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CHAPTER 1 

INTRODUCTION 

Tlwre has been a revolutionary change in the theoretical understanding 

of elementary particles and their interactions during the last. t.wo decades. 

Moreover, electrons, protons and neutrons have long been established a.s t.bc 

building blocks of matter. Elementary particles participnlc in a. l'il Lually 

unlimited number of processes and their underlying intc·1uc lions can be cat­

egorised into strong, electromagnetic, weak and gravitational interactions 

on the basis of their observed strength at low energies and varying scales. 

Fields are chosen to describe the fundamental particles in conformity with 

the symmetries of nature. Various interactions preserve different symmetries 

covering space - time symmetries of special or general relativity and the in­

t.c·mal symmetries acting on the fields. Gdl Mann and Neeman proposc·d 

a larger symmetry based on the group SUFl) wherein, symmetries p;roupcd 

particles into larger multiplcts of 8,10 or even more 11\lllll .. ·l·s witl1 ltildrons 

as composite particles. Since then, there has been a furtiiC'r simplification of 

this concept. 

Symmetries have played a fundamental role in our understanding of parti­

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



global symmetries 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, 

cPa(i)-+ (e-ii3.L)abcPb(x) = U(fJ)abcPb(x) where U({J) = e-i/3.L is the same 

for all x. Here L constitutes the set. of generators of tranHformation. If the 

symmetry is extended to allow independent transformatioiiH at diffen·ut space 

time points, the symmetry is known as a local or gauge r;ymmetry. Under a 

gauge transformation, 

cPa(x)-+ (e-il3(x).L)abcPb(x) = U({J(x))ab</>b(x) where{J(x) is now an arbi­

trary differentiable function of x. 

A Lagrangian describing a physical system must be invariant under a 

set 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 Hpin-1 fieldH .1~, as 

dynamical variables are ~ntroduced into the theory. Th1• lll'lds A~ <H<~ called 

gauge fields and its coupling to other fields in the Lagra11gian is uniquely 

fixed by the requirement of gauge invariance. Thus, local symmetries dictate 

dynamics and therefore provide a more powerful theoretical tool for r;tudies of 

particle 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 
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generator of the local symmetry group. Theories in which field quanta may 

interact directly are called "non Abelian". The non Abeli.an 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 </Ja absorbs or emits a gauge boson 

and turns into a different field ¢b· 

Gauge theories are very attractive in that the structure of the interactions 

is dictated by gauge invariance. Furthermore, they are beli!'Vf'd to bc• t.lll' only 

field theories for vector mesons that are renormalisabll', which IIWILllS that 

all of the ultraviolet divergences in higher order diagramH can be removed 

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 arc· 11111. long 

ranged, however, and mainly they do not seem to fit int.o t.he 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 for the equations of 
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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

neous symmetry breaking. Spontaneous symmetry breaking occurs when the 

lowest energy 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 be!'orning 

short ranged in much the same way the Coulomb force bPcolltcs 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 

Uosc condensation), then all of the symmetry 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 Narnl•u-ColdHI.oue bo­

son. For a general group G of dimension N, which is spo11l.aneously broken, 

leaving an unbroken subgroup H, of dimension M, there will be N-M mass­

less Nambu-Goldstone bosons corresponding to the N-M broken generators 

of the coset space C/11. Spontaneous symmetry breaking has had its most 
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significant application in the breakdown of a local not a p,lobal sy lllllletry. 

In this case, the massless scalars do not appear, but supply the longitudinal 

components of massive vector gauge fields, This is known as Higgs mecha­

nism. A massless vector field A~' carries two degrees of freedom (transverse 

polarisation); when A~' acquires mass, it picks up a third degree of free­

dom (longitudinal polarisation). This extra degree of freedom carne from the 

Goldstone boson, which meanwhile disappeared from the theory. The gauge 

field "ate" the Goldstone boson, thereby acquiring both a mass and a third 

polarisation state. 

It was shown by 't llooft in 1971 that if gauge boson 1nass is P,l'llcrated 

by Higgs mechanism, then the theory is renormalisable. I I. is therefore very 

important in building gauge models that, the gauge symmetries that need 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 must. Gauge invariancc means that all currents corresponding to E?;augc 

symtnetrics must be conserved to all orders in perturbatiou theory. It was 

pointed out by Adler, Bell and Jackiw that if a theory involves chiml interac­

tions (i.e. interactions involving "'s currents) of fermions, triangular one-loop 

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

tions on the nature of fermion spectrum. In general, if in the space of all 

fermions, Oi denotes the coupling matrix of fermions to the currcut. J
1
i,, then 

the <:ouditiou for anamoly cancellation Tr{O,(Oi,O,t])L- Tr"(Oi[O;,OkJ)fl = 0 

where the subscripts L and R denote left and right ('ltirality st n.les of 

fermions. This constraint plays an important role in undnstandi11g 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 ferrnions (a vcct.or like 

theory) then the contributions of left-handed and right-ha.11ded f<·nnlons t.o 

the anamoly cancel. But, the anamoly is independent of f<'rmion mass. 

All the above desirable features of a gauge theory, namely, rcnormali:~.abil­

ity, anamoly cancellation with known fermions, massive gauge bosons medi­

ating weak interactions, and electromagnetic gauge invariance after sponta­

neous symmetry breaking arc achieved in the electrowcak gauge symmetry 

SU('2) 1, x U( 1 )y proposed by Glashow, \Vcinberg and Salam which breaks 
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spontaneously to U (I )em by the Higgs mechanism, 

SlJ(2)L X lf(l)y (r/I)~IV lf(l)em 

where < ¢> >o denotes the VEV of the neutral component in a Biggs­

scalar dou blct at a scale (Jl ~ M w) of the order of massive W- boson mass. 

The elcctroweak symmetry holds good for JL > Mw. 

lt has be(~n found that when proved at large momentum t.ransfprs, the 

strong interactions exhibit a property known as "asymptotic freedom". 1.c. 

the strong interactions interact less strongly at high energies and start. t.o 

exhibit the characteristic interactions of a gauge theory. The overwlwlrning 

weight of theoretical and experimental searches point to t.lu~ concluHion that 

the strong interactions arise from the exchange of the eight gluons of an 

SU(3) local gauge field theory, popularly known as QCD. 

Including the strong interactions, the gauge group structure SU(3f x 

SU(2),, x U( l )v has come lo be known as the "standard" modd of the 

strong, weak and electr.omagnclic interactions which is good symrrwt.ry for 

JL ~ 100GcV. When spontaneous symmetry breaking occurs th(• SU(:J)c 

symmetry is left unbroken leading to U(l)em X SU(3)c as the low energy 

symmetry. 

