2,1/6,3) + (1,—2/3,3) + (1,1,1)

15 (5 %X 5)s 9 (2,1/6,3) + (1,-2/3,6) + (3,1, 1)
5 (17078) + (37071) + (27_5/673)

S Rk +(2,5/6,3) + (1,0.1)

Table 3.1: Simple representations of SU(5) and their decomposition in Standard
Model.

can not be put in symmetric representation of SU(5) because Adler anomaly is non-
zero for this representation (see Appendix[A.1)) and this symmetric representation
also contains a color sixtet of SU(3)c but, quarks come in color triplet only. The
Higgs doublet of SM is put in 5 of SU(5) as 5 = (hy, H)T = ®. This whole multiplet
has to be charge less hence each colored scalar acquires Y = Qgy = —1/3. Weyl

field are put in the form

= [(d° (eu®  Q :
e () = (e 2) -

Here Q represents the quark doublet, the superscript C' means the charge conjuga-
tion, A = ¢;;A; and e3A = €;;,A,. The €; and €3 are the two and three index
Levi-Civita antisymmetric tensors in SU(2), and SU(3)¢c basis, respectively. Ex-
panding the eq. we get

0 o 0 Uy, —ug
= (—ec ‘ ) , €ol = <—6y> & eu® = [ —uf u¢ (3.2)
‘ ug u¢ 0
U5 (gg(s)) S5 ( SUB)e | SUB)c® SUQ): ) 3.9
(2) SUB)c®SUR)L|  SU@)

The distribution of SU(5) in to SU(3) and SU(2) substructures for one and two in-
dex tensors is symbolically depicted in eq. , where the U(1)y quantum numbers
are ignored. From the Tab. we see that decomposition of any of the SU(5) repre-
sentation smaller than adjoint (24) do not have SM singlet. Therefore, the smallest
scalar multiplet which can break SU(5) in to SM has to be the adjoint (245 = X)

representation. Others will simply break the SM as well, or more critically the color
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symmetry SU(3). A detail analysis of spontaneous symmetry breaking of SU(n)
can be found in [136,[137]. The minimal SU(5) is considered as a prototype GUT
model to depict the strength and limitations of grand unification and is a text book
material today and has been addressed in [138-141] in good detail. Assigning VEV
along the off diagonal fields of adjoint representation will again break both SU(3)¢
and SU(2).,. Hence, we have the only choice of assigning VEV, which commutes
with the generators of SU(3) and SU(2), is

(3) o ( 2% 1s ‘ L > Us. (3.4)

0 ‘—3><12

Hence leaving the symmetry SU(3)c ® SU(2) preserved. Given the correct normal-
ization factor, this VEV mimics exactly the hypercharge quantum numbers, hence
also leaving the U(1)y symmetry intact.

The most general potential, with additional simplifying Z5 symmetry ¥ = —>
which plays the role in the breaking of SU(5) is

vz——“—2T22 éT24 i/Tz“‘ 3.5
()_2r —1—41" +4(r). (3.5)

where ¥ can be also expanded as

_< 0(1,0,8) | Tx(2,-5/6,3)

$¢(2.5/6,3) | £r(3,0,1) > s (). (36)

Putting the VEV (X) in the eq. and estimating the mass term, we get scalar
masses
m2 = %U%, mr = ?v; mg = 2u*, mx x = 0. (3.7)
Therefore, A > 0 is required to get an stable and viable solution. These twelve
massless scalar bosons Xy % are the Goldstone modes of the theory, which must be
swallowed by twelve gauge bosons. The kinetic part of the Higgs under investigation
will contribute to the masses of gauge bosons. The covariant derivative for ¥ particles
is
D> = 0,2+ igs[A,, 3] (3.8)

where

4 - < G(1,0,8) | (X,Y)(2,-5/6,3) ) 5, 39)

(X,Y)(2.5/6,3) |  W(3,0,1)
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and A, = 224:1 AT is assumed. As per design, (X) commutes with the generators
belonging to SM. Hence, the gluons G, weak bosons W, and Hyper-charge gauge
boson B, stay massless at the SU(5) breaking scale. However, the generators asso-
ciated with twelve heavy gauge bosons, (X,Y), = (2,—5/6,3) and their conjugates,
do not commute with the VEV (X) and therefore acquire the GUT scale, O(vy),
masses. These gauge bosons are required to be very heavy because they couple
quarks with leptons through fermion—gauge boson—fermion interactions, violating
baryon (B) and lepton (L) numbers (though accidentally preserving B — L) at the
vertices. Therefore they mediate the nucleon decay processes. To satisfy the present
bound on proton decay life time, masses of these gauge bosons must be > 10'% GeV.

From Table. (3.1]) we see that the fundamentl scalar representation 55 = (1, —1/3,3)+
(2,1/2,1) under the SM gauge group. Clearly it contains the standard Higgs doublet
6(2,1/2,1) = (6*
#°). Thus 55 breaks SM — U(1)em x SU(3). with appropriate VEV.

The possible scalar multiplets which can generate fermion masses can be found

from the decompositions of matter bilinears

5x5=10+15, 5 x 10 =5+ 45, 10 x 10 = 5 + 45 + 50. (3.10)

Not all the multiplets in the right hand side are allowed because 55 contains only
one chiral component of the matter field hence Dirac mass term are not permitted.
Hence, only 55,455 and 504 are the possible candidates for generating masses of
SM fermions. On the other hand 105 and 155 may give Majorana term, helpful
for seesaw mechanism. In the minimal model, with only 5 as the Higgs boson, the

Yukawa Lagrangian is
Ly = Y55C105:50 + €105, CY1010 515 1 - (3.11)

Here we have ignored the generation index over the fermions. With three genera-
tions known in nature the Yukawa matrices Y3, are 3 x 3 complex matrices. With
(@) = (0,0,0,0,vgw)T, we get the masses of fermions. But, (®) preserves the SU(4)
symmetry so down quark and lepton masses are related at GUT scale. Also using

the properties of antisymmetry of Levi-Civita tensor we get
Y, =Y v, =Yl (3.12)

The above relations do not fit with the experimental findings. For example eq. (3.11))
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predict my = m, and my; = m, out of which the later relation is badly violated.
Although the representation 5y is used to break the SM gauge theory spontanously,
only its standard doublet component takes part in symmetry breaking process. The
color takes part in the symmetry breaking process. The color triplet submultiplet
(1,—1/3, 3) which is not needed for SSB acquires mass at the GUT scale by extended
survival hypothesis. Thus the minimal SU(5) predicts the same particle content as
SM below the GUT scale with one loop coefficients ay = 41/10, asr, = —19/6, and
az. = —7. It fails to unify gauge couplings of SM as shown in ﬁg..

The minimal SU(5) is an extremely predictive model with failed promises. Var-
ious extensions of minimal SU(5) model have been popular to explain both experi-
mental as well as philosophical questions. The gauge coupling unification is achieved
in its SUSY extensions [142,/143|, together with the solution to hierarchy problem and
the possibility of dark matter candidate. But this extension solicits the incorporation
of neutrino mass generating extensions. On the other hand, the adjoint fermionic
extension to the minimal SU(5) model gives few-hundred GeV scale type-I+I1I see-
saw, called Adjoint SU(5) model [144}/145]. Major problem with such extensions of
SU(5) models is that very often we need to make additional fine tuning to generate
different mass scales for the particle with different SM quantum numbers but sitting
in the same SU(5) multiplet (For example: the triplet color Higgs, hr, can mediate
the proton decay hence has to be very heavy closer to GUT scale). This is either
done by adding extra multiplets [146] in the theory or by introducing higher dimen-
sional operators |144.|145]. The discussion on minimal SU(5) teaches us about the
implementation of some crucial checks on GUT models to confirm its viability.

Any unification model based on SU(5) does not satisfactorily predict the family
structure of fermions. There is no chiral symmetry in SU(5) at any scale. There
is no prediction for RH neutrinos. Also, SU(5) does not explain nature favoring
(V — A) current over (V + A).

3.3 SO(10)

The next, most popular, candidate gauge group for grand unification is SO(10),
first proposed by Fritzsch and Minkowski [35] and Georgi [33]. With one unit larger
rank (=5), the theory is phenomenologically more attractive due to larger degrees
of freedom. All the SM fermions, together with an additional SM singlet, of one
generation are beautifully accommodated in a single 16 dimensional, irreducible,

spinor representation. The additional SM singlet is identified as the right handed
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(RH) neutrino (N). This is where SO(10) fits perfectly, for it unifies matter besides
the interaction. The theory also suggest the LR symmetry of universe prior to any
symmetry breakdown or at intermediate scales, which may give platform to explain
the favor of (V — A) current over (V + A) at low energies. Thus SO(10) can explain
the origin of parity violation as monopoly of weak interaction.

The special orthogonal group SO(10) is a group of 10 x 10 real orthogonal matri-
ces, O obeying O OT = OO = 1, with Det(O) = 1. The algebra of SO(N) has been
extensively discussed in text books [138-140]. For the sake of completeness, a small
recapitulation of the properties of special orthogonal groups is given in Appendix[A.4]
Since the low energy theory is based on unitary gauge groups, the SO(10) invariants
must be re-casted in to the unitary maximal subgroups. The two maximal subgroups
of SO(10) are SU(5) x U(1) and SU(2), x SU(2)gr x SU(4)c = SO(4) x SO(6).
The decomposition of SO(10) algebra in the basis of SU(5) x U(1) and SU(2). X
SU(2)rxSU(4)c have been extensively discussed in [147148] and [152], respectively.
For the sake of completeness we have listed the table of decompositions of SO(10)
irreducible representations up to 210 in to various subgroups, from [153], in the Ap-
pendix . The decomposition of SO(10) invariants in to Pati-Salam symmetry has
been extensively studied in [153,/155].

Forty five dimensional adjoint representation are orthogonal matrices correspond-
ing to second rank antisymmetric tensor. Similarly 54 C SO(10) in the second rank
symmetric tensor. Because SO(10) is a large symmetry, there can be many subgroups
which are larger than SM and accommodate the structure of SM. The symmetries of
these subgroups may appear at intermediate energy scales, unlike the SU(5) GUT
where we had one and only one way to reach SM. Some popular breaking schemes
of SO(10) to SM are depicted in Fig. [3.1] where

Gz =U(l)q ® SU(3)c

G = SU(2)1 ® U(1)y ® SUB)o (SM)
Ga1a = SU(2) @ U(1)x ® SU(4)c
Goos = SU(2) ® SU(2)r ® SU(4)c (PS)

)
Go3=SU12), @U(1)p-r @ U(1)r ® SU(3)c
G2213 = SU(2) ® SU( ) ® U( )BfL ® SU(S)C (LR)
Ga213p = G213 @ D (921, = 92r), Gaoup = Gaoa @ D(gar, = g2r), (3.13)
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(1,3,10)/(1,2,4)

Figure 3.1: Popular and physically viable breaking chains of SO(10) down to the

SN (33,38/150 159

and the scalar multiplets sitting near the arrows if given VEV will break the symme-
tries at the tail in to symmetries at the head. The SO(10) origin of these multiplets
can be found from the decomposition tables and are re-listed in Tab. [3.2] The SSB
of SO(10) to Gaeap can be achieved by D-even PS singlet residing in 54 [38/[149/[150],
while breaking to Gag4 is achieved by D-odd PS singlet residing in 210 [36,[37]. Also,
the SSB of SO(10)/PS D-even symmetry to Gag3p is achieved by D-even LR singlet
residing in 210/(1,1,15) [154], while breaking of SO(10) or PS symmetry (D-odd or
even) to Glga13 is achieved by D-odd LR singlet residing in 45/(1,1,15) [149-151].
Rest of the sub-algebras are D-parity broken. The scalar multiplets breaking these
sub-algebras are depicted in Fig. and their SO(10) origin can be read from the
Tab. 3.2l Under the assumption of extended survival hypothesis, particles residing
only in these representation acquire the masses of the order of symmetry breaking
scale. For example 54 scalar breaks SO(10) in to Gayp at GUT scale and does

not participate in any breaking further hence all the scalars in 54 get the masses
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1,1,15)g,,, C 45,210
1 3 O 1>G2213

(1, 3, 1)@224 C 45

1,0,15) gy, C (1,3,15)g,,, C 210
1,0,15) ¢, C (1,1,15)q,,, C 210
1,3,0, 1)Gm (1,3,15)g,,, C 210

Dy € (1,1,10)6,, € (1,3,10)g,,, C 126
1,1, =1, 1) gy, € (1,3, =1, 1) gyms € (1,3,10)a,,, C 126
1 1/2 —1/2,1) G015 € (1,1/2,4) 6., € (1,2,4) 6, C 16

1 1/2
2,1, -

1/2 1)02113 C (17 27 _1/27 1)
C (2,1,4)g,,, C 16

C(1,2,4)g,,, C 16

G2213

(
(1,
(1,
(1,
(1,
(1,1, -
(
(1,
(1,
(

)(;2113

Table 3.2: The multiplets participating in SSB by acquiring VEVs in the invariant
direction of the residual symmetry.

of O(Mgyr). Similarly when (1,3,1) of 45 breaks PS symmetry to G4 or (1,3,15)
of 210 breaks PS symmetry to (Go113 the scalar particles residing in these multiplets
(1,3,1) and (1,3,15) acquire the masses of PS (whether D-odd or even) breaking
scale.

Once the additional symmetries are included to populate the grand desert, SUSY
In addition, with

intermediate gauge symmetries SO(10) also predicts signals of new physics which

is not necessarily required for unification of gauge couplings.

can be probed at low or accelerator energies. The left-right (LR) [30,131] symmetry
is a finite gauge transformation under charge conjugation. Through Pati-Salam [2§]
intermediate symmetry left-right symmetry Gaoup or through Gassp is realized and
the parity violation at low energy is understood as an artifact of the breaking of the
left-right symmetry.

We note from the Tab. to Tab. that all representations except 10 and 120
contain SM singlets, but not all of them break SO(10) —SM in a single step. The
SM singlets of representations 45, 54 and 210 are also singlets of higher symmetry,
so assigning VEV to the scalar fields in these representations will break SO(10) to
the corresponding higher symmetry.

On the other hand in addition to these, if SM singlets of 16 and 126 are assigned
a VEV the symmetry of SO(10) will spontaneously break to SM. If an intermedi-
ate symmetry is at work then sub-multiplets of 16 and 126 under the intermediate

symmetry having SM singlets will do the job. For example In the case of 16y it
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is the mutual component of RH doublet (1,2, —1,1)g and in the case of 126y it is
the neutral component of the RH triplet Ag(1,3,—2,1) that acquires VEV to break
Go213 — SM. The gauge coupling unification in non-SUSY SO(10) grand unifica-
tion desperately demands the presence of intermediate symmetries. Hence we require
a combination of the appropriately chosen multiplets to generate the spontaneous
symmetry breaking mechanism under study.

In the SUSY version of SO(10), If R [= (—1)35~1)+29] parity remains an exact
symmetry at all scales the lightest SUSY partner will be stable, which may be an ideal
candidate for the dark matter of the universe. This R-parity is predicted as a gauged
discrete symmetry SUSY SO(10) or SUSY Gao4p models which maintains stability
of dark matter. This R-parity is predicted as a gauged discrete symmetry SUSY
SO(10) or SUSY Gaoyp models which maintains stability of dark matter. Under R-
parity p — p and p — p, where p stands for particle and p for its super-partner. In
the non-SUSY LR model, Pati-Salam model, or non-SUSY SO(10) model, the matter
parity M = (—1)3B=1) is obviously equivalent to the R-parity becomes (—1)%% = 1
for the physical Hamiltonians and only scalars with S = 0 are allowed to have non
vanishing VEVs. Under matter parity 16 — —16 and 10 — 10. All other relations
build out of 10, such as 45, 54, 120, 126, 210 etc., are even. Only representations
with spinor content like 16, 144 etc. will be odd under matter parity.

The decomposition of SO(10) spinor multiplet 167 in to SM fermions plus addi-

tional RH neutrino is expressed as

1 1 2 _ 1
16p = (2.5.3)+ (2 -5+ L33+ (153 + (L1 +(10.1)
Qr Ly uf ¥ e VY. (3.14)

In the SU(5) and PS basis this can be equivalently written as

= (2,1,4)® (1,2,4)p; PS. (3.15)

Thus all fermions of one generation including RH neutrino (N) occur as left-right
symmetric doublets in Gagy or Gagiz. The interesting features of SO(10) GUTs is
that the Majorana masses are dictated by Yukawa couplings and the SSB pattern
implemented for gauge coupling unification. Since, the SO(10) symmetry does not
distinguish among the components of the decomposition, see eq. , the Yukawa
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couplings for neutrinos are closely related to charged fermions. The Yukawa La-
grangian which generates masses to the 165 fermions of the model must have scalars

in 10, 120 and 126 representations, in general, because
16 ® 16 = 105 & 120,5 b 126, . (3.16)

We can see that SM Higgs doublets are also present in these representations which
further break SM in to U(1)g x SU(3)¢ and generate fermion masses. A realistic
SO(10) GUT framework allows proper SSB of SO(10) down to SM, and gauge and
Yukawa interactions must be compatible with the current experimental results on
quark and lepton masses and mixings. In (non-)SUSY case, at least (two)three
Higgs representations are required to break SO(10) down to U(1)g x SU(3)¢, the
low energy theory. As noted, the scalar representations which couple to fermionic
bilinears are 10, 1205 and 126 which contain the SM like Higgs doublets. There
can be SU(2), Higgs doublets coming from the representations which do not directly
couple to fermionic bilinears. Their superposition gives effective SM light Higgs
doublet which can acquire electroweak VEV. A nice and detail description can be
found in [153]. If tree-level Dirac neutrino mass is prevented by imposing some
symmetry, then neutrino can acquire small Dirac masses at the loop level without
extreme fine tuning of couplings.

Advantages of using SO(10) over SU(5) are: a) A single family of fermions
are accommodated in a single 16-dimensional spinorial representation of SO(10),
with a prediction of right-handed neutrino. b) Both left and right handed fermions
reside in a single representation, hence, left-right symmetry can be achieved through
a finite gauge transformation in the form of charge conjugation. Thus the parity
symmetry is a part of continuous gauge symmetry. c¢) Besides SU(5) x U(1), its
other maximal subgroup is Pati-Salam symmetry, which explains the GUT scale
mass relation ms = m,/3, up to certain extent. d) The gauge coupling unification
can be achieved through intermediate symmetry even if the SUSY is absent. e) In
the non-SUSY version, matter parity M = (—1)P~L is equivalent to the R-parity
in SUSY SO(10). It is possible to keep R intact if SO(10) symmetry is broken
appropriately by the Higgs representation 126 instead of 165 in SUSY (non-SUSY)

case.
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3.4 Majorana neutrinos and seesaw mechanism

3.4.1 Standard model extensions

Since, the neutrinos are electrically neutral they can be Dirac or Majorana fermions.
If they are complex four component Dirac fields, as charge fermions, then neutri-
nos (v) and antineutrinos (7) would have same mass but opposite lepton number
therefore v-mass Lagrangian would be lepton number conserving. There is no lepton
number preserving symmetry in the SM but there is a global lepton number sym-
metry. Violation of this accidental symmetry will allow the Majorana mass term in
the Lagrangian, and neutrinos would be two component Majorana fields.
Extending the SM with three right handed singlet field vz we write Dirac mass

Lagrangian for neutrino
,CD = _DLMDVR + h.c. (317)

where Mp= Dirac neutrino mass matrix=Y,vgy, and vgy is electroweak VEV of
standard Higgs doublet. For neutrinos to be as light as 1eV, Y, ~ O(1071?), which
is extremely tiny and leads to fine tuning problem in the theory. However there has
been also a number of interesting investigations suggesting neutrinos to be Dirac

particles On the other hand Majorana mass term can be written as
M | e
LY = _§VLML vy + h.c. (3.18)

The smallness of My, has also to be explained. With two lepton doublets, we need to
make this term gauge and Lorentz invariant. The most elegant way to explain this is
the seesaw mechanism [161]. From within the SM, Yukawa interactions augmented

by higher dimensional terms are written like dimension-5 Weinberg operator |160]

(leTZ.O'QH)C(HT’l.O'Qle)
My

where M, is the cut-off scale of the theory, A is couplings strength and i, j are flavour

indices. When H acquires VEV we get

2

v
MM = \EW 3.20
L MA ( )
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The other non-vanishing contributions, ignoring Lorentz index, can be

(1P, @ 1) (H 030 H) (3.21)
(Yo, @ H)(H 0,771 (3.22)

Closer look at the eq. (3.19)), eq. (3.21]) and eq. (3.22)) suggests that the renormalizable

Yukawa term with extended particle structure can reproduce the dim=>5 invariants

if heavy modes are integrated out
(ZLTJQH)VR, (ZEOQ?ZL).X, & (lgUQ?H)ﬁ, (323)

where vg, A and p are SM singlet fermion, SU(2),, triplet (3,1,1) scalar and SU(2),
triplet (3,0,1) fermion, respectively, under SU(2);, x U(1)y x SU(3)¢. The masses of
these BSM particles are the cut-off scale. Integrating out the heavy modes generates
the non-zero masses for light neutrinos and this mechanism to generate the masses
for neutrinos is known as seesaw mechanism. These three types of generating masses
of neutrinos are called type-1 [39,/42], type-1I [144,|145|162] and type-I11 [43}79,/162]
seesaw, respectively.

With a gauge singlet chiral fermion per generation, the renormalizable Yukawa

coupling follows
- M
AL = YVZLO'QH*VR + TRV};CVR + h.c. (324)

with v = vy, + C7] and N = vi + CUL, we get the total mass matrix of neutral

0 M} , 0
M, = D)=y, ™ T, (3.25)
Mp My 0 M,

where M, U, are 6 x 6 matrices and rest of the matrices in eq. (3.25)) are 3 x 3. For
Mp << Mg we have predominantly Majorana case such that the block diagonalized

Lagrangian

matrices are
1

m, ~ —Mp——M}, & My ~ Mp. (3.26)
Mg
This is the canonical or type-I seesaw.
Now, if instead of fermionic singlet we have a scalar triplet, the relevant Yukawa

part of Lagrangian is

AL =YL CosAply; + hc. (3.27)
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and the associated scalar potential term is
AV = paH o0y N H + MATCAT AL + .. (3.28)

where pia ~ O(My) and A = & - X. The VEV (A) results from cubic scalar part

of the Lagrangian. Neutrinos get the mass
my, = Ya (A) (3.29)
with (A) ~ AYEw  This is known as type-11 seesaw mechanism.

M3
Similarly, addition of a triplet fermion gives the Lagrangian

AL =Y, IECoypH + M, 7TCH (3.30)

where p = @ - 7/ and the mass M, is the scale of new physics. Similar to type-I
p

seesaw for M, >> vgw

L or o
m, = Y;)Mpr VEw- (3.31)
This mechanism to generate light neutrino masses is called type-IIl seesaw. While
in type-II seesaw only one A is enough to get the general neutrino mass matrix,
in type-I (III) seesaw the number of required singlet (triplet) is same as required

number of non-zero light masses, i.e. at least two.

3.4.2 Seesaw mechanisms in GUTs

In the GUT framework, the multiplets giving type-I, type-II and type-II1I seesaw are
part of suitable representations. For example in SU(5) GUTs the RH neutrino N
needed for type-I seesaw mechanism is SU(5) singlet fermion, the triplet scalar of
SM giving type-11 seesaw is a part of the symmetric representation of 155 of SU(5)
of the triplet SM fermion giving type-I1I seesaw is a part of adjoint representation of
245 of SU(5), as we can see in Tab. [3.1] The SU(5) singlet fermion (N) giving type-
I may be part of some GUT multiplet. In SO(10) we already have the additional
fermion singlet as part of the fermionic family in the spinorial representation 16x. In
Es GUT it is a fundamental representation 27p. The triplet scalars (vectors) giving
type-IT (IIT) seesaw come from 126z and 457 multiplets of SO(10). The advantage
of SO(10) over SU(5) is that since extra fermion is part of the same multiplet in
the former case as other SM fermions, the neutrino Dirac mass matrix is strongly

correlated with the mass matrices of other fermions.
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|Chapter 4

Non-Canonical Seesaw Dominance: General
Framework

4.1 Type-I and Type-II seesaw in LRS and SO(10)

models

The most popular method of neutrino mass [163-168|] generation has been through
type-1 or canonical seesaw mechanism [39-42] which was also noted to apply in the
simplest extension of the SM through right-handed (RH) neutrinos encompassing
family mixings [76,77]. Most of the problems of the SM have potentially satisfactory
solutions in the minimal left-right symmetric (LRS) [28-31/43] grand unified theory
based on SO(10) [361-38,,60,61,[169-179).

