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CHAPTER 1

INTRODUCTION

There has been a revolutionary change in the theoretical understanding
of elementary particles and their interactions during the last two decades.
Morcover, clectrons, protons and neutrons have long been established as the
building blocks of matter. Elementary particles participale in a virtually
unlimited number of processes and their underlying interactions can be cat-
egorised into strong, electromagnetic, weak and gravitational interactions
on the basis of their observed strength at low energies and varying scales.
Ficlds are chosen to describe the fundamental particles in conformity with
the symmetries of nature. Various interactions preserve different syminetrics
covering space - time symmetries of special or general relativity and the in-
ternal symmetries acting on the fields. Gell Mann and Neeman proposed
a larger symmetry based on the group SU(3) wherein, symmetries grouped
particles into larger multiplets of 8,10 or even more numbers with hiadrons
as coinpositc particles. Since then, there has been a further simplific ation of
this concept.

Symmetries have played a fundamental role in our understanding of parti-

cle physics. There are two kinds of distinct symmetries for physical systems:



global syminetries and local symmetries. The symmetry transformations in
which the fields transform in the same way at every point in space and time
are known as global symmetries,

$a(T) — (e7PL)asdo(z) = U(B)asds(z) where U(B) = L is the same
for all x. Here L constitutes the set of generators of transformation. If the
symmetry is extended to allow independent transformations at differcnt space

time points, the symmetry is known as a local or gauge syinmetry. Under a

gauge transformation,

¢a(z) — (e"ﬂ(’)"‘)ab ¢s(z) = U(B(z))asds(z) whereB(z) is now an arbi-
trary differentiable function of x.

A Lagrangian describing a physical system must be invariant under a
sct of symmetry transformations. The requirement that a Lagrangian be
invariant under a local symmetry is more stringent than the requirement of
global invariance and can only be met provided some new spin-1 fields A3, as
dynamical variables are introduced into the theory. The liclds Af are called |
gauge fields and its coupling to other fields in the Lagrangian is uniquely
fixed by the requirement of gauge invariance. Thus, local symmetries dictate
dynamics and therefore provide a more powerful theoretical tool for studies of
particl.e interactions. Moreover in contrast to global symmetries, the current
in the case of local symmetries participates in the interactions and is therefore
a physical quantity which, in principle can be measured. The existence of a

local symmetry implies the existence of massless gauge bosons, one for each



generator of the local symmetry group. Theories in which field quanta may
interact directly are called “non Abelian”. The non Abelian case differs from
the abelian in that the gauge fields themselves carry the charges associated
with the generators of the group. This leads to the existence of off diagonal
vertices in which a fermion or scalar field ¢, absorbs or emits a gauge boson
and turns into a different field ¢,.

Gauge theories are very attractive in that the structure of the interactions
is dictated by gauge invariance. Furthermore, they are belicved to be the only
field theories for vector mesons that are renormalisable, which mcans that
all of the ultraviolet divergences in higher order diagrais can be remov.cd
from the theory by the redefinition of a finite number of masses and coupling
constants. However, one cannot add vector meson mass terms to the La-
grangian because such terms would break the gauge invariance and lead to a
nonrenormalisable theory. It therefore appears that the vector bosons must
be massless and the forces which they mediate must be long ranged. This
is, of course, desirable for quantum electrodynamics (QED), for which the
gauge boson is the photon. The strong and weak interactions are not long
ranged, however, and mainly they do not seem to fit into the gauge theory
framework.

A way out of this difficulty was found through the mechanism of sponta-
neous symmetry breakdown. In this, the underlying Lagrangian is invariant
under a symmetry group but the ground state of the system, the vaccum

state is not invariant. It is possible for the symmetries {or the equations of



motion of a theory, to be broken by the stable solutions, which can pick out a
specific direction in the symmetry space. This situation is known as sponta-
ncous symmetry breaking. Spontaneous symmetry breaking occurs when the
lowest encrgy state i.e. the vaccum state of the theory possesses a non-zero
distribution of the charge associated with a symmetry generator. A gauge
boson propagating through this vaccum state will constantly interact with
this charge and develop an effective mass proportional to the vaccum expec-
tation value of the charge. The associated force will be shielded becoming
short ranged in much the same way the Coulomb force becomes short ranged
in a Plasma due to shielding effects.

The Higgs mechanism is a simple explicit model for implementing spon-
taneous symmetry breaking. A set of spin-0 fields are introduced into the
theory which transform in a nontrivial way under the gauge symmetry. If the
vaccum expectation value of one of these fields is nonzero (this is essentially a
Bose condensation), then all of the syminetry generators for which this field
has a nonzero charge will be spontaneously broken and the associated gauge
bosons will become massive. If the symmetry is global, then the spectrum of
the theory contains a massless particle known as the Nambu-Goldstone bo-
son. For a general group G of dimension N, which is spontaneously broken,
leaving an unbroken subgroup H, of dimension M, there will be N-M mass-
Jess Nambu-Goldstone bosons corresponding to the N-M broken generators

of the coset space G/H. Spontaneous symmetry breaking has had its most



significant application in the breakdown of a local not a global symunetry.
In this case, the massless scalars do not appear, but sup[.)ly the longitudinal
components of massive vector gauge fields, This is known as Higgs mecha-
nistm. A massless vector field A, carries two degrees of freedom (transverse
polarisation); when A, acquires mass, it picks up a third degrce of free-
dom (longitudinal polarisation). This extra degree of freedom came froin the
Goldstone boson, which meanwhile disappeared from the theory. The gauge
ficld “ate” the Goldstone boson, thereby acquiring both a mass and a third
polarisation state.

It was shown by 't Hooft in 1971 that if gauge boson inass is generated
by Higgs mechanism, then the theory is renormalisable. It is therefore very
important in building gauge models that, the gauge symmetries that nced to
be broken (so that the corresponding gauge bosons pick up mass ), must be
broken by Higgs mechanism. Furthermore, to keep the theory renormalisable
all terms in the Lagrangian must have dimensions less than or equal to four.

Another important‘ criteria for renormalisability is the absence of trian-
gle anamolies. In proving renormalisability of a theory, gauge invariance is
a musl. Gauge invariance means that all currents corresponding to gauge
symmetries must be conserved to all orders in perturbation theory. It was
pointed out by Adler, Bell and Jackiw that if a theory involves chiral interac-
tions (i.e. interactions involving vs currents) of fermions, triangular one-loop

graph in general destroy the current conservation which was true at the tree



level. This is called the axial anamoly. If such anamolies are not cancelled,
then the theory loses its renormalisability. One must, therefore impose the
constraint of anamoly cancellation on gauge theories. This imposecs restric-
tions on the nature of fermion spectrum. In general, if in the space of all
fermions, 6; denotes the coupling matrix of fermions to the current J";, then
the condition for anamoly cancellation T'r(0:0;,0¢)) — Tr(0:0,,0¢])1e = 0

where the subscripts L and R denote left and right chirality states of
fermions. This constraint plays an important role in understanding fermion
spectrum, charge quantisation and helps reduce the arbitrariness of gauge
theories. It is possible to avoid the anamoly by choosing a group G and a
fermion representation so that anamoly is automatically rendered zero. Al-
ternatively, it may happen that different representations would get cancelled.
For a real representation, the anamoly vanishes because matrices arc anti-
symmetric. Another obvious possibility, giving zero anamoly, is that there
arc equal couplings for left-handed and right-handed fermions (a vector like
theory) then the (:ontriilmtions of left-handed and right-handed fermions to
the anamoly cancel. But, the anamoly is independent ol fermion mass.

All the above desirable fecatures of a gauge theory, namely, renormalizabil-
ity, anamoly cancellation with known fermions, massive gauge bosons medi-
ating weak interactions, and electromagnetic gauge invariance after sponta-

neous symmetry breaking are achieved in the electroweak gauge symmetry

SU(2);, x U(1)y proposed by Glashow, Weinberg and Salam which breaks



spontancously to U(1).. by the Higgs mechanism,

SU@L x U1y =5 U(1)m

where < ¢ >¢ denotes the VEV of the ncutral component in a Higgs-
scalar doublet at a scale (1 >~ Mw) of the order of massive W-boson mass.
The electroweak symmetry holds good for p > My.

[t has been found that when proved at large momentum transfers, the
strong interactions exhibit a property known as “asymptotic freedom”. i.c.
the strong interactions interact less strongly at high energies and start to
cxhibit the characteristic interactions of a gauge theory. The overwhelming
weight of theoretical and experimental searches point to the conclusion that
the strong interactions arise from the exchange of the ecight gluons of an
SU(3) local gauge ficld theory, popularly known as QCD.

Including the strong interactions, the gauge group structure SU(3)¢ x
SU(2);, x U(l)y has come to be known as the “standard” model of the
strong, weak and clectromagnetic interactions which is good symmetry for
p > 100GeV. When spontancous symmetry breaking occurs the SU(3)
symmetry is left unbroken leading to U(1)en x SU(3)c as the low energy
symimetry.

T‘he limitations of the standard model suggest that the standard model is
only a step towards a more fundamental theory and that, atl best, it describes
merely the low energy manifestations of an underlying unified theory. This

led to the'enunciation of Grand Unified Theories (GUT), in which the strong,



weak and clectromagnetic interactions are embedded in a large underlying
gauge theory with a single gauge coupling constant g. But in order to unify
the three interactions with gravity, grand unification is insufficient. Con-
siderable attempts have been made to unify all basic interactions through
superstring theories which manifest in SUSY GUTS or just the MSSM as
effective low-energy theories. More recently the idea of underlying M-thcory
has been advanced.

The present thesis is organised in the following manner : Chapter -11
and 111 are devoted to brief review of certain aspects of the non SUSY and
SUSY standard models and grand unified theories respectively. In Chap-
ter IV -V, the new research investigations carried out under this thesis are
presented. The realisation of low-mass right-handed gauge bosons, accompa-
nied by other observable predictions in ;S‘U(S)L x SU(8)r and SU(16) GUTs
arc presented in detail in Chapter IV. In Chapter V we demonstrate how
the intermediate gauge symmetry SU(2), x SU(2)p x SU(4)c (921, # gan) 1s
achieved in SUSY SO(10) by two loop and threshold effects. A briel sununary

of the investigations is incorporated in Chapter VI alongwith conclusions.
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CHAPTER II

THE STANDARD MODEL

11.1 INTRODUCTION

The development of the standard model of elementary particles and their
interactions have been one of the greatest achievements of theoretical physics
in recent years.In the standard model the SU(3)¢ colour gauge theory of the
strong interactions is combined with the SU(2), x U(1)y leading to the SM
gauge symmetry SU(2);, x U(1)y x SU(3)c(= Ga3) above the mass scale of
100 GeV.

Solving the wecak galhlgc boson mass problem via the lliggs mechanism
leads to the so called gauge hirerarchy problem - i.e. how to control the
Iliggs boson mass in the desired range of W and 7 masses. This is because
in the-absence of a protecting syminetry the scalar masses have quadratic
divergent quantum corrections making them infinitely heavy.By far the most
promising solution to this problem is provided by supersymmetry (SUSY),

which is a basic symmetry between bosons and fermions i.e. all fermions

10



have bosonic superpartners and vice versa.lt ensures cancellation between the
divergent quantumn corrections originating from the exchaﬁge of the standard
particles and their superpartners.In the process however one predicts that a
host of new particles,scalar partner of quarks and leptons as well ag fermionic
partners of gauge and Iliggs boson should occur in the mass range of W and
7 bosons. In this chapter we also discuss the supersymmetric extension of
the Standard model which is called the minimal supersynimnetric standard
model (MSSM).

‘I'he particle representations in the non SUSY Standard model are briefly
sketched in Section 11.2 wherein the transformation properties under (G55

have also been shown.In Section I1.3 we discuss the MSSM.The limitations
of the Standard model are discussed in Section 11.4.

11.2 PARTICLE REPRESENTATION IN

THE NON-SUSY STANDARD MODEL

All particles of the non susy standard model,except the neutral Higgs
scalar have been experimentally detected. Even some of the weak gauge bosons
and fermions were predicted in some theory or the other before the discovery
of the Standard model.All particles of the SM follow the charge quantisation

relation

Y

Q=13L+2 (2.1)

where Q, 31, Y denote the charge number,SU(2);, weak isospin and (/(1)y

11



hypercharge respectively. All particles of SM fall into three different cate-
gories:(i)the spin 1 gauge or vector bosons

(ii) the spin 1/2 fermions and

(i) the spin 0 Higgs scalar.

Gauge Bosons: The gauge bosons of SU(2),,U(1)y and SU(3)¢ are

VV,}'Z"",(ILO, 1), B,(1,0,1) and %, (1,0,8)i = 1,2,.....8 r(mp('-(:l.ivoly.

H

The kinetic energy term for SU(2), x U(1)y is given by,

jauge l a va 1 v
LGauge —-ZW,WW" - ZB" B, (2.2)
where
LV:v = (')Il"v:: - 3,,W: + g26ach:W: (23)
B, =0,B,-0,8, (2.4)

g2 is the SU(2) gauge coupling.
Fquation (2.8) includes the self coupling of the vector field W2, characteristic
of a non-Abelian gauge theory.

Fermions: The charged weak currents couple the left-handed components
of the charged leptons and the associated left-handed neutrino. Al left-handed
fermions transform as SU(2);, doublets while right-handed fermions as sin-

glet. The g and 1 family repcat with exactly the same trans- formation prop-

ertics under (G713 as the electron family

12



First Generation

Second Gencration

Third Generation

ry,b
bn

The kinetic energy of the quarks and leptons and their interactions with

W%, Z and v are given by,

(2,1/3,3); ( :: )
L

(1,4/3,3); en

(1,-2/3,3)

¢ 3. Vu .
(2.1/3,3); (/f ),,

(1,4/3,3); 7

(1,-2/3,3),

(2,1/3,3); (:_ >1,

(1,4/3,3); TR

(1,-2/3,3);

(2,-1,1)
(1,-2,1)
(2,~1,1)
(l)—'zv l)
(2,-1,1)
(17—2a1)

Y

. . 1 Y P
Ejermtans - L,Yu (l(’),, — igzr.‘v“ — gl—z—B‘,) L + R‘Y“ (z('?“ - gl—liu> R

where L denotes a left-handed fermion (lepton or quark) doublet and R

denotes a right-handed fermion singlet.