The limitations of the standard model suggest that the standard IIIOdel is 

only a step towards a more fundamental theory and that, at 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, 
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weak and electromagnetic interactions are embedded in a large undc•rlying 

gauge theory with a single gauge coupling constant g. Bu.t. 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 t.hc MSSM as 

cffc~ctive low-energy theories. ~lore rccent]y the idea of underlying M-thcC>ry 

has been advanced. 

The present thesis is organised in the following manner : Chapter -I I 

and Ill are devoted to hrid review of <:erlaiu aspects of tire rtoll SlJSY and 

SUSY standard models and grand unified theories respectively. In Chap­

ter IV -V, the new research investigations carried out undc~r this tlwsis arc 

presented. The realisation of low-mass right-handed gaug<· bosons, accompa­

nied by other observable predictions in SU(B)L x SU(B)R and SU(16) GUTs 

arc presented in detail in Chapter IV. In Chapter V we demonstrate how 

the intermediate gauge symmetry SU(2)L x SU(2)n x SU(tl)c(gu, =f. !l'm) is 

achieved in SUSY SO( I C)) by two loop and threshold effects. A brief sunllnary 

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

THE STANDARD MODEL 

II.l 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(:J)c colour gauge theory of th<· 

strong interactions is combined with the SU(2)L x U(l)y leading to the SM 

gauge symmetry SU(2)I, xU( I )y x SU(3)c(= G 213 ) above the mass seal<' of 

100 GeV. 

Solving the weak gauge boson mass problem via the Higgs mechanism 

leads to the so called gauge hirerarchy problem - i.e. how to control the 

Higgs boson mass in the desin•d range of W and Z ma..o;ses. This is lH·ca.Hs<' 

in the· absence of a protecting symmetry the scalar masses have quadratic 

divergent quantum corr<·ctions making them infinitely heavy.By far t.h<' most. 

promising solution to this problem is provided by supersymmetry (SUSY), 

which is a basic symmetry between bosuns and fermions i.e. all fermions 
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have bosonic superpartners and vice versa.lt ensures cancellation between tlH' 

~ divergent quantum corrections originating from the exchange of the standard 

particles and their supcrpartners.ln the process however one predict.s that. a 

host of new particles,scalar partner of quarks and leptons as well as fcrmionic 

partners of gauge and lliggs boson should occur in the mass range of W and 

'Z bosons. In this chapkr we also discuss the supersymrm~tric extension of 

the Standard model which is called the minimal supersymlll('lric standard 

model (MSSM). 

The particle representations in the non SUSY Standard model arc briefly 

sketched in Section 11.2 wherein the transformation properties under G11 :1 

have also been shown.In Section 11.3 we discuss the MSSM.The limitations 

of the Standard model are discussed in Section 11.4. 

II.2 PARTICLE REPRESENTATION IN 

TilE NON-SUSY STANDARD MODEL 

All particles of the no11 susy standard model,except the neutral Higgs 

scalar have been experimentally detected.Even some of the W<'ak gaupp hosons 

and fermions were predicted in some theory or the other bdore the discovery 

of the Standard modd.J\11 particles of the SM follow the charge quant.isat.ion 

relation 

y 
Q = IJL + 2 (2.1) 

where Q, [3 r_, Y denote t.lw charge number,SU(2)J, weak isospin and l/( I h' 
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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 fcrmions and 

{iii) the spin 0 Higgs scalar. 

Gauge Bosons: The gauge hosons of SU(2)L,lf(l)y and SU{3)c are 

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

(2.2) 

where 

(2.3) 

(2.~) 

92 is the SU(2) gauge coupling. 

Equation (2.8) indudes tiiP sc•lf coupling of tlw vector field w;, c:harad.eristic 

of a non-Abelian gauge· theory. 

Fcrrnions: The charged weak currents couple the left-handed components 

of the.chargcd leptons and the associated left-handed neutrino.Allldt-ham.lcd 

fermions transform as SU(2) 1, doublets while right-handed fennions as siii­

glet.The p and T family repeat with exactly the same trans- formation prop-

ct"lies under G213 as the d<'clron family 
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First Generation 

( ;; ) L (2, 1/3, :n; ( :~ ) ;, ( 2, -1, 1) 
r,IJ,b 

(1,4/3,:J); eJi ( 1'-2, 1) llH 

d'·'l·b 
H (1, -2/3, 3) 

Second Generation 

(:) (2, l/3, :J); ( v~) (2,- I, I) 
/, II. I, 

'·"'·" (l,·1/3,:J); lln ( 1, - 2, I) ('It 

, ·"'·" ,'Ill ( 1' -2/:J, :3); 

Third Generation 

( ~) /, (2, 1/3, 3); 
( :~ ) J, 

(2,-1,1) 

(·"·" (1,4/3,3); TR (1,-2,1) ll 

/ r,y,b 
Jn (1,-2/3,3); 

The kinetic energy of tlw quarks and leptons aud thdr int<·nu·t.ions wit.h 

~v±, Z and 1 are given by, 

(2.G) 

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

denotes a right-handed f<'rmion singlet. 
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Higgs scalar: The Higgs scalar (4>) in the SM is a complex doublet under 

SU(2)~, having weak hypercharge Y( ¢) = 1. This scalar is needed to obtain 

massive gauge bosons through spontaneous symmetry breaking of .'ilJ('2)1, x 

I!( I )v and lliggs nwdranism. 

('2.7) 

with 

An S'U(2) 1, x U(l )y gauge invariant Lagrangian for scalar fields is giv<'n by, 

where the covariant derivative is 

('2.9) 

and the scalar potential is 

('2.1 0) 

To generate gauge bosou masses through SSil, the paramet!~rs in ('2.1 0) 

are chosen such that Jt.l < 0 and A > 0 wit.h (¢o} = J:i :f. 0. Tlw V EV is 
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expressed as 

(,P) = r/>o = _I ( 0 ) 
J2 v 

(2.11) 

There are no charged-scalar fields in the standard model. The charged c:on1· 

ponents of ¢> are absorbed by the massless w± gauge bosons as their longi-

t.udinal modes. Similarly the imaginary part of the neutral·c:omponent. of ¢,11 

provid<~s the longitudinal mod<• to the neutral /j0
- boson.This g1~t1erat.<'s 1.111' 

following tree-levd massl's for the vector bosons, 

(2.12) 