A special feature of left-right gauge theories [28-31] and SO(10) grand unified
theory (GUT) [36138,/60%/61}/169,/170,/172] is that the canonical seesaw formula [39-
42|76|77) for Majorana neutrino masses is usually accompanied by the type-II seesaw
formula [43/[76,[79-82,[180]. The parameters entering into this hybrid seesaw formula
have fundamentally appealing interpretations in Pati-Salam model [28,29] or SO(10)
GUT. In eq.(L.2) Mp(My) is Dirac (RH-Majorana) neutrino mass, and in eq.(L.3)
v~ )\U'QJ\“Z’“—Z:R is the induced vacuum expectation value (VEV) of the LH triplet
Ap, Vg = SU(2)r x U(1)p—r breaking VEV of the RH triplet Ag, and f is the
Yukawa coupling of the triplets C 1265 of SO(10). Here A is the quartic coupling
in the Ay — Agp — ¢ interaction term in the Higgs potential Viigs = )\ATLAquTgb
+ ... where ¢(2,2,0,1) is the Higgs bidoublet C105 of SO(10). The same Yukawa
coupling f also defines the RH neutrino mass My = fVgi. Normally, because of
the underlying quark-lepton symmetry in SO(10) or Pati-Salam model, Mp, is of the

same order as M, the up-quark mass matrix, that drives the canonical seesaw scale
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to be large, My ~ 10 GeV. In the LRS theory based upon SU(2);, x SU(2)r x
U(1)p_xSU(3)c(= Gaaz), Mp ~ M, = charged lepton mass matrix. The neutrino
oscillation data then pushes this seesaw scale to My ~ 10 GeV. Similarly the
type-1I seesaw scale is also around this mass. With such high seesaw scales in non-
supersymmetric (non-SUSY) SO(10) model or LRS theory, there is no possibility
of direct experimental verification of the seesaw mechanism or the associated Wg
boson mass in near future. Likewise, the predicted LFV decay rates are far below
the experimental limits.

The scope and applications of type-I seesaw to TeV scale Wi boson models have
been discussed in the recent interesting review [181]. In such models D-Parity is at
first broken at high scale that makes the left-handed triplet much heavier than the Wg
mass, but keeps the Gag13(gar, # gor) unbroken down to much lower scale [36-38].
This causes the type-II seesaw contribution of the hybrid seesaw formula of eq.
to be severely damped out in the LHC scale Wx models where type-1 seesaw
dominates. But because My is also at the TeV scale, the predicted type-I seesaw
contribution to light neutrino mass turns out to be 10 — 10! times larger than
the experimental values unless it is adequately suppressed while maintaining its
dominance over type-II seesaw. Such suppressions have been made possible in two
ways:(i) using fine tuned values of the Dirac neutrino mass matrices Mp [181-187]
.(ii) introducing specific textures to the fermion mass matrices Mp and/or My [188-
203].

Even without going beyond the SM paradigm and treating the added RH neu-
trinos in type-I seesaw as gauge singlet fermions at ~ GeV scale, rich structure of
new physics has been predicted including neutrino masses, dark matter, and baryon
asymmetry of the universe. The fine-tuned value of the associated Dirac neutrino
Yukawa coupling in these models is y ~ 1077 [204-206].

There are physical situations where type-II seesaw dominance, rather than type-I
seesaw or inverse seesaw, is desirable [43-45,47-50,55,76}(77,[79-82,189-92,94. /95,180,
207,208,[210%211].

In the minimal case, being a mechanism driven by intermediate scale mass of LH
triplet, type-II seesaw may not be directly verifiable; nevertheless it can be clearly
applicable to TeV scale Zr models in non-SUSY SO(10) to account for neutrino
masses [208] provided type-I contribution is adequately suppressed. However, as
in the fine-tuning of Dirac neutrino mass in the type-I seesaw case in LR models,
the induced VEV needed for type-II seesaw can also be fine tuned using more than

one electroweak bi-doublets reducing the triplet mass to lower scales accessible to
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accelerator tests. Looking to the eq. and the structure of the induced VEV vy,
the most convenient method of suppressing type-I seesaw with respect to type-II
seesaw is to make the type-I seesaw scale My = fVg larger and the triplet mass
much smaller, My, << My. This requires the SU(2)g x U(1)p_1 breaking scale or
My, >> Mp,. SUSY and non-SUSY SO(10) models have been constructed with
this possibility and also in the case of split-SUSY [44},45] where My, ~ 10" GeV.
Obviously such models have no relevance in the context of TeV scale Wi or Zg
bosons accessible to LHC searches.

Whereas the pristine type-I or type-II seesaw are essentially high scale formulas
inaccessible for direct verification and need fine tuning or textures to bring them
down to the TeV scale, the well known classic inverse seesaw mechanism [212] which
has been also discussed by a number of authors [213-222] is essentially TeV scale
seesaw. It has the high potential to be directly verifiable at accelerator energies and
also by ongoing experiments on charged lepton flavor violations [223232232,233].

As discussed above if type-1 seesaw is the neutrino mass mechanism at the TeV
scale, it must be appropriately suppressed either by finetuning or by introducing
textures to the relevant mass matrices [181]. On the otherhand if type-II seesaw
dominance in LR models or SO(10) is to account for neutrino masses, Wgr, Zr bo-
son masses must be at the GUT-Planck scale in the prevailing dominance mecha-
nisms [44145].

In view of this, it would be quite interesting to explore, especially in the context
of non-supersymmetric SO(10), possible new physics implications when the would
be dominant type-I seesaw cancels out exactly and analytically from the light neu-
trino mass matrix even without needing any fine tuning or fermion mass textures
in Mp and/or My . The complete cancellation of type-I seesaw in the presence of
heavy RH Majorana mass term My NN was explicitly proved in ref. [234}235] in the
context of SM extension when both N; and S; are present manifesting in heavy RH
neutrinos and lighter singlet fermions. We call this as gauge singlet fermion assisted
extended seesaw dominance mechanism. Since then the mechanism has been utilised
in explaining baryon asymmetry of the universe via low-scale leptogenesis [234,235],
the phenomenon of dark matter (DM) [236] along with cosmic ray anomalies [237].
More recently this extended seesaw mechanism for neutrino masses in the SM exten-
sion has been exploited to explain the keV singlet fermion DM along with low-scale
leptogenesis [238].

In the context of LR intermediate scales in SUSY SO(10), this mechanism has
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been applied to study coupling unification and leptogenesis [239-241] under grav-
itino constraint. Application to non-SUSY LR theory originating from Pati-Salam
model [242] and non-SUSY SO(10) with TeV scale W, Zr bosons have been made
[87,188] with the predictions of a number of experimentally testable physical phe-
nomena by low energy experiments and including the observed dilepton excess at
LHC [243]. In these models the singlet fermion assisted type-I seesaw cancellation

mechanism operates and the extended seesaw (or inverse seesaw) formula dominates.

This article is organised in the following manner. In Sec[l.2] we explain how
the Kang-Kim mechanism [234,235] operates within the SM paradigm extended by
singlet fermions. In Sec[1.3] we show how a generalised neutral fermion mass matrix
exists in the appropriate extensions of the SM, LR theory, or SO(10). In Sec, we
show emergence of the other dominant seesaw mechanism including the extended or

inverse seesaw and type-II seesaw and cancellation of type-I seesaw.

4.2 Mechanism of extended seesaw dominance

Using the explicit derivation of Kang and Kim [234], here we discuss how the type-I
contribution completely cancels out paving the way for the dominance of extended
seesaw mechanism. The SM is extended by introducing RH neutrinos N;(i = 1,2, 3)
and an additional set of fermion singlets S;(i = 1,2,3), one for each generation.
After electroweak symmetry breaking, the Yukawa Lagrangian in the charged lepton

mass basis gives for the neutral fermions
1 _
Linass = (MpPN + S MyN'N + MNS + h.c) + psS"S (4.1)

where Mp = the Dirac neutrino mass matrix = Y < ¢ >, Y being the Yukawa

matrix. This gives the 9 x 9 neutral fermion mass matrix in the (v, N¢, S) basis,

0 Mp O
M, = | MZ My MT. (4.2)
0 M pus

The type-1 seesaw cancellation leading to dominance of extended seesaw (or inverse
seesaw) [212] proceeds in two steps: As My >> M >> Mp, ug, it is legitimate
to integrate out the RH NV; fields at first leading to the corresponding effective La-
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grangian

1 1 _
— L = | Mp—MEL T Mp—MT TS 4+ SimVa
! ( DMN D)a,@ VO‘V/B+ ( DMN am (V i : )

1

+ (M—MT) STS, 4+ psSTS.  (4.3)
MN mn

Then diagonalisation of the 9 x 9 neutral fermion mass matrix including the result

of Leg gives conventional type-I seesaw term and another of opposite sign leading to

the cancellation.

It must be emphasized that the earlier realizations of the classic inverse seesaw
formula [212] were possible [213}220,222] with vanishing RH Majorana mass My = 0
in eq..

Under the similar condition in which the type-I seesaw cancels out the Majorana
mass mg of the sterile neutrino and its mixing angle 6g with light neutrinos are

governed by

1 1
= —M—M" ~ —M—MT
Mso = MS TR My
M
tan 205 = QWD' (4.4)

As pg is naturally small, it is clear that type-I seesaw now controls the gauge singlet
fermion mass, although it has no role to play in determining the LH neutrino mass.
These results have been shown to emerge [87, 88,208,239, 243, 244] from SO(10)
with gauge fermion singlet extensions by following the explicit block diagonalisation
procedure in two steps while safeguarding the hierarchy My >> M > Mp, pus with
the supplementary condition ugMy < M?2.

4.3 Generalized neutral fermion mass matrix

A left-right symmetric (LRS) gauge theory Gas1zp(g2r, = gor) at higher scale (u =
Mp) is known to lead to TeV scale asymmetric LR gauge theory Gaoi3(gar, # g2r) Via
D-Parity breaking [36-38]. This symmetry further breaks to the SM gauge symmetry
by the VEV of the RH triplet Ag(1,3,—2,1) leading to massive Wg, Zr bosons
and RH neutrinos at the intermediate scale Mg. Instead of Gaoizp(gar = g2r) it
is possible to start directly from SO(10) which has been discussed at length in a
number of investigations that normally leads to the type-Idbtype-II hybrid seesaw
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formula. In the absence of additional sterile neutrinos, the neutral fermion matrix
is standard 6 x 6 form. Here we discuss how a generalised 9 x 9 neutral fermion
mass matrix that emerges in the presence of additional singlet fermions contains
the rudiments of various seesaw formulas. As noted in Sec. [L1], the derivation of
the minimal classic inverse seesaw mechanism [212] has been possible in theories
gauge singlet fermion extensions of the SM are available [213-222] 245]. Extensive
applications of this mechanism have been discussed and reported in a number of
recent reviews [168]247,248.250-252]. Exploring possible effects on invisible Higgs
decays [253H255], prediction of observable lepton flavor violation as a hall mark of
the minimal classic inverse seeaw mechanism has attracted considerable attention
earlier and during recent investigations [256-259}263-265]. The effects of massive
gauge singlet fermions have been found to be consistent with electroweak precision
observables [266,267] Earlier its impact on a class of left-right symmetric models have
been examined [246,268,269]. Prospects of lepton flavor violation in the context of
linear seesaw and dynamical left-right symmetric model have been also investigated
carlier [245].

It is well known that 15 fermions of one generation plus a right handed neutrino
form the spinorial representation 16 of SO(10) grand unified theory [169,[170]. In
addition to three generation of fermions 16;(i = 1,2, 3), we also include one SO(10)-
singlet fermion per generation S;(i = 1,2, 3). We note that such singlets under the LR
gauge group or the SM can originate from the non-standard fermion representations
in SO(10) such as 45p or 210F.

Under Gao13 symmetry the fermion and Higgs representations are,

Fermions
Qr = (2) (2,1,1/3,3), Qr = (Z) (1,2,—1/3,3*>,

L R
N,
L= (’7>L (2,1,_1,1), R = (/)R (1,2,—1,1),

S; :<1,1,—1,1).

Higgs

(e _(ALV2 AT
o ) DI Fel e L

2
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A+ 2 A++
Ap = OR/\/_ S (1,3,—2,1),

XL = (@) (21,-1.1), xn = (%) (12.-1.1),
XL XRr

Mo(1,1,0,1),

where 7, is a D-Parity odd singlet with transformation property n, — —n, under
L — R. When this singlet acquires VEV < 1, >~ Mp, D-Parity breaks along
with the underlying left-right discrete symmetry but the asymmetric LR gauge
theory Gag13 is left unbroken down to the lower scales. The (a3 gauge the-
ory can further break down to the SM directly by the VEV of RH Higgs triplet
Ag(1,3,—2,1) C 1265 C SO(10) or the RH Higgs doublet xx(1,2,—1,1) C 165 C
SO(10). The D-Parity odd (even) singlets 7,(7.) were found to occur naturally in
SO(10) GUT theory [36-38]. Designating the quantum numbers of submultiplets
under Pati-Salam symmetry SU(2), x SU(2)g X SU(4)¢c (= Gaa4), the submultiplet
(1,1,1) € 210y C SO(10) is 1, where as the submultiplet (1,1,1) C 54y C SO(10)
is 1. Likewise the neutral component of the submultiplet (1, 1,15) C 455 C SO(10)
behaves as 7,, but that in (1,1,15) C 210y behaves as 7.. Thus the GUT scale
symmetry breaking SO(10) — Gago4p can occur by the VEV of 545 in the direction
< Me >~ Mgy, but SO(10) — G4 can occur by the VEV of 210y in the direction
< M >~ Meyr. Likewise SO(10) — Ga213p can occur by the VEV of the neutral
component (1,1,0,1)g C (1,1,15)5 C 210y , but SO(10) — G213 can occur by the
VEV of the neutral component of (1,1,0,1)y C (1,1,15)y C 455. As an example,
one minimal chain with TeV scale LR gauge theory in the context of like-sign dilep-

ton signals observed at LHC is,

50(10) M) S (2), x SU@2)r x U1)p_r x SU3)e [Gans]
W) SU©2), x UL)y x SUB3)e [SM]
Wz SUB)e x U(1)o. (4.5)

In this symmetry breaking pattern all LH triplets and doublets are near the GUT
scale, but RH triplets or doublets are near the G213 breaking intermediate scale Mg
which could be ~ (few — 100) TeV. Out of two minimal models with GUT scale
D-Parity breaking satisfying the desired decoupling criteria My >> M >> Mp, us
[208,1243], dominance of extended seesaw in the presence of gauge singlet fermions

has been possible in ref. [243] with single G913 intermediate scale corresponding
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to TeV scale Wg, Zg bosons. The extended seesaw dominance in the presence of
fermion singlets in SO(10) have been also realised including additional intermediate
symmetries Gogiap and Gaoq Where observable proton decay, TeV scale Zg boson and
RH Majorana neutrinos, observable proton decay, n — n oscillation, and rare kaon
decay have been predicted. Interestingly the masses of Wgx boson and lepto-quark
gauge bosons of SU(4)¢ have been predicted at ~ 100 TeV which could be accessible
to planned LHC at those energies where Wx boson scale ~ (100—1000) TeV matching
with observable n — n oscillation and rare kaon decay has been predicted. But the
heavy RH neutrino and Zx boson mass being near TeV scale have been predicted to
be accessible to LHC and planned accelerators [87,88]. That non-SUSY GUTs with
two-intermediate scales permit a low mass Zr boson was noted much earlier [116].

In eq., instead of breaking directly to SM, the (G915 breaking may occur
in two steps Gaogiz3 — Gajiz — SM where (Gay13 represents the gauge symmetry
SU2)xU(1)gxU(1)g_,xSU(3)c [G2113]. This promises the interesting possibility
of TeV scale Zr boson with the constraint My, >> Myz,. Thus the model can be
discriminated from the direct LR models if Zr boson is detected at lower mass scales
than the Wg-boson. There are currently ongoing accelerator searches for this extra
heavy neutral gauge boson. This has been implemented recently with type-II seesaw
dominance in the presence of added fermion singlets [208]. As we will discuss below
both these types of models predict light neutrinos capable of mediating double beta
decay rates in the W — W} channel saturating the current experimental limits. In
addition resonant leptogenesis mediated by heavy sterile neutrinos has been realised
in the model of ref. [208].

The G213 symmetric Yukawa Lagrangian descending from SO(10) symmetry can

be written as

Lvae = Y Y vr®i+ f (Wi vrAr+ 95 vrlr) +yy (WrSxr+ 91 S x1)

i=1,2

+h.c., (4.6)

where ® 5 C 10g, p, are two bidoublets, (Ar, Ag) C 1265 and (xz, xr) C 164.
Including the induced VEV contribution to A, the Yukawa mass term can be

written as
1 —
Lonass = (MpUN + 5MNNTN + MNS 4 MopS + h.c) + miv v + ugSTS. (4.7)

Here the last term denotes the gauge invariant singlet mass term where naturalness
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criteria demands pg to be a very small parameter. In the (v, S, N¢) basis the gen-
eralised form of the 9 x 9 neutral fermion mass matrix after electroweak symmetry

breaking can be written as

mZI,I ML MD
My - Mg s MT ) (48)
MY M My

where Mp = Y(®), My = fog, M = 3, (x%),Mr = y,(x?). In this model the
symmetry breaking mechanism and the VEVs are such that My > M > Mp. The
LH triplet scalar mass Ma, and RH neutrino masses being at the the heaviest mass
scales in the Lagrangian, this triplet scalar field and the RH neutrinos have been at

first integrated out leading to the effective Lagrangian at lower scales [208)234],

1 1 —
—Leg = <m§f + MD—Mg) vivg + (ML + MD—MT) (VaSm + Smla)
MN af MN am

1
+ (M—MT> ST S, + usSTS. (4.9)
My .

4.4 Cancellation of Type-I seesaw and dominance

of others

(a) Cancellation of Type-I seesaw
Whereas the heaviest RH neutrino mass matrix My separates out trivially, the other
two 3 X 3 mass matrices M,,, and Mg are extracted through various steps of block

diagonalisation. The details of various steps are given in refs. [87,88,208,209)

M, = m)" + (MpMy'Mp) — (MpMy'Mp) + Mp(M" My' M)~ M
—Mp(MTMG M) (MT MG M) — (MpMy' M)(MT Mg M)~ M,
+MpM " usMpM ",

Ms = ps— MMGM" + ...

My = My. (4.10)

From the first of the above three equations, it is clear that the type-I seesaw term

cancels out with another of opposite sign resulting from block diagonalisation. Then
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the generalised form of the light neutrino mass matrix turns out to be

M, = fuop+ MM *My(MTY M}
—[ML M "ML + Mp(M M1 + Mp Mo

Lug(S2)T ()

In different limiting cases this generalised light neutrino mass matrix reduces to the

corresponding well known neutrino mass formulas.

(b). Linear seesaw and double seesaw
With M = y,v,, that induces v — S mixing, the second term in eq.(4.11)) is the

double seesaw formula,
Mdowble) — A MM (MTY MY (4.12)
The third term in eq. represents the linear seesaw formula
Mnear) — _[ar MUME 4+ Mp (M, M), (4.13)

Similar formulas have been shown to emerge from single-step breaking of SUSY GUT
models [270-272] which require the presence of three gauge singlet fermions.

Using the D-Parity breaking mechanism of ref. [36,137], an interesting model of
linear seesaw mechanism in the context of supersymmetric SO(10) with suceessful
gauge coupling unification [274] has been suggested in the presence of three gauge
singlet fermions. A special feature of this linear seesaw, compared to others [270],
270,[272| is that the neutrino mass formula is suppressed by the SUSY GUT scale
but it is decoupled from the low U(1)p_1, breaking scale. In addition to prediction
of TeV scale superpartners, the model provides another important testing ground
through manifestation of extra Z’ boson at LHC or via low-energy neutrino scattering
experiment [273].

(c). Type-II seesaw
When the assigned or induced VEV < yp >= 0, or negligible and pus — 0, type-II
seesaw dominates leading to

m, =~ fur. (4.14)

As noted briefly in Sec.1, in the conventional models [44}45] of type-II seesaw dom-
inance in SO(10), the Wg, Zr boson masses have to be at the GUT-Planck scale.

As a phenomenal development, this singlet-fermion assisted type-II seesaw domi-
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nance permits U(1)p_ breaking scale associated with Gag13 or G113 breaking (ie
the Wg, Zr boson masses) accessible to accelerator energies including LHC. At the
same time the heavy N — S mixing mass terms M;(i = 1,2, 3) at the TeV scale are
capable of mediating observable LE'V decay rates closer to their current experimen-
tal values [223-232,1232,233]. Consequences of this new Type-II seesaw dominance
with TeV scale Zxr boson mass has been investigated in detail [208] in which charged
triplet mediated LFV decay rates are negligible but singlet fermion decay rates are
observable.

(d). Extended seesaw

It is quite clear that the classic inverse seesaw formula [212] for light neutrino mass
emerges when the LH triplet mass is large and the VEV < x >= 0 which is possible
in a large class of non-SUSY models with left-right, Pati-salam, and SO(10) gauge
groups with D — Parity broken at high scales [36-3§]

As noted in Sec.1, the derivation of classic inverse seesaw mechanism [212-222]
has My = 0 in eq.. More recent applications in LRS and GUTs have been
discussed with relevant reference to earlier works in [86}/191},275-280].

In this section we have discussed that, in spite of the presence of the heavy Majo-
rana mass term of RH neutrino, each of the three seesaw mechanisms : (i) Extended
Seesaw, (ii) Type-II seesaw , (iii) Linear Seesaw or Double seesaw, can dominate as
light neutrino mass ansatz when the respective limiting conditions are satisfied. Also
the seesaw can operate in the presence of TeV scale Gag13 or G113 gauge symmetry
originating from non-SUSY SO(10) [87,88,208]. As the TeV scale theory spon-
taneously breaks to low-energy theory U(1)., x SU(3)c through the electroweak
symmetry breaking of the standard model, these seesaw mechanisms are valid in the
SM extensions with suitable Higgs scalars and three generations of V; and .5;. For ex-
ample without taking recourse to LR gauge theory, type-II seesaw can be embedded
into the SM extension by inclusion of LH Higgs triplet A (3, —2,1) with Y = —2.
The induced VEV can be generated by the trilinear term MM, Al ¢ipl [2811283).
The origin of such induced VEV in the direct breaking of SO(10) — SM is well

known.

(e). Hybrid seesaw

In the minimal SO(10), without extra fermion singlets, one example of hybrid seesaw
with type-I®type-II is given in eq.(L.1)). There are a number of investigations where
this hybrid seesaw has been successful in parametrising small neutrino masses with
large mixing angles along with 613 ~ 8° in SUSY SO(10) [47-50,94,95] and LR
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models. But the present mechanism of type-I seesaw cancellation suggests a possible
new hybrid seesaw formula as a combination of type-IIé¢LineardExtended seesaw as
revealed from eq.([1.11)). Neutrino physics phenomenology may yield interesting new
results with this new combination with additional degrees of freedom to deal with
neutrino oscillation data and leptogenesis covering coupling unification in SO(10)
which has a very rich structure for dark matter.

Using the D-Parity breaking mechanism of ref. [36,]37], an interesting model of
linear see saw mechanism in the context of supersymmetric SO(10) with suceessful
gauge coupling unification [274] has been suggested in the presence of three gauge
singlet fermions. A special feature of this linear seesaw, compared to others [270,
270] is that the neutrino mass formula is suppressed by the SUSY GUT scale but
seedecoupled from the low U(1)p_, breaking scale which can be even at ~ few TeV.
This serves as a testing ground through manifestation of extra Z’ boson at LHC or
via low-energy neutrino scattering experiments [273]. Being a SUSY model it also
predicts TeV scale superpartners expected to be visible at LHC.

(f). Common mass formula for sterile neutrinos

In spite of different types of seesaw formulas in the corresponding limiting cases the
formula for sterile neutrino mass remains the same as in eq. which does not
emerge from the classic inverse seesaw [212-215] approach with My =0

We conclude this section by noting that the classic inverse seesaw mechanism
[212-215] was gauged at the TeV scale through its embedding in non-SUSY SO(10)
with the prediction of experimentally accessible Z’ boson, LFV decays, and non-
unitarity effects [86]. The possibility of gauged and extended inverse seesaw mech-
anism with dominant contributions to both lepton flavor and lepton number non-
conservation was at first noted in the context Pati-Salam model in ref. [242] and in
the context of non-SUSY SO(10) in ref. [87,88] with type-I seesaw cancellation. The
generalised form of hybrid seesaw of eq. in non-SUSY SO(10) with type-I can-
cellation was realised in ref. [208]. As a special case of this model, the experimentally
verifiable phenomena like extra Z’ boson, resonant leptogenesis, LFV decays, and
double beta decay rates closer to the current search limits were decoupled from the
intermediate scale type-II seesaw dominated neutrino mass genaration mechanism.
Proton lifetime prediction for p — e + 7° mode also turns out to be within the

accessible range.
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|Chapter 5

New Mechanism for Type-ll Seesaw Dominance in
SO(10) with Low Mass Z’ , RH Neutrinos, Verifiable
LFV, and Proton Decay

A key ansatz to resolve the issue of large mixing in the neutrino sector and small
mixing in the quark sector has been suggested to be through type-II seesaw domi-
nance [284] via renormalization group evolution of quasi-degenerate neutrino masses
that holds in supersymmetric quark-lepton unified theories [28,29] or SO(10) and
for large values of tan 8 which represents the ratio of vacuum expectation values
(VEVs) of up-type and down type Higgs doublets. In an interesting approach to
understand neutrino mixing in SUSY theories, it has been shown [285] that the
maximality of atmospheric neutrino mixing is an automatic cosnsequence of type-II
seesaw dominance and b— 7 unification that does not require quasi-degeneracy of the
associated neutrino masses. A number of consequences of this approach have been
explored to explain all the fermion masses and mixings including type-II seesaw,
or a combination of both type-I and type-1I seesaw [49,92,93}96-99,286] through
SUSY SO(10). As a further interesting property of type-IT seesaw dominance, it has
been recently shown [47,50,287] without using any flavor symmetry that the well
known tri-bimaximal mixing pattern for neutrino mixings is simply a consequence
of rotation in the flavor space. Although several models of type-II seesaw domi-
nance in SUSY SO(10) have been investigated, precision gauge coupling unification
is distorted in most cases.