13
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Higgs scalar: The Higgs scalar (¢) in the SM is a complex doublet under

SU(2),, having weak hypercharge Y (¢) = 1. This scalar is necded to obtain
massive gauge bosons through spontancous symmetry breaking of SU(2),, x

[7(1)y and Higgs mechanism.

t
¢=($) | (2.7)

with

o = $y + 1dy)

V2

q-)o — (¢3 + i¢4)
V2

An SU(2), x U(1)y gauge invariant Lagrangian for scalar fields is given by,
Lt = (D) (Dud) - V(4'9) (2.8)

where the covariant derivative is

y
D" =, +igi Buzy + iggg.w,, (2.9)

and the scalar potential is
V(8'8) = n*(4'6) + A(¢'¢)’ (2.10)

To generate gauge boson masses through SSB, the parameters in (2.10)

are chosen such that j2 < 0 and A > 0 with (¢o) = 7 # 0. The VIV is

14



expressed as

(¢)=¢o=—\}§(g> | (2.11)

There are no charged-scalar ficlds in the standard model. The charged com-
ponents of ¢ are absorbed by the massless W#* gauge bosons as their longi-
tudinal modes. Similarly the imagirary part of the neutral component of ¢,
provides the longitudinal mode to the neutral Z°- boson.This generates the

following tree-level masses for the vector bosons,

1
My = 92t

1
Mz = i(gi"+ g3 (2.12)
‘T'he mass eigenstates of the neutral Z-boson and the massless photon are,

A, = B, cos 0w + W"‘} sin Ow

Z, = —BusinOw + W) cos Ow (2.13)

The weak mixing angle,0w ,is given by

tan My = 24 (2.14)
92
and the clectromagnetic coupling ¢ is
e = ___92;92__2_ = g, sinOw (2.15)
\/(gl + 92)

15



After spontaneous symmetry breakdown, only one component of the Higgs

ficld the physical neutral Higgs scalar mass is given by
M2 = —2° (2.16)

To generate fermion masses the Yukawa couplings in the Lagrangian are

included

LY ukawa _ —/z[[f,(qS'L) + (L) R + h.c. (2.17)

The complete Lagrangian of the standard model is given by,
L= CGaugc + [:]crmion.v +£acalar +£Yuerwa (2 18)

‘The W* and Z bosons have been discovered at the CERN pp collider exper-

iment in 1983 and at CERN-LEP with masses,

My s = 80.22GeV £ 0.26GeV, Mz = 91.187 £+ 0.007GeV (2.19)

The masses of quarks and the charged leptons are
m, = 2 to 8 MeV; myg =.5 to 15 MeV; m, = 0.5109 MeV,
me = 1 to 1.6 GeVim, = 100 to 300 MeV;m, = 105.65 MeV,

me = 176 £ 24 GeV; my = 1.1 to 4.5 GeV; m, = 1.777 GeV,

(2.20)

All other fermions are lighter than Mzo, but only the top quark appears to be
heavier. A unique prediction of the standard clectroweak theory is the nen-

tral current interaction through 7 exchange. The currently measured value

16



of sin? 0y is 0.23152 + 0.00032.

I1.3 SUSY VERSION OF THE STANDARD

MODEL

Elementary particles consist of both fermions and bosons, and their ulti
mate unification would require them either to be composite of some basic
set of fermions which can be unified within a Lie group framework or that
there must exist a new symumetry that transforms bosons to fermions. This
latter kind of symmetry, is known as supersymietry, which relates parti
cles of different spins. To see why symmetry between bosons and ferimions
may be of interest to the study of elementary particle physics, we point out
that renormalisable quantuin field theories with scalar particles (such as the
Higgs sector of unified gauge theories) have a very disturbing [eature in that
the scalar masses have quadratic divergences associated with fermion masses
which can be eliminated by taking advantage of chiral symmetries, there is no
apparent symmetry that can control the divergences associated with scalar
ficld masses. On the other hand, if we have a theory that couples fermions
and bosons, the scalar masses have two sources of quadratic divergences,
one from a scalar loop which comes with a positive sign and another from a
fermion loop with a negative sign. It was then suggested that, if there was
a symmetry that related the couplings and masses of fermions and hosons,
all quadratic divergences from scalar field masses would be eliminated. The

two sets of particles are distinguished by a multiplicative quantum nmumben

17



called R-parity, which is +1 for all standard particles and -1 for their su-
perpartners. Consecrvation of R-parity implies that (i) the.supcrpartn(rrs arc
produced .in pairs and (11) the lighest superparticle (LSP) resulting from their
decay is stable. The LSP is also required to have no colour or electric charge.
Consequently it is expected to interact weakly with matter and escape de-
Leetion like the neutrino. This results in an apparent momentum imbalance
(missing momentum), which serves as a powerful signature for superparticle
production. In this section we briefly review some aspects of minimal su
persymmetric extension of the Standard model. We call the supersymimetric
partners of quarks and leptons as squark, slepton with a prefix s and denote
them with a tilde over the symbol representing the corresponding particle.
The particle spectrum along with their quantum numbers under (G4;3 for one
generation is given in Table II.1. All particles are chosen to be left-handed
(or chiral) particles so that a right-handed ficld (2.e.up) will be denoted as a
left-handed antiparticle field (:.e.uf).

Table I 1

18



superfield

Component ficlds

SU2), x Uy x SU@)¢

Q

U

L

I

I,

1,

Matter ficlds

iy, .
( dl ) - Ql,

H

i I
d,

“r
Gauge fields

I
”:’3
Wt
‘i'f!
B

B
Higgs field

<15'
(ﬁ

3!
d“)n

)
()
(o)
()

Q1.

quantum no.

(2,1,3)

(2,—-1,1))

(1,+2,1)

(3,0,1)

(1,0,1)

(2,1,1))

(2,--1,1))
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Name

Quark

Squark

Quark
(denotes riplht
handed up quotb
Squark
(denotes ripht
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In order to give mass to fermions supersymmetry requires two lliggs

doublets,H, and I{;. The Lagrangian for MSSM is given liy,

L = L:G’augc + ACmatter + C"’]‘ + £Yukawa -V (221)
where

. ! 1 . . o
L7 = W Woy = 2 By By = W AW — 137,03 (2.22)

*1La cr s -(1 N
L =N gy, Dyt = Y (DuAy) (DuAy) + G Do tr WA+ hee.

g -
+1-= YLBY Ay + h.c. 2.23
/o R v (2.23)
Sumimnation goes over

v =Q,U,D,L E, H,, Hy,bx

and
A, =Q,U,D, L, E,H,, HiPx

Yy .
Dy =, —ig' 5 Bu ~ zg%.‘fVu (2.24)

Y being the U(l)y quantum number.
The term 7.W, will be absent when a particle is SU(2);, singlet. 0,

denotes the covariant derivative for the appropriate gauge fields.

LY ukaws — (QZC"T;[I.,UE +QTC 'l + USHIC'12QU, ) +u-—d
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+he (L"‘C-‘rzu,,cc 4+ LTC \npllyé. + HIC'r, i,c;,)

+A (17}' =V Habx + HTC 1y Hyhx + 1‘1uc-‘7217.,,¢lx) +he  (2.25)

Here C is the Dirac charge conjugation matrix and 7; is the sccond Pauli
matrix.The first term in each of the first three bracketted expressions in the
above equation is represented as the Yukawa couplings present in a two Higgs
extension of the standard model. ‘The remaining term involving [ermions is

the soft supersymmetry breaking Majorana mass term,.e.
Lo = m'WTC'W + m"BTC'B + h.c. (2.26)

The potential V is given by,

V = |FI + D? + Vs (2.27)
11 = ke QU + My 11.,|2+|/,.,Qd"c Fho L& + Adx |+ kot + halled|
+h? IQ"'nuu gy |Q"‘T.,11,,,|2
+h? (ujude"c" + |i,"'r.,u,,|2) + A (U 7yl — p?) (2.28q)

Viost = ho QT 2l U + haQTrpHad® 4 he LT 721146 + Mpx 1] 1214 + h.c.

+m§,(}'(:) +miIL o+ m U U + m?)(ic'd.c + mieel (2.28))
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2

+ g’zz

a

%02 = %922 AZA oTaly ZAtYAw

(2.28¢)

Let us now study the spontaneous breaking of the gauge symmetry. For

md,mi,mi,mi), mi; positive, the minimum of V corresponds to

Q)= (L) =) =(@@)=(d)=0 (2.29)

(H°) = (11°) = % = (2.30)

The above equations break the SU(2), xU(1)y symmetry leaving the SU(3):
U(1)em symmetry intact 'This also gives nonzero masses to the quarks and lep-
tons. As far as the Higgs sector is concerned (decomposing 112 = p+o0,+1ix,)

the three Higgs-Kibble bosons are

‘}5 (Xu — .\d))% (Hui — Ilf) which are ab-
sorbed to become longitudinial modes of the gauge bosons. The remaining
physical Higgs fields 7‘; (0w + 04), 7'5 (xu + \4d), 7'; (llf + 17) all pick up

mass Av. The mass of W and 7 boson are given by,

1
My = —gqv (2.31)

\/‘2.
mz = \/_(q +g )'/2 (2.32)

The Higgs and the superparticles are the minimal set of missing pieces, re-

quired to complete the current picture of particle physics.Search of these
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particles is among the prime goal of the present and proposed high energy

colliders.

11.4 LIMITATIONS OF THE STANDARD MODEL

Although the Standard Model has many impressive successes it falls short ol
a complete theory of the strong, weak and clectromagnetic interactions for
several reasons. Some of the reasons are discussed below.

(1) In the Standard model there are three different coupling constants
associated with the gauge subgroup SU(3)c,SU(2), and U(1)y respectively.
Therefore the theory is not truly unified.

(11) Standard model does not explain the origin of parity (P) and CP (C=
charge conjugation) violations in weak interactions. Although the observed
('l violation in weak interaction is parametrized in the Standard model
frammework through the Kobayashi-Maskawa (KM) approach, the model does
not. offer an origin of CP violations. Besides in the KM model one needs at
lcast three fermion generations to get CP violations.

(iti) The Standard model contains a large number of parameters to ex-
plain physical phenomena including fermion masses.  They are the three
g;u\g(; coupling constants, six parameters for the six quarks plus three gener-
alised Cabbibo angles, one CP violating phase, two parameters for the Higgs
potential and either three or ten mass mixing and phase parameters for the

leptons (corresponding to massless or massive neutrinos), for a total of IR
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or 25 independent parameters. In addition, there can in principle bhe two
CP violating vaccum angles, 0gcp and Ogpp associated with SU(3)¢ and
SU(2)y.

(iv) Electric charge is not quantised. The relation of quark to lepton
charges is also not understood.

(v)The present experimental upper bound on the neutrino mass are m,,, <
18¢V,mn,, <250 eV and m,, < 35MeV. There exists a limit of about leV
on the Majorana mass of v.. Thus it is evident from the experimental bonnds
that if the neutrino has a mass, it is much less than the corresponding masses
of the charged quarks and the leptons. On the other hand, in the standard
model the neutrino is massless and the model prediction for the neutrino
magnetic moment ji,, is much smaller as might be needed for explaining fluxes
from the sun and the supernova. The masslessness of the necutrino is due to
the absence of the right-handed neutrino in the standard model. However, if a
v is added to the standard model the neutrino gets a large Dirac mass which
is of the same order as the corresponding quark or charged lepton mass.Such
a large mass is ruled out by available experimental limits and the big bang
cosmology. Experimental measurements involving neutrinoless double heta
decay, neutrino oscillations and the observation of neutrinos emitted from the

sun and the 1987A supernova explosion are consistent with small neutrino
I1ASSCS.

(vi)Gravitational interaction is ignored in the standard model.

24



These limitations suggest that the standard model is only a step towards
a more fundamental theory and that at best, it is an effective theory valid

upto a mass scale, say My, at which the underlying theory will answer the

above questions.
There are two main possibilities for this underlying theory if it exists. The
first is that some or all of the ficlds of the standard model may be composite

and there is some more fundamental level of structure. The sccond is that

the fields of the standard model are themselves fundamental, but they are
related by further symmetries, broken at the scale Mx. The latter approach
leads to grand unified theories (GUTs) and to supersymmetric grand unified
theories (SUSY-GUTs) which we discuss in the next chapter. In GU'T's, the
additional symmetries are gauge symmetries based on a larger Lie algebra
than SU(3)¢c x SU(2), x U(1l)y, which may relate particles of the same
spin. In the ideal GUT all the fundamental ficlds of a given spin will belong
to a single irreducible representation of a gauge group G and hence their
interactions will also be related by the (gauge) transformation of Gi. In SUSY
GU'Ts the additional symmetry is based on a graded Lie algebra, which
relates particles of different spin, and ideally may relate all particles and all

interactions to the fundamental gauge bosons and gauge interactions.
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CHAPTER 3



CHAPTER III

GRAND UNIFIED THEORY

III.1.INTRODUCTION

Recent developments in particle physics have been dominated by theoret-
ical and experimental investigations into the Standard model (SM) gauge
theory for over two decades. Although, the idea of strong and electroweak
unification based upon SU(2), x U(1)y x SU(3)° has been experimentally
established, it is fraught with a number of difficulties most of which cannot
be removed within the model itself. In the standard model, the strong weak
and electromagnetic interactions are largely independent of cach other as is
illustrated by the fact that the gauge group Gs = SU(3)“ X SU(2), XU(1)y
is a direct product of three factors with different gauge coupling constants.
The arbitrary and complicated pattern of fermion representation offers no
fundamental explanation either for the repeatition of fermion families or vi-
olation of parity in the weak interactions least of all the strong interactions.

Furthermore, the problem of quantization of electric charge remains unsolved
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both in this model as well as any unification group which has a U(1) local
symmetry. This means that there is no prior reason for the quark and lepton
charges to be related by simple factors by 3. The standard model has many
free parameters, notwithstanding the representations and electric charge as-
signiments in the given group. This signifies that many observable quantities
such as the fermion masses, mixing angles and CP violating phase are solely
arbitrary. Finally, the standard model lacks the incorporation of gravity and
an explanation for the empirical absence of a large cosmological term.

One way to constrain or deterimine some of the features that are arbitrary
in the standard model‘(SM) is to consider the model with more or higher sym-
metry. The first attempt in this direction was made by Pati and Salam who
unified the quarks and leptons within the group SU(2);, x SU(2)n x SU(4)“
by extending the colour gauge group to include the leptons. They explained
the quantization of electric charge although they had three coupling con-
stants ga1, gan and gc, since there was no natural left-right symmetry in
their model. This short coming was soon removed by making this theory
a two coupling-constant partial unification theory. But more promising are
grand unified theories in which the strong, weak and clectromagnetic inter-
actions are embedded in a larger underlying gauge theory with a single gauge
coupling constant g. The idea is that the observed interactions of the stan-
dard model are merely the low energy manifestation of an uuderlying unified

theory. This underlying theory possesses additional structure that appear
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arbitrary at the level of the Standard Model.