The mass eigenstates of the neutral Z-boson and the massless photon an•, 

A,. = H11 cos Ow + W;~ sin Ow 

/.1, = - JJ,, si11 Ow + 1v,:: cos Ow 

The w<·ak mixing angi<~,Ow ,is given by 

91 
tan Ow=-

92 

and the electromagnetic coupling e is 

C ---
9192 

= 9 2 sin Ow 
J(gf + gn 
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After spontaneous symmetry breakdown, only one component of the lligg:; 

field the physical neutral Higgs scalar mass is given by 

(2.1()) 

To generate fermion masses the Yukawa couplings 111 the Lagrangian ctn' 

included 

(2.1 i) 

The complete Lagrangian of the standard model is given hy, 

(2.18) 

The ~V± and Z bosons have been discovered at the CERN pp collidcr exper­

iment in 1983 and at CERN-LEP with masses, 

Mw± = 80.22GeV ± 0.26GeV, Mzo = 91.187 ± 0.007GeV 

The masses of quarks and tlw charged lcJ>tous are 

mu = 2 to 8 MeV; rnd =.5 to 15 MeV; m.., = 0.5109 MeV, 

me= I to I.G (;(•V;m. = lOU to :wo McV;m,. = 105.65 MeV, 

m 1 = 176 ± 21 GeV; mb = ·1.1 to 1.5 GcV; m,. = 1.777 GeV, 

(2.19) 

(2.20) 

All other fcrmions arc lighter than Mzo, but only the top quark appears t.o lH' 

heavier. A unique prediction of the standard clcclrowcak theory is tlw IH'U· 

tral current interaction through Z exchange. The currently nwasur<'d vahw 
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of sin2 Ow is U.~:Hf>~ ± U.UUO:J~. 

11.3 SUSY VERSION OF THE STANDARD MODEL 

El<~lll<'lltary partid<·s <"onsisl of both fermions and bosons, and f IH·ir nlti 

rnat.e unification would r<'quin· them either to be composite of sOJJII' basi' 

set of fermions whi('h can h<' unified within a Lie group franwwork m t.haf 

there must exist a new symmetry that transforms bosons to fermions. This 

latt.<~r kind of symnwt.ry, is known as supersymmetry, whi<"h rda.t.<~s parti 

cl<·s of different spins. To S<'<' why symmetry between bosons and f<'nnions 

rnay I><~ of interest to tlw study of elementary particle physics, W<' point ouf 

that n·normalisahl<• qllanttllll fi<·ld I lwori<'s with scalar partid<•s (s11ch as l.h<· 

lliggs sector of unified gauge theories) have a very disturbing f<·atnn· in that. 

l.h<' scalar mass<'s hav<· quadratic divergences associated with fermion lllfiSSI's 

which can be eliminated hy taking advantage of chiral symmet.ri<~s, t.IJ<'n' is no 

apparent symmetry that can control tlw diverg<•nces associated with scalar 

field masses. On the other hand, if we have a theory that. couples fermions 

and hosons, the scalar masses have two sources of quadratic divc~rP,<'Il<'<'S. 

orw from a scalar loop whi<"h comes with a positive sign and a.not.lwr l"ro111 il 

f<'rmion loop with a w·gat.ive sign. It was then suggested that, if llwn· Wits 

a symmdry that related tlw couplings and mass<'s of f<'rmions and bosons, 

all quadr;tl.ic div<'rg<·ru·<·s from sGtlar fidel masses would IH' <'lirnin;tf.<·ll. '1'111' 

t.wo sets ~>f partid<'s are distinguished by a multiplicativ<' quantun1 llllllllH·J 
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called R-parity, which is +I for all standard particles and -1 for thc~ir su­

perpartners. Conservation of R-parity implies that (i) the superpa.rtners arC' 

produced in pairs and (ii) the lighest superparticle (LSP) resulting from their 

decay is stable. The LSP is also required to have no colour or clcct.ric chargc~. 

Consequently it is expected to interact weakly with matter and escape de­

t.c•dion like t.lw ru•ut.rino. This r<'sults in an apparent. monwnl.u11r illlb;danC"c' 

(missing momentum), which serves as a powerful signature for supcrparticlc­

product.ion. In this SC'dion W<' briefly rcvi<'w sorrw aspects of minirual su 

pcrsymmetric extension of the Standard model. vVe call the supersymnwtric 

partners of quarks and leptons as squark, slepton with a prc~fix s and denol.<' 

them with a tilde over the symbol representing the corrcspondiug pa.rt.ick 

The particle spectrum along with their quantum numbers under G21 a for ow· 

generation is given in Table 11.1. All particles are chosen to be left-handed 

(or chiral) particles so that a right-handed field (i.c.uH) will be dc•not.<'d as a 

ldt-handcd antiparticle field (i.c.u/J. 

Table 11.1 
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su perfi<'ld Component. fields .'iU(2)I, x l'( lh x SU(3)c Name 

Mattt'r fit'lds quantum no. 

( II[, ) = CJr, Quark 
dt 

Q (2,~,:J) 

( - ) II[, 
Ch Sq II <trl\ (ir. -· 

lie 
/, Quark 

u (I ' ~1-1' :J·) ( d<•Jiol.<·s ri,•ltl 
It[, !Ja!ld<'d IIJI <jll 11l I 

dr. 
[, Squark 

)) (1, :if,3•) ( d<'IIOI.<•s riJolil 

ti[, ha.rul<·d down 'I'' ,,1 
( II~ ) Lq>I.OII 

(' 
[, 

L (2,-1,1)) 

( ~~ ) Sleptor1 
(' [, 

('c 
[, A11tikpt.•" 

It~ (1,+2,1) 
fC 

[, Antisll'pl.• '' 1 

~:aug<' fi<·lds 

( H'~ ) ll'J (:aug<· bw'''''' 

v (:J, 0, I) 

( \ i. ± ) <:alll!,ill•• l i. :I 
B ( :au pp Bos• • 11 

B (1,0, 1) 

JJ ( :augi "', 
lliggs fi<·ld 

( :~) lliggs fi<·l·l 

llu (2, l, l)) 

( ~~J ) 
II ip,l!,si II• • 

q,o 
lJ 

( q,o ) II igi!,S (if'l·l ,j 

(f.,/ 
II.~ ( 2, -- I , I ) ) 

( ¢~ ) llip.;!!,sin•• -(\1 
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In order to gtve mass to fermions supersymmetry requm~s two Iligg:; 

doublets,llu and 1/d. The Lagrangian for 1\lSSM is given by, 

£ = ,eGauge + ,emaller + £5o/l + ,eYukawa _ V (2.21) 

where 

Summation goes over 

and 

V i) . I y JJ . T \"' 
I'= ,,-lg2 p-lg2.'fp (2.21) 

Y being the U(l)y quantum number. 