Certain charged fermion mass fittings in the conventional one-step breaking of
SUSY GUTs including fits to the neutrino oscillation data require the left-handed
triplet to be lighter than the type-I seesaw scale. The gauge coupling evolutions be-
ing sensitive to the quantum numbers of the LH triplet Ay (3, —2,1) under SM gauge

50



group, tend to misalign the precision unification in the minimal scenario achieved
without the triplet being lighter. Type-II seesaw dominance in one SUSY SO(10) [44]
and another split SUSY or non-SUSY model [45] has been reviewed in chapter
The purpose of this work is to show that in a class of models descending from non-
SUSY SO(10) or from Pati-Salam gauge symmetrty, type-II seesaw dominance at
intermediate scales (Ma =~ 10% — 10 GeV) and My ~ O(1) — O(10) TeV can be
realised by cancellation of the type-I seesaw contribution but with a Z’ boson at
~ O(1) — O(10) TeV scale accessible to the large Hadron Collider (LHC) where
U(1)g x U(1)p—r breaks spontaneously to U(1)y through the vacuum expectation
value (VEV) of the RH triplet component of Higgs scalar contained in 126 that car-
ries B— L = —2. We also discuss how the type-II seesaw contribution dominates over
the linear seesaw formula. Whereas in all previous Type-II seesaw dominance models
in SO(10), the RH Majorana neutrino masses have been very large and inaccessible
for accelerator energies, the present model predicts these masses in the LHC acces-
sible range. In spite of large values of the Wx boson and the doubly charged Higgs
boson A7+, ALT masses, it is quite interesting to note that the model predicts a new
observable contribution to Ov55 decay in the Wy, — W, channel. The key ingredients
to achieve type-II seesaw dominance by complete suppression of type-I seesaw contri-
bution are addition of one SO(10) singlet fermion per generation (S;,7 = 1,2, 3) and
utilization of the additional Higgs representation 165 to generate the N — .S mixing
term in the Lagrangian through Higgs-Yukawa interaction. The underlying leptonic
non-unitarity effects lead to substantial LEF'V decay branching ratios and leptonic
CP-violation accessible to ongoing search experiments. We derive a new formula for
the half-life of Ovf5 decay as a function of the fermion singlet masses and extract
lower bound on the lightest sterile neutrino mass from the existing lower bounds
on the half-life of different experimental groups. For certain regions of parameter
space of the model, we also find the proton lifetime for p — e™7° to be accessible to
ongoing or planned experiments.

Compared to earlier existing SO(10) based type-II seesaw dominant models whose
RH neutrino masses are in the experimentally inaccessible range and new gauge
bosons are in the mass range 10'® —10'7 GeV, the present model predictions on LHC
scale 7', light and heavy Majorana type sterile neutrinos, RH Majorana neutrino
masses in the range ~ 100 — 1000 GeV accessible to LHC in the W — W}, channel
through dilepton production, the LFV branching ratios closer to experimental limits,
and dominant Ov3/3 decay amplitudes caused by sterile neutrino exchanges provide

a rich testing ground for new physics signatures.

o1



This chapter is organized as follows: in Sec. we briefly discuss the TeV scale
left-right gauge theory with low-mass Wg, Z’ bosons, light neutrino masses and
associated non-unitarity effects. In Sec. we have discussed the branching ratios
for lepton flavor violating decays. In Sec. [5.3] we have implemented the idea in a
SO(10) grand unified theory and derive Dirac neutrino mass matrix at the TeV scale.
In Sec. [5.4] we have briefly discussed the phenomenon of Z’ boson.

5.1 Type-II seesaw dominance

5.1.1 The Model

More explicit discussions on Model-I and Model-II are given in Sec. [5.3] In Model-I,
the first step of symmetry breaking takes place by assigning the GUT-scale VEV to
the neutral component of the Higgs submultiplet (1,1,15) C 2105 of SO(10) under
Pati-Salam gauge symmetry SU(2);, x SU(2)g x SU(4)¢. As this neutral component
carries D-Parity even quantum number [36,37], the GUT symmetry breaks without
breaking D-Parity. In Model-II, the D-Parity itself breaks down at the GUT scale by
assigning, in addition, the GUT scale VEV to the D-Parity odd singlet component
(1,1,1)y C 210y [36,[37]. The second step of symmetry breaking in both models
is implemented by assigning intermediate scale VEV to the Higgs scalar component
0(1,3,0,1) C 455. The third step of symmetry breaking in both models is ma-
terialised by assigning TeV scale VEV to the neutral component of the RH scalar
triplet Ag(1,3, —2, 1) which generates the TeV scale Z’- boson and the RH neutrino
masses. The Type-II seesaw dominance occurs in Model-I by the natural presence of
the LH triplet Az (3,1, —2,1) C 126y that acquires the desired induced VEV needed
to drive the seesaw mechanism. Type-II seesaw contribution dominates by suppress-
ing the linear seesaw term with the help of appropriate finetuning of parameters. In
Model-IT the mass of the LH triplet Ay (3,1,—2,1) is kept at the intermediate scale
by fine tuning of parameters to implement type-II seesaw seesaw dominance while

the linear seesaw term is naturally suppressed in this case.

For subsequent discussions it is necessary to clarify about the various fermions
and their charges under different gauge symmetries as shown in Table [5.1]
It is clear that a RH neutrino (N) and all 15 standard fermions of one generation

are in different fundamental representations of LR gauge theory Gas13. Together
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Field | Family Gai13 G213 SO(10)
u
<d)L 3 (2,0,1/3,3) (2,1,1/3,3) 16

U *
(d>R 3 (1,+1/2,-1/3,3) | (1,2,-1/3,3") | 16
v
<Z>L 3 (2,0,—1,1) (2,1,-1,1) 16

N
(l>R 3 (1,£1/2,—-1,1) (1,2,-1,1) 16
S; 3 ((1,0,—1,1)) (1,1,-1,1) 1

Table 5.1: Standard fermions and RH neutrino (N) as fundamental representations
of left-right gauge theory contained in the spinorial representation 16 C SO(10).
The sterile neutrinos .S; are singlets under SM and all other gauge groups mentioned
here.

they are in a single spinorial representation 16 C SO(10). For the purpose of im-
plementing type-II seesaw dominance by cancelling out type-I seesaw, lepton flavour
violation (LFV), lepton number violation (LNV), and leptogenesis, the model also
introduces three additional fermions S;(i = 1, 2, 3) which are singlets under SO(10)
and all other subgroups including the SM. But each of them is contained in the fun-
damental representation 27 C Eg which decomposes under SO(10) as 27 = 16+10+1
and comprises of 10 more non-standard fermions. In our notation the symbol S;(N;)
denote the mass eigen states of S;(/N;) with the respective mass eigen value while

the symbols without hats denote flavour states.

5.1.2 Type-1I seesaw

We have added to the usual spinorial representations 16z, (i = 1,2, 3) for fermion rep-
resentations in SO(10), one fermion singlet per generation S;(i = 1,2,3). The Gaa13

symmetric Yukawa Lagrangian descending from SO(10) symmetry can be written as

Lyvac = D V(D vr®:) + f(050RAR + 0§ YLAL)

i=1,2
+ y (WrSxr+vLSxr)+ (he), (5.1)

where ®;5 C 10y, g, are two bidoublets, (Ap,Agr) C 126F and (xz,xr) C 164.
As discussed in Sec.2, the spontaneous breaking of GGoo13 —> (o113, takes place by
the VEV of the RH triplet og(1,3,0,1) C 45y carrying B — L = 0 which does not

53



generate any fermion mass term. We introduce VEVs for Higgs scalars ®;, Ag and xr
for spontaneous symmetry breakings leading to Gaj13 — SM — U(1)en xSU(3)c.
The quantity generating N — S mixing term is M = y, (x%). In addition v,, = (x9)
and v, = (AY) are automatically induced even though the LH doublet x, and
the RH triplet Aj are assigned vanishing VEVs directly. In models with inverse
seesaw or extended seesaw [86, 87,242, 288-292] mechanisms, a bare mass term of
the singlet fermions pgSTS occurs in the Lagrangian. Being unrestricted as a gauge
singlet mass term in the Lagrangian, determination of its value has been left to
phenomenological analyses in neutrino physics. Larger values of the parameter near
the GUT-Planck scale [293] or at the intermediate scale [270,271] have been also
exploited. On the other hand, fits to the neutrino oscillation data through inverse
seesaw formula require much smaller values of pg [83-87,1242,258|260-262]. Even
phenomenological implications of its vanishing value have been investigated recently
in the presence of other non-standard and non-vanishing fermion masses [295-298|
in the 9 x 9 mass matrix. Very small values of ug is justified on the basis of 't
Hooft’s naturalness criteria representing a mild breaking of global lepton number
symmetry of the SM [294]. While we consider the implication of this term later in
this section, at first we discuss the emerging neutrino mass matrix by neglecting it.
In addition to the VEVs discussed for gauge symmetry breaking at different stages,
we assign the VEV to the neutral component of RH Higgs doublet of 165 with
< xr(1,1/2,-1/2,1) >= V, in order to generate N — S mixing mass term MNS
between the RH neutrino and the sterile fermion where the 3 x 3 matrix M = y, V..
We define the other 3 x 3 mass matrices Mp = Y My, and My = fVz. We also
include induced small contributions to the vacuum expectation values of the LH Higgs
triplet v, =< A(3,0,—2,1) > and the LH Higgs doublet v,, =< x1(2,0,—2,1) >
leading to the possibilities ¥ — S mixing with M} = y,v,, and the induced type-II
seesaw contribution to LH neutrino masses ml! = fv given in eq.. The induced
VEVs are shown in the left and right panels of Fig[5.1 We have also derived them
by actual potential minimisation which agree with the diagramatic contribution.
Including the induced VEV contributions, the mass term due to Yukawa Lagrangian
can be written as eq.. In the (v, S, N¢) basis the generalised form of the 9 x 9
neutral fermion mass matrix after electroweak symmetry breaking can be written as
eq.. In this model the symmetry breaking mechanism and the VEVs are such
that My > M > Mp. The RH neutrino mass being the heaviest fermion mass
scale in the Lagrangian, this fermion is at first integrated out leading to the effective
Lagrangian at lower scales [234,235/[239240] as in eq.([1.9). Whereas the heaviest RH
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neutrino mass matrix My separates out trivially, the other two 3 x 3 mass matrices
M, and mg are extracted through various steps of block diagonalisation [87].The

details of various steps are given in Appendix B and the results are

M, = ml+ (MpMg' M) — (MpMg* MP) + My (MT Mg M) Mf
—Mp (MM M)~ (M MG M) — (MpMy'M)(M" Mg M)~ My,
+MDM_1MSMDM_1T,

Ms = uS—MM]QlMT—I—....,

My = My. (5.2)

From the first of the above three equations, it is clear that the type-I seesaw
term cancels out [234}[235/|239|240] with another of opposite sign resulting from
block diagonalisation. Then the generalised form of the light neutrino mass matrix

turns out to be

M, = fuop+ MM "My(MT) M}
— M MEM ™ 4+ M} Mp(MT)™Y. (5.3)

With M; = y,v,, that induces v — S mixing, the second term in this equation is
double seesaw formula and the third term is the linear seesaw formula which are
similar to those derived earlier [270,271]. From the Feynman diagrams, the analytic

expressions for the induced VEVs are

v~ S (A Aed)

Ap
(5.4)
VX !/ ! / !/
Uxp 7~ el (M Mjvr + ANy Mavs)
XL
VrA4R+ka
= 22— (5.5)
Mg,
where v, ~ 100 GeV, and
o, = WaMivit pMyvs) (5.6)

(A4R+ka)
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Figure 5.1: Feynman diagrams for induced contributions to VEVs of the LH triplet
(diagram (a)) and the LH doublet (diagram (b)) in Model-I and Model-II.

In eq.(5.5), vi(i = 1,2) are the VEVs of two electroweak doublets each originating
from separate 10y C SO(10) as explained in the following section, and Mj, M/} are
Higgs trilinear coupling masses which are normally expected to be of order Mz+. In
both the models Viz = 5 —10 TeV and V,, ~ 300 — 1000 GeV. Similar expressions as

in eq.(.5)) are also obtained by minimisation of the scalar potential.

5.1.3 Suppression of linear seesaw and dominance of type-II

seesaw

Now we discuss how linear seesaw term is suppressed without fine tuning of certain
parameters in Model-I but with fine tunning of the same parameters in Model-II.
The expression for neutrino mass is given in eq. where the first, second, and
the third terms are type-1I seesaw, double seesaw, and linear seesaw formulas for
the light neutrino masses. Out of these, for all parameters allowed in both the
models (Model-I and Model-IT), the double seesaw term will be found to be far
more suppressed compared to the other two terms. The structures of Model-I and
Model-IT are more explicitly illustrated in the following Sec. and in Fig.
and in Fig.. Therefore we now discuss how the linear seesaw term is suppressed

compared to the type-II seesaw term allowing the dominance of the latter. In Model-
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I where LR discrete symmetry (parity) breaks at the GUT scale, gauge coupling
unification has been achieved such that Mp = M,, ~ My > 106 GeV, Ma, = 10®
GeV where M| ~ Mj ~ Mp+ ~ 10° GeV. Using these masses in eq.(5.3)), we find
that even with C), ~ 0.1 — 1.0

Lo~ 107 eV —1071 eV,
vy ~ 0.1eV—-0.5¢eV,

Ux

(5.7)

Such induced VEVs in the Model-I suppress the second and the third terms in
eq. making the model quite suitable for type-II seesaw dominance although the
Model-II needs fine tuning in the induced contributions to the level of C, < 107" as
discussed below.

In Model-II where parity breaks at the intermediate scale (Mp), Ma, ~ M,, ~
Mp ~ 10° GeV. Without any fine tuning of the parameters in eq., we obtain
v ~ 1071 GeV. From eq.(5.5) we get v,, ~ Cy x 107 GeV ~ 107"GeV for
Cy ~ 0.1. With (Mp) 5 < 100 GeV and b ~ (.1 — 1, the most dominant third
term in eq. gives M, > 1078 GeV. This shows that fine tuning is needed in the
parameters occuring to reduce C, < 107 to suppress linear seesaw and permit type-
IT seesaw dominance in Model-II whereas the type-II seesaw dominance is achieved
in Model-I with C, ~ 0.1 — 1.0 without requiring any such fine tuning. In what
follows we will utilise the type-1I seesaw dominated neutrino mass formula to study
neutrino physics neutrino-less double beta decay, and lepton flavor violations in the
context of Model-I although they are similar in Model-II subject to the fine tuning
constraint on C,. Thus the light neutrino mass is dominated by the type-II seesaw

term in both models.

M, ~ fur. (5.8)
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5.1.4 Right-handed neutrino mass prediction

Global fits to the experimental data [299-303] on neutrino oscillations have deter-

mined the mass squared differences and mixing angles at 3o level

sin? fy5 = 0.320, sin® B3 = 0.427,

sin? 615 = 0.0246, 6cp = 0.8,

Am?2, = 7.58 x 10~°eV?,

|AMmaim|? = 2.35 x 10eV?. (5.9)

For normally hierarchical (NH), inverted hierarchical (IH), and quasi-degenerate
(QD) patterns, the experimental values of mass squared differences can be fitted

by the following values of light neutrino masses

m, = (0.00127,0.008838,0.04978) eV (NH)
= (0.04901,0.04978,0.00127) eV (IH)
= (0.2056,0.2058,0.2) eV (QD) (5.10)
We use the diagonalising Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Upyns

0

C13C12 C13512 S13€
_ 0 0 =
Upvns = | —ca3S12 — C12513523€ C12C23 — 512513523€ 523C13 ) (0-11)
5 6
$12523 — C12C23513€" —C12523 — S12513C23€" C13C23

and determine it numerically using mixing angle and the leptonic Dirac phase from

eq.

0.814 0.55 —0.12 — 0.09i
Upmns = | —0.35 — 0.049i  0.67 — 0.0344 0.645 : (5.12)
0.448 — 0.057i —0.48 — 0.039i 0.74

Now inverting the relation m, = U]LMNSMVU]*JMNS where 1, is the diagonalised
neutrino mass matrix, we determine M, for three different cases and further deter-
mine the corresponding values of the f matrix using f = M, /v, where we use the
predicted value of vy, = 0.1 eV. Noting that

My = fVg = M, Vg/vr, we have also derived eigen values of the RH neutrino mass
matrix M n, as the positive square root of the i’ eigen value of the Hermitian matrix
M My.
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NH

0.11740.022¢ —0.124 — 0.003z  0.144 4 0.0252
f=1-0.124-0.003; 0.158—0.014¢ —0.141+ 0.017: (5.13)
0.144 4-0.025¢ —0.141 + 0.0172 0.313 — 0.00029:

|My| = diag(160, 894, 4870) GeV. (5.14)
IH
0.390 — 0.017i  0.099 +0.01i  —0.16 + 0.05
f=10099+0.01i 0.379+0.02 0.176 + 0.036i (5.15)
—0.16 +0.05i  0.176 +0.036; 0.21 — 0.0114
|My| = diag(4880,4910,131) GeV. (5.16)
QD

2.02+0.02¢ 0.0011 +0.02¢ —0.019 + 0.3¢
f=10.0011+0.02: 2.034+0.017 0.021 + 0.214 (5.17)
—0.0194+0.3¢ 0.021 +0.21z 1.99 — 0.042

For vy, = 0.1 eV, we have
|My| = diag(21.46,20.34, 18.87) TeV (5.18)
but for v;, = 0.5 eV, we obtain
|My| = diag(4.3,4.08,3.77) TeV. (5.19)

These RH neutrino masses predicted with v, = 0.1 eV for NH and IH cases and with
v, = 0.5 eV for the QD case are clearly verifiable by the LHC
The sterile neutrino mass matrix with a scaling property:

As a new oservation we point out a scaling property of sterile neutrino mass matrix.
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The mass matrix of the sterile neutrino in the pg — 0 limit [294] is
ms = —MMLNMT, (520)

where M is the N — S mixing mass term in the Yukawa Lagrangian. Here we note a
new interesting “scaling” property of m; in view of its connection with Ga113 gauge
symmetry breaking, the RH neutrino mass My, and the N — S mixing matrix M.
This property has implications on sterile neutrino mass eigen values, leptogenesis,

and dilepton production through displaced vertices.

“When the RH neutrino mass matrix My and the N — S mixing matrix M are

rescaled as

MN — ()(]\4]\7)7
M — [(VX).M], (5.21)

the sterile neutrino mass matrix m, and its mass eigen values are unchanged.”

5.1.5 Neutrino parameters and non-unitarity condition

Using the constrained diagonal form of M as mentioned above, the mass matrix pg
is determined using the gauged inverse seesaw formula and neutrino oscillation data
provided that the Dirac neutrino mass matrix Mp is also known. The determination
of Mp at the TeV scale, basically originating from high- scale quark-lepton symmetry
Gooap or SO(10) GUT, is carried out by predicting its value at the high scale from
fits to the charged fermion masses of three generations and then running down to
the lower scales using the corresponding RGEs in the top-down approach. It is to be
noted that for fits to the fermion masses at the GUT scale, their experimental values
at low energies are transported to the GUT scale using RGEs and the bottom-up
approach [208}304].
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5.1.5.1 Determination of Dirac neutrino mass matrix

The RG extrapolated values at the GUT scale are [208},304-306],
p = Mgur:

my = 0.00048 GeV,m), = 0.0875 GeV,m) = 1.8739 GeV,
my = 0.0027 GeV,m? = 0.0325 GeV,m) = 1.3373 GeV,
md = 0.001 GeV,m? = 0.229 GeV,m) = 78.74 GeV, (5.22)

The VI, matrix at the GUT scale is given by

0.97 0.22 —0.0003 — 0.003q
Ve = | —0.22 —0.0001i 0.97 0.036 : (5.23)
0.008 — 0.003i  —0.035 + 0.0008i 0.99

For fitting the charged fermion masses at the GUT scale, in addition to the two
complex 10g, , representations with their respective Yukawa couplings Y1 5, we also

use the higher dimensional operator [208§]

%1611@101{45}1451{, (5.24)
G

In the above equation the product of three Higgs scalars acts as an effective 126L op-
erator [83-85]. With Mg ~ Mp; or M =~ Mging, this is suppressed by (M /Mg)?* ~
1073 — 107 for GUT-scale VEV of 455. Then the formulas for different charged

fermion mass matrices are

M, = Gu+F, M;=Gy+F,
M, = Gy—3F, Mp=G,—3F. (5.25)

Following the procedure given in [208], the Dirac neutrino mass matrix at the GUT

scale is found to be

0.014 0.04 —0.01i  0.109 — 0.3
Mp(Mpgo) = | 0.04+ 0.0 0.35 2.6 +0.0007i | GeV'. (5.26)
0.1+0.3i 2.6 —0.0007 79.20

This value of Mp will be utilized for all applications discussed subsequently in this
work including the fit to the neutrino oscillation data through the inverse seesaw for-

mula, predictions of effective mass parameters in 0v2(3, computation of non-unitarity
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measure of | Expt. bound
non-unitarity Co C1 C2 C3
e 20x107° |35x10°|27x107 [3.1x10°9
|Nep] 3.5 x 107° 39x1077 | 34x107%|1.5x%x107°
e | 8.0 x 1073 94 %1075 |28 x107% | 6.4 x 1073
1710 8.0x107* | 47x107%|23x107°|6.9x 107°
1,0r]| 51x107% | 1.1x107* | 2.2 x 107 | 3.2 x 10~
. 27x107% | 2.7x107% | 2.7 x 1073 | 2.7 x 1073

Table 5.2: Experimental bounds of the non-unitarity matrix elements |7,4| (column
C0) and their predicted values for degenerate (column C1), partially-degenerate
(column C2), and non-degenerate (column C3) values of M = diag (M;, Ms, M3).

and C'P-violating effects, and lepton flavor violating decay branching ratios.

The light active Majorana neutrino mass matrix is diagonalized by the PMNS
mixing matrix U, such that Ulm,U? = 1, = diag (m,,, m,,, m,,). The non-unitarity
(1 —n)U,, see Appendix [D]for details.

Thus 7n is a measure of deviation from unitarity in the lepton sector on which

matrix at the leading order is still N ~

there has been extensive investigations in different models [86-88]. Assuming M
= diag(My, Ma, Ms), gives naps =
% >k MDakMk_QMng, but it can be written explicitly for the degenerate case (M; =
My = M5 =
at the TeV seesaw scale is done which was discussed in [86}304-306].

to be diagonal for the sake of simplicity, M

MgEg). The determination of the Dirac neutrino mass matrix Mp(Mpo)

5.1.5.2 Estimation of non-unitarity matrix

In order to study non-unitarity effects and lepton flavor violations, we assume the
N — S mixing matrix M to be diagonal for the sake of simplicity and also for exercising

economy of parameters,

M = diag (M, My, Ms), (5.27)
The non-unitarity deviation 7 is defined as
n = %X.XT = MDM*ZMIT),
s = 5 Z ME"’“. (5.28)
2.5 2,3
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which for the degenerate case, M; = Mp.,(i = 1,2,3), gives,

1GeV? "
n= 2
MDeg
0.0394 0.146 — 0.403i  4.17 — 11.99i
0.146 + 0.403i 3.602 105.8 — 0.002i | . (5.29)

4.1734+11.9¢  105.805 + 0.002¢ 3139.8

For the general non-degenerate case of M, we saturate the upper bound |n..| <
2.7 x 1073 [185] to derive

110.1026 7.0756 6762.4

il —9. 1073 5.
ARE + e + i 7% 1072, (5.30)

where numerical values i the LHS inside the square brackets are in GeV? and M;’s
are in GeV. By inspection this equation gives the lower bounds

My > 4.35 GeV, My > 36.2 GeV, M3 > 1120 GeV, and for the degenerate case
Mpey = 1213 GeV.

For the partial degenerate case of M; = My # Mj the solutions can be similarly
derived as in ref [86] and one example is M (100, 100, 1319.67) GeV .