Grand unified theories typically have new symmetry geﬁerators which re-
late SU(3)c colour quantum numbers and SU(2), x U(1)y flavour quantum
numbers. Quarks, antiquarks, leptons and antileptons are often placed to-
gether in irreducible representations of the underlying gauge group G and
arc related by the new symmetries. Associated with the new symmetry
generators are vector bosons which carry both flavour and colour quantum
numbers and can mediate baryon number violating processes such as pro-
ton or bound neutron decay. The very stringent experimental limits on the
proton lifetime (7, > 10%' years) require that these new interactions must
be extremely weak. Most grand unified theories explain the quantization
of electric charge and many of the models predict sin®0,, ~ 0.23152, which
is reasonably close to the experimental value obtained from ncutral curent
experiments. Most models predict massive ncutrinos, masses typically in the
range 1075 — 10*2¢V. While ongoing experiments on solar and atmospheric
nceutrino oscillations an(l. measurements on f-decay and neutrinoless double
B-decay might confirm the existence of neutrino mass, massive neurinos pro-
vide a very interesting interpretation of the big bang cosmology and the dark
matter of the universe. Finally some of the more complicated models predict
flavour changing neutral currents (FCNC) at some level. Onc of the most
exciting implications of grand unified theories is that they may explain the

excess of matter over antimatter in the universe.
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In a grand unified theory the standard model Gs = SU(3)¢ x SU(2),, x
U(1)y is embedded in a larger underlying group G, the so called grand unified
group. One desirable constrain is to demand that the theory have one gauge
coupling constant. In order to have only one gauge coupling constant the
gauge group G must either be a simple group such as SU(N) or a direct prod-
uct of identical simple groups such as SU(N) x SU(N). In addition to SU(N)
there are four other classes of simple groups SU(N +1),SO(2N), SO(2N +1)
and Sp(2N) where N is a positive integer, together with five ‘exceptional
groups Ga, Iy, I's, 7 and Eg. One important constrain is that the group
should contain the Standard Model.Parity violation in the weak interaction
requires either that the fermions be placed in a complex representation or
that the number of fermions be doubled. So only complex representations are
suitable for building a Grand Unified Theory with minimal particle content.
These occur only for SU(N) with N > 2,I56 and SO(AN + 2). llence the
desire for complex representations further limits the possible Grand Unified
Groups.

The Standard Model gauge group G, = SU(3)¢ x SU(2)1, x U(1)y has
rank 4. 'Thercfore any unified theory that contains Gg as a sub-group must
have rank > 4. Out of all the possible rank 4 groups that allow a single
coupling constant the requirement for complex representations allow only

[SU(3)]? and SU(5) as the possible groups for the Grand Unified theories.

Among [SU(3)]?and SU(5) only SU(5) has the complex representations neces-
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sary to accomodate the SU(3) (complex) triplet and SU(2) (complex) doublet
fermion representations SU(3)¢ x SU(2)r x U(1)y needed for the spectrum of
the standard model. Thus SU(5) is the unique rank 4 candidate for a Grand
Unified Theory. We shall discuss the structure of the model in Scction 3.11.

In selecting an explicit grand unified gauge theory the leptons and quark
appear to work together in families, with the first such family containing the
familiar u; and d; quarks in three colours (i=R,Y,B) together with e and
ve. The simplest way is to put the basic fermions only into the fundamental
representation of some group since the obvious way to classify the ultimate
building blocks of matter is in the fundamental of a group. Thus for the pur-
pose of grand unification groups based on SU(8) are considered as they can
classify the eight left-handed fermions in a common fundamental. However
under a single SU(8) the seven right-handed fermions in the first family could
only be classified as singlets, which is undesirable phenomenologically, since
for instance the right-handed quarks would then have to be colour singlets.
Thus, one further right-handed fermion, a right handed neutrino needs to be
introduced to fill out another 8 and this leads to consider the local gauge
group SU(8);, x SU(8)n based on families of 16 fermions. The model has
anamolies, so heavy mirror families of fermions in which the L and R ficlds
transform as (1,8) and (8,1) respectively, must be introduced to make the

theory vectorlike. The grand unified model SU(8)L x SU(8)r include the

Pati-Salam group SU(2), x SU(2)r x SU(1)€ as a subgroup and embody
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the twin features of quark-lepton unification. A brief review of the model is

given in Section 3.111

As discussed above only complex representations are suitable for building
a Grand unified theory with minimal particle content and this restricts us
to the orthogonal groups SO(4N+2) with N > 2. The smallest such group
with rank > 4 is SO(10), so the possibility of building a Grand unified theory
based on SO(10) is considered. SO(10) is a group of rank 5 with the extra
diagonal generator of SO(10) being B-L as in the left-right symimetric groups.
The advantages of SO(10) as a grand unification group are:

1) only one 16-dimensional spinor representation of SO(10) has the right
quantum number to accomodate all fermions (including the right-handed
neutrino) of one generation.

2) the gauge interactions of SO(10) conserve parity thus making paritly a part
of a continuous symmetry: this has the advantage that it avoids the cosmo-
logical domain wall problem associated with parity symmetry breakdown.

3) it is the minimal left-right symmetric grand unified model that ganges the
B-L symmetry and is the only other simple grand unification group that docs
not need mirror fermions. The model does not have any global symmetrics.

We d.escribe the model in Section 3.111
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I11.2 SU(5) MODEL

SU(5) is defined by its adjoint representation which is the group of 5 x 5
coimplex unitary matrices with determinant 1. They are 25 independent real
5 x 5 matrices i.e.,50 independent complex matrices U. The unitary condi-
tion UU = 1, and the unimodular condition, detU=1 give 25+1 constraints

lcaving the 24 independent matrices defining SU(5). U may be written in

the form
24 o
U =exp(-i) B’L) (3.1)
)=1

where the 24 generators L? are Hermitian (ensuring UU' = 1 ) and traccless

(ensuring detU=1). Thus for generators normalised such that

Tr(L°L) = 26" (3.2)
In the matrix form we have,
00
A® 00
L = 00 |,
0 6 000
0 0 000

a=1,...,8 (generators of SU(3))
(3.3)
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A® are the usual Gell-Mann 7Zwig matrices acting on the colour indices.

Vest--® are the gauge bosons of SU(5) which are to be identified with the
gluons.
0000 O
0000 O
oot =10 000 0 generators of SU(2)
0 0 0 01,23
0 00
23 0 0 0 0
0 2/3 0 0 0
L'? = 0 0 2/3 0 0 (3.4)
0o 0 o0 -1 0
o 0 0 0 -1

0123 are the Pauli spin matrices. Then :};(V‘? + iV)?) are the W¥ of the
Standard Model. V!' and V]? are the weak gauge bosons W2 and B, re-
spectively.

The remaining twelve additional Hermitian generators of SU(5) are

)
(
)

| —i 0 0 I
0 01 0 0 0\ ( 0 00
LY = 0 0}, L= 0 0|, LY = 0
1 0 0 i 00 00 0
000 0 000 0) \1 00
0 —i 0 0 [ 0
0 0 0 0 10 0 -
L1 = 0 0 |, L= 00 |,L¥= 0
000 010 0 i 0
i 00 0 000 0) \ 0 0 0



<
<
<
(=)
<

0 0 1 0 0 —i - 0 0
L = 00 |,1%®= 0 0 |,1?= 1
000 000 0 0 1
010 0 0 i 0 0 00 0

<
(=)
(=)
=)
<

0 0 0 0 00 0 0

L? = -i 0 |, LB = 01 |, L= 0
00 i 000 000
00 0 0 001 0 00 3

The associated vector bosons V2=13--18 and V=192 are the twelve new
gauge bosons of SU(5). They are called X and Y bosons.

In order to calculate the SU(5) gauge invariant kinetic energy term for the

gauge bosons, the 5X5 matrix V, is defined as

n?_1

1 1
—V, =) veLe (3.6)
\/§ 2 a=1 s

In terms of vector bosons introduced above V,, is given by

Gi-%k a6 x v
G Gi-2% G} X? y?
V, = 3 Gy G- X y? (3.7)
X, X, Xs w4 Wt
Y; Y, Y3 w- —7';1' + %

The gauge invariant kinetic energy term is given by

"
1)
]

0
]



-1 ~1 '
Ekin = —F F' = T7‘r(F‘uuF““j (38)

4 uv- a

where

(F). = 8, (V,), - % (Valk (Vo) + 8, (V)i — %(v,)i(v“)j (3.9)

Each family of fermions fits neatly into the fifteen states available in the
5+ 10 representations of SU(5). Also the anomalies in a 5 left-handed repre-

sentation cancell the anomalies from a 10 left-handed representation. Thus

5+ 10 is anomaly free.

di
d3
Ve = d§
Vc
e /4
0w —u5 —u' —d
—uy 0 uf —u? —d®
X10 = us, —u§ 0 -ub -d° (3.10)
' uw? W 0 —et

d & & Et 0

where the charge operator is identified as

Q) = Diagonal(+1/3,4+1/3,+1/3,0,-1) =

: (L” + ﬁlﬂ’) (3.11)

8|
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The coupling of the gauge bosons to the 5 of fermions is given by the

invariant kinetic energy term

Liin = isir* (Duhs)' = i¥sin” (6“6; B i\/g—i (V,,);) v (3.12)

The gauge invariant kinetic energy term for the 10 dimensional represen-

tation

g . a 21(] a c . . a 22( a t be
2% = 5 o) (085 = 22 0007 ) 72 = (ranle (00 = 22 () v

(3.13)

where for convenience a normalization factor of % is usually introduced

(Xw = 7‘;‘()

Having assigned the fermions to multiplets of SU(5), the couplings of the
gauge bosons are defined as in cquations (3.12) and (3.13). The couplings
of the neutral fields W2 and B, to matter are determined by the covariant

derivative

D, =0, - % (W3L" + B,L") (3.14)

where L'' and L'? are the diagonal generators given in (3.5)

Using the equations
A, = Bucoshy + W, asinlw
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Z, = —Bysinbyw + W, 3cosOw

in equation (3.14), D,, in terms of A, and Z,, is given by,

D,=4d, - z_q (sinOy L' + cos Ow L' A, + (cos Ow L' —sinOw 1'% 2,
2 [ 1]

(3.15)
= i),, - i[(.’QA,, + .‘IZQZM]

where the charge operator is defined by eqn.(3.15).Equation (3.15) gives,

3 . 3 9% g 2 ‘
tanOw:\/;,sm 0w=§=gi2+g§,§: 3¢ (3.16)

The prediction for the sin? 0y applies at the scale , My,at which SU(5) is a

good symmetry and that it must be corrected while comparing with experi-
mental measurements at low energies.
The interactions of the new “leptoquark™ X and Y bosons which can couple

leptons to quarks is given by,

gX;‘ (J.'R’Y"C;; + Cijkﬁgk’YuUQ + (i,’L’)’uet) + h.c.

L
V2

| , . .
—=gY, (“‘dilt'Y”V;( + ety v df, — u-’L’Y"GI) + h.c.

V2
Flach of these interactions changes both baryon and lepton number by -1

unit and changes the number of clementary fermions by -4 but conserves the
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quantum number B-L.

The couplings of equation (3.17) give the effective Lagré.ngian for baryon

number violating four fermion interaction,
! g’ ek, p. B stap g
ZCAB:[ = 8—1\4_} (c.-,-kuL'y U.L) (2CL’7 dR + €RY dR)
g’ k j i
+8—M,2, (eijragy*dy) (7pr*dR) + h.c. (3.18)

leading proton decay of the type p — e*x% n — e*x~ but not B-L violating

processes such as n — e~ 7,

In order to achieve a phenomenologically acceptable model it is necessary to

break SU(5) in two stages

SU(5) 2% SU(3)C x SU2)L x U(1)y

M, SU3)C x U(1)em (3.19)

The first stage of symmetry breaking is achieved through the adjoint rep-
resentation 24 of real sc;lar fields. At this stage the X and Y bosons receive a
mass of order My leaving the other 12 gauge fields of SU(3)¢ X SU(2)LXU(1l)y
massless. To accomplish the symmetry breaking the adjoint 24 representa-

tions of real scalar bosons acquire a vacuum expectation value
< ¢24 >o= va4Diagonal(1,1,1,-3/2,-3/2) (3.20)
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where vy, is the parameter that will set the scale of masses of the X and Y
bosons. The sccond stage of symmetry breaking is accomplished through a 5
dimensional representation of complex scalar fields. The complex 5 contains
the complex (1,2), representation used for spontaneous symmetry breaking

in the standard model of weak and electromagnetic interactions. I'he vacuum

expectation value is choosen as

<!l >=

vs/V2 (3.21)

- O O O

This gives mass of order My to the W% and Z bosons. The left handed
fermions in SU(5) transform as 5 + 10. As the fermion masses involve the
product of two left handed fermion fields, so the representation content of
these magscs is obtained from the product (6 + 10) x (5 + 10). None of the
product ilncludc a 24, so the adjoint ¢ does not couple to fermions. As a
result the scale for fermion masses is 0( M, ), through their coupling to I and

not My. The possible Yukawa coupling to H are

Lyue = (hia) MEXSIHY — 1/d€apasd(XT )00 MY X H + he  (3.22)

Here i,j are generation indices and «,3,7,8,¢ are SU(5) indices. When 11
develops a vacuum expectation value, as in equation (3.21) it will gencrate

down quark and charged lepton masses through the term proportional to M?
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and up quark masses through the term proportional to the My. My may

be diagonalised by unitary rotations in the flavour space of the fermion ficlds.

Vi, — (U} YL xei — [Ua);; x1; (3.23)

Then the masses obtained are myg = m, = Ales
my = m, = Mauvs

my = m,; = Mizvs

These predictations are corrected by radiative corrections. Up quark
masses come from the term involving MY, but because there are no further
relations between quark and lepton masses. the unification mass My is ob-
tained from the constraints that the three different gauge couplings gi.,g21

and ¢,y at low energies unify to a single gauge coupling g, above the unifi-
cation scale

The SU(5) model predicts the grand unification masses My > 10"°GeV which

leads to 7, ~ 3 x 10°! years.

I11.3 SU(8);, x SU(8)y MODEL

In this model the basic fcrmions transform according to the (8,1) + (1,8)
representations of SU(8), x SU(8)r. Within each chiral scctor the basis for

cach family arc labelled as (ve, un, ug, un, €,dp,dg,dg). Each U(8) posseses
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cight diagonal A matrices for which the basis are.