The term r.W,, will be absent when a particle is SU{2)/, si11gld. D,, 

denotes the covariant derivative for the appropriate gauge fields. 
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llerc C is the Dirac charge conjugation matrix and r 2 is the SI'COJHI Pauli 

matrix.The first term in each of the first three brackctted expressions in the 

above equation is represented as the Yukawa couplings present in a. two llig;p;H 

extension of the standard model. The remaining term involvi11g f1·rmio11s is 

t.h1• soft stqwrsymmdry hrt'aking Majorana mass term,i.e. 

(~.~()) 

The potential V is given by, 

(2.27) 

(2.~Hu) 

(2.2Hb) 
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2 2 

~D2 
= ~l L L A~raA.p + ~g12 L L A~Y Al/1 (2.28c) 

a A1/J a A~ 

Let us now stu<ly the spontaneous breaking of the gauge symmetry. For 

2 2 2 2 2 • • 1 · · rv mQ, nt 1,, ntu, nt 1J, ut 1.; postl.tv<', l tc mtnllllllfll o corr<•sponds t.o 

0 0 v 
(IIJ = (llJ = .J2 = 11 (2.:W) 

The above equations break the SU(2)L xU( 1 )y symmetry leaving t.lte Slf (:J)c 

lJ ( 1 )em symmetry intact This also gives nonzero masses t.o t.hc quarks and lcp-

tons. As far as the Higgs sector is concerned (decomposing /1~ = Jt.+ua+ixa) 

the three Biggs-Kibble bosuns are )2 (.Xu- .\.d),)2 (11;- llj) which are ab-

sorbed to hecornP longitudinial modes of the gauge bosons. Tlw n~maining 

physical Higgs fields -Ji (uu + ud), -Ji (Xu+ .\d), -Ji (JJ; + ll,n all pick up 

mal-ls .\v. The mass of 'vV and Z boson arc given by, 

UIW = r.inll v 2 .. , 

v ( z._ ,'--)1/2 
mz =..jig+ g 

(2.:!1) 

(2.:J2) 

The Higgs and the supcrparticlcs are the minirnal.set of missing pieces, r<'­

quired to complete the current picture of particle physics.Search of t.ltc:w 

22 



particles is among the prime goal of the pres<~nt. and propost'd high energy 

co IIi d crs. 

11.4 LIMI~rATIONS OF THE STANIJAllD MODEL 

Although th<~ Standard l\lodPl has many impressive succ('SS<~s it. falls slrort ol 

a conrpldc• tlworv of tlw sl rong, weak and e·le·ct.romagr~<·t.ic inte-ractions for 

se~vnal n•asons. Some of the reasons are discussed below. 

(i) In t.lw Standard model there are three! dilferent. coupling e·orrst.arrt.s 

associatc>d with the gauge subgroup SU(3)c, SU(2)J, and U( 1 h· respectively. 

Tlwrdon· the t.h<'ory is not trnly unified. 

(ii) St.arrdard modc•l does not Pxplain the origin of parit.y (I') and ( ~P (< :::: 

drongc• c·onjugat ion) viol at ions in wc•ak int c•radions. !\ lt.lrouglr t.lw ol,sc·rvc·d 

( ~p viol at ion in wc·ak interact ion is parame·trizcd in t.lw St andarcl rnoclc-1 

franwwork through t.lw 1\obayashi-1\taskawa ( 1\ 1\t) approach. t lw nrocle·l docs 

not. olrcr cUI origin of CJ' violations. Besidc·s in the Kl\1 moclf'l on<· rlf'e~cls aJ 

least. three fermion gem•rations to gel CP violations. 

(iii) The Standard modd contains a large number of parallld<'rs t.o ex­

plain physical phc·no!IH'na including fermion masses. Tlwy arc~ the t.luc·c· 

gaugP co11pling constants, six parameters for the six quarks plus t.hrce g<'ncr­

alisc·cl ( ~ahhibo angle~s, oru· ( 'P violating phase•, two paranwt.<·rs for t.hc lliggs 

pol.<·rrt ial and cit.hc·r thn·<· or ten mass mixing and phase· pa.rarnl'l.ns for t.lw 

l<·plons (con<'SJHlltdin,..; to lltassl<·ss or 111a~si\'<' lll'lll.rinos), for a toLd of IH 



or 25 independent parameters. In addition, there can in principle be two 

CP violating vaccum angles, Oqco and OqFD associated -with Sl!(:~)c and 

SU(2)L· 

(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,,, < 

l8cV,m.,,.:::; 2501\cV and m"r:::; 35MeV. There exists a limit of about. leV 

011 the Majorana mass of 11,. Thus it is evident. from the experinwnt.al hounds 

that if the neutrino has a mass, it is much less than the corresponding mass<'H 

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 momeni.Jtv1 is much smaller as might be needed for explainiug fluxes 

from the sun and the supernova. The masslessness of the neutrino is dtw to 

the absence of the right-handed neutrino in the standard model. However, if a 

Vfl 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 t.hP big bang 

<·os 111olop;y. 1-:x pt·ri 11 wntal lll<'asu r<'mcnt.s i 11 vol vi ug rwu I. ri nol<·ss doul 'I<' I H'l.a 

decay, neutrino oscillations and the observation of ucutriuos emitted from t.h<· 

suu and the 1987 A supernova explosion arc consistcut. with small ueut.riuo 

masses. 

(vi )Gravitational interaction is ignored in the standard model. 
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These limitations suggest that the standard model is only a step towards 

a more fundamental theory and that at best, it is an eff~ctive theory valid 

upto a mass seal<\ say Mx, at which the underlying theory will answer the 

above questions. 

There are two main possibilities for this underlying theory if it. exists. TlH' 

first is that some or all of the fields of the standard model may b<~ composit.c· 

an<.l there is some more fun<.lamental level of structure. The secon<.l is that. 

the ficl<.ls of the standard model are themselves fundamental, but they arC' 

rclatc<.l by further symmetries, broken at the scale Mx. The latter approach 

lea<.ls to grand unified theories (GUTs) and to supersymmctric grand unified 

theories (SUSY-GUTs) which we discuss in t.he next chapter. In GUTs, the 

additional symmetries are gauge symmetries based on a larger Lie algebra 

than SU(3)c x SU(2)l, x U( I )y, which may relate particles of t.he sam<• 

spin. In the ideal GUT all the fundamental fields of a giwn spin will bdonp; 

to a single irre<.lucible rC'prcsentation of a gauge group G and lwnce their 

interactions will also he rclate<.l by the (gauge) transformation of(;. In SlJSY 

GUTs the a<lditional symmetry is based on a graded Lie algebra, which 

relates particles of different spin, and ideally may relatG 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.l.INTRODUCTION 

Recent developments in particle physics have been dominated hy theoret­

ical and experimental investigations into the Standard model (SM) gaug<> 

theory for over two decades. Although, the idea of strong and electroweak 

unification based upon SU(2)L x U(l)y x SU(3f 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 each other as is 

illustrated by the fact that the gauge group Gs = SU(:J( X Sll('2)tX lJ( I h' 

is a direct product of thH'<' factors with diff<!rent gauge coupling constants. 