5.2 Lepton flavor violation

In the present non-SUSY SO(10) model, even though neutrino masses are governed
by high scale type-1I seesaw formula, the essential presence of singlet fermions that
implement the type-II seesaw dominance by cancelling out the type-I seesaw contri-
bution give rise to experimentally observable LE'V decay branching ratios through
their loop mediation. The heavier RH neutrinos in this model being in the range
of ~ 1 —10 TeV mass range also contribute, but less significantly than the singlet

fermions.

5.2.1 Branching ratio and CP violation

One of the most important outcome of non-unitarity effects is its manifestation
through ongoing experimental searches for LF'V decays such as 7 — ey, 7 — v,
i — e7y. In these models the RH neutrinos and the singlet fermions contribute to
the branching ratios [83-86,307-310] Because of the condition My >> M, neglect-

ing the RH neutrino exchange contribution compared to the sterile fermion singlet

63



contributions [208], our estimations for different cases of M values are presented in
Table [6.2] These values are many orders larger than the standard non-SUSY pre-
dictions for branching ratios, Br ~ 107°°. Our predictions are accessible to ongoing
or planned searches [223-229,232]. In these models contribution to the branching
ratios due to the heavier the RH neutrinos is subdominant compared to the lighter

singlet fermions

3 2 5
Oy Sw mfa

2
Br(lo = ls +7) = g5y |9as + Gas| (5.31)
Wt a

2
shere G =30 (), ("), 7 (13 )
k 147

2

v vS\* mSj
ggﬁ :Z<V S)aj (V S)ﬁjI<M5V > )
j L
_2x3 + 522 — 2 B 32%ne
4(1 — x)3 2(1 — )%

and Z(z) =

(5.32)

Because of the condition My >> M, the RH neutrino exchange contribution is
however damped out compared to the sterile fermion singlet contributions.

For the degenerate case

AATE = —21x107°
AANTZD = —24x107°
AATZ = 14x107%,
AATS. = 12x107%,

(5.33)
we have the branching ratio
BR(u — ey) = 6.43 x 1077,
BR(T —ey) = 8.0x107'°,
BR(T — wy) = 241 x 107" (5.34)

Because of the presence of non-unitarity effects in the present model , the leptonic
CP-violation can be written as [86,185,190,311-317]. The moduli and phase of non-
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Figure 5.2: Variation of scalar triplet mass Ma, (upper curve) and LFV branching
ratio (lower curves) as a function of the lightest neutrino mass for different values of
A in a type — I seesaw dominant model following normal ordering. The horizontal
thick band represents separation of the vertcal axis between the upper and the lower
figures. The three alomost horizontal lines represent the LFV branching ratios for
M = 1.3 TeV.

unitarity and CP-violating parameter for the degenerate case is given in [5.35
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Meul = 2.73 x 1078,

Sep = 1.920,

Mer| = 4.54x 1077,

bor = L.T8,

Mur] = 2.31x107°,

Sur = 239 x 1077 (5.35)

Our estimation presented in shows that in a wider range of the parameter
space, the leptonic CP violation parameter could be nearly two orders larger than
the CKM-CP violation parameter for quarks.

Our predictions for branching ratios as a function of the lightest neutrino mass
are shown in in Figl5.2 for the type-II dominance case. In this figure we have also
shown variation of the LH triplet mass as expected from the type-II seesaw formula.
But inspite of the large value of the triplet mass that normally predicts negligible

LFV branching ratios, our model gives experimentally accessible values.

5.3 Implementation in specific SO(10) models

Symmetry breaking chain
To discuss the above phenomenology we have considered the two-step breaking of
the LR gauge theory [208],

Model-I

SO(10) = Gagizp — Ga13 — SM. (5.36)
Model-I1

SO(10) — Gag1z — Ga13 — SM. (5.37)

In the Model—H, SU(Q)L X SU(Q)R X U(l)B—L X SU(?))C xD [E G2213D] (ggL = ggR)
is obtained by breaking the GUT-symmetry and by giving vacuum expectation value
(VEV) to the D-Parity even singlet (1,1,0,1) C (1,1,15) C 210y [36-38] where the

first, second, and the third set of quantum numbers of the scalar components are
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under Gao13p, the Pati-Salam symmetry Gagy, and SO(10), respectively. As a result,
the Higgs sector is symmetric below p = My leading to equality between the gauge
couplings gar,(M3) and gog(M}) . In this case the LR discrete symmetry (= Parity)
survives down to the intermediate scale ,Mpz+ = Mp. The second step of symmetry
breaking is implemented by assigning VEV to the neutral component of the right-
handed (RH) Higgs triplet og(1,3,0,1) C 454 that carries B — L = 0. The third
step of breaking to SM is carried out by assigning the order 5 — 10 TeV VEV to the
G113 component A%(1,1,—2,1) contained in the RH triplet Ag(1,3,—2,1) C 126y
carrying B — L = —2. This is responsible for RH Majorana neutrino mass gen-
eration My = fug where vg = (A%) and f is the Yukawa coupling of 126" with
SO(10) spinorial fermionic representation :£16.16.126;. We introduce SO(10) in-
variant N — S mixing mass via yX16.1.lﬁTH and obtain the mixing mass M = y, V}
where V, = (x%) by noting that under Ga113 the submultiplet x%(1,1/2,—1,1) is
contained in the G213 doublet xg(1,2,—1,1) C 16. The symmetry breaking in the
last step is implemented through the SM Higgs doublet contained in the bidoublet
#(2,2,0,1) C 10g) of SO(10). This is the minimal Higgs structure of the model,
although we will utilise two different Higgs doublets ¢, C 10y, and ¢4 C 10y, for
fermion mass fits. In Model-I, the GUT symmetry breaks to LR gauge symmetry
Go213(g21, # gor) in such a way that the D-parity breaks at the GUT scale and
is decoupled from SU(2)g breaking that occurs at the intermediate scale. This is
achieved by giving GUT scale VEV to the D-parity odd singlet scalar component
in (1,1,0,1)y C (1,1,15)y C 455 where the first, second , and third submulti-
plet is under Gag3, the Pati-Salam symmetry Gagy, and SO(10), respectively. In
this case by adopting the D-Parity breaking mechanism [36,37] in SO(10) normally
the LH triplet component Ay (3,1,—2,1) C 126y and the LH doublet component
xr(2,1,—1,1) C 165 acquire masses at the GUT scale while the RH triplet and
RH doublet components, Ag(1,3,—2,1) C 1265 xr(1,2,—1,1) C 165, can be made
much lighter. We have noted that in the presence of color octet at lower scales, found
to be necessary in this Model-I as well as in Model-1I, precision gauge coupling is
achieved even if the the parameters of the Higgs potential are tuned so as to have
the LH triplet mass at intermediate scale, M, ~ 10® — 10° GeV. The presence
of Ap(3,1,—2,1) at the intermediate scale plays a crucial role in achieving Type-II
seesaw dominance as would be explained in the following section. The necessary
presence of lighter LH triplets in GUTs with or without vanishing B — L value for
physically appealing predictions was pointed out earlier in achieving observable mat-

ter anti-matter oscillations [396,[397], in the context of low-scale leptogenesis [240],
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and type-II seesaw dominance in SUSY, non-SUSY and split-SUSY models [44},45],
and also for TeV scale LR gauge theory originating from SUSY SO(10) grand unifi-
cation.

In what follows, while safeguarding precise unification of gauge couplings at the
GUT scale, we discuss allowed solutions of renormalisation group equations for the
mass scales My, Mg+, and Mpo as a funtion of the mass M¢ of the lighter color octet
Cs(1,1,0,8) C 45y. The renormalization group coefficients for the minimal cases
have been given in Appendix A to which those due to the color octet scalar in both
models and the LH triplet Ay, in Model-I in their suitable ranges of the running scale
have been added.

Model-I:
As shown in Table for Model-I, with Ma, = 10® GeV the Gagi3 symmetry is
found to survive down to Mg+ = (108 — 10'%) GeV with larger or smaller unification

scale depending upon the color octet mass. In particular we note one set of solutions,

Mpo = 10 TeV, Mg+ = 10%7GeV, My = 10%%2GeV,

My, = 10° GeV, M¢ = 10'""7GeV. (5.38)
As explained in the following sections, this set of solutions are found to be attractive
both from the prospects of achieving type-II seesaw dominance and detecting proton
decay at Hyper-Kamiokande. with M = 6.5 x 10*® GeV when the color octet mass
is at Mg ~ 101 GeV. As discussed below the proton lifetime in this case is closer
to the current experimental limit. With allowed values of Mpo = (5 — 10) TeV,
this model also predicts Mz ~ (1.2 — 3.5) TeV in the accessible range of the Large
Hadron Collider. Because of the low mass of the Z’ boson associated with TeV scale
VEV of Vg, the type-II seesaw mechanism predicts TeV scale RH neutrino masses
with known mixings among them. These RH neutrinos can be testified at the LHC
or future high energy accelerators. The RG evolution of gauge couplings for the set
of mass scales given in eq. is presented in Fig. showing clearly the unification
of the four gauge couplings of the (G213 intermediate gauge symmetry.
Model-II:
As shown in Table for Model-II, the G113p symmetry is found to survive down
to Mp+ = Mp = 10%2 GeV with My = 6.5 x 10' GeV when the color octet mass
is at Mc = 108 GeV. As discussed below the proton lifetime in this case is closer to

the current experimental limit. One example of RG evolution of gauge couplings
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MY | Mc My | Mg | ag Tp
(TeV) | (GeV) | (GeV) | (GeV) (Yrs.)
10 10%° 10° 1069 [ 41.1 | 5.4 x 10%
10 10° 1039 | 1067 [ 41.4 | 1.1 x 10%
10 107 10° 10164 1 41.7 | 8.4 x 10°"
10 10199 107 | 1093 | 419 | 3.2 x 10*
5 1078 1088 | 10'64 [ 415 | 9 x 10%7

Table 5.3: Allowed mass scales as solutions of renormalization group equations for
gauge couplings for Model-I with fixed value of the LH triplet mass Ma = 108 GeV,

2 4 6 8 10 12 14 16 18
logy(WGeV)

Figure 5.3: Two loop gauge coupling unification in the SO(10) symmetry breaking
chain with My = 101592 GeV and M} = 10%7 GeV, Ma, = 10® GeV with a low
mass Z' boson at M}, = 10 TeV for Model-I.

MY | Mc | M} Mg | o Tp
(TeV) | (GeV) | (GeV) | (GeV) (Yrs.)
10 10*> [ 107886 | 101615 | 40.25 | 4.3 x 10%°
10 10°° | 10™% | 1069 | 40.64 | 1.6 x 10%
10 108 105789 | 10162 | 41.49 | 3.9 x 10*
10 10%° | 1088 10%° [ 41.69 | 1.12 x 10%*
5 10°8 [ 1072 | 10™% | 41.15 | 2.3 x 10%°

Table 5.4: Allowed mass scales as solutions of renormalisation group equations for
Model-IT as described in the text.
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Figure 5.4: Two loop gauge coupling unification in the SO(10) symmetry breaking
chain with My = 102 GeV and Mp+ = 1087 GeV with a low mass Z’ boson at
M}, =10 TeV for Model-II.

is shown in Fig[5.4] for Mpo = 10 GeV, Mg+ = 1037 GeV, Mc = 10° GeV, and
My = 6.5 x 10'° GeV. Clearly the figure shows precise unifucation of the three gauge
couplings of the intermediate gauge symmetry Gaz13p at the GUT scale. For all other
solutions given in Table-I the RG evolutions and unification of gauge couplings are
similar. In both the models, with allowed values of Mg+ > Mpo =5 — 10 TeV, the

numerical values of gauge couplings gor, g1z and gg_; predict [85,105-H111],

5.3.1 Proton lifetime prediction

In this section we discuss predictions on proton lifetimes in the two models and com-
pare them with the current Super-Kamiokande limit and reachable limits by future
experiments such as Hyper-Kamiokande [318-321]. Currently, the Superkamiokande

detector has reached the search limit

(Tp)eape. (P — €71) > 1.4 x10°" yrs, (5.40)
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The proposed 5.6 Megaton years Cherenkov water detector at Hyper-Kamiokane,
Japan is expected to probe into lifetime [318-321],

(7o) tryper—rc. (P = etr) > 1.3x10% yrs, (5.41)
The width of the proton decay for p — et ¥ is expressed as [146}322,1323]

4

T +.0y  _ mp e

#= ) <647rf3) s (MU4
|AL)|au*(1+ D + F)* x R. (5.42)

where R = [(A%p + A%, ) (1 + |Vaal?)?] for SO(10), Vg = 0.974 = the (1,1) element
of Voxu for quark mixings, Agr(Agr) is the short-distance renormalization factor
in the left (right) sectors and A, = 1.25 = long distance renormalization factor.
My = degenerate mass of 24 superheavy gauge bosons in SO(10), ay = hadronic
matrix element, m, = proton mass = 938.3 MeV, f, = pion decay constant = 139
MeV, and the chiral Lagrangian parameters are D = 0.81 and F' = 0.47. With
ag = dg(1+D+F) = 0.012 GeV? obtained from lattice gauge theory computations,
we get Ap ~ ApAsp, ~ AL Asg =~ 2.726 for both the models. The expression for the

inverse decay rates for the models is expressed as,

64m f2 [ My*
=T p—etr’) = oam /e ) x
mp gG4

1
[ALPlauP(1+ D+ F)? x R

(5.44)

where the factor F, = 2(1 + |V,,4?)? ~ 7.6 for SO(10). Now using the given values
of the model parameters the predictions on proton lifetimes for both the models are
given in Table and Table [5.4, We find that for proton lifetime predictions acces-
sible to Hyper-Kamiokande detector [318-321], it is necessary to have a intermediate
value of the color octet mass Mgy > 103°GeV in Model-II and My > 10'%8GeV
in Model-I. The predicted proton lifetime as a function of the color octet mass is
shown in Fig. both for Model-I and for Model-II. These analyses suggest that
low color octet mass in the TeV scale and observable proton lifetime within Hyper-

Kamiokande limit are mutually exclusive. If LHC discovers color octet within its
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achievable enegy range, proton decay searches would need far bigger detector than
the Hyper-K detector. On the other hand the absence of color octet at the LHC
would still retain the possibility of observing proton decay within the Hyper-K limit.

log;(( 7,/years)

8
log,((mg/GeV)

Figure 5.5: Variation of proton lifetime as a function of color octet mass M¢ for
Model-I (upper curve) and Model-1II (lower curve). The horizontal line is the present
experimental limit.

5.4 Brief discussion on low mass 7’ boson.

Although in our model the Z’ boson is present at TeV scale, there is no effect
of this boson on the electroweak precision observables, STU parameters and other
electroweak constraints. We also point out occurence of small Z — Z’ mixings while
indicating briefly a possible application for dilepton production.

In the allowed kinematical region, we have estimated the partial decay widths,

I(Z — S;5;) =TY] Zy (Ve 1 (6 = 1,2), (5.45)

where the standard value I = 0.17 GeV and V”S (Mp/M)q,; with a = ve, v, v;
and 7 = 1,2,3. We then obtain I'(Z — S151) = 1.2 x 107 GeV for NH, TH, and
QD cases, and I'(Z — S555) = 6.6 x 107! GeV for QD case only. Similarly we have
estimated the partial decay width

T(W —1S;) =Tl Z| (V) P i =1,2), (5.46)
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and obtained T(W — eS;) ~ I'(W — eS3) = 3.5 x 107 GeV, (W — uS;) ~
LW — pS3) = 1.8x1077 GeV, and (W — 751) ~ T(W — 75;) = 1.0x 1075 GeV.
These and other related estimations cause negligible effects on electroweak precision
observables [324] primarily because of small v — S mixings determined by the model
analyses. In addition to these insignificant tree level corrections, new physics effects
may affect the electroweak observables indirectly via oblique corrections through
loops leading corrections to the Peskin-Takeuchi S, T, U parameters [266,267,325]. In
this model the neutral generator corresponding to heavy Z’ is a linear combinations of
U(1)g and U(1)p_r generators while the other orthogonal combination is the U(1)y
generator of the SM [85,[105-111},116-118]. The Z — Z’ mixing in such theories is
computed through the generalised formula tan?0,, = ]\Ajg/__M% where My = %.
In our model since the LH triplet Az (3,—1,1) has a very small VEV v, = 0.1-0.5eV
<< Vew, the model is consistent with the tree level value of the p- parameter. py = 1.
The radiative corrections due to the 125 GeV Higgs of the SM and the top quark yield
p =~ 1.009 [326]. The new neutral gauge boson Z’ in principle may have additional

influence on the electroweak precision parameters as well as the Z—pole parameters
if My << O(1) TeV [85,/105-111}329,330]. The most recent LHC data has given
the lower bound My > 1.6 TeV [328]. Since our model is based on extended seesaw
mechanism, we require Vz >> V., = 246 GeV and this implies Mz >> M, but
accessible to LHC. Under this constraint Mz ~ O(5—10) TeV are the most suitable
predictions of both the models discussed in this work. As some examples, using
such values of My and the most recently reported values from Particle Data Group
[3310)332] of sin? fy, = 0.2312640.00005, My, = 80.385+£0.015GeV, My, = 91.1876 +
0.0021 GeV, py = 1.01, we obtain 6,,, = 0.00131£0.0003, 0.0005£0.00012, 0.0003+
0.00008, and 0.0002 £ 0.00006 for Mz = 2.0 TeV, 5.0 TeV, 7.5 TeV, and 10 TeV,
respectively. Because of the smallness of the values, these mixings are consistent
with the electroweak precision observables including the Z— pole data [85,105-111,
329,330, 1334,1335]. Some of these masses may be also in the accessible range of the
ILC [333]. Details of experimental constraints on Z — Z’ mixings as a function of Z’

masses would be investigated elsewhere.
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|Chapter 6

Neutrinoless Double Beta Decay and Resonant

Leptogenesis

A basic feature of our type-II seesaw dominance model which we discuss in this
chapter is that, it gives a new contribution to neutrinoless double beta decay in the
Wy, — Wy, channel although the W5 boson mass is ~10® GeV. In addition, our model
provides a mechanism for resonant leptogenesis [189] mediated by TeV scale quasi-
degenerate pair of sterile neutrinos. Two different cases have been identified. In the
Case (a) while the light sterile neutrino S of first generation mediates dominant con-
tribution to double beta decay and like-sign dilepton events with displaced vertices
in the channels eejj, epy g, and ppjj, resonant leptogenesis is allowed to be mediated
by heavy quasi-degenerate sterile neutrino pairs S, and S35 belonging to the second
and the third generations. In another class of solutions identified as the alternative
Case (b), dominant double beta decay and dilepton events with displaced vertices are
mediated by the allowed lighter mass of S5 while resonant leptogenesis is mediated
by the heavy quasi-degenerate sterile neutrino pairs, S; and S3. In addition to QD
hierarchy of light neutrino masses, most important fact is that we also show how
all these results hold in the presence of NH neutrino masses. This result might be
important if the recent cosmological bound [336] is finally established.This chapter
is organized as below. In Sec[0.1] we discuss the phenomenon of neutrinoless double
beta decay. Neutrinoless double beta decay half life and effective mass parameter
are discussed in Sec[6.2] In Sec[6.3 we discuss the mechanism of leptogenesis.
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6.1 Neutrinoless double beta decay

Even with the vanishing bare mass term pg = 0 in the Yukawa Lagrangian of eq. ,
the singlet fermions S;(i = 1,2,3) acquire Majorana masses over a wide range of
values and, in the leading order, the corresponding mass matrix given in eq. is
mg = —M MLNM T As far as light neutrino mass matrix is concerned, it is given
by the type-1I seesaw formula of eq. which is independent of the Majorana
mass matrix mg of singlet fermions. But the combined effect of substantial mixing
between the light neutrinos and the singlet fermions, and the Majorana neutrino
mass insertion mg due to the singlet fermions, the Feynman diagram of Fig.
gives rise to new contributions to the amplitude and the effective mass parameter
for Ov6 in the Wi, — W, channel. This may be contrasted with conventional type-I1
seesaw dominated non-SUSY SO(10) models with only three generations of standard
fermions in 16;(i = 1,2,3) where there are negligible contributions to Ovf33 decay
due to non-standard particle exchanges. The charged current interaction Lagrangian

for leptons in the present model in the flavor basis is

fee = 2 % [zamumwmzammwg the  (61)

a=e,u,T

In the present model the Wf%[ bosons and the doubly charged Higgs scalars, both left-
handed and right handed, are quite heavy with My, ~ Ma ~ 10 — 10° GeV that
make negligible contributions to the RH current effects and Higgs exchange effects
for the Ov 5 decay amplitude. The most popular standard and conventional contri-
bution in the W, — W, channel is due to light neutrino exchanges. But one major
point in this work is that even in the W, —W, channel, the singlet fermion exchange
allowed within the type-II seesaw dominance mechanism, can yield much more dom-
inant contribution to Ovgf decay rate. For the exchange of singlet fermions (S'j),
the Feynman diagram is shown in the Fig{6.1l The heavier RH neutrino exchange
contributions are found to be negligible compared to the singlet fermion exchange
contributions since my, >> ms,. To visualise this clearly we note that every neutrino

flavour state v, is a superposition of mass eigen states v;, 5}, and Ni, (i=1,2,3).

Vo = V0, + VS, + VYN N; (6.2)
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Figure 6.1: Feynman diagrams for neutrinoless double beta decay contribution with
virtual Majorana neutrinos 7;, and .S; in the W — Wp-channel.

, where (i=1,2,3) and (o = e,u,7). In the mass basis, the contributions to the decay

amplitudes by v, S ans N exchanges are estimated as

L (Ver)” m,
R S LA (6.3)
WL i=1,2,3 p

1 (vr$)?
ALE =) (6.4)
S IA/lVL j;ﬁ mg;
1 (V)2
AL ~ 7 6.5
N MIA}VL j;ﬁ mNj ( )

where [p| ~ 190 MeV represents the magnitude of neutrino virtuality momentum
[337-346]. Using uncertainities in the nuclear matrix elements [343-346] we have
found it to take values in the range |p| = 120MeV —200MeV. In order to understand
physically how the singlet fermion Majorana mass insertion terms as a new source of
lepton number violation contributes to Ov 53 process, we draw the Feynman diagram
Fig[6.1] with mass insertion. In this model, the Majorana mass matrix for the singlet
fermion after block diagonalisation is mg = —MMy'MT. Then exchanges of such

singlets generate dominant contribution through their mixings with active neutrinos
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and this mixing is proportional to the Dirac neutrino mass Mp. Similarly

Vs Mp
‘/;,j = (W) o
ej

Mp
VN = (—) : (6.6)
J My o

It is important to note that in SO(10), Mp ~ M, the up-quark mass matrix. This is
another factor in enhancing neutrinoless double beta decay contribution. It is clear
from the Fig. that the singlet fermion exchange amplitudes are derived [87] to
have the same form as in eq..

6.1.1 Nuclear matrix elements and normalized effective mass

parameters

By now it is well known that different particle exchange contributions for 0r23 de-
cay discussed above are also modified by the corresponding nuclear matrix elements
which depend upon the chirality of the hadronic currents involved [343-346]. In-
cluding all relevant contributions except those due to heavy doubly charged Higgs
exchanges, and using eq. - eq. , we express the inverse half-life in terms of
effective mass parameters with proper normalization factors. Thus after taking into

account the nuclear matrix elements [343}{346] leads to the half-life prediction

-1

Gt UMY Pl 2+ IMY Pl 2 + M 2y, |2 (6.7)
+ |M§”| ImAl® + [MY¥n,[? } + interference terms. (6.8)

v

where the dimensionless particle physics parameters are

|77V| =

MIV

R L
=m

|77N’ P (7”' )

R

Np S
vy VS

me.

2 [

(M, \? Mp
mi= () o (32 ),
Mp
Vei (M—NL

77

|Z Vw/

NN?2
VG’L

mn;

Iny| =

17| = tan (rr




In eq. , me (m;)= mass of electron (light neutrino), and m, = proton mass.
In eq. , Gy is the the phase space factor. Besides different particle physics
parameters, it contains the nuclear matrix elements due to different chiralities of
the hadronic weak currents such as (M%) involving left-left chirality in the stan-
dard contribution, and (M%) due to heavy neutrino exchanges involving right-right
chirality, (M) for the A-diagram, and (Mg”) for the n-diagram. Explicit numer-
ical values of these nuclear matrix elements discussed in ref. [343-346] are given in

Tab. [6.1]

v 10=14 <ol

Isotope Gof (107 yrs™'] M MY MY M(,)]”
refs. |343-346]

6Ge 0.686 2.58-6.64 233412 1.75-3.76 235-637

82Ge 2.95 2.42-5.92 226-408 2.54-3.69 209-234

130T 4.13 2.43-5.04 234-384 2.85-3.67 414-540

136X e 4.24 1.57-3.85 160-172 1.96-2.49 370-419

Table 6.1: Phase space factors and nuclear matrix elements with their allowed ranges
as derived in refs. [343H346]

In order to arrive at a common normalization factor for all types of contributions,
at first we use the expression for inverse half-life for 025 decay process due to only

~1
light active Majorana neutrinos, [Tffz} = G | MO |n, |2

6.2 Effective mass parameter and half-life

Adding together the Ovf5 decay amplitudes arising out of light-neutrino exchanges,
singlet fermion exchanges, and the heavy RH neutrino exchanges in the W, — W
channel from eq.(6.3)), eq.(6.4)), eq.(6.5) and using suitable normalisations [343-346],
we express the inverse half life
ov1—1 Ov MIOJV 2 ee ee ee\ |2
[T1/2} = Go1‘m—| [(m;f +mg + mfy)|",
= Ko|(mj + m§ + m{)[*,

= Koy |meg?. (6.10)

In the above equation GYY = 0.686 x 10~ yrs™!, M% = 2,58 — 6.64, Ky, = 1.57 X

10~®yrs~'eV 2, and the three effective mass parameters for light-neutrino, singlet
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fermion, and heavy RH neutrino exchanges are

m = (V) my, (6.11)

ee __ vS\2 |p|2 ~
mg = Z (Vei) —— (6.12)
ee __ vN\2 |p|2 3
my = (V) p— (6.13)
with
Mg = m;° + mg + mj. (6.14)

Here mg, is the eigen value of the S— fermion mass matrix mg, and the magnitude of
neutrino virtuality momentum |p| = 120 MeV—200 MeV. As the predicted values of
the RH neutrino masses carried out in Sec. have been found to be large which
make their contribution to the Ov3/ decay amplitude negligible, we retain only con-
tributions due to light neutrino and singlet fermion exchanges. The estimated values
of the effective mass parameters due to the S— fermion exchanges and light neutrino
exchanges are shown separately in Fig. where the magnitudes of corresponding

mass eigen values used have been indicated.