I
) (!
aABzé
0
1
) \
\
0
3 Ap =
-1
-1
_1/
0
Yo
0
s’\Fzé
0 0
0
0 ) \
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0
1
-1
—1
-1
3
( ~1
~1
0
1 0
-2
0
0
0




-1 1

\ 0 ) \ -2 )
The local SU(8) chiral theory contains the gencrators Yy, = 1/2(13;, — L),
Yr = l/é(BR — Lp) where B, Bg,L; and Ly are left and right handed
baryon and lepton numbers respectively. The charge operator (which is con-

tained in the theory since the sum of the electric charges within each funda-

mental is zero) can be expressed in terms of the above operators as
Q=T +TH+ YL+ Yn

where 13 and T}, are the third components of the weak isospins SU(2),
and SU(2)g contained within SU(8), and SU(8)r respectively. In the La-
grangian of the SU(8), x SU(8)r model the fermion, gauge boson sector

of the theory actually possesses the larger global invariance U(8), XU(8)r.
With two additional conserved currents

Fo=Ly+3B, Fr=Lr+3Bg

when thcéc operators act on the fundamental of cach SU(8) we have the cor-

respondence 12 ~ Ag, Y ~ —7‘5/\(;,17 ~ 224,Q ~ Ag — 7‘3)\(;. While the

diagonal SU(3)c generators transforin as Ap + Ag, Arp + Ay
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Within cach SU(8) the gauge bosons can be represented as a rank two tensor
63
Wi =Y AW,
a=1

In SU(8)L x SU(8)r there are triangle anamolies whose cancellation requires
the introduction of a mirror family (W7, V7 ) corresponding t'o every standard
family of quarks and leptons (¥, ¥,) and imposition of mirror symmetry
Yy, — V{, ¥ — U]

In order to achieve the standard model phenomenology at low energies, when
attempt is made to keep only three families light and the mirror masses near
the grand unificaton mass My, the standard fermions also get bare Dirac
masscs of the order My. This is avoided by additional discrete symmetry
Yy — —Vv7 YR — —Vh

SU(8)L x SU(8)nr can descend to the low energy SU(3)c x U(1)em symme-
try through various distinct chains. It also includes the Pati-Salam group
SU(4)c x SU(2)L x SU(2)r as a subgroup and embody the twin features of
quark lepton unification. The low energy SU(3cXU(1)em is obtained after
the breaking of SU(2) XSU(2)gr left-right symmetry. The parity violations
in the weak interaction requires the right-handed weak bosons to be much
heavier than the left-handed weak bosons. The model allows novel decay
modes of the proton (p — e n*nt etc) and depending on the chain of de-

scent the different decay modes may co-exist and n — 1 oscillation may be
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allowed.

I11.4 SO(10) MODEL

The SO, groups are convenient for grand unification because they admit
complex representations for n=2m (m odd) and are anomaly free (n # 6).
The smallest such group with rank > 4is SO(10). SO(10) is a group of
rank 5 with each family of left-handed fermions assigned to a 16 dimensional
complex spinor x* An interesting aspect of SO(10) is that it contains the
left-right symmetric gauge group and therefore it contains the right-handed
neutrino. Since it has quarks and leptons in the same irreducible repre-
sentation, the mechanism responsible for generating quark lepton masses
automatically makes the neutrino massive. Thus, unlike the SU(5H) model,
in SO(10) model massive neutrinos arise naturally. To begin with, the two
maximal subgroups of SO(10) are :

Gy = SU(2), x SU(2)r x SU(4)c

and Gs = SU(5) x U(1)

The 16-dimensional spinor represenation of SO(10) decomposes under Gzz4
and G as follows:

Gazar : {16} D {2,1,4} + {1,2,4}

Gs: {16} D {10}, + {5}-3+ {1}s

From the SU(5) content of the spinor representation, it is clear that all the
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known fermions of a single generation can be fitted into a spinor. The SU(5)
singlet piece of the spinor is identified with the right—haﬁdcd neutrino. In
the SO(10) model there 45 gauge bosons which transform as the adjoint rep-
resentation. Under SU(5) the adjoint representation transforms as

45 = 24 + 1 + 10 + 10 Of the 45 generators of SO(10), 24 are those of the
SU(5) subgroup. The other 24 generators connect or distinguish between the
5,10 and 1. Under SU(2)L x SU(2)r x SU(4)c the adjoint representation
45 transform as

45 D (3,1,1) +(1,3,1) + (1,1,15) + (2,2, 6)

When (7424 further decomposes to Gaa(SU(2)L X SU(2)pr XU (1) X SU(3)¢)
the gauge bosons may similarly be expressed in terms of their SU(2), x

SU(2)p x SU(3)¢ transformations as

45 = (3,1, D4(1,3, 1)4(1,1,8)4(1, 1, 1)+(1,1,3)+(1,1,3)+(2, 2, 3)+(2,2,3)

The terms in the R.ILS. of the above expression represent Wf'o, W,f'o % B,

Lo X.Y1, X'eye
(). (080
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The possible symmetry breaking chains of SO(10) are shown below where
the dimensionality of Higgs boson responsible for cach stage of symmetry

breaking have also been listed.

S10)
54 210
G224D G2
126 OR16
45Y 45
6321
\Lzs\
G321 »-— =G 3211
210

So, there are many possible routes, cach with its characteristic set of
Higgs and Higgs potential. The gauge bosons contained in the quotient
group SO(10)/SU(2), x SU(2)r x SU(4)c become massive at the first stage
of symmetry breaking and contribute to baryon nonconserving processes such
as proton decay.

The allowed fermion masses in SO(10) transform as the product of two 16s

{16} X {16} = {10} ® {120} @ {126}

The fermion masses may only be generated by spontancous symmetry break-
ing through Yukawa couplings to Higgs in the 10, 120 or 126 representations.

The @10 and @26 couplings are symmetric in family indices while the @14
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couplings are antisymmetric. With only a 10 the minimal SU(5) relations
Mg = m,,m, = m, and m, = m, are obtained.
With a 10 and 126 representation it is possible, by imposing discrete or con-

tinuous global symmetries, to achieve the form of the mass matrices

0 A 0 0 A o0
H=1{ A C o0 | ,H=| A -3C 0
0 0 B 0 0 B

which gives the relations

my, =m, = B,m.m, = mym,

with A=A’sincethed o and ¢y couplings are family symmetric. Many other
combinations are possible leading to acceptable fermion masses and to suc-
cessful mass predictions but only with the use of additional global symme-

tries.
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CHAPTER A



CHAPTER 1V

LOW-MASS RIGHT-HANDED GAUGE BOSONS, PROTON

DECAY AND OTHER OBSERVABLE PREDICTIONS
IN SU(8), x SU(8)r AND SU(16)

IV.1 INTRODUCTION

Precision measurements at the CERN -LEP leading to the determination
of standard model gauge couplings and their extrapolation to higher scales
have led to the revival of interests in grand unified theories (GU'T's) [1-3].
Considerable attention has been paid to the study of implications of quark-
lepton unification through SU(4)¢c -gauge hypothesis. If SU(4)¢ occurs as a
part of left-right gauge group such as SU(2), x SU(2)r x SU(4)c(= Gaz4),
it can undergo spontancous symmetry breaking to the sl(alldar(l modecl (SM)
gauge group, directly or by more than one step, such that weak interaction
phenomenology at lower energies remains close to that of the SM. In addition,
rarc kaon decays mediated by SU(4)¢ gauge bosons might be observable by
low-()ncrg;y experiments in near future, if the relevant symmetry breaking

scale is not too high. If neutrinos are Majorana particles, a (G324 breaking



scale near 10% — 107GelV might lead to observable proton decays, 1 — 11
and neutron-antincutron oscillations. Also, a G4 breaking scale near 10% —
10''GeV yields small ncutrino masses necessary to understand solar-neutrino
puzzle by MSW mechanism or dark matter of theuniverse. Further, the new
physics associated with V + A interactions in left-right gauge models can
be experimentally tested provided the right ~handed gauge bosons (WX, Zn)
resulting from the spontaneous breaking of SU(2), x SU(2)r x SU(3)¢ x
U -1, (= Gany) [5) symmetry are reasonable light. (M < 1TeV).

In all conventional methods of spontaneous breaking of left- right sym-
metric gauge structures, such as SU(2), x SU(2)p x SU(4)e: x P(= Gogap, P
= Parity = the left-right discrete symmetry, gar = g2r) C SO(10), SU(8)L %
SU(8)n or SU(16), be it via a single step or via multiple steps to the stan-
dard gauge group, the scales of parity breaking (M,) and SU(2)g- breakings
(Mp) are identical (Mp = Mp). This has the consequence that the ef-
fective gauge-coupling constants of SU(2);, and SU(2)n are cqual to each
other at low energics, barring small radiative corrections (g2, = g.n). Be-
cause of this, the GUTs like SO(10),SU(8)r x SU(8)r and SU(16) require
sin? U;y(MAZ), to be too large (=~ 0.26 — 0.28) compared to the observed value,
sty = ,0.‘2315 + 0.0002 But, two different methods of decoupling of the
SU(2)r- l;reaking scale from the parity-breaking scale have been proposed

leading to ga1.(;t) > gan(p) for p < Mp with Mp << Mp [7-8,10].
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In SO(10) or SU(16), the cight left-handed fermions (1) and their charge
conjugates (¢°);, are in the same spinorial representation 16. There exists
an element of gauge transformation, called D, which takes ¥;, — (¥°), and
vice versa. The gauge transformation D acts like parity (P). The decoupling
mechanism is implemented in the first step by giving vaccum expectation
values (VEVs) to the D-odd (or P-odd) neutral components of scalars which
are singlets under G;;13 or G224 leading to spontaneous breaking of P and not
SU(2)r which is broken in the usual manner at a lower scale.In this approach
there is left-right assymetry in the Higgs sector only for 4 < Mp. The lowest
value of G313 breaking scale obtained in this method in SO(10) has been
found to be Mp ~ 10"GeV. [7-9]

The alternative method [10] of decoupling parity operates within all GU'T's
containing SU(2)1, x SU(4)§ x SU(2)r x SU(4)$ possessing chiral SU(4) -
colour in addition to the flavour subgroup SU(2)L x SU(2)p. Therefore,
it operates within SU(8)y x SU(8)r,SU(16) and also in (SU(4)]*, but not
in SO(10). The decoupling is implemented by following specific symme-
try breaking patterns where, after the first step, an assymetry in the left-
handed and right-handed gauge-boson -sectors are created. For example,
the syx;xxne;try breaking SU(16),SU(8)L x SU(8)r — SU(8) x SU(2)r x
SUMSY(= ~(:'8;),4) yields the symmetry having different left and right handed
gauge groups. The subsequent breakings of either Ggaa — G4 or Gayg —

G213 yields the left right gauge groups with gz21.(s) > gan(s) ; the ineguality
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in the two couplings being due to the asymmetry in the Higgs scalar as well

as the gauge boson sectors.

In SU(16) and SU(8)L x SU(8)r [11,12] there are triangle anamolies
whose cancellation requires the introduction of the mirror family (Y7, ¥3)
corresponding to every standard family of quarks and leptons (¥, ¥r) and
the imposition of mirror symmetry. ¥y — ¥R, ¥p — U7

In order to achieve the standard model phenomenology at low energies,
when attempt is made to keep only the three standard families light and the
mirror masses near My, the standard fermions also get bare Dirac masses of
the order My, This is avoided by imposing additional discrete symmetry,

UE «— -V, VR «— —VR

The purpose of this chapter is that the alternate decoupling mechanism
proposed by Parida and Pati [10] is capable of achieving Mpr and M¢ as low
as 1028207CGeV and 105%%6CGeV | respectively, consistent with the CERN
- LEP data. An approximate one-loop analysis in SU(8), x SU(8)r and
SU(16) was made in ref [10] using the old input data on sin®fw, as(Mw)
and a”}(Mw). In this chapter we carry out more accurate analysis including
two-loop effects and using the CERN-LEP measurements and the improved

estimation of a~'(Mz) [13]

sin®0yw(Mz) = 0.2315 £ 0.0002

as(Mz) =0.119 £ 0.004
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a™ ' (Mz) =128.9 £ 0.1 (4.1)

We examine the unification of gauge couplings by plotting the couplings
constant trajectories as a function of mass scale (¢) and following an im-
proved procedure which simultaneously uses analytic formulas for mass scales
derived here and the renormalisation group equations (RGEs). While qual-
itative estimates of the proton lifetimes and matter-antimatter oscillations
were made in ref [10],quantitative evaluations including important uncer-
taintics due to input parameters and the Higgs- scalar masses have also been
carried out here. The uncertainties on the predicted values of mass scales
arising out of the input parameters are evaluated and are noted to play a
crucial role in bringing the A(B — L) = —2 proton decay rates within the ac-

.cessible range of the superkamio-kande experiments, although central values
are 4-5 orders larger than the present accessible limit. The uncertainties due
to the liggs-scalar masses near the G4 -breaking are found to widen the
range of proton life -time further, and predicted values of n — 7 and H — I
oscillation mixing times.

This chapter is organised in the following manner. In Sec.IV.2 we ob-
tain analytic formulas for mass scales in the minimal chains. In Sec. 1V.3 we
analy:;e the implications of G24- breaking scale, M¢c = 10° GeV. In Sec. 1V 4
we discuss how the effect of including the Higgs-scalar multiplet £(2,2,15)
cures the problem of bad fermion mass relation and all. Higgs scalars, me-

diating A(13 — L) = =2 proton decay, naturally acquire the desired masses
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M¢ ~ 103%Gev without the necessity of invoking a special mechanism as in

SO(10) model [6]. A brief summary of the chapter is given in Sec. 1V.5.

IV.2. MASS SCALES IN THE MINIMAL CHAINHS

In the alternative method of decoupling the parity and SU(2)p- break-

ings, the assymetry g,1,(¢) > g2r(p) for g < My is created by a specific
Higgs mechanism where SU(16) or SU(8), x SU(8)r breaks spontaneously

to SU(8) x SU(2)r x SU(4)5(= Gs24) at the GUT scale such that the resid-
ual symmetry Ggaq D Gaaq or G2213,as its subgroup. The SU(8), x SU(8)r
Higgs representation (1,330) containing the Ggy4-singlet achieves this break-
ing.

In the sccond stage, the popular left-right gauge groups Gaz4 with gay #
gan is obtained by the spontaneous symmetry breaking of Ggz4 through the
Gys - Higgs representation (36, 36) containing the Gaa4- singlet. However, to
obtain G,;13 from Gga4, two of the Ggg-representations, (36,36) and (1,63),
are needed. Whereas tile representation (36,36) contains the G224- singlet,
the representation (1,63) contains the G,4- submultiplet (1,1,15) whose
vaccum expectation value in the Gay3-singlet direction yields the desired left-
right gauge group. In the third step the spontaneous symmetry breaking of
(723 of Gy leads to the standard gauge group (7313 by using the usnal (224
_submultiplet Agr(1,3,10) C (1,36) of Ggs. Finally the low energy gauge

gronp is obtained through the vaccum expectation value of the standard

[ahe ]
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Higgs doublet contained in the Ggg representation (8, 8).

Thus, in order to obtain the asymmetric gauge groups G224 or (G213 with
g2L # 92mr, the new mechanism needs spontaneous symmetry breaking to
the standard gauge group in at least two steps as illustrated in the minimal

models (A) and (B),
(A)SU(16), SU(8)L xSU(8)R =% Grae 2% Gaza 29 Gars 25 U(1)em x SU(3)c

(B)SU(16),SU(8)LxSU(8)r M Goae 2 Grans 25 Gors 25 U(1)em xSU(3)c

Instead of SU(8), x SU(8)r, it is possible to break SU(16) directly to Gga4
since the Ggs-Higgs multiplets shown in models (A) and (B) are contained

in the corresponding SU(16) representations.