The arbitrary and complicated pattern of fermion representation oll'ers no 

fundamental explanation either for the repeatition of fermion families or vi­

olation of parity in the weak interactions least of all the strong int.eract.ions. 

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

signrnents in the given group. This signifies that many observable quantiti1~s 

such as tlw fermion masses, mixing angles and CP violating pha.s1• a.n· soldy 

arbitrary. Finally, the standard model lacks the incorporation of gravity and 

an explanation for the empirical absence of a large cosmological t.Prnl. 

One way to constrain or determine some of the features that are arbitrary 

in the standard model (Sl\1) 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)J, x SU('2)u x SU(1)c 

by extending the colour gauge group to include the leptons. They explained 

t.he quantir.ation of electric charge although they had tl)['(•e coupling con­

stants gn, g2 /l and gc, since there was no natural left-right. symmdry in 

t.lwir model. This short coming was soon removed hy ma.king this t.lwory 

a two coupling-constant partial unification theory. Uut more promising an• 

grand unified theories in which the strong, weak and clectromagndic 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 tlw starr­

dard model arc merely the low energy manifestation of an underlying unified 

thl'ory. This underlying theory possesses additional strudun• t.ha.t. appear 
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arbitrary at the level of the Standard Model. 

Grand unified theories typically have new symmetry generators which re­

late SU(3)c colour quantum numbers and SU(2)L xU( 1 )v flavour quantum 

numbers. Quarks, antiquarks, leptons and antileptons are often placed to­

gether in irreducible representations of the underlying gauge group G and 

are related by the new symmetries. Associated with the· ti<'W symmetry 

generators arc vector bosuns which carry both flavour and colour quaut.um 

uumlH'rs and can mediate baryon number violating pron~sses such as pro­

ton or bound neutron decay. The very stringent experimental limits 011 the 

proton lifetime ( Tp > 1031 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 2 Ow ~ 0.2:JU)2, which 

is reasonably close to the experimental value obtained from neutral curcnt. 

experiments. Most models predict massive neutrinos, masses typically in t.lw 

range w-s - l0+ 2 c V. While ongoing experiments on solar and atmosplwric 

neu t. ri no osci II at ions and measu rcments on /3-dccay and n<·u t.ri nol«'ss dou b I<• 

#-decay might confirm the existence of neutrino mass, Jll(l.ssive neuriuos pro­

vide a very interestiug interpretation of the big bang cosmology aud the dark 

matter of the universe. Finally some of the more complicated models predict 

flavour changing neutral currents (FCNC) at some level. One of the most. 

exciting implications of grand unified theories is that they may explain lh<' 

excess of matter over antimatter in the universe. 
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In a grand unified theory the standard model Gs = SU(3)c x SU('2)D x 

U( l )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 Sll(N) or a din•ct. prod­

tid of identical simple groups such as SU(N) x SU(N). In addition to StJ(N) 

there arc four other classes of simple groups SU(N + 1 ), 50(2N), S0('2N +I) 

and S'p('2N) wh(•re N is a positive inl<•gcr, together with five ·(~xccplional 

groups G2, f4, £'6, E1 and Es. One important constrain is that the group 

should contain the Standard Modci.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 arc 

suitable for building a Grand Unified Theory with minimal particle content.. 

These occur only for SU(N) with N > 2,E(; and SO(t1N + '2). lienee th(' 

desire for complex representations further limits the possible Grand Unified 

(:roups. 

The Standard Model gauge group Gs = SU(3)c x S'U('2)J, X ll( I h, has 

rank 1. Therefore any unified theory that contains Gs as a sub-group rnusl 

have. rank 2: 4. Out of all the possible rank 4 groups that allow a single 

coupling constant the requirement for complex representations allow only 

[SU(3)] 2 'and SU(5) as the possible groups for t.he Grand Unified theories. 

Among [.'iU(:J)J2and SU(5) only SU(5) has t.hC' complex representations neccs-
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sary to accomodate the SU(3) (complex) triplet and SU(2) (complex) doublet 

fermion representations SU(3f x SU(2)L x U(l )y needed for the spectrum of 

the standard model. Thus SU(5) is the unique rank 4 candidate for a Grand 

U nificd Theory. We shall discuss the structure of the model in Section :3. I I. 

In selecting an explicit gram) unified gauge theory the leptons and quark 

appc•ar t.o work toge-ther in families, with the first such family containing t.lw 

familiar Ui and di quarks in three colours (i=H.,Y,B) together with e and 

v~. Th<• simpl<~st way is to put the basic fermions only into t.h<• fnll<\;mwnt.al 

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 he classified as singlets, which is undesirable phenomenologically, sinn· 

for instance the right-handed quarks would then have t.o be colour singlets. 

Thus, one fmther right-handed fermion, a right handed neutrino 1weds to IH' 

introduced to fill out another 8 and this leads to consider the local gauge 

group SU(8) 1, x SU(8)1l based on families of 16 fermions. Tlw model has 

anarn~lies, so heavy mirror families of fermions in which the L and It fields 

transform as (1,8) and (8,1) respectively, must be introduced to make t.hc 

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

Pati-Salam group SU(2)I, x SU(2)H x SU(-1 f a..<> a subgroup and <•mbody 

31 



the twin features of quark-lepton unification. A brief review of the model is 

given in Section :UII 

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 S0(4N+2) with N > 2. The smallest such group 

with rank > 4 is SO( 10), so the possibility of building a Graud unific·d theory 

based on SO{lO) is considered. SO(lO) is a group of rank 5 with the extra 

diagonal generator of SO( 10) bC'ing B-L as in the left-right. symmetric groups. 

The advantages of SO( 10) as a grand unification group are: 

1) only one Hi-dimensional spinor representation of SO(lO) has t.he 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 parity a part 

of a continuous symmetry: this has the advantage that it avoids t.lw cosllto­

logical domain wall pro~lem associated with parity symmetry breakdown. 