6.2.1 Numerical estimations of effective mass parameters

Using the equations of normalized mass parameters [87], we estimate numerically
the nearly standard contribution due to light neutrino exchange and the dominant
non-standard contributions due to singlet fermion exchanges.

A.Nearly standard contribution

In this model the new mixing matrix N' = V" = (1 —n) U, contains additional
non-unitarity effect due to non-vanishing n [87] Using Mp., = 1213 GeV the N-S

mixing mass in the degenerate case, we estimate
N = (0.81437, 0.54858, 0.1267 + 0.09227). (6.15)

Since all the n— parameters are constrained by [n,s] < 1073, it is expected that
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IN.i| = |Ug| for any other choice of M. In the leading approximation by neglecting
the n,; contributions, the effective mass parameter in the the Wy — W}, channel with

light neutrino exchanges is expressed as

ee __ 2.4
m, = E N,
7

~ (012013)2m16ia1 + (812013)2m26ia2 + S%3€i6

ms, (6.16)
where we have introduced two Majorana phases a; and as. As discussed subsequently
in this section, they play crucial roles in preventing cancellation between two different
effective mass parameters. Using a; = as = 0 and the experimental values of light
neutrino masses and the Dirac phase 6 = 0.87 from eq., the light neutrino

exchanges have their well known values,

0.0039¢V  NH,
Ime|  ={ 0.04805eV  IH, (6.17)
0.23eV  QD.

B. Dominant non-standard contributions

The (ei) element of the v — S mixing matrix is [87]
VoS = (2. (6.18)

where the Dirac neutrino mass matrix Mp has been given in eq. and M =
diag(My, My, M3). We derive the relevant elements of the mixing matrix V¥ using
the structures of the the Dirac neutrino mass matrix Mp given in eq. and
values of the diagonal elements of M = diag(M7, My, M3) satisfying the non-unitarity
constraint in eq.. The eigen values of the S— fermion mass matrix mg are
estimated for different cases using the structures of the RH Majorana neutrino mass
matrices given in eq., eq., and eq. in the formula mg = —MMLNMT.
It is clear that in the effective mass parameter the non-standard contribution due to
sterile fermion exchange has a sign opposite to that due to light neutrino exchange
and also its magnitude is inversely proportional to the sterile fermion mass eigen
values. In the NH case the estimated effective mass parameters are shown in Fig[6.2]
where the values of diagonal elements of M and the eigen values of mg have been

specified. For comparison the effective mass parameters in the standard case without
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singlet fermions have been also given. It is clear that for allowed masses of the
model, the non-standard contributions to effective mass parameters can be much
more dominant compared to the standard values irrespective of the mass patterns of

light neutrino masses, in NH, TH or QD cases.

10 \ \
(1.2, 502, 883), M(40, 400, 1180)

m(7.6, 515, 909), M(100, 400, 1180)

01 Std(IH)
m(35, 588, 1093), M(250, 400, 1180)
0.01

/

Im_ l(eV)

Std(NH)
0.001 E
0.0001 : : ‘
1e-05 0.0001 0.001 0.01 0.1

m;(eV)

Figure 6.2: Variation of the effective mass parameters with lightest LH neutrino mass.
The dominant non-standard contributions due to fermion singlet contributions are
shown by three horozontal lines with corresponding mass values in GeV units. The
subdominant effective mass parameters due to NH and IH cases shown are similar
to the standard values.

6.2.2 Cancellation between effective mass parameters

When plotted as a function of singlet fermion mass eigen value mg,, the resultant ef-
fective mass parameter shows cancellation for certain region of the parameter space,
the cancellation being prominent in the QD case. Like the light neutrino masses, the
singlet fermion masses mg, are also expected to have two Majorana phases. When
all Majorana phases are absent, both in the light active neutrino as well as in the
singlet fermion sectors, it is clear that in the sum of the two effective mass param-
eter there will be cancellation between light active neutrino and the singlet fermion
contributions because of the inherent negative sign of the non-standard contribution.
Our estimations for NH, IH, and QD patterns of light neutrino mass hierarchies are
discussed separately.

A. Effective mass parameter for NH and IH active neutrino masses
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In Fig. [6.3, we have shown the variation of the resultant effective mass parameter
with mg, for NH and IH patterns of active light neutrino masses. It is clear that for
lower values of mg,, the singlet fermion exchange term continues to dominate . For
larger values of mg, the resultant effective mass parameter tends to be identical to
the light neutrino mass contribution due to the vanishing non-standard contribution.
We note that the values |mes¢| = 0.5—0.1 eV can be easily realised for |mg,| =3 -5
GeV in the NH case but for |mg,| =1 — 2 GeV in the IH case.

1

01}
IH Std(IH)

Im¢d(eV)

Std(NH) ]

0.001 ‘
10
Im, I(GeV)

Figure 6.3: Variation of effective mass of Ov33 decay with the mass of the lightest
singlet fermion for the value of [p| = 190 MeV .

B. Effective mass parameter for QD active neutrinos

The variation of effective mass with mg, for the QD case with one experimentally
determined Dirac phase 6 = 0.87 and assumed values of two unknown Majorana
phases is given in Fig. [6.4] The left-panel of Fig. shows the variation with
a1 = ag = 0 for different choices of the common light neutrino mass mg = 0.5 eV,
0.3 eV , and 0.2 eV for the upper, middle, and the lower curves, respectively, where
cancellations are clearly displayed in the regions of mg, = 0.4 — 1.5 GeV. However,
before such cancellation occurs, the dominance of the singlet exchange contribution
has been clearly shown to occur in the regions of lower values of mg,. For larger
values of mg, > 5 GeV, the singlet exchange contribution tends to be negligible and
the light QD neutrino contribution to m.s is recovered. In the right panel of Fig.
[0.4] the upper curve corresponds to ay = 7, as = 7 at mg = 0.2 eV. The middle
line corresponds to a; = m, ay = 0 at my = 0.5 eV .The lower line corresponds to
a; =0, ap =7 at mg = 0.3 eV. We find that because of introduction of appropriate

Majorana phases the dips in two curves have disappeared.
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Figure 6.4: Variation of effective mass of Ovg/ decay with the mass of the lightest
singlet fermion for QD light neutrinos with one Dirac phase (left) and one Dirac
phase and two Majorana phases (right).

6.2.3 Half-life as a function of singlet fermion masses

In order to arrive at a plot of half-life against the lightest singlet fermion mass in
different cases, at first we estimate the mass eigen values of the three singlet fermions
for different allowed combinations of the N —.S mixing matrix elements satisfying the
non-unitarity constraint of eq. and by using the RH neutrino mass matrices
predicted for NH, IH, and QD cases from eq.(5.14), eq.(5.16)), eq.(5.18), and eq.(5.19).

These solutions are shown in Table [0.2]

We then derive expressions for half-life taking into account the contributions of the
two different amplitudes or effective mass parameters arising out of the light neutrino

and the singlet fermion exchanges leading to

2

-2
m
T = sl [1+X+Y] , 6.19
[ 1/2} K0u|p|4(MD/M)el4 | | ( )

where

v _ (Mp/M)ey* ms, Jr(]\4D/]V-’)e:’>2m5& (6.20)
(Mp/M)ei® ms, — (Mp /M), ms,’
Y = mf%. (621)
p (MD/M>€1

Here we have used the expression for m¢® given in eq.(6.11)). In eq.(6.19)), Y = 0 gives
complete dominanace of the singlet fermion exchange term. However this formula of

half-life is completely different from the one obtained using inverse seesaw dominance
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M
(GeV)

mis(NH)
(GeV)

M
(GeV)

ms(IH)
(GeV)

(40,400,1180)

(1.2,502,883)

(40,450,1280)

(0.4,54.32,7702)

100,400,1180

(7.65,515,909))

(60,450,1280)

(0.9,54.4,7705)

150,400,1180

(16,533,951)

(70,450,1280)

(1.2,54.4,7706)

( )

( )

(200,400,1180) | (25,558,1011) || (100,450,1280) | (2.5,55,7715)

(250,400,1180) | (35,588,1003) || (300,450,1280) | (22,56,7831)

(300,400,1180) | (43,622,1200) || (400,450,1280) | (36.2,59,7933)

(350,400,1180) | (50,659,1331) || (450,450,1280) | (42,64,7996)
(GeV) (GeV)

100,600,1500

(0.5,17.7,109))

130,600,1500

(0.8,17.7,109)

200,600,1500

(1.97,17.7,109)

(4.4,17.7,109)

350,600,1500

(6.05,17.7,109)

400,600,1500

(8,17.7,109)

500,600,1500

(12.3,17.7,109)

( )
( )
( )
(300,600,1500)
( )
( )
( )
( )

600,600,1500) | (17.7,17.7,109)

Table 6.2: Eigen values for singlet fermion mass matrix for different allowed N — .S
mixing matrix elements for NH, IH, and QD patterns of light neutrino masses

in SO(10) [8§]. In this model half-life depends directly to the square of the lightest
singlet fermion mass and it is independent of the right-handed neutrino mass which
is non-diagonal. But in [88], the half-life of neutrino less double beta decay is directly
proportional to the fourth power of the lightest singlet fermion mass and square of

the lightest right handed neutrino mass leading to a different result.

A. Half-life in the NH and IH cases

We have computed the half-life for NH and IH patterns of active neutrino masses,
taking the contributions of singlet fermion as well as light active neutrino exchanges.
This is shown in the left-panel for NH case and in the right panel for IH case in
Fig[6.5] Taking both X term and Y term in eq.(6.19) , we find that for smaller
value of mg, ,the contribution due to sterile neutrino is dominated for both NH
and TH. But with the increase in the value of mg,, the half-lfe increases showing
its decreasing strength. The predicted half-life curve satuarates the experimental
data at mg, ~ 3 GeV and mg, ~ 2 GeV, for NH and the IH cases, respectively.

The interesting predictions are that if the lightest sterile neutrino mass satisfies the
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bound mg, < 3GeV, then the Ovf3S decay should be detected with half-life close to
the current experimental bound even if the light neutrino masses have NH pattern
of masses. Similarly the corresponding bound for the IH case is mg, <2 GeV. But
in [88] which has inverse seesaw dominant formula for m,,, the corresponding bound
for the NH and IH case is mg, < 14 GeV.

1e+06 T 100000

Std(NH)

100000 - 10000 1

Std(NH) P
10000 | E
~ 1000 |- 1
Std(IH)
1000 1

Std(IH)

Ty (107 yrs.)
Ty 5(10% yrs.)

-
o
o

100 |

10 Expt.Bounds
10 Expt.Bounds P

| |
10 1 10
I, |(GeV) I, (GeV)

Figure 6.5: Variation of half-life of Ov35 decay with the sterile neutrino mass for
NH(left) and IH(right) patterns of light active neutrino masses for |p| = 190 MeV.

B. Lifetime prediction with QD neutrino masses.

For QD masses of light active neutrinos we considered the X term and Y term of
eq.(6.19) i.e including both the sterile neutrino exchange and light neutrino exchange
contributions. For the light-neutrino effective mass parameter occuring in Y, we
have considered three different cases with common light-neutrino mass values my =
0.2eV,0.3eV, and 0.5eV resulting in three different curves shown in the left- and
the right- panels of Fig. [0.6] In the left-panel only the experimentally determined
Dirac phase § = 0.87 has been included in the PMNS mixing matrix for light QD
neutrinos while ignoring the two Majorana phases(a; = ay = 0). In the right
panel while keeping 6 = 0.87 for all the three curves, the Majorana phases have been
chosen as indicated against each of them. As the sterile neutrino exchange amplitude
given in eq. is inversely proportional to the eigen value of the corresponding
sterile neutrino mass mg,, even in the quasi-degenerate case this contribution is
expected to dominate for allowed small values of mg,. This fact is reflected in both
the figures given in Fig[6.6, When Majorana phases are ignored, this dominance
gives half-life less than the current bounds for mg < 0.5 GeV when my = 0.5
eV, but for mg, < 0.7 GeV when my = 0.2 — 0.3 eV. When Majorana phases

are included preventing cancellation between the two contributions, these crossing
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points are changed to mg, < 0.7 GeV when my = 0.3 eV, but mg, < 1.0 GeV
when mg = 0.2 — 0.5 eV. In one of the paper [88] which is inverse seesaw dominant,
the corresponding bound for the QD case is mg, < 12.5 GeV. The peaks in the
half-life prediction in the curves appear because of cancellation between the two
effective parameters. Inclusion of Majorana phases annuls cancellation resulting in
constructive addition of the two effective mass parameters and reduced values of
half-life accessible to ongoing searches. For larger values of mg, >> 20 GeV, the
sterile neutrino contribution to Ovg/3 amplitude becomes negligible and the usual

contributions due to light quasi-degenerate neutrinos are recovered.
5
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Figure 6.6: Variation of half-life of Ov3/ decay with the mass of the lightest singlet
fermion for QD light neutrinos with one Dirac phase (left) and with one Dirac phase
and two Majorana phases (right).

6.2.4 Scattered plots for singlet fermion exchange dominated
half-life

The nonstandard contributions to half life of double beta decay as a function of
sterile neutrino mass has been discussed in [86-88,208|243|. The models predict v—.S
mixing and sterile neutrino masses which have been used to predict the half-life in
the case of different hierarchies of light neutrino masses:NH, TH, and QD. Using the
estimations of ref. |[88] which are also applicable to models of refs. [87,]208,242,243),
scattered plots for the predicted half-life are shown in Fig[6.7] Figl6.8 and Figl0.9]
for the three types of neutrino mass hierarchies.

In Figl6.10] we show predictions in the QD case excluding and including the CP

phases of Majorana type sterile neutrinos. The cancellations between light neutrino
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Figure 6.7: Scattered plots for half-life prediction of double beta decay as a function
of neutral singlet fermion mass in the case of normal hierarchy (NH) of light neutrino
masses from "°Ge nucleus (left-panel) and from 3¢ Xe nucleus right panel.
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Figure 6.8: Same as Fig[6.7] but for inverted hierarchy (IH) of light neutrino masses.
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Figure 6.9: Same as Fig[6.7but for quasi degenerate (QD) type light neutrino masses.

exchange amplitude and the sterile neutrino exchange amplitude is shown by the two
peaks. When CP phases associated with the Majorana type sterile neutrino mass

eigen value(s) are included, the peaks are smoothened as shown by dotted lines .

6.2.5 Sterile neutrino mass prediction from double beta de-

cay half-life

In Figl0.1]] estimations on the lightest sterile neutrino masses are predicted which
saturate the current experimental limit on the observed double beta decay half life
using Ge—76 and Xe—136 nuclei for three different light neutrino mass hierarchies
in each case. The uncertainties in the predicted masses correspond to the existing
uncertainty in the neutrino virtuality momentum |p| = 120 — 200 MeV. The green

horizontal line represents the average value
mg, = 18£4 GeV, (6.22)

of the lightest sterile neutrino mass determined from double beta decay experimental
bound . Lower values of this mass has been obtained using light neutrino assisted
type-II seesaw dominance .

These predictions suggest that sterile neutrino exchange contribution dominates
the double beta decay rate even when the light neutrino masses have NH or IH type of
mass hierarchies. To predict double beta decay saturating the current experimental

bounds, it is not necessary that light neutrinos should be quasi-degenerate in mass.
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Figure 6.10: Prediction of half-life for double beta decay as a function of sterile
neutrino mass in the case of QD type mass hierarchy with the common mass pa-
rameter my = 0.23 eV. The peaks correspond to cancellation between light neutrino
and sterile neutrino exchange amplitudes when Majorana CP phases of sterile neu-

trino is ignored. The dotted line shows the absence of peaks when CP phases are
included [88]
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Figure 6.11: Prediction of light sterile neutrino mass from the saturation of experi-
mental decay rates of ongoing searches for different active neutrino mass hierarchies.
The horizontal green line indicates the average value of all results.
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On the other hand if double-beta decay is not found with half-life close to the current
limits, then the solutions with light sterile neutrino masses in the range ~ (2 — 15)

GeV are ruled out, but the model with larger mass eigen values easily survives.

6.3 Leptogenesis

6.3.1 Singlet fermion assisted resonant leptogenesis in non-
SUSY SO(10)

An extensive review of thermal leptogenesis with reference to LFV is available
in [347]. With the neutrino mass following a modified type-I seesaw at a scale
> 10® GeV, thermal leptogenesis has been investigated. It is well known that TeV
scale RH neutrinos can participate in resonant leptogenesis contributing to enhanced
generation of leptonic CP-asymmetry that is central to generation of baryon asym-
metry of the universe via sphaleron interactions. The experimental value of baryon
asymmetry of the universe is 8.66 411 x 107! [348]. Here we briefly discuss a recent
work [208] where quasi-degenerate sterile neutrinos at the TeV scale in non-SUSY
SO(10) have been shown to achieve resonant leptogenesis through their decays. The

Feynman diagrams at the tree level and with vertex and self energy corrections are
shown in Fig6.12]

Figure 6.12: Tree and one-loop diagrams for the Sy decay contributing to the CP-
asymmetry. All fermion-Higgs couplings in the diagrams are of the form V' h where
h = N — 1 — ® Yukawa coupling and V' ~ M /My.

The CP-asymmetry formula for the resonant leptogenesis is [208§]

y y k] (
Z IyT — N R (6.23)

Ylis vty ke
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where

(6.24)

y = (M/My)h, h = Mp/Vy, and Vi ~ 174 GeV. This leads to the baryon asym-

metry

Y) 6.25
B QOOKk ) ( )
where
I's
K, = —/* 6.26
In eq.(6.26) H(mg,) is the Hubble parameter at temperature mg, .
m2
H(in,,) = 1.66g1% —% (6.27)
Planck
where g, >~ 107. In eq.(6.26)) the singlet fermion decay width is
Lo+
Defining
ms, — Mg,
LS (6:29)
[,
the depleted washout factor is [349)
K~ 52 K;. (6.30)

Here we discuss two cases for the sterile neutrino contribution towards leptogenesis
and baryon asymmetry: (a) mg, is light, m, and 1, are quasi-degenerate; (b) ms,
is light, m,, and my, are quasi-degenerate.

Case (a). mg, light, m,, and m,, heavy and quasi-degenerate.

Using an allowed interesting region of the parameter space M ~ diag.(146, 3500, 3500)
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M, M, Mg, Baryon T 10/"2
(GeV) | (GeV) | (GeV) | asymmetry | (10%yrs.)
1 500 500 | 8.0x 1071 2.72
10 500 500 | 8.1 x 1071 16.01
500 1 500 | 8.1 x 1071 0.0494
500 3 500 | 8.2 x 107! 2.19

Table 6.3: Predictions for baryon asymmetry and double-beta decay half-life as a
function of sterile neutrino masses.

GeV, Vi = 10* GeV, and My = fVi we get

s, = diag.(1.0,595.864..,595.864..)GeV, (6.31)

leading to Ky = 4.0 x 107. Using (1hg, — ms,) ~ 4 x 1077 GeV, we obtain

es, = 0512,
Yp = 8.0x107", (6.32)

Case (b) 7, light, m,, and 7, heavy and quasi-degenerate.

Choosing another allowed region of the parameter space M ~ diag.(3200, 146, 3200)
GeV, similarly we get

s, = diag.(500.567.., 1.0,500.567..)GeV, (6.33)
leading to K; = 8 x 10°. Using (g, — ms,) ~ 9 x 107> GeV, we obtain

es, = 0.128,
Yp = 81x107', (6.34)

In Case (a) with mg, ~ O(1) GeV, the lightest sterile neutrino acts as the most
dominant source of Ovf3[ decay whereas the heavy quasi-degenerate pair of sterile
neutrinos Sy and S3 mediate resonant leptogenesis. Similarly in the alternative
scenario of Case (b) with mg, ~ O(1) GeV, the second generation light sterile
neutrino acts as the mediator of dominant double beta decay while the heavy quasi-
degenerate pair of the first and the third generation sterile neutrinos mediate resonant
leptogenesis. Because of the resonant leptogenesis constraint, we note that either
Case (a) or Case (b) is permitted, but not both.
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Our predictions for the double beta decay half-life and the baryon asymmetry in
Case (a) and Case (b) are presented in Table [0.3] It is clear that for smaller mass
eigen values of sterile neutrinos in Case (a) or Case (b), it is possible to saturate
current experimental limit on the double-beta decay half-life while explaining the
right order of magnitude of the baryon asymmetry. Thus, in addition to the Case
(a) found in ref. [208], we have shown another possible alternative scenario as Case
(b).

Before concluding this section certain interesting results on thermal leptogene-
sis derived earlier are noted. Thermal leptogenesis with a hybrid seesaw and RH
neutrino dark matter have been proposed by introducung additional U(1) gauge
symmetry [201]. Thermal leptogenesis in extended seesaw models have been inves-
tigated earlier |198,350-353] which are different from our cases reported here and
earlier [184}208]. Possibilities of falsyfying high-scale leptogenesis on the basis of
certain LHC results and also on the basis of LEV and Ov55 decay results have been
suggested [354,355] . Prospects of dark matter in the minimal inverse seesaw model

has been also investigated in ref. [356}357]

6.3.2 Resonant leptogenesis with light NH masses

As noted earlier, the motivation for this analysis is based upon the possibility that
light neutrino masses may be NH type rather than QD type as suggested from recent
cosmological bound [336] with

> m, < 0.15eV, (6.35)
and more stringent bound [358]
> m, < 012V (6.36)

Although such cosmological bounds may need further confirmation by laboratory
experiments on earth, it is worth while to see if our models may be able to account
for BAU even if NH hierarchy is adopted.

We have choose an interesting region of the parameter space M ~ diag.(38.27,752.1,1219.0)
GeV. Then using the RH neutrino mass matrix My derived in ref. [208] in the NH

case, we get

s, = diag.(1.2,1348.86..,1348.86...)GeV. (6.37)
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containing the desired mass patterns. In this case using eq.(6.28]), we have derived
the two decay widths

I, = 8.63GeV, (6.38)

['s, = 0.009GeV. (6.39)
Noting the corresponding value of the Hubble parameter
H(mg,) = 2.91 x 107 2GeV, (6.40)
the washout factor due to the S; decay is estimated using eq.
K3 =2.96 x 10" (6.41)
Using |mg, — mg,| ~ 0.003 GeV and eq., the CP-asymmetry
es, = 0.00583. (6.42)

Using eq.(6.29)), we have calculated damping factor or the depletion factor for this

large washout
03 = 0.0003. (6.43)
Leading to the effective washout factor through eq.
K.pp = 405367. (6.44)

With this depleted washout, the baryon asymmetry formula of eq.(6.25]) that turns
to be

£s
Ypp o~ —h 6.45
B 200K, ¢ (6.45)
gives
Yp = 8.0x107", (6.46)

With the value of S; mass given in eq.( 6.37) we have verified that the double beta
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decay lifetime is predicted with a value close to the current experimental limit.
Thus we have shown that for NH pattern of light neutrino masses that favours the
recent cosmological bound [336], a light sterile neutrino mass ~ 1.2 GeV allowed in
both the SO(10) models mediates dominant double beta decay. In this case resonant
leptogenesis is implemented by a pair of quasi-degenerate heavy masses ~ 1348.86
GeV of the sterile neutrinos of the second and the third generations which is also
permitted within the allowed parameter space. In this case also the scaling law of
eq. can be applied to examine the validity of resonant leptogenesis for a wider
range of Z' boson masses. In the next two sections we have shown how the lightest
sterile neutrino mediates displaced vertices for like-sign dilepton production in the

channels pp — eejj and pp — ppjj at LHC.