For the unbroken gauge symmetry G; with coupling constants g;(x) and

2
ai(p) = 3= in the mass range My < pu < M,,the renormalisation group

equations (RGEs) are

1 1

a; Mg 1 C,'
ai( M) a;(ﬁ[2)+27r A (M, Ma) - 15 (4.2a)
where
. )= 1 2 M2)
Pi(My, M;) = EJ: B.,lnaj(Ml).

The second (third) term in the R.H.S. of (4.2) is the one (two)-loop con-

tribution. In the last term in (4.2a) C; is the mass independent matching
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function corrections at the guage-symmetry breaking scales (boundaries).
They are obtained by summing over all effective gauge théory (EGT) repre-
sentations of massive gauge bosons assumed to be degenerate at M;. Even
if mass dependent terms in the threshold effect at M, are ncglected, as in
the present chapter, the C; terms are always present. The values of C; at
each boundary is given below for the two models. For the minimal choice
of Higgs scalars necessary to implement the spontaneous symmetry breaking
for p < Mg the loop co-efficients have been derived earlier [8]. They are given
by,

Model(A)

For the G313 group i,7 = 2L,1Y,3C

19 _—
azr = *_6_7‘11)’ — 1

>

1

!

y@3c = -7

(=]

5 =0,Cy = 1_5-1,C§C =1
where the superscript C in Cf stands for the boundary at Mc. The

two-loop coefficients in (4.2a) are given by the matrix,

-35 9 -12
19 41 7
_ -81 199 —44
B,', - 95 205 35

=27 11 26

19 1 7

‘o the R.ILS. of (4.2a) and in the presence of the SM symmetry, we also
add the threshold effect arising at two-loop level due to the heavy top-quark

Yukawa coupling for m, = 175.6 £ 5.5GeV,
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h? M
PY = —Lpt)n—L,i =1Y,2L,3C (1.2b)

82 my

where

t 17 ¢ 3 gt _
blY - 1o?b2L - z’bSC =2

In eqn(4.2b) h, represents the top quark Yukawa coupling which is known
to have approached h; ~ 1 and M, represents the intermediate scale Mg or

M¢.The term in (4.2b) is present in all models discussed in this paper.

For the G4 group 1,7 = 2L,2R,4C

‘ Y | — 27
ay, = =3,an = F,a4c = —%

«

C'ZSL = 30, C‘?L = 12, C48R = 0, C28R = 0

-8 _9 135
3 26 24
_ 584  —2295
Bii = -1 11 46
-3 459 _ 643
2 22 46

Model(B)

For the G213 group the one and two-loop coeflicients are the same as in

model(A).

R R YR __
(/211 = 0, (/3(1‘ — 0,(/ -

(,11--]

For the Ga213 group t,j = 2L,2R,1B — L,3C

' -7 11 —
ay, = =3,a2p = F,aB-L = 3,83c = —1
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("2811 = 30, C':?L = 13,(/‘(88_14)1‘ = 16, c‘(sB—L)R = 4, CgR = l,(/‘2n = 0

_3  _3 _12 3
( 8 3 7 11 \
=9 _31 -1z 27
4 2 7 11
B =
_2 9 26 1
16 4 7 11
21 _ 129 _a 6_1/
16 4 7 11

For p > Mg, the new coefficients are given below for the models(A)
and (B). In each chain at first the formulas for sin?6w(Mz) and aﬂs‘{%%
are obtained in terms of mass scales (My, M¢) or (My, Mp) is expressed
analytically in terms of sin?0w(Mz),a(Mz),as(Mz) and ln%.

Model (A)

For the Ggy4 group t,) = 8L,2R,4R

agr, = —14,a2r = %,am =T

CY =0,C = 30,Clp = 12

where the superscript U in CY stands for the boundary at My.

281 1845 435

4 04 7
B;=] -4 ¥ 0
~225 198

leading to
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n

Mz  2035a

M
m=Y - _T (1541—114sin?ow—15>

CY,CL = 30,CLy are the same as in model(A).

leading to

281 1845 435
4 104 7
904 660
Bi=1 -4 53 %

g

M
may - T (1043 — 96sin? Oy —3)

My, 1688a

Qg
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(4.3)

582P5; + 267Pf))

(4.4)

aﬂ
2421 n A18 + 1 (.2r I)C 129[)() 1541) ] )
5035 " 3, t 81ap \BOY 1295, — 154 g + 15P, — 144 e + 12915, )
(15PY% — 144PY, + 228PY ) — 23
8140 8L 107
Afc 27
l -_ ——
"ar T 5035a (315 792> ~ 48sin’ 0W)
4816, My 1 . . 8
5035 " 8, 1070 \02OFY +267Fy — 192 P + 315P%,; —
~ 7 (315P;k — 582P{r — 96P3,) — z(n'
Model( )
agy, = —l4,ap = 2—3(2,(1‘”2 =7



3811 M8 l )R R R 8
+o=cin .t 57 (125Py + 21 Py}, — 104 P3¢ + T5P — 104P5; — 21P5)

v U 1035
+oes (50P5L + 3P — 102Pf, + 192PY) + 10198 (4.5)
Aln a
n—=- — _ 48sin?
n My, 844a (315 79203 48sin 9w)

5163, Mg 1 R R - R 8
~ 1633 In M, 3376 (525P" + 267TPyp — T192P3¢ + 315P;, — 192P5; + 267P%,)

1 )(] 703

1 _ U
~33%% (210Pg, + 315P; ~ 582P,p — 96P5; ) + ——= 1638 (4.4)

In (4.3) - (4.6) we use the notation P} = P;(M,, M}) between two succes-
sible mass scales M, > M,.

In models with two intermediate scales one of the mass scales (Mg) is
not determined in terms of the input parameters, but the consistency with
the unification scheme i1s examined by imposing My > Mg > M¢ or Mp.
In addition to estimating values of mass scales, one important advantage of
the formulas (4.3) - (4.6) is that uncertainties in My and M¢ or Mp arising
out of the input parameters of equation (4.1) are deriveable in a straight -
forward manner using the dominant one-loop contributions.

The improved method of solutions for the mass scales consists in ex-
ploiting the analytic formulas as well as the renormalisation group cquations
(RGEs), together. For example, in Model (A), the first step begins by drop-

ping the two-loop contributions in (4.3) and (4.4) and obtaining an approx-
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imate set of values for (My, Mg, Mc). This set is used in (4.2a) alongwith
(4.2b) to obtain a;'(s) as a function of p by iterative éonvergcnce proce-
dure. The values of a;(My), ai(Ms) and a;(Mc) thus obtained are used to
calculate all P;-functions and the two-loop contributions in (4.3) and (4.4)
resulting in improved values of My and Mc in the beginning of the second
step while Mg remains fixed throughout. The second step and subsequent
steps are repeated until the values of the mass scales and o;'(x) obtained
in two successive steps converge. The process is repeated for another set of
(My, Mg, Mc). The values of ai(pt) and mass scales of model (B) are ob-
tained in the same manner as model (A). For every set of solutions in both

the chains, the ratio o is obtained using

_ag (M)

= 28 ag - MeorM 4.7
aan(A1)) 1 corMp (4.7)

As noted in Sec.], ¢ >~ 1 in the conventional methods of left-right sym-
metry breaking, where the scales of parity and SU(2)r— breakings are iden-
tical. A substantial deviation of o from unity signifies left-right assymetry
(921, # g2r) in Gaz4 or Gaz213 and the possibility of a l(;wer SU(2)p- break-
ing scale. In the present model g1 () receives renormalisation from the full
SU(8);, gauge group as st decreases from My to Mg, whereas gap is renor-

malised by SU(2)r x SU(4)%. For values of p < Mg, the assymetry in the

Higgs sector also increases the difference between ggg, and gz, These lead to
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Table IV.1 Predictions on mass scales and the ratio of gauge coupling con-
stants o in model(A) where the uncertainty factor in My (Mc) is 10£0.03(10%0-34)

due to the input parameters.ag is the SU(8), x SU(8)r GU'T' coupling con-

stant.

Mc(GeV) Mg(GeV) My(GeV) o  aof

1.3X10° 3.0X10'® 8.0X10'" 23 134
2.7X10%  3.2X10'7 55X10'7 225 12.7

2.5X10'"  1.8X10™ 1.8X10 1.8 114



Table 1V.2 Same as Table IV.I but for model(B) where the uncertainty
factor in My (Mp) is 10993(10%04),

Mp(GeV) Ms(GeV) My(GeV) o o
6.0X10° 55X10"% 9.6X10"® 124 13.0

6.7X10° 2.5X10"® 4.0X10"® 1.22 125
1.1X10° 1.0X10'" 1.4X10"® 1.26 125

1.26X10° 1.0X10'7 1.0X10' 1.28 11.6
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Fig.1. Coupling-constant trajectories a7 '(pt) as a function of the mass
scale g in model A with two intermediate gauge groups. The scale for log jr =
18.5 — 19 has been enlarged to guide the eye. aZ' shows the evolution of the

GUT coupling constant.
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'ig.2. Same as Fig.1 but for model B.



values of o ~ 1.8 — 2.3 as shown in Table 1V.1 and it is this assymetry which

allows (G324-breaking scale M¢c « Mp = My.

The solutions for mass scales with the corresponding o values are pre-
sented in Tables IV.1 and 1V.2 for models (A) and (B), respectively. The
unification of the gauge couplings in SU(8), x SU(8)r in the cases of the two

models are presented in Figs.l and 2 where a¢ represents the GUT coupling

constant.

Compared to SO(10), where the lowest value of G2213- breaking scale is
achieved Mp = 107 GeV with two intermediate gauge symmetries, the al-
ternate mechanism in the present case achieves much lower values of Mp =
1028494GeV in model (B). The low mass W3 and Zr gauge bosons and the
Higgs scalars A9, A} and AR?Y associated with this scale lead to experimen-
tally detectable V4 A currents in neutrinoless double beta decay, muonium-
antimuoniﬁm transitions, /{;, — Ks mass difference, electric dipole moments
of the neutron and electron 4-5 orders larger than the standard model and
neutrino mass spectrum of the eV-KeV-MeV type [15]. Such low-mass right-
handed guage bosons can be detected at future accelerator energies. So far
this appears to be the lowest value of Mp predicted in the context of any
nonSUSY GUT consistent with the CERN-LEP data and minimal finetuning
of parameters.

1V.3 PREDICTIONS ON RARE DECAYS,

n—n AND /Il — Il OSCILLATIONS.
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'The analytic expression for the branching ratios in K, — p*e¥ is given

by [15],

_ T (K — p*e¥)
T I(K+ — pty,)

B (I(L — p*e*)

B 4r?mia(M.)R
~ Gisin?fcm2(m, + my)2M3

a(M,)

= 6X10".R—2 <
6X Mc(GeV )

where

~ a,(p _ lGeV) 24/25 (a,(mb)>24/23 (a,(m,) 24/21
ft= ( a,(my) ) a,(my) a,(/"lc)) 4.8)

Here my is the K°- meson mass ; m,,m, and my are the masses of p,

s-quark and d-quark, respectively, at low energies (g = 1GeV); R is the
renormalisation factor for the quark masses, sinf, ~ 0.22,Gr = 1.166 x
1073GeV~? and as(u) is the SU(3)c-coupling at p. We use m; = 175.6 +
5.5GeV [13].

The processes n — 7t and H — H oscillations [15-17] are dominated by
the exchanges of the (G2;3-submultiplets of Higgs -scalars contained in the
Gy2q-multiplet Ag(1,3,10) C (1,36) of SU(8)r x SU(8)r, or 136 of SU(16).
Following the analogy of the standard-model-Higgs-boson whose mass, the-

oretically, could be a factor 10(1/10) above (below) Myy all the components
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of Ap(1,3,10) mediating n — n and H — H oscillations are now of the or-

der 102" Mo, We take the masses to be 10298 M with. B =1-10. The

amplitude for the two processes are given by,

AR (AR)
AR
Gy-g = M

Here A(ha) is the Higgs-quartic (Higgs-Yukawa) coupling of Ag and all
the Higgs scalar masses exchanged are assumed to be degenerate. These lead

to the cannonical values of mixing times,

0.954 x 1072" MY
Ay (AR)

Tn-a(secs) =

19 Alg

TH-H(S/"S) =3.5x 10" )‘hz (4.9)

In eqn.(4.9) all Higgs scalar masses and the VEV (A%) are in GeV. The
mechanism showing rare kaon decays and n — n oscillations are represented
schematacially in Fig. 3 and Fig.4 respectively.

Using m, = 175.6GeV and the lowest allowed value of M¢ = 106£031GeV
in model(A) in equations (4.8) and (4.9), the predictions for the branching

ratios in K, — p*e¥ and the mixing times for n — it and Il — I oscillations
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are

[3(1"2 — “iex) = 10—11.2&1.36

o 1 08.9:£l Tx5logl

Tn-a = secs

1 029.512.72&81090

TH-n = yrs (4.10)

The ongoing experiments have already probed into the limit of the branching

ratio [18],

B(K) ~— p*e¥)erpme < 107104 (4.11)

In (4.10) the first (second) uncertainties are due to the input parameters
(Higgs scalar masses). It is clear that the central value of the branching
ratio predicted is nearly one order less than the current experimental limit,
but the uncertainty in the input parameters alone makes it consistent with
the limit.The second uncertainty widens the ranges of the predicted values
which can be readily computed from (4.10). For example, with 8 = 5,
(Tnon) = 10" secs and.(ry_y)ma, = 10%"8yrs. This is for the first time that
uncertainties of both types are taken into account in Higgs mediated pro-

cesses. The gauge boson mediated rare decay is affected by the uncertainty

in Mc¢ only.
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IV.4 A(B — L) = -2 PROTON DECAY

The unification mass in both the chains (A) and (B) are high, My > 10'®
GeV. Although in SU(8)r x SU(8)r model, there is no gauge-boson-mediated
proton decay corresponding to A(B — L) = 0. But Higgs mediated proton
decay corresponding to A(B — L) = -2,A(B+ L) =0 and AF = -2 (F
= Fermion number) could be experimentally detectable provided the colour
triplet (£3) and colour octet (€g) components of £(2,2,15) C 126 of SO(10)
are light (mg, ~ mg, ~ 102GeV') [6]. An attractive feature of the new model
A’ is that the vacuum expectation value (VEV) of the neutral colour-singlet
(&o) component of £(2,2,15) combined with the standard Higgs scalar VEV
cures the bad fermion mass relation in SO(10). Since &3 and € acquire
masses of the order of M, ~ 10! — 10" GeV by extended survival hypothesis
[16], a special mechanism has been devised in SO(10) [6] in the presence of
the Higgs representation 945 C SO(10) to keep these masses light. With the
addition Q’f £(2,2,15) C (8,8) to model A in SU(8), x SU(8)r or SU(16) the
masses of £3 and £ in model A’ can be easily of the order 10° — 10 GeV nat-
urally [16] without requiring the special mechanism. With the colour-singlet
component in £(2,2,15), transforming as £°(2,1,1) under G3, acquiring

vaccuin expectation value ~ 102GeV, the loop cocflicients for model A’ are

Mz <p< Mc




In addition to the SM particle content, the model has the contribution

due to one extra SU(2). Higgs doublet transforming as £°(2,1,1) under G)3

for py = Mz — Mc.