:J) it is the minimal left-right symmetric grand unifiC'd model that gaupps t.he 

B-L symmetry and is the only other simple grand unification group that docs 

not need mirror fcrmions. The model docs not have any global symmetries. 

We describe the model in Section 3.lll 

32 



111.2 SU(5) MODEL 

SU(5) is defined by its adjoint representation which is the group of 5 x 5 

coinplcx unitary matrices with determinant 1. They are 25 independent real 

5 x 5 matrices i.c.,50 independent complex matrices U. The unitary condi-

tion ut U = 1, and the unimodular condition, detU = 1 give 25+ 1 constraints 

leaving the 21 independent matrices defining SU(5). lJ may be written in 

the form 

24 

U = exp( -<2".:: /J1 Li) (:J.l) 
]=1 

where the 24 generators Li arc Hermitian (ensuring uut = 1 ) and traceless 

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

(:J.2) 

In the matrix form we liave, 

0 0 
_AO 0 0 

La= 0 0 
0 0 0 0 0 
0 0 0 0 0 

a=1, ... ,8 (generators of SU(3)) 

(:J.3) 



,\a arc the usual Gcli-Mann Zwig matrices acting 011 the colour i11dices. 

vlla=I, ... ,B are the gauge bosons of SU(5) which are to be identified with the 

gluons. 

0 0 0 0 0 
0 0 0 0 0 

£9,10,11 = 0 0 0 0 0 generators of SU(2) 
0 {} 0 0'1,2,3 

0 0 0 

2j:\ 0 0 0 0 
0 '2/3 0 0 {} 

£12 = 0 0 2/3 0 0 (3A) 
0 0 0 -1 0 
0 0 0 0 -1 

a 1,2,:J arc the Pauli spin matrices. Then -Ji( v,; ± iV~ 0 ) are the w± of the 

Standard Model. V
11
11 a11d V~ 2 are the weak gauge bosons ~V1~ a11d B,. re-

spectivcly. 

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

1 {} -l 0 () 

0 0 1 0 0 0 0 0 II 
Jl:l-
' - 0 0 [14-, ' - 0 0 J15-' ' - 0 II 

1 0 0 t 0 0 (J 0 (J 

0 0 0 0 0 0 0 0 I 0 0 II 

0 -t 0 0 0 I) 

0 0 0 0 1 0 0 _, II 

[_}6 = 0 0 £17-
' - 0 0 £18-' - 0 II 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 {} {} I) 
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0 0 0 0 0 I) 

0 0 l 0 0 -l 0 0 I) 

£19 = 0 0 [20-
' J -

0 0 £21 -' - I) 

0 0 0 0 0 0 0 0 I 
0 l 0 0 0 l 0 0 0 0 0 I) 

0 0 0 0 0 II 

0 0 0 0 0 0 0 0 II 

[}2 = -l 0 £23-' - 0 , £24 = 0 . I 

0 0 l 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 II 

The associated vector bosons va=13, ... 18 and va=l9, ..... 24 ,. " arc the twelve new 

gauge bosuns of SU(5). They arc called X and Y bosuns. 

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

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

(:J.6) 

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

c1 28 Gl G~ .x• yi 
I- J3o 2 

G2 c2 2B G2 .X2 y2 
I 2- J3o 3 

~.= 
(':3 CJ ('3 28 x3 yJ (:J.7) 'I J2 -'3- J:m 
x, x2 x3 w

3 + 38 ~v+ 
../2 v'3o 

v, }/2 y3 w- -w~ :18 
72+J30 

The gauge invariant kinetic energy term is given by 
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(:J.8) 

where 

. . 

(F,i11 )~ = D,.(Vv)~- ~(V,.)~(V11 ); +Bv(V,.)~- 0(V~)~(V,.); (:L9) 

Each family of fermions fils neatly into the fifteen stales 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. 

de 
1 

de 
2 

'~~s = de 
3 

v~ 

c /, 

0 uc 
3 -u~ -ul -dl 

-u~ 0 ue I -u2 -d2 

X1o = ue uc 0 3 -d:~ 
2 -I -u (:UO) 

ul u2 UJ 0 -e+ 
dl J2 cP J~+ 0 

where the charge operator is identified as 

1 ( II {5 12) Q = Diagona/(+1/3,+1/3,+1/3,0,-1) = 2 L + V3L (3.11) 
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The coupling of the gauge bosons to the 5 of fermions Js g1ven by the 

invariant kinetic energy term 

r5 - ·.7 . ,.. (/J ·'· )i- ·,y, ,.. (a ~i zg (V. )i) .t.i 
L-kin-l'f'S•/ ,..'f'S -l'l'si/ ,_.uj- y'2 ''i '~'s (3.12) 

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

tat. ion 

(3.1 :J) 

where for convemence a normalization factor of ~ IS usually introduced 

(xw = ?ix) 
Having assigned the fcrmions to multiplets of SU(5), the couplings of the 

gauge bosuns are defined as in equations (3.12) and (:J.l:J). The couplings 

of the neutral fields w,;. and LJ,.., to matter are determined by the covariant 

derivative 

(:J.H) 

where £ 11 and £ 12 arc the diagonal generators given in (3.5) 

Using the equations 

A,, = JJ,,cosOw + H',...:JsinOw 
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in equation (:J.l1 ), IJ,, in terms of A,. and Z,, is given by, 

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

0 
[3 . 2 3 g~ g (2 

tan w = V S' Sill Ow = B = gf + Yi, 2" = V :Jc (:J.l6) 

The prediction for the sin2 Ow applies at the scale, Mu,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 "lcptoquark" X and Y bosons which can coupl<· 

leptons to quarks is given by, 

+ 

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

unit and changes the number of elementary fcrmions by -1 but conserves th<' 
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quantum number B-L. 

The couplings of equation (3.17) give the effective Lagrangian for baryon 

number violating four fermion interaction, 

{3.18) 

leading proton decay of the type p--. e+1r0 ,n--. e+7r- but not B-L violating 

processes such as n -t e-rr+. 