6.3.3 Leptogenesis in extended MSSM and SUSY SO(10)

In the conventional type-I seesaw based leptogenesis models where heavy RH neu-
trino decays give rise to the desired lepton asymmetry [359], the Davidson-Ibarra
bound [360,1361] imposes a lower limit on the scale of leptogenesis, My, > 4.5 x 10°
GeV [360,[361]. This also suggests the lower bound for the reheating temperature
after inflation, Try > 10° GeV, that would lead to overproduction of gravitinos
severely affecting the relic abundance of light nuclei since the acceptable limit has
been set as Try < 107 GeV [362]. Several attempts have been made to evade the
gravitino constraint on leptogenesis where sterile neutrino assisted results are inter-
esting. Obviously gravitino constraint is satisfied in models with TeV scale resonant
leptogenesis [363]. Also in the singlet fermion extended SUSY SO(10) where RH
neutrinos are heavy pseudo Dirac neutrinos and neutrino mass formula is through
inverse seesaw [212], there is no problem due to gravitino constraint [83-85,292]. We

discuss the cases where all the three types of neutrinos are Majorana fermions.

6.3.4 Leptogenesis with extended seesaw dominance

With extended seesaw realisation of leptogenesis in two types of SUSY models have
been investigated under gravitino constraint:(i)MSSM extension with fermion sin-
glets [234-238], and (ii) Singlet extension of SO(10) with intermediate scale Gaa13
gauge symmetry. [239}240]. We discuss their salient features.
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6.3.4.1 MSSM extension with fermion singlets

The Dirac neutrino mass matrix is identified with the charged lepton mass matrix in
this model where MSSM is extended with the addition of heavy RH neutrinos N; as
well as additional singlets \S; [234}235], one for each generation. As already explained
in the limit My > M >> Mp, us extended seesaw formula, which is the same as the
inverse seesaw formula for active neutrino mass. In this case resonant leptogenesis
is implemented via quasi-degenerate RH neutrino decays at the TeV scale. It is
well known that such resonant leptogenesis scenario with My, ~ My, ~ 1 TeV
implemented through canonical seesaw, needs a very small mass splitting between
the RH neutrinos % ~ 107%. With the the tension arising out of fitting the
neutrino oscillation data being transferred from type-I seesaw to extended seesaw
in the presence of additional sterile fermions, it is not unimaginable that this fine
tuning associated with very tiny RH neutrino mass splitting could be adequately
alleviated. The fermion singlets S; give rise to a new self-energy contribution and
using this successful resonant leptogenesis has been found to be possible for a much
larger mass ratio J‘Ag? ~ 10. Possibilities of ~ 100 MeV to ~ 10 GeV mass range for
light sterile neutrinos have been pointed out. In a separate analysis the possibility

of singlet Majorana fermion or singlet scalar as candidates of dark matter has been
pointed out [236]. Realisation of doubly coexisting dark matter candidates in the

context of extended seesaw framework has been pointed out [237].

6.3.4.2 Leptogenesis in SUSY SO(10)

In non-SUSY minimal LR models where Mp is similar to charged lepton mass ma-
trix successful leptogenesis emerges with intermediate scale hierarchical RH neutrino
masses [364]. In SUSY SO(10) the underlying quark-lepton unification forces the
Dirac neutrino mass to be similar to the up-quark mass matrix. This pushes the
type-1 seesaw scale closer to the GUT scale, Mp > 10'* GeV and rules out the possi-
bility of low scale W§x bosons accessible to accelerator searches in foreseeable future
unless the canonical seesaw ansatz is given up, for example, in favour of inverse
seesaw with TeV scale pseudo Dirac neutrinos and Wx bosons [83-85,292]. With
heavy right-handed Majorana neutrinos and GUT-scale LR breaking scale, success-
ful leptogenesis has been implemented in realistic SUSY SO(10) [365]. With the help
of an effective dim.5 operator ansatz which originates from renormalisable interac-
tions at GUT-Planck scale in SUSY SO(10) (without using 126) both thermal and
non-thermal leptogenesis [367-369] have been discussed with heavy hierarchical RH
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neutrino masses [370,371]. Possible solutions to the allowed parameterspace to evade
gravitino constraint have been also discussed in this work.

Apart from the models with resonant leptogenesis, possibility of leptogenesis un-
der gravitino constraint in SUSY SO(10) has been realised with hierarchical RH
neutrinos assisted by sterile neutrinos. As already noted above, in these cases the
extended seesaw formula controls the neutrino mass as a result of cancellation of
type-1 seesaw contribution. Gauge coupling unification in these SO(10) models re-
quires the G213 symmetry to occur at the intermediate scale in the renormalizable
model [240]. A common feature of both these models [239,240] is the generation of
lepton asymmetry through the decay of hierarchical sterile neutrinos through their
respective mixings with heavier RH neutrinos which are also hierarchical.

An important and specific advantage of heavy gauge-singlet neutrino decay to
achieve leptonic CP asymmetry is the following: The singlet neutrino of mass ~ 10°
GeV which decays to l¢ though its mixing with RH neutrino of mass ~ 10*° GeV has
a small mixing angle ~ 1075, This small mixing ensures out-of-equilibrium condition
by making the decay rate smaller than the Hubble expansion rate in arriving at CP

asymmetry at lower temperatures ~ 300 GeV.
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|Chapter 7

Sterile Neutrino Mediated Dilepton Events with

Displaced Vertices, and its Collider Phenomenology

In our type-II seesaw dominant model production in SO(10) discussed in earlier
chapters, both the Z’ boson and the right handed neutrino are present at TeV scales.
Quite recently, as an interesting and novel manifestation of Majorana type of RH
neutrino that drives type-I seesaw, it has been pointed out that if Wg boson is at
the TeV scale and a RH neutrino mass needed for the seesaw is sufficiently light, it
would mediate O3/ decay while like-sign di-electron signals caused due to displaced
vertices mediated by the RH neutrino mass in the range 1 — 80 GeV would provide
more interesting model signatures through eejj events devoid of standard model
backgrounds [182,372] without missing energy. It is worthwhile to point out that
the mechanism of like sign dilepton production at accelerators was at first suggested
by Keung and Senjanovic [373]. Then these like-sign di-electron signals and 0v3
decay events would indicate the presence of the gauge theory at the TeV scale.
Even if there is no Wgx gauge boson at the TeV scale, this approach predicts the
novel possibility of like-sign dilepton events which can be observed at ATLAS or
CMS detectors. In such a type-I seesaw model as the associated RH neutrino is
sufficiently light, it is necessary to fine-tune the associated Dirac neutrino Yukawa
coupligs to small values, 10~7 — 107 to fit the neutrino oscillation data. Secondly, it
may be difficult to implement TeV scale resonant leptogenesis for which two quasi-
degenerate heavy masses of RH neutrinos of two other generations may be needed and
this possibility needs further investigation. Also such a single RH neutrino model
may not adequately mediate detector events at CMS or ATLAS in the channels
pp — ppgjX, or pp — eujjX for which much heavier RH neutrino masses appear
to be needed. In addition, the heavy-light neutrino mixings in this model can be
anywhere bounded by the DELPHI [374] and the double beta decay experimental
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limits.

In this chapter we discuss how the two non-SUSY SO(10) models discussed in
our paper [208], as indicated by eq. and eq., predict a rich structure
of like-sign di-electron and di-muon events with displaced vertices at LHC detec-
tors along with dominant contributions to double beta decay. These can materialise
when the prevailing LF'V constraints and heavy RH neutrino masses allow one of the
singlet fermions (= sterile neutrinos) to be sufficiently light. In contrast to models
along this line including those of ref. [182372] where heavy -light neutrino mixings
are assumed under the DELPHI [374] and the double beta decay constraints , these
mixings in our models are predicted from all charged fermion mass fit at the GUT
scale and the LFV constraints. The Dirac neutrino mass matrix derived in this
manner serves as important ingredient for predictions of LFV, LNV, and dilepton
production events. Two different cases have been identified. In the Case (a)while
the light sterile neutrino S; of first generation mediates dominant contribution to
double beta decay and like-sign dilepton events with displaced vertices in the chan-
nels eejj, epjj, and ppjg, resonant leptogenesis is allowed to be mediated by heavy
quasi-degenerate sterile neutrino pairs Sy ans S3 belonging to the second and the
third generations. Identified as the alternative Case (b), dominant double beta de-
cay and dilepton events with displaced vertices are mediated by the allowed lighter
mass of Sy while resonant leptogenesis is mediated by the heavy quasi-degenerate
sterile neutrino pairs, S; and S3. We also explore detection possibilities of the ex-
tra Z' boson predicted by these two models at the Large Hadron Collider (LHC)
and the International Linear Collider (ILC). We further predict heavy RH Majorana
neutrino production cross sections through the like-sign dilepton production at the
LHC detectors in the W; — W}, channel.

In Sec[7.I|below we have discussed heavy-light neutrinos mixings and predictions
for new physics effects. In Sec[7.2] we have discussed dilepton signals with displaced
vertices. Dilepton signature of RH neutrinos is discussed in Sec[7.3] In Sec[7.4] we

have discussed the collider phenomenology of Z’ boson.
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7.1 Heavy-light neutrinos mixings and predic-

tions for new physics effects

We mention briefly how the matrix elements for v — .S and ¥ — N mixings have been
derived from all charged fermion mass fits at the GUT scale and by utilising N — .S
mixing matrix M from LFV constraint and the My matrix from fits to neutrino
oscillation data.

(i) The v — S mixing:

In predicting the LFV branching ratios we have used the simplifying diagonal struc-

ture for the N — S mixing matrix M,
M = dlag (Ml, MQ, Mg), (71)

As shown in eq.([5.26)), the Dirac neutrino mass matrix resulting from charged fermion
mass fit at the SO(10) unification scale is

0.014 0.04 —0.01i  0.109 — 0.3i
Mp(Mpo) = | 0.04 +0.01 0.35 2.6 +0.0007i | GeV'. (7.2)
0.1+0.3i 2.6 —0.0007i 79.20

Noting that out v-s mixing matrix [208]

VI/S
M bl

(7.3)

using eq.([7.1) and eq.(5.26]) in eq.(7.3) we get the elements of the v, — S mixing

matrix

MDel/Ml MDeZ/M2 MDeS/M?)
V(ls): MDul/Ml MDMQ/M2 MD;L?;/MS : (74)
MDTI/MI MDT2/M2 MDT3/M3

(ii) The v — N mixing matrix:

Similarly the v — N mixing matrix, for generalised class of non-diagonal matrices

Mp and My can be written as

VI/S__
My’

(7.5)

100



(Mp/Mp)er (Mp/Mn)e2 (Mp/Mn)es
VI = | (Mp/My)a (Mp/Mn)ue (Mp/My)s | - (7.6)

(Mp/Mn)r1 (Mp/Mpy)r2 (Mp/Mn)-3

Using eq.(5.26) and eq.(5.14]) we find that, in the case of NH masses of light active

neutrinos, the elements of the v — N mixing matrix are

—0.7+2i  0.16—0.26i 0.98 —2.01i
VN — | 1331 —16.76i 8.1 —11.52i 15.94 +3.409i | x 10~*
718 —492i  —46 —352i 510 + 141
(7.7)

As we discuss in Sec[7.2]and Sec[7.3] these mixings are needed to predict dilepton
signals with displaced vertices (DLSD) in the Wy, — W, channel mediated by lighter
sterile neutrinos and like-sign dilepton production cross sections mediated by heavy

RH neutrinos in the channel pp — [*1¥j;j X at different LHC energies.

7.2  Dilepton signals with displaced vertices

In the first part of this section we discuss decay width, half-life, and displaced lengths
of sterile neutrinos. In the second part we make predictions on DLSD events in our

models.

7.2.1 Decay width, half-life, and displaced lengths

The Feynman diagram for the production of like-sign dileptons along with two jets
in the W — Wy channel is given in Fig.. When the RH Majorana neutrino has
mass near the TeV scale or heavier and very short lifetime and path length, almost
instantly it mediates like sign dilepton (LSD) production events some of which have
been observed at the LHC detectors [375]. The standard model background is a
major source of uncertainty in identifying such events. But when the mass of the
sterile neutrino (= singlet fermion) is O(1 —10) GeV and its mixing with active light
neutrinos is small, then it is expected to cause DLSD events with negligible standard
model background uncertainties and with no missing energy [182,376|,1378-383]. If
the neutrino transverse decay length lies between 1 mm and 1 m, a DLSD signal could
be recorded at ATLAS or CMS [379]. As already explained in Sec[7.1] because of the
SO(10) model predictions of heavy-light mixing matrix elements V,;,V,; (i = 1,2),

either S; or Sy could be capable of mediating the displaced vertices resulting in the
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like-sign dilepton events eejj, upjj, and epjj provided that the signal strength is
strong enough under different cut conditions.

The decay width of the i-th light sterile neutrino S;(i = 1 or 2) which would be
required in estimating collider signals is defines as [182,|372,377]

P = 3Gk s > Vi, (7.8)
Si 393 s l Isil » :

where G'r = Fermi coupling constant and Vj, is the element of v — s mixing matrix
defined through eq.(|7.4)).

Figure 7.1: Feynman diagram for like-sign dilepton production process [¥1¥j; in the
Wy, — Wy, channel in the pp collision process at LHC

At LHC the sterile neutrino (= singlet fermion) mediated dilepton production
cross section can be expressed in terms of bare cross section and heavy-light mix-
ing [377]

o(pp — SI* = IFI55) = (2 du) Suoo(9),
|VisVi, |
Sl lo, = #, (79)
e Zl:e,,u,r |‘/ZS’2
where [ = e or p and 0¢(5) is the bare cross section arising out of the exchange of the
sterile neutrino S. In addition to ref. [377], the cross section has been also estimated
in ref. [182] and the two sets of results have been found to agree. The number of

events within the displaced length limit can be defined through the formula [372]

N = Lxo(pp— SIF —1%jj) x Acyr x PN,
PN = e 9/l _ o=@/l (7.10)
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where £ is the beam luminosity, Acyr = Acceptance factor under a cut condition
[384], L = sterile neutrino decay length defined below, PN = probability of the
sterile neutrino to decay within the distances between d; and dy. For example we
have chosen below d; = 1073 m and d» = L = 1 m to compute the predicted events
via displaced vertices. Thus the number of events decreases considerably due to the
imposition of the cut, smallness of heavy-light mixings, and the factor PN. The cut
acceptance factor has been estimated which can be easily inferred from Fig.1 and
Fig.2 of ref. |182].

In our Model-I and Model-II, the heavy light mixings as well as the sterile neu-
trino masses are predicted by the underlying mechanism in SO(10). We investigate
how these model predictions are accommodated in the almost model-independent
approach of ref. [182]. We also predict the number of events that can be produced
through displaced vertices in other channels like epjj, ppjg, and erjj. In each case
considered within our models, in addition to the lightest sterile Majorana neutrino of
mass ~ O(1) GeV, there are two sterile neutrinos and three RH Majorana neutrinos
all of which have masses ~ O(1) TeV or larger. Thus compared to the lightest sterile
neutrino exchange, all other contributions to the dilepton production are treated as
negligible. This assumption is consistent with the results of ref. [377] which predict

very large (very small) cross sections for very light (very heavy) sterile neutrino mass.

Using eq. 1) we have the corresponding half-life 7g, = ngl. For average en-
ergy F; of the i-th sterile neutrino, taking into account the time-dilatation factor
~i = E;/msg, on the half life, the boosted decay length is

L = cyT,,
GeV . 1077
= 4875%;,(——)° : 711
W T (7.11)
For large transverse momentum value compared to mass
_ Syl ~
Yi |psi /mSm (7-12)

and the formula of eq.([7.11]) reduces to the one given in ref. [379].
We find from eq.(7.11]) that for a given average value of E;, the decay length L
and 7;, the plot log(|V;2 |) vs. log(rg,) gives a straight line curve with a negative

slope and curves with four different values of L = Imm, L = 0.01,0.1 m and 1 m
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yield four parallel straight lines where the upper most (lower most) one correspond
to the smallest (largest) of the four lengths. But in the log(|V}3,|) vs. g, plot, i,e in
the semi-logarithmic plot, instead of straight lines, the corresponding curves appear
with concavity towards the right-hand side as shown in Fig{/.2 The pink coloured
shaded region indicates the parameter space for which at most five dilepton events
are observable at LHC.

We follow the strategy of ref. |[182] in showing the constraints due to various cut
conditions. The dashed lines of Fig[7.2] are the superposed images of the correspond-
ing lines of Fig.1(a) signifying different cut conditions imposed upon the primary
and the secondary leptons but without imposing any cut on the two jets. Fig{7.3
is drawn in a similar fashion as Fig[7.2] but they carry the superimposed images of
dashed lines of Fig.1(b) of ref. [182] where both leptonic and jet cut conditions have
been imposed.

The two solid lines in each of Figl[7.2] and Fig[7.3] are the upper and lower limits
of experimental measurements on double beta decay half life. The upper most green
coloured line in both the figures represent the experimental limit from DELPHI [374]
measurement.

Fixing the expected number of events as < 5 for the luminosity £ = 300fb~! and
noting the limiting value of heavy-light mixing Vjs, to which the LHC measurement
would be sensitive under a given cut condition as displayed in Fig[7.2] or Figl7.3]
we estimate the value of Acyr using the results of ref. [377], the formula of eq.(7.9)
and eq.(7.10) for each value of mass 7ig, in the intersection region of the dashed
line and the pink coloured region. Since the estimated bare cross cross section is
almost constant over the range of mg, within the shaded region, the values of Acyr
obtained for different points are nearly equal.

Thus using the computational results [182,/377], luminousity £ = 300fb~' and
p7 > 30 and [n°| < 2.5, the values are Acpr ~ 1,0.1,0.01 and 0.001 for p3? > 7
GeV, p7 > 30 GeV, p7? > 35 GeV, and p7? > 45 GeV, respectively. For the same
luminosity, p7, p# > 7 GeV, and |[n*/| < 2.5, the derived values are Acyr =~
0.05,0.1,0.003 and 0.001 for p}, = 10 GeV, p}, = 10 GeV, pl, = 15 GeV, and p), = 20
GeV, respectively. Fixing pgp > 15 GeV and |[n%7| < 2.5 for p* > 30 GeV, and
pE > 7 GeV gives Acyr ~ 0.005 for the three values of the luminosity £ =50 fb~!,
300 fb~1, and 30005~ corresponding to |Vi|* = 107>,107%, and 1077, respectively.

In what follows we we will use these numerical results on Acyr to make pre-
dictions in our models in different channels where the sterile neutrino masses and

heavy-light mixings are predicted by the two SO(10) models.
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Figure 7.2: Constraints on active-sterile neutrino mixings including DELPHI and
neutrinoless double beta decay limits. The lower-most solid line of the pink colored
shadow region having upward concavity corresponds to L = 1 m and the upper-
most line corresponds to L = 0.001 m where the displaced vertex search at LHC is
expected to be sensitive. The dashed lines correspond to different pr cuts: p3! > 40
GeV, p? > 7 GeV, p? > 40 GeV, p? > 45 GeV and [n°| < 2.5 with luminosity
300fb~t. The two lower solid curves with positive slopes indicate the double beta
decay limits.
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Figure 7.3: Constraints on active-sterile neutrino mixings including DELPHI and
neutrinoless double beta decay limits. The lower-most solid line of the pink colored
shadow region having upward concavity corresponds to L = 1 m and the upper-
most line corresponds to L = 0.001 m where the displaced vertex search at LHC is
expected to be sensitive. The dashed lines correspond to different pr cuts: p5! > 30
CeV, p2 > 7 GeV, p). >10, 15, and 18 GeV and |[n*7| < 2.5 with luminosity 300"
The two lower solid curves with positive slopes indicate the double beta decay limits.
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7.2.2  Prediction of dilepton signals with displaced vertices

Utilising the formulas of eq.(7.9)), eq.(7.10]), and eq.(7.11]) in Sec we have identi-

fied in an almost model-independent manner, the allowed region in the |Vjg, |? vs. g,
plane where detection of like-sign dilepton events with displaced vertices is possible.
In this section we specify correlations of these model-independent results with the
actual model parameters and observables allowed within Model-I and Model-II. An
important point shown in this section is that the heavy-light mixings predicted by
our Mode-I and Model-II based on SO(10) which have been used to predict double
beta decay life or leptogenesis as discussed above are noted to fall in the sensitive
region of the model-independent search identified in Sec[7.2.1] The connection of
dilepton events with resonant leptogenesis and BAU is noted for the first time in
this work. These solutions are shown in Table Table [7.2) and Table [7.3] In
Table assuming QD hierarchy of light neutrino masses as in Case (a) and fix-
ing the value of M = (142.548,3521.91,3259.1) GeV, we have obtained three sets
of solutions for the mass eigen values of eq. corresponding to three different
values of Vi = (10,5, 3.3) TeV and Mz = (5.95,2.975,1.963) TeV. These three sets
predict the three different mass eigen values of the first generation sterile neutrino
ms, = (5, 10, 15) GeV and for all these values the predicted modulus square of mix-
ing is [V2 | = 107®. It can be clearly recognised from Fig[7.2] these are the desired
solutions in the pink coloured shaded region where both dominant double beta decay
and observable dilepton events with displaced vertices are predicted. In addition,
since each set of solutions is associated with heavy quasi-degenerate sterile neutrino
masses of the second and the third generations, resolution of the issue of BAU is also
accommodated.

As the solutions reported in Table do not conform to jet cut conditions, in
Table [7.2] we report three sets of solutions corresponding to mg, = (5,10,15) GeV
expected to mediate dominant double beta decay and observable dilepton events
with displaced vertices for [V | = 2 x 107" which fall in the identified in the pink
coloured shaded region of Fig[7.3] These solutions are consistent with the respective
leptonic and jet cut conditions. Further a pair of quasi-degenerate heavy sterile
neutrinos of first and the third generations would ensure BAU generation by resonant
leptogenesis.

Quite interestingly, in the case of NH hierarchy of light neutrino masses consistent
with recent cosmological bounds [336,,358], the solutions to parameter values corre-
sponding to dominant double beta decay, BAU generation by resonant leptogenesis,

and observable dielectron production through displaced vertices are shown in Table

106



7.3 which match with the corresponding pink coloured shaded region of Fig[7.3]in
conformity with the desired cut conditions on leptons and jets.

Compared to the DLSD events in the channel pp — eejj, those in the case of
pp — ppjj are expected to be more prominent even at £ = 50fb~! because of the
high value of the predicted quantity |Vu32 | = 107°. Naturally for stronger luminosity
like £ = 300fb~!, the event rates are expected to be six times larger. Lower pr cuts

would further increase these event rates.

M Vr Events at £(300) | My

(GeV) (GeV) (fo7h) (TeV)

(5, 2805.6, 2805.6) 10* 6 5.95
(10, 5611.2, 5611.2) | 5 x 103 6 2.975
(15, 8501.9, 8501.9) | 3.3 x 10° 6 1.963

Table 7.1: Prediction of like sign dielectron events via displaced vertices in the eejj
channel as a function of sterile neutrino mass ms, = 5,10, and 15 GeV for M =
(142.548, 3521.91, 3259.1) GeV, v;,=0.5 eV in the QD case of light neutrino masses,
momentum cut p? > 7 GeV, p?! > 30 GeV, [n°| < 2.5, Acyr = 1, and [V2 | =107

M Vi Events at £(300) | My

(GeV) (GeV) (fo 1) (TeV)
(2494.03, 5, 2494.03) | 10 6 5.05
(4988.06, 10, 4988.06) | 5 X 10° 6 2.975
(7557.67, 15, 7557.67) | 3.3 X 103 6 1.963

Table 7.2: Prediction of like sign dielectron events via displaced vertices in the
eejj channel as a function of sterile neutrino mass ms, = 5,10, and 15 GeV for
M = (3088.52, 142.37, 3294.86) GeV, v;,=0.5 eV in the QD neutrinos, momentum
cut p? > 7 GeV, p7 > 30 GeV, pjT > 10 GeV |n| < 2.5, Acyr = 0.05, and
V2, |=2x10"".