A’C S 1L S /”a

— — 26 _ =T
azr = 2,a2p = F3204C = 7

-
L5

105
4

3609
676

119
26

147
52

—27585
238

—=3735
14

—2435
14

In this mass range, in addition to the Higgs triplet Ag(1,3,10), the full

multiplet £(2,2,15) also contributes to the one and two-loop beta functions.

Mg < p < My
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_ 38 _ _ 29
agl, = —F,ap = ld,a4p = 5

-6407 663 1395

76 56 29
_ =1323 2340
B'J - 19 48 29

The formula for mass scales are

A’IU w (84
In— = 74— — in? —
n M, 11630 ( o 66 sin” O 3)

N 13291 My + 1
- n
1163 Mz = 4652

(5P + 6915, — TAP5 + 3P + T4y, — 12P%:)

o ‘ . 249 ,
Mc ™ a
In— = 709 . 12
"Mz " 1163a (315 792 — 48sin 0“’)
2405, Mg 1 '
~1i63 In MZ_4652 (525PF + 267P5, — 192P5; + 315P5, + 267P5, — 582P%.)
1, 2085

~ 7653 (31525 — 582P4, — 96P%; ) + 5396 (4.14)

Following the procedure already described, we compute values of mass
scales, o '(x) and presented in Table 1V.3. The coupling-constant trajec-
tories are shown in Fig.5 for the lowest allowed value of M in the model

AI, MC — 105.64:i:0.3Gev
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It is necessary to emphasize that the use of VEV of the neutral component
in £(2,2,15) at the electroweak scale is not nceded purgly from the ground
of spontaneous symmetry breaking (SSB) as the SM doublet contained in
the bidoublet ¢(2,2,1) C (8,8) of SU(8), x SU(8)r derives the SSB of
the standard gauge symmetry. Rather this is motivated to cure the bad
fermion mass relation in the minimal model. But once £(2,2,15) is used
to improve the fermion mass relation, all other components in £(2,2,15)
acquire mass of the order of the G4 breaking scale by extended survival
hypothesis. Thus it is more natural than the SO(10) model [6], to have
Me, ~ Mg, ~ Ma, ~ Mc in the present model (A’) Taking the masses of
€3 and &g and the diquark-Higgs scalars in Ag(1,3,10) in the allowed range
of 10299 M. and denoting the Higgs-Yukawa couplings of Ap(1,3,10) and
£(2,2,15) as hy and h¢, respectively, with A as the Higgs-quartric coupling,
the ampli.tude for 3¢ — lqq has the canonical strength

Ahah2(A%)

= IO—SS.SiI.SiGIogﬁGev—S

where we have assumed Mg, = Mg, = Me¢ = Mc, and g2p(Mc)(AR) =
Mg, A = ha =1, he = 107* for the first generation of quarks.Mechanisim for

3q — lqq is shown in Fig.6. This leads to the lifetime predictions



T, = 1037.6:153.0:t1210g[3yrs ‘ (4_17)

in the Higgs mediated nucleon decay modes :
n— e +(ntr),p — v+(etv),n — (e"orp~ )+ (e*tv),n — (e"orp™)+
ete + (rtor K+)etc,

In (4.16)-(4.17), the second (first) uncertainty is due to those in the Higgs
scalar masses (input parameters). We emphasize that even if the central value
of 7p 1s 4-5 orders larger, the uncertainty in the input parameters along with
Higgs-scalar masses brings the lifetime well within the accessible range of
superkamiokande measurements. However, because of large uncertainty in
the predicted value of the Higgs-scalar masses it is difficult to rule out the

model on the basis of proton lifetime measurements.

The prediction for rare decays, n — v and i — H oscillations are [15-17],

B([\’g SN #:!:CIF) — 10—10.42:t1.2

Toen = 107.2&1.515103;03“3

Ty = 1026.7:k2.4:tslog[3yrs (418)

The see-saw formula [20] including radiative corrections (21-23], is given

by,

"12

m,, = C”'l‘\_fqé'i =1,2,3

where
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Table IV.3 Same as model(A) but including £(2, 2, 15)in case of model( A’)

where the uncertainty factor in My(Mp) is 10*0"03(10*0'3).

Mp(GeV) Mg(GeV) My(GeV) o af
44X10° 3.0X10' 6.3X10'® 235 6.4

1.8X107 5.0X10'7 8.2X10' 221 7.0

1.7X10'  1.8X10'  1.8X10'® 1.85 8.2



Mg, = My, Mg, = M, My, = m,C,, =0.03,C,, =0.03,C,, = 0.22. It is
to be noted that radiative corrections including the effect of the top-quark
Yukawa coupling has been carried out in ref|23] in nonSUSY models and
also in SUSYGUTs [24].Using the sce-saw formula and Mc = 103%1GeV the

predictions for Majorana neutrino masses are

m,, = 10—3i0.3ev
m,, = 102.2:(:0.3ev

m,, = 10"?3%3MeV

As in model A, the cosmological bound on neutrino masses requires that
at least v, is made unstable, for example, by the introduction of an ad-
ditional global lepton number symmetry[19]. The uncertainty in the pre-
dicted values increase with values of 3. For example with 8 = 5, (Ta_s)., =
10'%2secs, (TH_fyme, = 10°*7yrs, (1p),... = 10®9yrs. Thus although con-

sistency of the model bredictions can be checked if such Higgs mediated

processes are found experimentally, it is extremely difficult to rule out such

models in near future.

IV.5 SUMMARY AND CONCLUSION

We have examined the predictions of SU(16) and SU(8)L x SU(8)r GUTs

under the constraints of the CERN-LEP data using the alternative method
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of decoupling parity and SU(2)p- breakings [10] in the minimal chains. We
find that right-handed gauge boson masses as low as '10.2'8*0'4G6V are al-
lowed in one of the models whereas in SO(10) models with two intermediate
symmetries they have high values, Mg > 107GeV. The present model ap-
pears to predict the lowest value of W3 and Zgr gauge bosons among all
the non SUSY GUTs, investigated so far, consistent with the CERN-LEP
data and minimal finetuning of parameters. Besides manifesting in a num-
ber of physical processes such as neutrinoless double beta decay, muonium
-antimuonium transitions and contributing to K — K mass difference, elec-
tric dipole moments of the electron and the neutron, and Majorana neutrino
mass spectrum of the type eV-KeV-MeV for the three generations, such low
mass W,"{ and Zp bosons could be detected at accelerator energics.

The symmetry breaking scale for SU(2) x SU(2)r x SU(4)c gauge sym-
metry is permitted to be Mc ~ 10%3%3GeV in the minimal Model (A) leading
to experimentally testable predictions on rare kaon decays, n —7 and H — H
oscillations. Including the Higgs-scalar multiplet (2,2, 15) as in Model (A’),
cures the problem of bad fermion mass relation ; at the same time all Higgs-
scalar mediating A(B — L) = —2 proton decay naturally acquire the lighter
H\aSS(ITS Mc ~ 10°6393GeV without the necessity of invoking a special mech-
anism as in SO(10) model.[6]. Although the central value of the proton
lifetime is noted to be 4-5 orders larger than the current experimentally ac-

cessible Iimit, the uncertainty in the input values of as(Mz),sin*0w(Mz)
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and a™!(Mz) along with Higgs scalar masses makes these predictions con-

sistent with the limit . However, when uncertainties due to the Higgs boson

masses mediating the proton decay and matter-antimatter oscillations are

taken into account, the predicted values cover a wider range. Although the

relevant experiments might test the consistency of the models, it is extremely

difficult to rule out them on the basis of matter-antimatter oscillations or

Higgs mediated proton decay experiments.
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CHAPTER 5



CHAPTER V

SO(10) WITH SU(2) x SU(2)r x SU(4)c
GAUGE SYMMETRY

V.1 INTRODUCTION

Grand unified theories based upon SUSY SU(5), SO(10), and non SUSY
SO(10) with intermediate symmetries and those inspired by superstrings
have been the subject of considerable interest over recent years. One of
the major motivations in following SUSY SO(10) grand unified theory is
its potentiality to explain fermion masses and mixings (1] and, in particu-
lar, neutrino masses over a wide range of values via simple see saw mech-
anism [2], or with specific textures in mass matrices [3]. The observed
cosmologitcal baryon assymetry of the universe can be also explained by
triggering baryogenesis via leptogenesis, if right-handed Majorana neutri-
nos are superheavy [4]. Apart from the interesting possibility that a massive
v. (m,, ~2—10cV) is a promising candidate for hot dark matter of the uni-
verse, experimental hints on solar neutrino deficit could be explained through

matter enhanced MSW effects|5] via see-saw prediction of left-handed neu-
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trino masses provided, the right -handed neutrinos havé masses in the range
of My ~ 10' — 10'* Gev [6]. This might be realised in single step break-
ing of SUSY SO(10) if the Yukawa coupling of 126 to matter spinors is
adjusted to be small, or via dim-4 nonrenormalisable couplings between
matter multiplets and Higgs fields belonging to 16. Prospects of solar neu-
trino oscillation in supergrand desert model with right-handed Majorana
neutrino masses at intermediate scales have been discussed in ref [6]. But
the most attractive possibility is to relate My to an intermediate scale (M)
corresponding to the spontaneous symmetry breaking of the intermediate
gauge group such as SU(2), x SU(2)p x U(D)p-r x SU(3)c (= Gaz1a) or
SU(2), x SU(2)r x SU(4)c (= Gz24) [7) without having the necessity to
adjust the Majorana type vp - Yukawa coupling to very small values. Such
an intermediate scale also solves the strong CP problem by Pecci -Quinn
mechanism [8]. Recently, although the existence of Gaz13 intermediate gauge
symmetry with decoupled parity and SU(2)r - breaking (g2 # g2r) [9] has
been established in a scries of papers {10-12], the intermediate gauge symme-
try Gaza (g2 # g2r) has been ruled out [11] when the neutral component of
the (G324 submultiplet A,z(l,3,m) C 126 of SO(10) is used to break the inter-
IH(‘,di;lte gauge symmetry [11]. This is due to the fact that the contributions
of An(l)A:n C 126126 upsets the solutions of RGEs making it impossible to
achieve M, < My. More recently it has been shown that (724 intermediate

symmetry can be achieved if two sets of16 + 16 are used, instead of a set of
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126 + 126,in the presence of an additional lighter Ga24 submultiplet o(1,1,6)
near the intermediate scale [19).The role of the ¢(1,1,6) has been noted to
remove other lighter degrees of freedom from the model[19]. But we empha-
size here that the solutions of ref.[19] are valid only at one-loop level; when
two-loop contributions are included the intermediate scale (M;) exceeds the
GUT scale (My), thus ruling out the model at two-loop level.However it has
been shown that the Gi4p(g921 = g2r) intermediate gauge symmetry with
unbroken left-right discrete symmetry (= Parity(F)) can survive down to
the intermediate scale of M; ~ 10'2 — 10! GeV provided the model permit
light Higgs supcrmultiplet near the TeV scale [13]. In this model the part
of two-loop corrections from higher scales (;1 > Mj) cancels out. G,,4 is the
maximal subgroup of SO(10) which contains the quark- lepton unification of
Pati-Salam and has one gauge-coupling constant less as compared to Gz3.
All the gauge couplings of G324 are determined through the CERN-LIP data

and the intermediate -scale matching conditions,

asc(Mr) = asc(Mi)

1
ay(M;)

1 2 1

azr(Mr) " B cac (M) &)

3
5

The sece-saw formulas, for neutrino masses where up-quark masses ap-
pear instead of the Dirac -ncutrino masses (2], emerge more naturally at the

intermediate scale due to the presence of quark-lepton symmetry in Gaag.
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'The purpose of this Chapter is to show how the Gy4(g21 # g2r) inter-
mediate guage symmetry, with parity broken at the GUT scale, is allowed
to survive naturally down to the desired intermediate scale by the inclusion
of two-loop [14] and threshold effects [15] in SUSY SO(10). In contrast to
the model of ref.[19],which is ruled out at two-loop level, we find that this is
the only Go24 intermediate guage symmetry with g;p # gar that is permitted
in SUSY SO(10). To achieve SO(10) breaking to G224, we use the Higgs
representation 54 in addition to 210 [16] and break G324 by 16 ® 16, instead
of 126 126, to avoid large one-loop contributions of the triplets in the latter
upsetting solutions to RGEs.

In Section V.2 we derive analytic formulas for the mass scales. In Sec-
tion V.3 threshold effects and solutions to mass scales are obtained (a) using
effective mass parameters,(b) by assigning specific, plausible and reasonable
values to the unknown masses of the superheavy scalars and their superpart-

ners.A brief summary with conclusion is provided in Section V.4.

V.2 ANALYTIC FORMULAS FOR MASS SCALES

In this section we derive analytic formulas for the unification mass My
and the intermediate scale My including one-loop, two-loop{14] and threshold

contributions[15]. We consider the following model using the mechanism of
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decoupling parity and SU(2)p - breakings [9],
SO(10) x SUSY 2% G,.4 x SUSY 24

Gas X SUSY 22 U(1).,m x SU(3)c (5.2)

where G13 is the standard gauge symmetry SU(2), x U(l)y x SU(3)c.
In the first step of (5.2), the combined effect of 54 and 210, containing (G224
singlets, break D parity and SO(10) without breaking Gz4. In the second
step, we use (i) one (ii) two sets of 16 @ 16. The right-handed doublets
(1,2,4) @ (1,2,4) contained in (16 @ 16) are kept lighter having masses near
M; whereas the left-handed counterparts (2,1,4) @ (2,1,4) acquire masses
near My. In the third step of (5.2) we use a representation 10 containing the
u- and d- type Higgs doublets to break the symmetry to U(1)em xSU(3).. The

renormalisation group equations in the presence of the two gauge symmetries

G113 and G4 can be written as

1 1 a; M, .
- G Mooy aci—iy2Lsc 5.3
wMz) = bty Tz Y ’ (5:3)
1 1 a.. My 1

- ST b P - Ayi=2L2RAC (54
(M)~ adMy) "o VM, it (5-4)

where the second (third) terms in the R.H.S. of (5.3) -(5.4) represent

one-loop (two-loop) contributions with

, oy (M)
P = Z B'Jlnaj(}\lz)

J
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P = Z B{jlnﬂu—)
j

a;(M;)
b b
J aj’Bu a; (55)

Here a;(bi;) and a}(b};) are the one-loop (two-loop) B - function co-
efficients in the two mass ranges and their values are giQen below. The

terms A; and Aj in the R.H.S. of (5.3)-(5.4) represent threshold effects at
p =Mz, M; and My with

A= A7 + 4]

The functions A? includes threshold effects at 4 = Mz due to the top quark-
Yukawa coupling and masses of Higgs scalars and superpartners in SUSY
standard model different from Mz, but A! represents, threshold effects due
to the Higgs scalars and superpartners having masses near M;. A! takes
into account threshold effects due to Higgs scalars and their superpartners
having masses near My. Such scalars are contained in 54,210, 16®16 and 10.