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

break SU(5) in two stages 

SU(5) .!:!.!!... SU(3)c x SU(2)L x U(1)y 

~ SU(3f x U(1)em (3.19) 

The first stage of symmetry breaking is achieved through the adjoint rep-

resentation 2_4 of real scalar fields. At this stage the X and Y bosons receive a 

mass of order Mu leaving the other 12 gauge fields of SU(3)c X SU(2)LX U( 1 )v 

massless. To accomplish the symmetry breaking the adjoint 24 representa-

tions of real scalar bosons acquire a vacuum expectation value 

< </J24 >o= V24Diagonal(1, 1, 1,-3/2, -3/2) (3.20) 
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where v24 is the parameter that will set the scale of masses of the X and Y 

bosons. The second stage of symmetry breaking is accomplished through a Q 

dimensional representation of complex scalar fields. The complex Q. contains 

the complex (l, 2) 1 representation used for spontaneous symmetry breaking 

in the stamlard model of \Veak and electromagnetic interactions. The vacuum 

expectation value is chooscn as 

< ll >= 

0 
0 
0 
0 
l 

(3.21) 

This gives mass of order Mw to the H'± and Z bosons. The left. handed 

fermium! in SU(5) transform as 5 + 10. As the fermion mass1~s iuvulvc the 

product of two left handed fermion fields, so the representation content of 

these masses is obtained from the product (t) + 10) x (5 + 10). Non<' of tlw 

product include a 24, so the adjoint fjJ does not couple t.o f<'rmious. As a 

result the seal!' for fermion masses is O(JHw), through t.h<'ir coupliu~ t.o 11 and 

not Mu. The possible Yukawa coupling to II are 

(3.22) 

Here i,j arc generation indices and o,/3,"f,O,( arc SU(5) indices. When II 

develops a vacuum expectation value, as in equation (3.21) it will generate 

down quark and charg<'d lepton masses through the tl~rm proportional t.o !II 1
J 
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and up quark masses through the term proportional to the Mu. M u may 

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

Then the masses obtained are md =me = A!Rvs 

7H_, = tTliJ = /\.J22V5 

T1lb = rnT = i\J33Vs 

These prcdictations arc corrected by radiative corrections. Up quark 

masses come from the term involving Mu, but because there arc no further 

relations between quark and lepton masses. the unification mass Mu is ob­

tained from the constraints that the three different gauge couplings 9:Jc,92L 

and g1y at low energies unify to a single gauge coupling 9u above the unifi­

cation scale 

The SU(5) model predicts the grand unification masses Mu ~ l0 15 GcV which 

leads to Tp ~ :J x 1011 years. 

111.3 SU(8) 1, x SU(8)u MODEL 

In this model the basic fermions transform according to the (8, 1) + ( 1, 8) 

representations of SU(S)L x SU(S)n. \Vithin each chiral sector the basis for 

each family are labelled as (v(",un,uc,ttR,e,du,dG,dR)· Each lJ(8) posseses 
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eight diagonal A matrices for which the basis are. 

1 1 
0 1 0 

I 1 1 
AA = 2 ,Aa =-

-1 2 
0 1 0 -1 

1 -1 
1 -I 

:J :J 
-1 -1 

-1 0 -1 I) 

I -1 1 -1 
Ac = 2 3 ,Av =-

-:J 2 
0 -1 0 

-1 
-1 

0 0 
1 1 

-1 0 1 0 
1 0 1 -2 

AE =-
0 

,AF =-
0 2 2 

0 0 0 0 
0 0 

0 0 
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0 0 
0 0 

0 0 0 0 

,\ - ~ G-2 
0 

0 
1 0 

AH =-
2 0 

0 0 
-1 

0 -2 

The local SU(8) chiral th<~ory contains the geuerators Y1- = 1/2 (/h- LL), 

Yn = 1/2 (BEl- Lll) where BL, Bn, LL and Ln are left and right handed 

baryon and lcptou numbers respectively. The charge operator (which is con-

taincd 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 = '/'3 + 7'3 + y + Y. /, ll /, u 

where 1'£ ami 1'i1 arc the third compoucnts of the weak isospins SU(2)I, 

and SU(2)n contained _within SU(S)L and SU(S)n respectively. In the La­

grangian of the SU(S)L x SU(S)n model the fermion, gauge boson sector 

of the theory actually possesses the larger global in variance U(S)LX U(S)n. 

With tw0 additional conserved currents 

when these operators act on the fundamental of each SU(8) we h<tv<~ t.he cor-

diagonal S'U(:J)c generators transform as AE + Ac, AF +Au 
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Within each SU(8) the gauge bosons can be represented as a rank two tensor 

63 

lVii = L,\:1 lVa 
a=l 

In SU(B)L x SU(B)n there are triangle anamolies whose cancellation requires 

the introduction of a mirror family (Ill!:, 'llil) corresponding to every standard 

family of quarks and leptons (Ill L, Ill r) and imposition of mirror symmetry 

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 ncar 

the grand unificaton mass .Mu, the standard fermions also get bare Dirac 

mass(•s of the order Mu. This is avoided by additional discrete symmetry 

SU(8)L x SU(8)n can descend to the low energy SU(3)c x U(l)em syrnrne-

try through various distinct chains. It also includes the Pati-Salam group 

SU( 4)c x SU(2)L x SU(2)n as a subgroup and embody the twin features of 

quark lepton unification. The low energy SU(~XU{l)em is obtained after 

the breaking of SU(2)LX SU(2)n 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-1r+1r+ etc) and depending on the chain of de-

scent the different decay modes may co-exist and n - fi oscillation may be 



allowed. 

111.4 SO(lO) MODEL 

The SOn groups arc convenient for grand unification because they admit 

complex representations for n=2m (m odd) and are anomaly free (n f:. 6). 

The smallest such group with rank ~ 4is SO(lO). SO(lO) 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(5) model, 

in SO( 10) model massive neutrinos arise naturally. To begin with, the two 

maximal subgroups of SO( 10) are : 

G22-1 = SU(2)r- x Slf(2)n x SU(1)c 

and G5 = SU(5) x U(l) 

The 16-dirncnsional spinor rcprcsenation of SO(IO) decomposes under G221 

and G5 as follows: 

G221: {16} :::> {2, 1,1} + {1,2,1} 

G 5 : { 16} :::> { l 0 }I + { 5} -3 + { l }s 

From the SU(5) content of the spinor representation, it is clear that all the 
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known ferrnions of a single generation can be fitted into a spinor. The S U ( 5) 

singlet piece of the spinor is identified with the right-handed neutrino. In 

the SO( 10) model there 15 gauge bosons which transform as the adjoint rep-

resentation. Under S U ( 5) the adjoint representation transforms as 

45 = 24 + 1 + 10 + 10 Of the 45 generators of SO(lO), 24 are those of the 

SU(5) subgroup. The other 21 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 :J (3, 1, 1) + (1,3, 1) + (1, 1, 15) + (2,2,6) 

When C221 further decomposes to C2213(SU(2)LX SU(2)nX U'( 1 )X SU (3)c) 

the gauge bosons may similarly be expressed in terms of their SU(2)L x 

Slf('2)H x SU(:J)c transformations as 

15 = (:J, 1, 1)+(1,3, 1)+(1, 1,8)+(1, 1, 1)+(1, 1,3)+(1, l,~l)+(2,2,3)+('2,2,3) 

The terms in the R.I1.s: of the above expression represent ~V{0 , Wk0G~, B', 
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The possible symmetry breaking chains of SO(lO) arc shown below where 

the dimensionality of Higgs boson responsible for each stage of symmetry 

breaking have also been listed. 
50(10) 

G224D 

45 45 

G321 

~ 
G3221----~--..------==::::......G3211 

210 

So, tlwre an· many possible routes, each with it!! charadNist.ic set of 

Higgs and Higgs potential. The gauge bosons contained in the quotient 

group SO(l0)/8U('2)L x SU(2)n x SU(1)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 .5'0(10) transform as the product of two 16s 

{ 16 } X { 16} = { 10} ED { 120} ED { 126} 

The fermion masses may only be generated by spontaneous symmetry break· 

ing through Yukawa couplings to Higgs in the 10, 120 or 126 representations. 