My Vg Events at £(300) | Mz

(GeV) (GeV) (fb ) (TeV)

(5, 5535.96, 5535.96) 10* 6 5.95
(10, 11071.8, 11071.8) | 5 x 10° 6 2.975
(15, 16624.5, 16624.5) | 3.3 x 10° 6 1.963

Table 7.3: Prediction of like sign dielectron events via displaced vertices in the eejj
channel as a function of sterile neutrino mass s, for M = (34.6726, 681.403, 1104.41)
GeV, v,=0.5 €V in the NH neutrinos, momentum cut p7* > 7 GeV, p7 > 30 GeV,
Py > 10 GeV, [n%7] < 2.5, Acyr = 0.05, and [V2 | =2 x 1077
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7.3 Dilepton signature by heavy RH neutrino ex-

change

After discussing the manifestation of sterile neutrinos in Model-I and Model-IT of
[208] through various physical processes like double beta decay, dilepton signals with
displaced vertices, and resonant leptogenesis, in this section we investigate if the
TeV scale RH neutrinos present in both the models may manifest at the LHC, par-
ticularly, through the like-sign dilepton [387-389,1391] production events that may
materialise inside the ATLAS or the CMS detectors. Since the Wx boson mass is
quite heavy My, > 10® GeV, only the W, — W}, channel is dominant for the pro-
cess pp — [F1* X where | = e, . The heavy RH Majorana neutrino exchange cross

section is given by [203]

o(pp — NIt — lijj) = Oproa(pp = Wi — Nli)
XBR(N — I*jj) (7.13)

We use the parton level differential cross section [297]

da'LHC - kﬁ s -+ M2 g4 (§2 — M4)(2 + BCOSQG) (7 14)
decost) — 32ms 8 48 (§— MZ)2+ MZT%, '

where k = 3.89 x 10® pb and g = 520

EEESVER
With the identification ) = \/Zé) and s = E%,,, the total production cross section

is given by [243]297]

kg ' dr ['dax T
Oprod = 76875 /7—0 77/7_ ?[fu(xaQ)fd(E7Q)+
(u—d,d— u)], (7.15)
where
S 54+ M? §2 — M*)(2 3
AL e wiChe D) (7.16)
EZ., 5 (s — M3)? + Mz I3,

For computation of the production cross section we have utilized the CTEQ6M
parton distribution functions [393] in eq.(7.15)).

The branching ratio is estimated using
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[(N — I£W)

BR(N — I*jj) = ot
N

x BR(W — jj)

(7.17)

with BR(W — jj) = 0.676. The total width is calculated by sum of all the partial

widths [203]

(N = W) =

gQ‘VVN’2 MN3

x(1+

QVV 2
PV - uz) = IVl

64r My
2 My
My?

2M >

X (1
(+375

- g2|VVN|2 MNS

1287C 0520, M,>

F(N — Vlh) = 1987 MW2

10—4 L

1078

o [pb]

10—8 L

10—10 S S S S R R S
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(7.18)

(7.19)

(7.20)

Figure 7.4: The prediction of signal cross section for the heavy RH neutrino mediated

dimuon production at run-II of LHC with /s = 14 TeV.

The heavy-light neutrino mixing plays a crucial role in calculating the signal

cross section. In our model the heavy-light neutrino mixing matrix for heavy RH
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neutrinos is %_ﬁ’ where Mp is the Dirac neutrino mass matrix and My is the RH
neutrino mass matrix. An interesting aspect of the models is that both the matrices,
Mp and My, are already predicted by TeV scale gauge symmetry breaking, the
neutrino oscillation data, and charged fermion mass fits at the GUT scale.

In the case of vanilla seesaw model investigated in [203], the heavy-light neutrino
mixing is V3 = m, /My which is quite small and gives rise to a cross section o(pp —
ppjiX) =~ 1071 pb in the Wy — Wy channel for exchanged heavy RH neutrino
mass ~ 100 GeV. On the other hand if the heavy-light mixing is assumed to be
as large as V;3 = 3 x 1073 [203], the cross section is also large leading to o(pp —
ppjiX) ~ 6 x 1072 pb. However we do not assume any such large mixings here.
In our type-II seesaw dominant models where all the heavy-light neutrino mixings
are predicted, the estimated value of dimuon signal cross section in the W, — W,
channel turns out to be ~ 5x 107*(2 x 107°) pb for the mass of My, = 100(200) GeV
resulting in nearly 24(12) events for beam luminosity £ = 300fb~! after including the
cuts [377). This result is shown in fig.(7.4). Thus if the RH neutrino masses are within
My, < 300 GeV, they are detectable at LHC run-II at /s = 14 TeV for projected
beam luminosity £ = 3000 fb~!, although the RH neutrino masses My, < 200
GeV are detectable with beam luminosity £ = 300 fb~!. In these models the larger
values of RH neutrino masses, My, > 500 GeV, are likely to escape detection at
LHC through like-sign dilepton production signals. These conclusions remain valid
after imposing the various cut conditions applicable to the pp — [*1*5jX channels

[203,377]. In the case of My, we have similar conclusion.

7.4 7' detection at colliders

One important and interesting feature of this work is the prediction of extra neutral
7' boson at the TeV scale accessible for detection at LHC, International Linear
Collider [ILC], and future collider experiments. In this section we estimate relevant

cross sections which may help in identifying the Z’-boson signals.

7.4.1 Cross section of 7' production at LHC

In this section we discuss the possible signatures of the Z’ boson at LHC experiment
through opposite sign dilepton production cross sections. In the dilepton channel
we compare our estimated Z’ production cross section with those obtained by CMS

experiment [390] in the channel pp — Z'X — [TI~ X where [ = ¢, pu.
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The resonant production cross section for the opposite sign dilepton production

mediated by Z’ boson resonance is [392,1395]

O'(pp - Z/ - ff) = i[cuwu(saMg’)

48s
+cqwa(s, M2)], (7.21)
where
Cu = g’2(g%j2 + gi‘f)BT(lJ“l_), (7.22)
ca = g2(gF + g5)Br(*io), (7.23)

and Br(I*17) is the branching ratio defined through

rz It~
Br(I*l7) = (;)7
'z
/2M/ [gl2 + gl2]
F Z/ l+l_ — g Z \Jv A
( — ) 487 ’
g/2M/ u? w2 2 2
Ly = "0y +94) +90v +94)
+3(gv +94) +3(gv +9%)]- (7.24)

The numerical values of different quantities occurring in eq.(7.22)), eq.(|7.23)), and

eq.([7.24)) are [392]

g =0.329; g% = —0.591, g% = —0.46,
g% =046, g% =0.068, g} =0.196,
g5 = 0.46, ¢ =0.196, ¢ =0.59.. (7.25)

In eq.(7.21) wyq) is related to the parton luminosities jJ\LJ—“Z and ;ﬁ@—di. Therefore

they depend only upon the collider energy and the Z' mass [392,395],
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W) = Y /dxl/ d:rz/ dz fop(z1, M2)

g=u,c(d,s,b)

fq/P(q;?vM )Ag(2, M2)+fg/P(xl7M2/)
[farp(wa, M2) + forp(wa, M2)]Agy(z, M2)

2

M,
+(x1 > 29, P <> P)(5(T — 2T1%9), (7.26)

where f;/p(x, M?) is the parton distribution function (PDF) for the proton,

6(1 —z)<7%2 —4)

+4 <M> —2(1+2)In(1l —2)
+2[0,1]

2
DNglz, M7) = &1—zy+%£%£
m

Cr

1—=2
1 2
— 1—522 lnz] , (7.27)
M2 1— 2
Agyy(z,M2) = al )T (1 —22+22%)in 4-2)
T z
1
+§+3z—;£], (7.28)

with Cp =4/3 and Tr = 1/2.

The production cross section in the channel pp — Z'X — [*ITX as a function
of invariant dilepton mass (= My/) is shown in Fig. This result suggests that at
/s = 14 TeV the number of Z’' production events could be as large as 250 in the
region of My ~ 1 TeV even for 30 fb~! beam luminousity. However to get sizeable
number of events in the region of My ~ 2 — 3 TeV, the beam luminousity has to

increase beyond several 1000 fb—1.
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Figure 7.5: The signal cross section for the the Z’ boson resonance mediated cross
section as function of its mass, My, in the production channel pp — Z'X — [TITX.

7.4.2 Ratio of Z’ signal-Z signal cross section at LHC

The CMS collaboration [390] has measured the cross section ratio
o(pp — 7' — 51T X) Jo(pp — Z — IFITX) (7.29)

as shown in Fig. as a function of the Z’ mass My /. Our prediction using [ = e is
shown by almost a slanted linear curve with falling value of the ratio with increasing
value of My plotted along the X-axis. The solid (dotted) black lines denote the
observed (expected) ratios. The yellow (green) region shows the expected values at
95% (68%) From this Fig[7.6] by comparison with the CMS data we find that in our
model the lower limit of the Z’ mass is predicted to be My ~ 2.8 TeV.

7.4.3 Z-7' mixing angle and pp — W W~ 4+ X at LHC

In this subsection we discuss possible signature of Z’ boson through the production
of WTW ™ pairs for different values of Z — Z’' mixings at the LHC. The Z-Z' mixing
in the SO(10) embedding of two step breaking of left-right gauge symmetry has been

computed through the formula

Mg — M7

2
tan® ¢, = ——=

2 2
M3, — M

(7.30)

where M, = —w__ [208]. In our model since the LH triplet A/ (3,1, —2,1) has
VP cos O
0

a very small VEV vy, = 0.1 — 0.5 eV << V,y, the model is consistent with the tree
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Figure 7.6: The ratio of the Z’ boson and Z boson signal cross sections as a function
of Z’ mass. The CMS data [390] is shown at different confidence levels of expectations
by the dark bands . The solid zig-zag curve denotes observed fluctuations about the
median which has been shown by the dotted line. The falling behavior indicated by
the red linear curve is our prediction as a function of M = My plotted along the
X-axis.

level value of the rho-parameter, po = 1. The radiative corrections due to the 125
GeV Higgs of the SM and the top quark yield p ~ 1.009 [208].

The potential of LHC to discover Z — Z' mixing effects in the channel pp —
W*W= + X has been investigated [394]. In this paper we estimate the variation
of differential cross section with respect to the invariant mass My +y—- = M of the
produced W*W ™ pair for different Z — Z’ mixings. The corresponding differential
cross section for the process pp — WTW ™+ X averaged over quark colors can be ob-
tained starting from the basic WTW ™ production cross section by quark-antiquark
annihilation ¢ — W~ mediated by Z’ boson [394]

do? ralcot?0, 4
— W R (Y2
dcost 48 PulVay
5
+A2 Vsin?d—
I g T Ty,
X (Wsm
+4%(4 — sin20) + 12sin0), (7.31)
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where I, is the decay width of Z’, By = /1 — 4M3, /3, ¢ is the Z-Z' mixing angle,
vy and ay are the vector and axial vector coupling, § is the Mandelstam variable for
square of c.m. energy, and 6 is the angle between W~ and the quark in the W*W~

center of mass frame [394].

Vig= g{;cosqb + g‘f//singb, (7.32)
Vas = gl cosé — gl sing,
Ay = gflcos<b + gﬁlsin@
Agp = gf;cosqﬁ — gﬁsz’mb,
5 cosf3
9y = — =
c0s0,, * /6

p_ cosd++/5/3sinfBw
94 20080, * /6 '

The values of g{; and gf; are given in eq.(|7.25)).

daqq . 2M

dMdydz Farpr (m) fasp: (1)
+f<?/l’1 (nl)fq/pz (12)]
o
dz (7.33)

where s = center of mass energy, z = cos ), and # = angle between quark and W bo-
son, and fy/p, (n1, M) and fg/,,(n2, M) are PDFs for protons P, and P», respectively.
We have taken K = 1.2 [394] and use CTEQ-6L1 parton distribution functions for
numerical computation.

By integrating the right hand side of eq. over Z, the rapidity of W= pair y and
invariant mass M around the resonance peak (Mg — dM /2, Mg + 6M/2), we get

Mp+5M/2 1%
olpp = WTW~ = X) = / dM/ dy
Mp—8M/2 -y

Zeut do-qq

—Zcut
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Figure 7.7: Invariant mass distribution of W pairs in pp — WTW~ 4+ X at the LHC
with /S = 14 TeV. The red, blue, and the brown curves are for the values of the
Z — Z' mixing angle ¢ at 1.2 x 1073, 0.9 x 1073, and 0.7 x 1073, respectively.

In our model the computed values of mixings are sin¢ = 1.2 x 1073, 0.9 x 1073,
and 0.7 x 1073 at invariant mass values of 2.3 TeV, 3.5 TeV, and 4 TeV respectively.
The distribution curves are shown in ﬁg. for these three sets of values. Our
predicted results give the value of 42 = 0.52 (fb/GeV) for My = 3.5 TeV, 42 = 0.3
(fb/GeV) for Mz = 2.3 TeV, 4o = 0.001 (fb/GeV) for Mz = 4.0 TeV. The
predicted values of the peak positions at 2.3 TeV and 4 TeV can also provide a

test of the models if such a Z’ is present in nature.

7.4.4 7' cross section at ILC

The international linear collider (ILC) is expected to provide a rigorous experimental
verification of various Z’ models as far as their predicted masses are concerned. In
our model, the variation of the predicted annihilation cross section via Z’ resonance
with center of mass energy of the colliding lepton beams is given in Fig{r.8 To
estimate this cross section we have used the total decay width of Z’ boson [392]

defined through eq.(7.24)) and eq.(7.25)).

The signal cross section at ILC is given by

12
o1 =2 = f7f7) = STl
Z/

S

7.35
(s — M2)? + M2 T2, (7.35)

X

The signal cross section is found to be 70 pb at the center of mass energy /s =

2800 GeV which corresponds to the Z’ mass. Therefore its presence can be easily
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Figure 7.8: The signal cross section of the Z’ boson as a function of its center of
mass energy at ILC.

detected even for as low a luminousity as O(1) pb~'.
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|Chapter 8

Summary and Conclusion

In this thesis we have investigated the prospects of experimentally verifiable beyond
standard model physics in a type-II seesaw motivated non-SUSY SO(10) grand uni-
fication framework. The type-II seesaw mechanism can be successfully implemented
with a low mass Z’ boson which can be accessible at LHC and planned accelerators.
The type-II scenario for explaining light neutrino masses and mixings may emerge
from the suggested texture of 9 x 9 neutrino mass matrix. The unification theories
based upon SO(10) group are particularly interesting. All the SM fermions of one
generation plus a right handed neutrino can be accommodated in the irreducible 16
dimension representation. Since SO(10) is a large group, its spontaneous symmetry
breaking to SM may pass through various intermediate symmetries. Once interme-
diate symmetries are present in the theory, gauge coupling unify nicely without any
requirement of supersymmetry.

In Chapter[l]] we have motivated the need to study non-SUSY unification model with
experimentally reachable BSM predictions. We have also presented the scheme of
investigation, briefly. In Chapter[2] we recapitulated the SM and its ineptitude in ex-
plaining various BSM phenomena. In Chapter[J] we motivated and briefly discussed
the SU(5) and SO(10) GUT prototypes. We also briefly described the conventional
seesaw mechanisms (type-I, IT and I1T) which can explain small neutrino masses very
naturally. Interestingly, in Chapter[d] we have discussed the mechanism where the
type-I seesaw term is cancelled out in the presence of SO(10) singlet fermions. Af-
ter the block diagonalization of 9 X 9 neutrino mass matrix, there are two type-I
seesaw terms with opposite signs resulting in the cancellation that results due to
the addition of these three extra fermion singlets, one per generation. Depending
upon the choice of various parameters suitably we have also shown, the possibility

of dominance of different seesaw mechanisms. We have discussed the condition for
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inverse seesaw dominance, type-II seesaw dominance, double seesaw dominance and
linear seesaw dominance. In Chapter[5| we have investigated the prospects of type-1I
seesaw mechanism for neutrino masses in a non-SUSY SO(10) GUT model which
passes through two intermediate symmetries (Ggo13 at 10% GeV and Ggy13 at TeV)
to reach to SM. A SO(10) singlet fermion (S) per generation is introduced to get
type-1I seesaw. At TeV scale, Z’ boson acquires mass through spontaneous breaking
of U(1)gr x U(1) 1, gauge symmetries into U(1)y generated predominantly through
Higgs representation 1265. The left-right gauge theory is restored at the Gz13 in-
termediate energy scale. The Dirac neutrino mass matrix Mp is the necessary input
to estimate lepton number and lepton flavor violating contributions, non-unitarity
effects as well as leptonic CP-violation. This matrix has been explicitly computed
using the associated renormalization group equations in the presence of Gagg13 and
(G113 intermediate gauge symmetries via bottom-up and top-down iterative meth-
ods, and by implementing the model constraints on the fermion masses at GUT
scale. The N — S mixing matrix M is estimated using the current non-unitarity ex-
perimental constraint. The predominant Dirac mass matrix together with TeV scale
heavy neutrino masses N — S mixing matrix M give the branching ratio predictions
only few orders less than the current bound. The LFV branching ratios calculated
in our model are Br(u — ey) = 6.43 x 1077, Br(t — ey) = 8 x 1071%, Br(r — uy)
=241 x 10712 .

The predicted proton-lifetime in this model is found to be 7,(p — etn?) ~
2.0 x 1034E10£034y1¢ where the first (second) uncertainty is due to GUT-threshold
effects (experimental errors). This lifetime is accessible to ongoing and planned
experiments. Thus, even though the model does not have low-mass RH Wf{ bosons
in the accessible range of LHC, it is associated with interesting signatures on lepton
flavor, lepton number and baryon number violations. The predicted values of these
phenomena are in concordance with the predictions in the previous chapters.

In Chapter[6]we have discussed the phenomenon of neutrinoless double beta decay
and resonant leptogenesis through type-II seesaw framework in SO(10). Although
the Wg boson is present at a high scale, there is a new contribution to the Ov3p
decay amplitude in the W — W}, channel due to the presence of extra fermion singlet.
The model is designed in such a way that the first generation sterile neutrino as well
as second generation sterile neutrino can contribute to the Ovg3 decay . If the first
generation sterile neutrino is made light by the suitable choice of N — S mixing
term M, then the first light singlet fermion exchange contributes to the O3/ decay.

Similarly if the second generation sterile neutrino is made light, then it can mediate
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OvpBp decay in the Wy — Wy channel. The model predicts the half life close to
the experimental bound at m,= 0.5 GeV for QD neutrinos, my; = 3 GeV for NH
neutrinos, and m, = 2 GeV for IH neutrinos.

In this Chapter [0l we have also discussed the generation of baryon asymmetry of
the universe in a novel fashion. Baryon asymmetry of the universe is achieved due
to the resonant leptogenesis of two quasi degenerate sterile neutrino pairs allowed in
the present model. For the case of QD type active neutrinos, we have showed that
the lightest singlet fermion of first generation mediates the Ov3/3 process as discussed
above, while the heavy quasidegenerate sterile fermions of second and third genera-
tion mediate resonant leptogenesis leading to right value of baryon asymmetry of the
universe. In the alternative possibility the lightest second generation singlet fermion
assists Ov 38 but the heavy quasidegenerate singlet fermion of first and third genera-
tions mediate resonant leptogenesis leading to baryon asymmetry of the universe. In
case of the NH type active neutrino masses, only the lightest singlet fermion of first
generation is noted to mediate dominant Ov 3/ while heavier quasidegenerate singlet
fermion of second and third generations mediate resonant leptogenesis leading to the
right order of baryon asymmetry of the universe.

In Chapter[7] we have discussed the phenomenon of collider signature in a type-II
seesaw dominant model. In our model since the RH neutrino is present at TeV scale,
its signature can be verified experimentally in the PP collision through W, — Wy,
channel resulting in the production of dilepton events. In this model the Z’ boson
is present at TeV scale. So the signature of Z’ boson can be detected at different
collider experiments such as LHC and ILC.

Another interesting fact is that in this Chapter we have discussed the collider
signature of sterile neutrino through displaced vertex. Dilepton events can be ob-
served in the W, — Wy, channel during PP collision. Because of the SO(10) model
predictions of heavy-light mixing matrix elements, either first generation or second
generation sterile neutrino could be capable of mediating the displaced vertices re-
sulting in the like-sign dilepton events eejj, ppjj, and epjj. Since in our model the
Dirac neutrino mass matrix Mp and right handed neutrino mass matrix My are
diagonal, we can detect the signature of dielectrons and dimuons in the PP collision.
In the displaced vertex since the background strength signal is very weak, 3-4 events
are sufficient to detect the signature of the sterile neutrino experimentally.

The above discussed model is self sufficiet enough to challenge some of the de-
merits of standard model such as non-zero neutrino mass, lepton flavour violation,

neutrinoless double beta decay, baryon asymmetry. The collider signature of right
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handed neutrino, sterile neutrino and Z’ boson are discussed with predictions on sig-
nificant number of events. Our proposed model has attractive qualities of verifiability

or falsifiability through different types of ongoing experiments.
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|
Appendix A

Some Aspects of Grand Unified Theories

A.1 Anomalies

It happens sometimes that a symmetry of Lagrangian gets broken by quantum effects,
i.e the symmetry of Lagrangian is not a symmetry of quantized theory. Anomalies
appear in those symmetries involving both axial and vector currents, and reflect the
impossibility of regularizing the quantum theory (the divergent loop) in a way which
preserves symmetry. The grand unifications gauge groups, being non-abelian Lie
groups, are likely to meet triangular anomalies. We either choose a gauge group
which is either anomaly free or we fix it by canceling the anomaly as suggested
by [398-400] where we find that all SO(n) groups with n # 6 are anomaly free and
all the SU(n) groups with n > 3 are anomalous. For an example in SU(5) GUTSs the
representation space chosen for cancelling anomaly are 5 and 10. While considering
extension of such SU(n) theories the cancellation of anomaly has to be taken care
of. Here we list strength of anomaly for few representations of general SU(n) and

SU(4) being isomorphic to SO(6) it applies there as well.

A.1.1 Adler Anomalies for a SU(n) representation

As described above all the SU(n) groups with n > 3 are anomalous groups, we need
to study the order of anomaly of the representations in general. Adler anomalies for

left handed fermion representations of SU(n) are as follows

e For totally antisymmetric left handed fermionic representation with m anti-

symmetric indices, the anomaly is

(n—3)(n —2m)

A= (n—m—1)l(m—1)!

(A1)
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Young Tableaux | Dimension Anomaly
[] n 1
[ 1] n(n+1)/2 n+4

HEE nn+1)(n+2)/3'| (n+3)(n+6)/2

- n(n—1)/2 n—4

n(n—1)(n—2)/3!| (n —3)(n—6)/2

| (n+Dnn—1/3 | (n—3)(n+3)

|
n—l{ : (n? — 1) Adj. rep. | 0

Table A.1: Adler anomalies for few simple representations in SU(n) gauge theories.
All SO(n), n # 6, theories are anomaly free. Anomalies for right-handed fermion
representations and corresponding complex conjugate representation will change the
sign.

e For totally symmetric left handed fermionic representation with m symmetric
indices, the anomaly is
(n+m)!(n+2m)

As = (n+2)I(m —1)! (4.2)

For the two representations Ry and Ry, A(Ry + Ry) = A(Ry) + A(Ry) and A(R; ®
Ry) = D(R1)A(Rs) + D(R3)A(R;) following the additive rule. Using these relations
we can calculate anomaly due to a mixed representation. To complete this sub-
section we list few representations in Young tableaux form write their dimension

and list anomaly in SU(n) Lie group.
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A.2 Quadratic Casimir and Dynkin index invari-
ants in SU(n)

In a group G = SU(n) group no of generators is n? — 1. We denote generators of this

group in a specific representation R by M,(R). The quadratic Casimir invariance is
defined as

(SZ]CQ(R) = Z Z(Ma(R>>Zk(Ma(R>)k] (AS)

where a = 1,2...dg; i,j,k = 1,2,...dg and dg (= n* — 1), dr are the dimensions
of group G and representation R in the group, respectively. The Dynkin index
invariance is defined as

Sy T(R) = Tr[M,(R)My(R)] (A.4)

Obviously drCs(R) = dgT(R). The properties of Dynkin index invariance are

T(RY) = T(R) (A.5)
T(Ry ® Ry) = dp,T(Rs) + dp,T(R1) (A.7)
T(]) = 1/2 (A.8)
1 (n—2)!
T(E}m—boxes = 2= Din—m—1) (A.9)
1 (n+m)
g m‘b—/ 2+ 1D)!(m—1)! (A.10)

Using the above properties we can calculate Co(R), T(R) for any representation R.
C2(G) = n is the quadratic Casimir for the adjoint representation. For a represen-
tation of U(1)x we have Cy(G) = 0, and Cy(R) = T(R) = X?, where X is the
appropriately normalized charge of the symmetry.