Although one set of 16 ®16 C SO(10) is sufficient to break the intermediate
guage symimetry to the standard SUSY gauge theory, we also investigate the
effects of two sets of such spinorial representations to achieve a desired one-

loop solution. Expressions for A; and A! are given in Sec V.3. Using suitable

combinations of gauge couplings and equations (5.3) - (5.4), we obtain the
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following analytic formulaes for mass scales AM; and My,

/\11 _ Ls/‘u - LgUU + ]\’gBU - JaAU n JaAU - 1\’ABU

In( ) =

Mz D D D
IWU _ LaB[ — LsA[ JaA[ - 1(0131 IfaBI - JAAI
In(MZ) = D + D + D
where

D= AyB; - AiBy

167 3 .,
g = 07T - = 0
Lo = 00 (8 W)

16w 3 a(Mz)
bs = S0z (8 as(Mz))

A = 5ayy — Sayp, — 3ayg — 2a4c + Say,
BU = 3(1I2R + 30’2[; - 6(1;0

B; = 5a,y + 3azr — 8aszc — 3a'm — 3a'2L + 6ay

3P, + 3P, — 6P + 5Py + 3Py — 8Psc)
2R 2L

N —

Jo =

1

Ko = 5 (3P3p + 2Pic = 5P + 5Py — 5P
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(5.8)



Ka =271 (305, — 505, + 204¢ + 501y — 502,) (5.9)

An attractive feature of the analytic formulas given in (5.6)-(5.7) is that,
in the R.IL.S. contributions due to every loop order or threshold effects are
seperated out.  For example, the first, second and the third terms in the
R.H.S. of (5.6) - (5.7) represent, analytically one-loop, two-loop and threshold

corrections, respectively.

The one-loop and two-loop B -function co-efficients for the MSSM[14] are

1
a; = 33/5
-3
b 25 3/11 -8
By === 21/5 199/65 —88/15 | ,i,j =2L,1Y,3C  (5.10)
4 9 1/3  -14/3

In the presence of Gy x SUSY intermediate symmetry in the mass
range p = M; — My, we use the contributions from the Higgs scalars and
their superpartners contained in the representations 10 and

i) one set of16 @ 16 (i.e.n;s = 1)

(i1) two scts of 16 @ I6(i.e.nig = 2). The components which have masses
near M, are the G4 -submultiplets ¢(2,2,1) and for i) n;6 = 1 one set of
(1,2,4)d(1,2,4) (ii) n1e = 2, two sets of (1,2,4)®(1,2,4). Other components
of the SO(10) representations such as (1,1,6) C 10 and (2,1,4) @ (2, 1,4) C

(16 & I6) 2{(2,1,4) & (2,1,4)} C (16 D 16) have masses near My. lol-
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lowing the standard procedure and including contributions of gauge bosons,
fermions, Higgs scalars and their superpartners, the one-loop and two-loop

co-cflicients for the G;24 symmetry for both the cases are computed as

Case (i)ns = 1 (i.e. with one sct of 16 @ 16).

1
a. = 5
—4
b 25 3/5 —45/4
B =-]= 3 11/5 —15/2 0, =2L,2R,4C (5.10)
] 9 6/5 37/8

Using the values of the co-efficients from egs. (5.10) - (5.11) in (5.8) -

(5.9), we obtain

Av =2,A; =206,By =42, 3; =18, D = —1056 (5.12)

Case (ii)nie = 2 (i.c. with two scts of 16 & 16).

1
a:-= 9
—2
” 25 1/3 —45/2
By=2=1 3 13/3 -30 vi,J = 2L,2R,AC (5.13)
j 9 4/3 -25/4

Using the values of the co-cfficients from egs. (5.10) and (5.13) in (5.8) -
(5.9) we obtain
Ay =18, A1 =10, By =42,B; = 18, D = -96. (5.14)
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In the next section we derive expressions for threshold effects and present

solutions to the mass scales.

V.3. LOWERING THE INTERMEDIATE
SCALE BY THRESHOLD EFFECTS.

Including only one-loop and two-loop contributions, the expressions for
M; and My are given by the first and the second terms, respectively in the
R.11.S. of egs. (5.6) - (5.7). Using egs. (5.8) and (5.12) or (5.14), the one-loop
and two - loop contributions and the mass scales are computed for nyg = 1

and n;g = 2 as,

e = 1

LsAy — LgBy T i + .l.i — Z—sinzo
D onrloop B @ 22 33 as 1 v

La[}[ - LsA[ v g 1 13 o 3 )
P A A (- _2a 9 0
( D )oncloop a (22 33 ag + 113”1 w

(1“’3" 1 J"A”) : (2TPy, — 15Pig — 12P)c + 27P3, — 25P1y — 20¢")
twoloop

D = 264
(10_"_';05_01’_’> - Z(lﬁ (48P — 6%y — 4210, + 52Psc: — 10Pry — 421%;)
twoloop

(5.15)

My, x(5 la 1 _,
2y P Ly T gin?0
fn{ (22+33as TR
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1
+=— (27P;, — 15P}g — 12P} + 21Po, — 25P1y — 2Psc) (5.16a)

264
My (1 13 o 3 .
(=)= (= - 2% 4 Zgin?
"3, T a (22 Bas T 0w)
[
+ 557 (18Pic — 6P3p — 42P;, + 52Psc — 10Pyy — 42Py) (5.16b)
Nig = 2

(LSAU - L913U> _
D oneloop

(M) S (3sin20 _1 _d5a
D oneloop a v 2 3 as

‘ — JoA 1
(l\oBUD 4 U) = 5(111)2’L — 3P p — 8P + 117, — 5Py — 6P5¢)
twoloop

Ri=A

3
- + 3i ~ Tsin®0w
2 ag

_ Kol !
(i”/"____’i—’) = =5 (24Plc + 6Pjp = 30}, + 20Psc — 35 1y + 15P3)
twoloop

D
(5.17)
M; (3 a . 2
—)=—1|= — =7 0
In(MZ 5 (2 + 305 sin w)
1 ,
+§ (117, = 3Pp — 8Py + 11 Py ~ 5Py —6Ps¢c) (5.18a)
Myy 7 (gm0 - 122
171(7‘1—2) == <33m 0w 5 3as
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| v
+Z§ (241{;(; + 6P2IR - 30P21L + 20P3(; - 35P1Y + 15P2L) (518b)
For numerical analysis we use the following input parameters[17]

a ' (Mz) =128.9 £ 0.1

ase = 0.119 + 0.004
sin’ 0y = 0.2315 4 0.0002
Mz = 91.187Gev (5.19)

While solving for My and My, using egs. (5.16a) - (5.16b) or eqs. (5.18a)
- (5.18b) by including only one-loop contributions and ignoring two-loop
effects, we obtain for njg = 1, M; = 1.76 x 10'6GeV, My = 2.72 x 10'GeV
and for ng = 2, M; = 8.30 x 10MGeV, My = 1.01 x 10'7GeV. Including
two-loop effects and ignoring threshold effects we found that the value of
M, increases to (i) 3.09 x 10'%GeV(ne = 1) (ii) 4.26 x 10'%GeV(ny =
2)while the value of My decreases to (i) 1.541 x 10'®GeV for n;g = 1, and
to (ii) 1.71 x 10"*GeV for nyg = 2. Thus at two-loop level we have M; >
My, leading to the conclusion that in SUSY SO(10) the G4 intermediate
symmetry is ruled out. We have verified that even in the model of ref. [19],
when two-loop eflects are included, the G,,4 breaking scale exceeds the gauge
coupling unification scale. But, as one important result of this Chapter, we
show that when threshold effects near My, M; and Mz [13] are included,

along with one-loop and two-loop effects, the model yiclds M; substantially
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lower than My, which itself is consistent with string unification scale. The

threshold effects at M; have already been computed [15]. For calculating

these eflects at M) we also follow the method of effective mass parameters

of ref.[15] where threshold effects due to the superpartners and superheavy

masses near the GUT scale have been computed using these parameters. As

can be found from this ref.{15], the method of effective mass parameters which

parametrizes the heavy or superheavy masses near a symmetry breaking

scale, is a very convenient method to compute such effects.

separate Ja and K into three different parts,

Ja=JE +JL+JE

Ko =KY + KL+ K?

where

JY = 2x (3A}, 4 3%, — 6A4c)

Kg = 2w (3A%r + 28 — 543;)

Ji =27 (5A%y + 343, — 8A%:)
Ki =2r (5A%, —54%,),i=1,2

‘The expression for AZ is given by [15],

)

AZ = AConversion 4 AYukawa 4 ASUSY ; — 1y 2L,3C
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At first, we

(5.20)

(5.21)

(5.22)



_C;(G.-)
127

AConucraion -
; =

where

C2(Gy) is the quadratic Casimir operator for the adjoint representation,
with C2(G;) = N[0] for G; = SU(N)[U(1)).
In eq.(5.22)

AYukawa — b!OP h? {
' ' 16m?
26/5
b = 6 (5.24)
4
In the present case
1 M;
t= —In—
o M;

In terms of effective mass parameters (M;,i = 1,2, 3) near Mz threshold (15],

the superpartner contribution in (5.22) are

ASUSY — _?__ Ml
Y 4n Mz
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For the sake of convenience we use My = My = M3 = 6Mz [15] The threshold
effect at the Mz boundary is taken to be the same as ref [15]. We compute
threshold effects on M; and My in two different ways depending upon our
choices on masses near AM; and My
(A) by assuming two sets of effective mass parameters near M; and My.
(B) by assigning specific, plausible and reasonable values to the unknown

masses of the superheavy scalars and their superpartners.

(A) Threshold Effects with Effective Mass Parameters.

The superheavy components contained in one and two sets of 16 & 16
which have masses near M; are given in Tables V.l and V.2 respectively.

The corresponding threshold effects can be expressed in terms of the effective

mass paramecters (M) as

b !
Al = 2—'—ln%;—',i =1Y,2L,3C
s 1

b= b (5.26)

where a includes Higgs scalar components and their superpartners near M.

The superheavy components in the representations under G334, contained in

4,210, 16 ® 16 and 10 which have masses near the GUT scale are shown in

Table V.3. The expression for the threshold effects A] is given by

92



'Table V.1 The heavy Higgs content of the SO(10) model with (G324 inter-
mediate symmetry. The G353 sub-multiplets become massive when Gaa4 18

broken. In the extreme right column of the Table are threshold contributions
b of the different multiplets for nyg = 1 (i.e. for one set of 16 & 16).

SO(10) representation Gay3 multiplet b, bjy, b

16 1y ey
(1,-1,1) (0,2,0)

16 (1,0,1) (0,0,0)
(1,5.3) (0,3.3)

(1,343) (0,52)



Table V.2 Same as Table V.1 but for nys = 2 (i.e. with two sets of 16@ IG.

SO(10)representation  Goy3 multiplet b1, bly s B

16 (1,3.3) (0,3,1)
L-11)  (0,,0)
16 (1,0,1) (0,0,0)
(1,343) (0,5,3)
(1,34,3) (0,3.3)
16 (1, 1,1) (0,2,0)
(1,0,1) (0,0,0)
(1,3,3) O )
(1,3,3) (0,5,3)
16 (1,0,1) (0,0,0)
(1,-1,1) (0,%,0)
(1.543) (0.5 7

(1,%3) (0,532



Table V.3 Same as Table V.1 and Table V.2, but here the G334 sub-

multiplets acquire mass when SO(10) is broken. Also listed in the extreme

right column of the Table are the threshold contributions 4”; of different

multiplets.

SO(10)representation G4 multiplet b”zL,b”m,b”.,c

210

(&3]
——

(2,2,10)
(2,2,10)
(1,1,15)
(1,3,15)
(3,1,15)
(3,3,1)
(1,1,20)
(2,2,6)
(2,1,4)
(2,1,4)

(1,1,6)

(10,10,12)
(10,10,12)
(0,0,4)
(0,30,12)

(30,0,12)



b{l [I
AV = Q;In-g;,i = 2L,2R,4C
U

b= 5 (5.27)

where a includes Higgs scalar components and their superpartners near
My and M! are the effective mass parameters at g = My. Thus, in the
SUSY SO(10) model with G,,4 intermediate symmetry we have three sets
of effective mass parameters which parametrize the corresponding masses at
the three symmetry breaking scales :

(1) My, My, M3 = Myy, My, Msc,atpy = Mz
(if) My, My, M5 = M, , My, M3, at p = M,

(i) Mby, Myp, Mic, at p = My

Using eqs. (5.26) - (5.27) in eqs. (5.20)- (5.21) we obtain

g = 1

5+ s Min s Mie oy Miy _ oy Mic 25, M
Ja = 198111~M(—]—+1861n My —393In My +9in M 12in M, + 3 lnMZ
25 M, M; 3 M,
—In— — 321 { 3 5.28
tona TR Yt (5.284)
, My o Mo My o My o M 25 M,
Ka = 186in My + 131in My —310in My +9in M, 12In M, + 5 lnMZ
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125, My 1, My 5
2 m=t - —in ’+§ (5.28b)

6 nMZ 4r? Mz

Using eqgs. (5.28a) - (5.28b) in eqs (5.6) - (5.9) we then obtain the formulas

for threshold effects M; and My in terms of the effective mass parameters

M/ and M/,
A’"L’; _ Jadv ;)KABU)
=§1§<rr 1;\,1,', Ixf:+13u };\441,>
+ZIZ <l5ln Aj{}:/ +in Alfh ) — 0.548018546 (5.29)
A MZ _ (KAB,D JaAr)
- 21—2 (3111 1}\’;’: + 231in 1;14,, My)
+41 (Jl'n “A’;’ 13In A;h ) +0.068197446 (5.30)
g = 2,
Ja = 174ln 1}\1411 IXIU 1;’;5 +25In A}L‘IY —28in AL, 2 7\%
+2—2§1n% — 32In QZ + 4izln ::; +3 (5.31a)
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M M 4 ‘925 M
Ka = 150in=2B 4 114In =4S _ 990in=-2L 4 95In Y 1
a My My My TP, T,

12\) M, 1 M, 5
In l =
M, ir? an + 3 (5.31b)

Using eqs. (5.31a) - (5.31b) in eqs (5.6) - (5.9) we then oblain the formulas
for threshold effects AM; and My in terms of the effective mass parameters

M! and M",

A Mi _ Uady = KaBy)

Mz D
75 " 319 MY, M 25 M 21 !
= In=2R _ T n 2L 4 144in—C =
( My 5 nMU+ nMU + M1+4lnM1 —4.89
(5.32)
My (KaB1 — JaAr)
{ =
A ”MZ D
—-25 MY 145 = MY M 25, M| 35 A
- fp2ar 200 20 _ 4aC 1wy 99, My 9
( 5 LMU + 2 n My YTIn My + T In M, T n M, +1.93
(5.33)

The last term in eqgs. (5.29) - (5.30) and (5.32) - (5.33) denote threshold
contributions at g = M corresponding to a choice of ref{15] My = M, =
M; = 6Mz. It is clear that threshold effects on the two mass scales, My
and M; can be estimated once M!(i = 1,2,3) and M}(j = 2L,2R,4C) are

known. In any model the superheavy masses near any particular symmetry
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breaking scale are parametrized in terms of the corresponding effective mass
parameters. Inthe present model there are three such relations corresponding

to the three symmetry breaking scales i.e.p = Mgysy = Mz, p = M; and

= My,

¢ M b , M,

P2, T gyt = b2 = My (5-34)
ZEIIM'—I’:IM" 1,2,3 M 5
A!l 27r nM W= )y &y 1# - 1 (5'30)
e MY b” MY
AU = = - — 1= yH =
: z,,: “n—L o = a5l M ,i=2L,2R 4C;p = My (5.36)

where a refers to the actual G;;; submultiplet near g = Mz, M; or the
G224 submultiplet near g = My and My, M. or M”, refer to the actual
component masses. The coeflicients b;, b; and b have been defined in (5.25) -
(5.27) [15]. The numbers b refer to the one loop coefficients of the multiplet
a under the gauge subgroup, U(1)y,SU(2)L,SU(2)r, SU(3)c, SU(4)c etc.
The relation (5.34) has been utilised in ref [15] to compute only one set of
values of My, M,, M; in MSSM from the model predictions on M,. But since
such predictions are also model dependent, several other assumed values
of effective mass parameters have been utilised for computation. At the

MSSM unification scale, My ~ 2 x 10'®*GeV, the values of effective mass
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parameters in the SU(5) model have been assumed for computing threshold
effects. In the present case, in the absence of actual values of component
massesin the model, we make quite reasonable assumptions on M/andM/
for computation. In our analysis the effective mass parameters M/ or M/
are taken to vary between 1/5 - 5 times the relevant scale of symmetry
breaking i.e. MjorMy. For example, with one set of 16 @ 16, when Mi, =
My = MMy = My,M;, = 3My,M;e = 2My we obtain, M; =
4.00 x 10" GeVandMy = 4.39 x 10"7GeV. But,with two sets of 16 @ 16, when

iy = Mje = 3IM; ;M7 = 2My, M7, = 3My, the values of M; and
My are found to be 3.73 x 10" GeV,and 2.09 x 10'"GeV respectively. More
important is the result in the degenerate case, M, = M3, = %M,, an =

3 = Mic = 2My in Table V.5 for which we have obtained M; = 4.3 x
10'°GeV and My = 3 x 10"8GeV for ny¢ = 2. We have checked using (5.35)
and (5.36) that such effective mass parameters result when the superheavy
components in Tables V.1 - V. 3 have degenerate masses near the respective
scales. Different results on intermediate scale M; and unification mass My
which aré obtained as solutions of RGEs including threshold effects as a
function iof effective mass parameters for both the cases are presented in
Tables V.4 and V.5 respectively. We find M; ~ 10" — 10'*GeV for quite
reasonable choice of the mass parameters. It is interesting to note that some
of the GUT scales are close to the Planck scale or the string unification scale.

The solutions given here are by no means exhaustive, but indicate that the
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Table V.4 Predictions on mass scales My and My including threshold

effects with effective mass parameters for nyjg = 1.
v Mie MY MY MY Mi(GeV)  My(GeV)
-l-AfI l]”[ 3A‘[U lﬂfu ZAIU 2.36 x 109 1.93 x 10”
2 2 2
-};All %A/I] 2/”(] -;'AJU 1.51‘1(} 8.74 x 1010 9.23 x 1016
M, M, 3My My 2My  4.00 x 10" 439 x 10'7 °
Mp IMp 3My My 25My 118 x 10" 3.60 x 10'°

My M 2My My  15My 1.72 x 103 1.91 x 10'7



M7,

2My
IMy
IMy
My

3My

M%r M4
2My

2My
2My
2My

2My

2My
3My
3My
3My

31‘!(]

Table V.5 Same as TableV.4 but for nyg = 2.

Mi(GeV)
4.3 x 1010

1.75 x 101°
3.73 x 101
3.19 x 102

1.02 x 1013

My(GeV)
3.03 x 10'8

7.9 x 10"

2.09 x 10'7

9.68 x 108

4.96 x 106



intermediate scale can be achieved in a natural way via threshold effects by
following the method of effective mass parameters [15]. |

B. THRESHOLD EFFECTS WITH SUPERHEAVY MASSES

We now present our results on threshold effects with specific but rea-
sonable values on the masses of superheavy components of Higgs scalar
and their superpartners corresponding to the representations 210,54, 10 and
16 @ 16(fornie = 1,ny6 = 2) [9).

The expression for threshold effect in terms of actual superhcavy com-
ponent masses M, which have masses near M7 is given by the L.H.S. of eq
(5.35),

al=3%" %‘;ln%%,i =1Y,2L,3C (5.37)

a

The supgrheavy components a contained in one and two sets of 1616 which
have masses near M; and those of 210, 54, 1616 and 10 which have masses
near My are shown in"l'ablc V.l - V.3

The expression for the threshold effects at p = My is given by the L.H.5
of eq. (5.36),

A=) b:(a)zni‘-’ﬁ i =2L,2R,4C (5.38)
T o My' 7T '

a

While computing threshold effects using (5.37) and (5.38) and Tables V.1

- V.3, we have assumed all the multiplets belonging to an SO(10) repre-
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sentation ‘H’ to have the same degenerate mass My. For example all the
superheavy components in 210 given in Table V. 3 near u = My have been

subjected to the following degeneracy condition,
M"(2,2,10) = M"(2,2,10) = M"(1,3,15) = M"(3,1,15) = M(30)

Similarly for 54 and 16 @

16
M”(3,3,1)=M”(1,1,20)= ...... =M54

M7(2,1,4) = M”(2,1,4) == Me

All the heavy masses near g = M; are assumed to have the same mass

M’ = Mp. Using eqs. (5.37) and 5.38) in egs. (5.20) - (5.21), and denoting

= ln(%‘j), H = 210,54,16,10 and nr = ln( ) we obtain

me = 1.
: . . .25 M, M, My 3 M
JA = —12712m+9ﬂ54"'()7]10—37]11*{'-34- ) Inm-{- 11IE—321 MZ 47r21 MZ
(5.39a)

5 25, M, 1251 M, 1 I M;
I&A—47]210—37154-'167]16+2'l|o+257m+3+ —In M, 6 nMZ_47r2an

(5.39b)
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25 M, 25 M, My 3 My
Ja = —12 9154 —61110— 3+—In—+—In—=-321 l
A 210+ 9154 —6mo0—3npr+3+ 5 "MZ+ 5 an 3 an+47r2 an

(5.140a)

. 5 25, M, 125 M, [ M,
Ka = 4920—3154—32 2 25 ~+—In—~—
A 71210 — 9)54 Ne+2mo+ 07)R+3+ ) nMZ 6 1MZ a2 M,

(5.400)
Using eqs. (5.39a) - (5.39b) in eqs. (5.6) - (5.9) we then obtain the formulas
for threshold effect on mass scales M; and AMy:

nye = 1

n 1”[ _ (JAAU - IX’ABu)

Al
Mz D
1 4
= 55 (471210 = 3054 — L4mie + 2mo) + 177R — 0-548018546 (5.41a)
My (KAB] ~— JAAI)
[ =
Aln My D
1 5
= 17 (3154 + 3716 — 4210 — 2mo) — 550k + 0.068197446 (5.41b)
ne =2

Al 1‘1[ — (JAAU ~— ](ABU)
"M, D
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= (41)210 - 37754 - 147]16 + 27]10) + 11.5T]R — 4.89 (5410)

My _ (KaBi—JaA))

A
in M, 5

3 _
= (Q”"" + 6mig — 21210 — r)w) — o+ 1.93 (5.42b)

The last termin eqs. (5.41) - (5.42) denote threshold contributions at =
Mz. As before the Higgs masses are allowed to vary between 1/5 and 5 times
the scale of the relevant symmetry breaking i.e. M; or My. For example,
when M{ = Mp = 1M, Myio = My = My, Msq = Mys = 5My for nyg = 1
we obtain M; = 2.576x 10'°GeV and My = 1.04 x 10'7GeV. But, for n;g = 2
when M! = Mp = %/\[1, Mo = Msqg = Mg = Myp = 1.5My we found
interesting solutions with M; = 1.46 x 10'?GeV and My = 2.34 x 10'8CGeV.
Different results on intermediate scale Af; and unification mass My which
arc obtained as solutions of RGLEs including threshold effects as a function
of superheavy masses are presented in Table V.6 for njg = 2. In this case we
find, that M; ~ 10'' — 10'*GeV for reasonable choices of superheavy masses

are easily allowed.

V.4 SUMMARY AND CONCLUSION

While investigating the possibility of G324 intermediate gauge symmetry in

SO(10), we avoided the representations 126 @ 126 for intermediate symme-
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Table V.6 Predictions on mass scales M; and My including threshold

effect with superheavy masses for nyjg = 2

Mp  Mauo Msq My Mo M(GeV) My(GeV)
IM; 15My 1.5My 1.5My 1.5My 1.46 x 10'* 2.34 x 10'®
IM; 2My  2My  2My  2My  3.46 x 10" 8.56 x 10!
IMp My 3My  2My 2My 591 x 102 6.9 x 101

IM; 0.5My 0.5My 0.5My 0.5My  3.54 x 10'*  1.67 x 1016



try breaking and generating Majorana neutrino masses because of their well-
known difficulties against arriving at acceptable values of M; < My [11]. As
the mechanism of generating Majorana neutrino masses are now well known
via the representations 16 ¢ 16 and through couplings with SO(10)- singlet
fields in the superpotential [12], we have utilised one and two sets of them
in addition to the representations 210, 54 and 10 needed for spontaneous
symmetry breakings at the GUT and the electroweak scales, respectively.
At the two-loop level, we have noted that even after using 16 @ 16 instead
of 126 @ 126, the RGEs do not permit G,,4 intermediate breaking scale M;
lower than My, in this model and also in ref.[19]. We have found that at the
two-loop level, when threshold effects due to superheavy components con-
tained in the relevant SO(10) representations are included, the RGEs permit
(924 breaking intermediate scales M; ~ 10'° —10'3GeV with high unification
scales, M;; ~ 10 — 10"GeV, for certain allowed solutions. The generation
of right-handed Majorana neutrino masses and the implementation of seesaw
mechanism is carried out by the introduction of SO(10) - singlet following
the mechanism of Lee and Mohapatra [12] through purely renormalisable
interactions. We thus conclude, in contrast to earlier observations [11], that
SU(2); x SU(2)r x SU(4)c(921 # g2r) is allowed as an intermediate gauge
symmetry in supersymmetric SO(10) model in a natural manner. Even the

use of a number of light Higgs supermultiplets at the intermediate scale is not

needed to achieve the intermediate scale. Using quadratic or lincar scesaw
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formulas and renormalisation effects [18], it is possible to obtain neutrino

masses necessary for v, as a hot dark matter candidate and solution to the

solar neutrino puzzle by MSW mechanism in these models.
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CHAPTER 6



CHAPTER VI

SUMMARY AND CONCLUSION

In this concluding chapter, the results of the present ‘invcstigation are

briefly summarised.

The first chapter contains a capsule review of clementary particle phe-
nomenology and introduces some of the issues relating to the grand unifi-
cation theory. In the second chapter we discuss the non-SUSY and SUSY
standard model coupled with a brief appriasal about its successes and fail-
ures. The limitations of the standard model in describing only low energy
manifestations of an underlying unified theory has led to the development
of Grand Unified theories (GUTs). A concise revision of the Grand Unified
theories is given in Chapter 111, wherein, the basic structures of the groups
viz.S(,/(S),SU(S)L x SU(8)r and SO(10) are also mentioned. The new re-
scarch investigations carried out under the ambit of the present study are
presented in Chapters IV and V.

Q.uark-lepton unification through the Pati-Salam gauge group SU(2), x
SU(2)r x SU(4)c(= Gaaq) which forms a subgroup of a number of GU™T's
permits experimentally observable rare kaon decays and new modes of pro-

ton decay provided the symimetry breaking scale Mc = 10° GeV. In addition,
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n—ii and H— H oscillations can be predicted with definite rates to be detected
in future. Furthermore, the new physics associated with V+A interactions
in left-right gauge models can be experimentally tested provided the right-
handed gauge bosons (W3, Zp) resulting from the spontancous breaking of
SU2)L,xSU(2)pxU(1)p-LxSU(3)c(= G2213) symmetry are resonably light.
The conventional method of {eft-right symmetry fails to acl;civc Mp~1TeV
or Mc = 10° — 10° GeV, and yields a high G3213 breaking scale unless there
are a number of intermediate gauge symmetries. We consider an alternative
method of decoupling the parity and SU(2)p-breakings proposed by Parida
and Pati which requires chiral SU(4) colour for its implementation and as
such can operate within SU(8), x SU(8)r,SU(16) and [SU(4)]* but not in
S0(10). We examined the predictions of SU(16) and SU(8), xSU(8)r GU'T's
under the constraints of CERN-LEP data using the alternative method, in
the minimal chains. We found that right-handed gauge-boson masses corre-
sponding to Gzi3-breaking scale as low as 1 TeV, are allowed in one of the
modelswhereas the other chain permits the SU(2), x SU(2)rx SU(4)c break-
ing scale M¢ ~ 10° GeV leading to n — i oscillations and the A(B~ L) = -2
nucleon decay modes possibly accessible to the ongoing experiments and ob-
servable branching ratios for rare-kaon decay modes.

In recent analysis, the existence of SU(2);, x SU(2)r x SUM (g2 #
g2r) intermediate gauge symmetry has been ruled out in the minimal SUSY

SO(10) model at one-loop level.But it is allowed with ga1, # g2n at one-loop
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level if there are additional degrees of freedom near the intermediate scale
(M; = 10"?GeV). But at two-loop level such a model a.ppears to be ruled
out. With g1 = g2g, the model is allowed with masses of pseudogoldstone
components in 16y + 165 near the Tev scale.In chapterV we show how the
assymetric gauge group is allowed in SUSY SO(10) with an intermediate scale
M; = 10" — 10" Gev and high unification scales My = 10'7 — 10'® GeV
by including two-loop and threshold effects, but without any light degrees
of freedom. The generation of right-handed Majorana neutrino masses and
the implementation of see-saw mechanism is carried out by the introduction
of SO(10)-singlet fermions following the mechanism of Lee and Mohapatra

through purely renormalisable interactions.
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