The best way to get the Dynkin indexes of a group SU(n) is to first evaluate
them for SU(2) and then achieve rest iteratively. Like, the adjoint representation of
SU(2) can be easily estimated, T'(Adj)su(2) = 2. Now, since adjoint of SU(n + 1)

can be decomposed into SU(n) representations as as

Adj(n+1) = (Adj(”) ”) (A.11)

n 1.
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Therefore the Dynkin indexes are related as

T[Adj(n+1)] = T[Adj(n)]+ T[n]+ T[n] + T[1]
= T[Adj(n)]+1=n+1. (A.12)

Similarly for two index (anti)-symmetric representations we have
T[(n + 1) X (n + 1)](,4)5 = T[n X TL](A)S + T[n] (A.13)

We remember that two index antisymmetric and symmetric representations in SU(2)
are singlet and adjoint representations also and their Dynkin index T'(AS) = 0 and

T(S) = 2, respectively. Therefore

T[n x n](A)S =(0)2+ (n—2)/2. (A.14)

A.3 Lorentz group

A point in four dimensional space-time manifold of Minkowaski space is denoted by
x# = (t,Z), where the laws of physics are invariant under Lorentz group. Vectorial
transformation in this group are denoted as x* = A*, 2", leading to the quadratic
form z? = z#x, = n,a"z” invariant. Hence Lorentz group is a non-trivial real

orthogonal group of 4 x 4 real orthogonal matrices obeying
M\ N o = 1,0 = A = 1) (A.15)
with det(A) = +1. The invariance of Lorentz symmetry can also be written as

Taz® = (1a") (") (A.16)

This requires that {v,,7,} = 2n,,. This v, defines a rank four clifford algebra.
It’s obvious that 7o? = 14 and 7> = —14. And v* = A*4” and v, = 77",
tr(y*) = 0. First and second condition on 75 requires the hermiticity condition as
Yo = 78; and v; = —%-T . Hence eigen values are either £1 or +¢ and they occur in
pair. We require the dimension of these matrices to be at least 22 x 22 as there are
only three such v matrices in 2 x 2 dimension i.e. Pauli matrices themselves, and
higher dimensional matrices will be reducible. Hence we find that the dimension of

fundamental representation is same as spinor representation, but their generators are
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quite different. Out of different possible representation we write them in the form
Yo =01® 1o, Y =102 Q 0y, (A.17)

known as Weyl representation. The Weyl basis has simple chiral projections. One

more 7y matrix we can define is the product of all four gamma matrices.
7 =iy yly?y° (A.18)
and the chiral projections are read as

(1£7°)¢ (A.19)

k
G R R R A R (A

where v, and ¢ g are the left-handed and right-handed two-component Weyl spinors.
y* = A* Y (A.21)

generating the Clifford algebra for v/ matrices. Transformation of a 22 dimensional

spinor under the above transformation of v matrices is
P(a) = S(A)(x) (A.22)
v#'s are 22 x 22 matrix forms of spinor representation hence transform like

Yo = S(A)7S7H(A) (A.23)

we construct the explicit form of the transformation matrix, S(A) = ¢ 1a5%as
Simplification of infinitesimal rotation gives
i

E,uu - 5 [V,ua '71/] (A24)

The generators ¥y and ¥, 3 can be simultaneously diagonalised therefore we define

chirality operator as

V5 = i202213 = i’}/o’}/l’y2’73. (A25)
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One can easily verify the following properties of chirality operator
/YEJ[ =75, tT(’Ys) - 07 {7577/14} - 07 /7; - 07 [757 E,LLV] = 0. (A26)

Thus a 4-dimensional spinor representation is reducible in to two 2-dimensional rep-
resentations. The generators of the reduced representations are %(1 +75)2,,. Charge

conjugation operators can be found to be product vyy, or v17s.

A.3.1 Lorentz scalar and vector constructs

If v is a Dirac spinor

Lorentz Scalars

Py = POy =Yg + YRy
VoY = YL CYr +YLCg
P = PrCidp + VrCr (A.27)

Lorentz Vectors

@’Wﬁ = @L’Yqu—H/;R%wR

Yoy = ] CyCf + RCH.Cid

VO = Y Cyubr + YRCY L

U0 = Y700k + Yr7.CYf (A.28)

where

b=y, O =CYT, =1+ R (A.29)

A.4 SO(2n) Algebra

The special orthognal group, SO(2n) is a group of 2n x 2n real orthogonal matrices,

O obeying
00 =00" =1, det(0) = +1 (A.30)
A real 2n-dimensional column vector x transforms as

W= Oy s ij=1,2,...2n. (A-31)
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such that
277 = (02)' Oz = 270" Ox = 2" x. (A.32)

The transformation matrix, O can be parametrized as
O(a) = exp (%aijLij) , such that a;; = —ay; (A.33)

The real numbers a;; are the rotation parameters and under the local symmetry
transformation depend on space-time coordinate, and L;; are 2n x 2n linearly in-
dependent matrices and the generators of the group. Putting eq. (A.33)) in the

eq. (A.30) and eq. (A.31) we get
Lz; = _Lji- and (Lij>kl = —i(éikéﬂ - 5i15jk); 1 S k<l S 2n. (A34)

which gives tr(L;;) = 0 and the matrix is antisymmetric therefore it’s easy to write
the explicit form of generators. The generators L;; have zeros everywhere except at
the positions (7, ) and (j, ), which are occupied by —i and +i respectively, and addi-
tionally we have L;; = —Lj; = LL-. Therefore, the algebra of the real representation

can be calculated using the definition of generators, eq. (A.34) as
(Lij, Liy) = —i (0 Lis + 0aLji — 6ixLjy — 050 L) (A.35)
The higher rank tensors can be defined which transform as

A/ = Oi1j10i2j2 o O

11%2...9p

ipip Ajria...dp (A.36)
The invariants of the group are second rank d;; and 2n'™ rank Levi-Civita tensor.

The later can be proved using the definition of determinant, ie.

1
det(O) = ﬁeilm---i% €j1j2...J2n OiliQ---i2n7j1j2---j2n (A'37)

A higher rank tensor is reducible if it’s contraction with Kroncker delta or Levi-Civita
tensor gives a tensor of lower rank. The dimensionality of second rank anti-symmetric
tensor and second rank symmetric traceless tensor are n(2n — 1) and [n(2n+1) —1].
Their transfornation follow the definition of eq. for two indices. The dimension
of second rank antisymmetric tensor, which is also the adjoint representation of
the group, is same as the number of generators. Therefore, the transformation of

Lorentz-vectors under SO(2n) adjoint representation follow the similar properties
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with additional Lorentz index on gauge boson.

A.4.1 SO(2n) spinor representation

Similar to the Lorentz algebra in Minkowaski space, the invariant quadratic form of
SO(2n) symmetry is given by eq. (A.32). The quadratic form as square of linear

form can be written as
if

This 2n rank Clifford algebra gives

I?=1 (nosum), and tr(I}) =0 (A.40)

)

We can prove by explicit iterative construction that “there exist 2n Hermitian ma-
trices I';, ¢ = 1,2,...,2n, which are 2" x 2" and satisfy the 2n rank Clifford alge-
bra” |401]. Thus from eq. we see that their eigenvalues are +1 and —1 which
come in pair.

The invariance of linear term, » . x;I"; demands the transformation of I' as
I, =T =0, (A.41)
The transformation of SO(2n) spinor is written as
U(z) = V() = S(O)¥(x) and T, =S(0)T; S (0) = OyT;. (A.42)
where U is a 2" dimensional spinor. The ["'s follow the same Clifford algebra. The

explicit form of the transformation matrix

S(0) = exp (%aijzij) | (A.43)

Here ¥;; are the generators in the spinorial basis. Putting S(O) in eq. (A.42)) and
using O;; = d;; + a;; we get
!

Eij:4

[T, T (A.44)
These antisymmetric (X;; = —X;;) and Hermitian (X;; = Ej»j) generators satisfy the
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SO(2n) Lie algebra
(Xij, Xl = =1 (050 — 6uXjn — dju2a + 00%) (A.45)

which is the usual commutation relation of SO(2n) generators in real representation,

eq. (A.35). The cartan subalgebra consist of n generators, say
Cartan subalgebra = [¥19, 334, ..., Xop_120) (A.46)

We can write, analogous to 5 in Dirac theory, the group chirality operator using the

Cartan subalgebra

Fp = H EQi—l 2 = (-1)”F1F2 c. FQn (A47)
i=1
with the properties
12 =1, Tp=TkL tr(lp)=0, [[p, Sy =0, {Tp,T;}=0. (A.48)

Thus since I'p # const.1 and [I'p, S(O)] = 0, Schurs lemma suggests that 2" repre-
sentation is reducible, and T3 = 1 and ¢r(I'p) = 0 suggest that this representation

can reduce as 2" = 2" ! @ 2"~ ! with opposite eigenvalues. Using the projection

operator
1+T
Iy=— P (A.49)
we get
U, =1.V. (A.50)
Demanding the condition
UT BV = invariance < U° = BU* (A.51)
we get T B 4+ BY = 0 leading to two possible solutions
B = HFQl and B = HFQi—l' (A52)
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A.4.2 Bilinears and invariant constructs

From ¥'(z2') = S(O)¥(z) and unitarity of S(0), S7HO0) = ST(O) we immediately

get bilinear structure

Uip Scalar (A.53)
Uir,w Vector (A.54)
Uir,r;v 2" rank tensor (A.55)
Ui, Ty, ... 0 ¥ ™ rank tensor (A.56)

Where r < n. An antisymmetric combinations of these bilinears can be extracted
out by choosing the antisymmetric combinations of I' matrices, I'y, I';, ... T’ ). These
bilinears can be decomposed in terms of irreducible representations using the pro-
jection operator I'y such that W = W, 4+ W_. The surviving odd and even rank

antisymmetric tensors would be

Uir, Ty Tl s 7 —odd (A.57)
Wir Ty, TigWy ;1 — even. (A.58)

For r = n they will form complex and real self dual and antiself dual. We assign
left-handed and right-handed C' P-conjugate chirality to W, and W_ respectively. To
incorporate the Lorentz symmetry we insert 7° and v°y* to make them Lorentz scalar

and vectors respectively. Thus the scalar and vector couplings of these bispinors look
like

Kab Ui ol Tiy oo Doy @™ 0 —0dd
K'ap Uy Ty Tsy . Ty 0y bVM(ZSi};rfl.)ir : r—even, (A.59)

respectively. Here a, b are generation indices, u is Lorentz index, IC, K’ are coupling
constants, and ®, V" are Lorentz scalar and vectors of SO(2n) antisymmetric (asym)
tensors of rank r. The symmetries of I, K" are decided by the properties of v and I"
matrices.

The demand for invariance of term constructed by U7 and ¥ in eq. can be

trivially implemented for writing bilinears using ¥7 and ¥. Now vector and scalar
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couplings are

K:ab \I/Ti aCBTF[iIFZ'2 . Fir}\II:I: bq)g?jzmz)r 3 r —even
Koy U7 4 Oy BTy Dy Ty V™ 0 — odd, (A.60)

for n-even, and for n-odd (r — even) <> (r — odd) in the eq. (A.60). A detailed
discussion on SO(2n) group with GUT orientation can be found in [152,402].
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Appendix B

One and Two Loop Beta Function Coefficients for

RG Evolution of Gauge Couplings

Symmetry a; bi;

(GeV)
199/50,27/10,44/5
Go13 (—19/6,41/10,—-7) 9/10,35/6,12

11/10,9/2, —26
8,1,3/2,12
3/2,33/57,63/8,12
9/2,63/8,209/16, 4
9/2,3/2,1/2,26
31,6,39/2,12
6,115/6,3/2,12
81/2,6,181/8, 4
9/2,9/2,1/2, —26
319/6,6,57/4,12
6,319/6,57/4,12
171/4,171/4,239/4, 4
9/2,9/2,1/2, —26

Gon1s (—3,57/12,37/8, 1)

Gaons (—2,-3/2,29/4,-7)

Goap | (—3/2,-3/2,15/2,-7)

Table B.1: One-loop and two-loop beta function coefficients for gauge coupling evo-
lutions described in the text taking the second Higgs doublet mass at 1 TeV.
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Appendix C

Renormalization Group Evolution

Each of the two SO(10) models we have considered for type-1I seesaw has two types
of nonstandard gauge symmetries, Gog13 or Gaoizp and Gaopi3. Here we derive RGEs
for running Yukawa and fermion mass matrices from which, following the earlier
approach [304], we derive RGEs for the mass eigenvalues and mixing angles. We

define the rescaled S-functions

or;
o

16720 BF;. (C.1)
With G113 symmetry the scalar field ®4(2,1/2,0, 1) through its VEV v, gives masses
to down quarks and charged leptons while ®,(2, —1/2,0, 1) through its VEV v, gives
Dirac masses to up quarks and neutrinos. These fields are embedded into separate
bi-doublets in the presence of (G213 and their vacuum structure has been specified
in Sec. Bl We have derived the beta functions for RG evolution of Yukawa matrices
(Y;), fermion mass matrices (1/;), and the vacuum expectation values (v, q). The

rescaled beta functions are given below in both cases,

G2113 Symmetry:

3 1
-3 T 1 T q 2-
ﬁyd = §Yde + §YuYu + Td — Z Cz 9; Yd,
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o 1 _
B, = YV +YYIH T =) Clg | Y,
[N N o]
Br. = |GYYI4 VY 4T =) Cig| Y.,
—3 i 1 T ~q 2_
Bu, = |FYuY]+SYaY] =) Clgi| M,
_3 T 1 i ~q 2_
Bu, = |GYa¥l+ YY) =D Clg| My
ENR T .
BMD = §YVUYV +§ eY; _Zczgz MDa
[N T -
ﬁMe = §YeUYe + 5 I/sz - Zcigi M.,
] _ (C.2)
where the beta-functions for VEVs are
Boo = | Crgl—Tu| v,
Boa = ZCZ’Q? — Ty | va, (C.3)
with
T, = Ter(3Y]Y, + YY,), T, = Te(3Y] Y, + Y/V.). (C.4)

The parameters occurring in these equations, and also in eq. (C.9) and eq. ((C.10))

given below are

1
a:g, bza, a =b =0,

C? = (9/4,3/4,1/4,8), C' = (9/4,3/4,9/4,0),

C?=(0,0,1/4,8),C' = (0,0,9/4,0), C* = (9/4,3/4,0,0),

i =2L,1R, BL,3C. (C.5)

G9913 Symmetry:
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Following definitions of Sec. |5 in the presence of left-right symmetry. the rescaled

beta functions for RGEs of the Yukawa and fermion mass matrices are
By, = WY +YaY WY+ Y (VY + YY)+ TY, + TyYy = Y Clgiy.,
By, = (Ya¥i + VuYYa+ Ya(YIYa+ ViV + ToYa+ TV, — 3 Clg?Ya,
By, = (LY +Y.XHY, + Y, (YIY, + YY) + T.Y, + 1Y, - Y ClgY,,

By, = (VY + VY4 Y. (Y]Y.+YV,) + Ty, + Ty, = ) ClgiY.,

Bu, = (YYI+ YY) M, + MY, +Y]Ye) =Y Clg?M, + Ty tan SM,,

. T
_ i i i ) =Y Cig? —
B, = (Ya¥f + V.Y My+ My(Y[Y, + YY) Zoigi]Md+tanﬂM“’

(2

By = (YuY +Y.YMp+ Mp(Y,Y, +Y1Y,) = " Clg?Mp + Ty tan M.,

(2

A

- T
= (Yi+v,yhm, + MYly, +Yiv,) =N Cl¢?M, + —2 M C.6
Bu. = (VY +LY)Mo+ M(YY 4+ YY) = ) ClgiM. + == Mp, (C6)

7

where the rescaled beta functions for VEVs 3, , 8,, are the same as in eq. (C.3)) with
different coefficients C} defined below and functions 7;, and 7, are the same as in
eq. (C.4)). Other two traces entering in this case are

T, = Te(3Y]Y, +YlY,),
T, = Tr(3YY,+Y]Y,). (C.7)

The parameters occurring in these equations and also in eq. (C.9)) and eq. (C.10))

given below are

a = b=2 d=V=1,
C! = (9/4,9/4,1/4,8), C’f =1(9/4,9/4,9/4,0), é{’ =(0,0,1/4,8),
Ci = (0,0,9/4,0), Cf = (9/4,9/4,0,0), (i = 2L,2R, BL,3C).  (C.8)

Then following the procedure described in [304], and using the definition of pa-
rameters in the two different mass ranges, given above we obtain RGEs for mass

eigenvalues and elements of CKM mixing matrix Vs which can be expressed in the
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generalized form for both cases,

Mass Eigenvalues:

T tan 8
ﬁmi = ch gk, +ayl +2b Z |Vuj’ /IT Z ‘Vuj‘Qmj] mg,
L j=d,s,b Y j=d,sb
Where 1 =u,c,t
= |- S it 2 3 Wb Wt
L J=u,c,t Jj=u,c,t
Where 1=d,s,b
3 T:
B, = |- Cl¢G+ay?+2b Y+t ——=— > my|m
L k j=N1,N2,N3 tan ﬁmz Jj=N1,N2,N3
where i = e, u, T
T tan 3
Bm; = —ZCk gi +ay; +d lm Z mj]ml,
L b j=epT
Wherez:Nl,NQ,Ng. (Cg)
CKM Matrix Elements:
Tl tan 3 ~ b m2 + m? ~
Broy = D, a'm(VMdVT)av + meg(VvaT)av &%
Y=ucitiEa @ v d o v
T .
— ) V|V (VIM, V)5
Y=d.s b8 tan f(my = o)
b mi + m% .
——0—(VIM2V C.10

Then using third generation dominance, the beta functions for all the 9 elements
are easily obtained for respective mass ranges where in addition to the parameters
in the respective cases in eq. (C.5) and eq. (C.8), @’ = ¥ = 0 in the mass range
Mpo — Mg+ with Ga113 symmetry, but ' = b = 1 in the mass range Mp+ — Mgyt
with Gag13 or Gag13p symmetry and, in the latter case, the nonvanishing traces T 1,2

are easily evaluated in the mass basis.

170



|
Appendix D

Block Diagonalisation and Determination of M,

In this section we discuss the various steps of block diagonalisation in order to calcu-
late the light neutrino mass, sterile neutrino mass and right-handed neutrino mass
and their mixings. The complete 9 x 9 mass matrix in the flavor basis {vy, S, NS}

is

ml{f ML MD
M=|M' 0 M|, (D.1)
MY MT My

where My, = y,vy,, M = y, vy, My = fog
and Mp is the Dirac neutrino mass matrix as discussed in Sec. [5]

Assuming a generalized unitary transformation from mass basis to flavor basis, gives

‘w>flavo7" =V |¢>mass (D2)
or
Vo Vi v vy v;
Sg | =V viF vsN || S (D.3)
N¢ vy VRS VAN ) AN
with
VMY = M = diag (M3 Ms,; My ) (D.4)
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Here M, is the 9 x 9 neutral fermion mass matrix in flavor basis with «a;, 3, running
over three generations of light-neutrinos, sterile-neutrinos and right handed heavy-
neutrinos in their respective flavor states and M, is the diagonal mass matrix with
(1,7, k = 1,2,3) running over corresponding mass states .

In the first step of block diagonalisation, the full neutrino mass matrix is reduced
to a block diagonal form Magp and in the second step we further block diagonal-
ize to obtain the three matrices as three different block diagonal elements, Mgp=
diag(M,,, mg, my) whose each diagonal element is a 3 x 3 matrix.In our estimation,
we have used the mass hierarchy My > M > Mp, My, fvy. Finally in the third
step we discuss complete diagonalization to arrive at the physical masses and their

mixings.

D.0.2.1 Determination of Mpgp

With two unitary matrix transformations Q; and Qs,

ot M, Q" = Mpyp, (D.5)

where

Q=019 (D.6)

i.e the product matrix Q@ = Q; Q, directly give Mpp from M, Here MBD, and

Mpp are the intermediate block-diagonal, and full block-diagonal mass matrices,

respectively,
~ M. 0
Mgp = ( 1 ) (D.7)
0 my
and
M, O 0
Mep=1] 0 mg 0 (D.8)

0 0 my
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D.0.2.2 Determination of (),

In the leading order parametrization the standard form of Q; is

1—LiR*RT R*
2

where R is a 6 x 3 dimensional matrix.

RV = My" (M), M") = (K", J") (D.10)

J=MMy 'K =MpMy'I =KJ = MpM™* (D.11)

Therefore, the transformation matrix Q; can be written purely in terms of dimen-

sionless parameters J and K

—1KK" —1KJT K
Q= | -JKT 1-1yJf J (D.12)
~Kt —Jt 1 -YKITK + JJ)

while the light and heavy mass matrices are

fur, My MpMy*ME MpMy*M
Mer = e o ) \maror vrartv (D-13)
L N D N

Denoting

/Z B
Mg = D.15
ff (C D7> (D.15)

7 = fu, — MpMy'Mp, (D.16)
B = My — MpMy'M, (D.17)
C =M} — M" MM}, (D.18)
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D= M"My'M, (D.19)

D.0.2.3 Determination of Q,

The remaining mass matrix M.y can be further block diagonalized using another

transformation matrix

, 0
STMgS* = (M ) (D.20)

0 mg

such that in eq.(D.0.2.1))
S 0
= D.21
Q, (0 1) (D.21)
1—1p*pT P )
S = 2 (D.22)
( -PT  1-1lpTp

Using eq.(D.22)) in eq.(D.20]) ,we get through eq.(D.15))-eq.(D.19),

Plo= (MTMy'M)™ (MT MG M) — M)
= M 7'M} — M 'MyM M, (D.23)

where we have used y, to be symmetric. leading to

M, =m' + (MpMy'M})
—(MpMy*MPE) + M (MT MG M) ME
— M (M My M)~ (M My M)
—(MpMg'M)(M" MG M)~ M,

mg = —MMA’,IMT + ...,

(D.24)
The 3 x 3 block diagonal mixing matrix Oy has the following form
1— %I It 1 0
S 0 .
Qy = 0o 1)~ —If — 11 0 (D.25)

0 0 1
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where we have used eq.(D.11)) to define I = KJ ' = MpM~*.
Complete diagonalization and physical neutrino masses
The 3 x 3 block diagonal matrices M,,, mg and my can further be diagonalized to

give physical masses for all neutral leptons by a 9 x 9 unitary matrix I as

U, 0 0
U=]0 Us 0 |. (D.26)
0 0 Uy

where the 3 x 3 unitary matrices U,, Ugs and Uy satisfy

~

UJMVU; = My:diag(Mul7MV27MV3)v
U;mgUé = mS:diag(m517mS27mS3)>

U;([ my Uy = my = diag (myq, myg, mys) (D.27)
With this discussion, the complete mixing matrix is

V=0 U= QU

1-1KKT 1Kt K
=| —LJKt 1-LgJt J
~Kf —J 1= NKIK 4 g1

)
1-rt 1 0\ /U, 0 0
-t 1=t ol fo us o

0 0 1 0 0 Uy
— i — 1K JT K Uu 0 0

= —I" 1-YI'T+JJY) J-iI'K|-| 0 Us O (D.28)
0 —Jf —3JTJ 0 0 Uy
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Appendix E

SO(10) Representation

E.1 Decomposition of SO(10) irreducible represen-

tations

Since we have been extensively using the decomposition of various SO(10) represen-
tations in to it subgroups, and very often we required various scalar sub-multiplets at
various scalars following extended survival hypothesis and residing in the symmetry
at the corresponding scale, we would often require the decomposition table. We have
borrowed the tables for various representations from a very good review on SO(10)

group theory by Fukuyama et al [153].

(4¢,21,2R) | B¢, 2,2r,18-1) | (3¢, 21, 1R, 18-1) | (3¢,2L,1y) | (5,1x)
(6,1,1) (3,1,1;-1) (3,1;0,—1) (3.1;—3) | (5,2
(3.1.1:4) (3101 | B | (-2

(1,2,2) (1,2,2;0) (1,2;3,0 (1,2;3) (5,2)
(1,2-3.0) | (1.2-3) | (5.-2)

Table E.1: Decomposition of the representation 10
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(407 2L7 2R) (307 2L7 2R7 1B—L> (307 2L7 1R7 ]-B—L) (307 2L7 ]-Y> (57 1X)
(4,2,1) 3,2,1;5) (3,2:0,¢) (3,2i5) | (10,-1)
(4,1,2) (3,1,2;—3) 31 2 —61) (3, ,52 (5.3)

(1,1;,-3,3) (1,100 | (1,-5)
Table E.2: Decomposition of the representation 16

(407 2L7 2R) (307 2L7 2R7 1B—L) (307 2L7 1R7 1B—L) (307 2L7 ]-Y> (57 1X)

(1,1,3) (1,1,3;0) (1,1;1,0) (1,1;1) (10,4)

(1,1;0,0) (1,1;0) (1,0)

(1,3,1) (1,3,1;0) (1,3;0,0) (1,3;0) (24,0)
(6,2,2) (3.2,2;—3) (3,25, —3) (3,2:5) | (10,4)
(3.2,2;1) (3(732;2_%’1_;) (?_72; _55)) gi’ 8;

) &y &y 3 _a;§7§ _7a6 &

B.211) | (@21 | (10, 4)

(15,1,1) (1,1,1;0) (1,1;0.0) (1,1;0) | (24.0)
(31,1, gg (3,1;0, 52) (31 32 (10, —4)

(3,1,1;—3) (3,1;0,—3%) (3,1;-2) | (10,4)

(8,1,1;0) (8,1;0,0) (8,1;0) (24,0)

Table E.3: Decomposition of the representation 45

(407 2L7 2R) (307 2L7 2R7 1B*L> (307 2L7 1R7 1B*L) (307 2La 1Y) (57 1X)
(1,1,1) (1,1,1,0) (1,1;0,0) (1,1,0) | (24,0)
(1,3,3) (1,3,3;0) 51,3; 1,0% §1,3; 1; E15,4;

1,3;0,0 1,3;0 24.0
B i (1,3; —1,20) (1,3; —21) (15, —4)
(20,1,1) (556,11,11, 52) (((36,1 0, 52)) (ga,ll; 52) (zfé—;)l)
(8,1,1;0) (8,1:0,0) (8,1,0) | (24,0)
(3,2,2;3) (_3, 2: 2 §1) (_3, 2: gl) (24,0)
(3.2 -3.3) (3,2—5) | (15,—4)

Table E.4: Decomposition of the representation 54
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