The ¢> 10 and ¢> 126 couplings arc symmetric in family indices while the 1>120 
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couplings arc antisymmdric. With only a 10 the minimal SU ( 5) relations 

rnd = nt,, rn~ = 111 1, and Hlb = nlr 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 

which gives the relations 

A' 
-3C 

0 ~) 

with A=A'sincethe¢10 and ¢ 120 couplings arc family symmetric. Many other 

combinations arc possible leading to acceptable fermion masses and to sue-

cessful mass predictions but only with the usc of additional global symme-

tries. 
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CHAPTER 4 



CHAPTEH.IV 

LOW-MASS RIGHT-HANDED GAUGE BOSONS, PROTON 

DECAY AND OTHER OBSERVABLE PREDICTIONS 

IN SU(S)L x SU(S)n AND SU(16) 

IV.l INTRODUCTION 

Precision measurements at the CERN -LEP leading to the determination 

of Rl.andard model gauge couplings and their extrapolation to higher scales 

have led to the revival of interests in grand unified theories (GUTs) [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)c occurs as a 

part of left-right gauge group such as 5U(2)D x SU(2)n x SU(4)c(:= G221 ), 

it can undergo spontaneous symmetry breaking to the standard model (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, 

rar<' kaon decays mediated by SU( 4)c gauge bosuns might be observable by 

low-energy experiments in ncar future, if the relevant symmetry breaking 

scale is not too high. If IH'utrinos arc 1\tajorana particles, a G221 breaking 
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seal<' near IOH - I 07 Gd' might lead to observable proton decays, 11 - 1/ 

and neutron-antineutron oscillations. Also, a G224 breaking scale ncar 109 -

1011 Ge V yields small neutrino 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 bos~ns ( W1~, Zn) 

resulting from the spontaneous breaking of SU(2)L x SU(2)n x SU(3)c x 

l!(I)B-L (=: C:22 n) {.1] symnl<'try arc reasonable light. (MH < ITcV). 

In all conventional methods of spontaneous breaking of left- right sym-

md.ric gauge structures, such a'! SU(2)D x SU(2)n x SU(tl)c x J>(=: Gn11•, P 

= Parity= the left-right discrete symmetry, g2L = 92R) C 50(10), SU(8)L x 

SU(8)n or S'U( Hi), 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)n- breakings 

(Mn) arc itlcntical (1\Jp = MH)· This has the consequence that the ef­

fective gauge-coupling constants of SU(2)L and SU(2)H are equal to each 

other at low energies, barring small radiative corrections (92D = .92H)· Ue-

cause of this, the GUTs like SO(lO),SU(8)L x SU(8)n and SU(lG) require 

sin 2 Ow(Mz ), to be too large(~ 0.26- 0.28) compared to the observed value, 

8in20w = 0.2:315 ± 0.0002 But, two different methods of decoup\ing of the 
' ; 

SU('2)w breaking scale from the parity-breaking scale have been proposed 

leading to g2I,(Jt) > g21l(Jt) for p. < Mp with Mn << Mp [7-8,10]. 
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In SO( 10) or SU( 16), the eight left-handed ferrnions (tPL) and their charge 

conj ugat.es (tV) r, are in the same spinorial representation 16. There exists 

an clement of gauge transformation, called D, which takes tPL ----. ( 1V)L and 

vice versa. The gauge transformation D acts like parity (P). The dccoupling 

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 G2213 or G224 leading to spontaneous breaking of P and not 

SU(2)n which is broken in the usual manner at a lower scalc.ln this approach 

there is left-right assymetry in the Higgs sector only for 11 < Mp. The lowest 

value of G2213 breaking scale obtained in this method in S'O( 1 0) has been 

found to be Mn ~ 107CeV. [7-9] 

The alternative method I! OJ of decoupling parity OJH'rates wit.hin all GtJTs 

containing SU(2)r, x SU(tl)i: x SU(2)n x SU(tl)~ possessing chiral S'U(tl)­

colour in addition to the flavour subgroup SU(2)L x SU(2)n. Therefore, 

it operates within SU(8}L x SU(8)n, SU( 16) and also in [SU( 4 )J4, but not 

in SO(lO). The decoupling is implemented by following specific symme­

try breaking patterns where, after the first step, an assymetry in the left­

hand<'d and right-handed gauge-boson -sectors arc created. For example, 

the symmc'try breaking SU( 16), SU(8)L x SU(8)n ______. SU(Bh x SU(2)n x 

SU(1)}';(:::: G8 :.11 ) yields the symmetry having different left and right handed 

gauge groups. The subsequent breakings of either Gs2~ ______. G221 or Gs21 ______. 

G 221 :1 yields the left right gauge groups with fJn(Jt) > gm(Jt); the iiH'quality 
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in the two couplings being due to the asymmetry in the Biggs scalar as well 

as the gauge boson sectors. 

In SU( 16) and SU(B)L x SU(B)Il (11,12] there arc triangle anarnolies 

whose cancellation requires the introduction of the mirror family ( 'lli:\ '117i) 

corresponding to every standard family of quarks and leptons (Ill L, W R) and 

the imposition of mirror symmetry. W L ~ Wn, W R ~ W'L 

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 ncar Afu, the standard fermions also get bare Dirac masses of 

th<' order Mu. This is avoicl<•d hy imposing additional discrete syrmnetry, 

W'L ~ -W'L, Wn ~ -'11/l 

The purpose of this chapter is that the alternate dccoupling mechanism 

proposed by Parida and Pati [10] is capable of achieving MR and Me as low 

as 102 ·8±0 ·7 GcV and 105 ·6 ±0 ·6 GeV, respectively, consistent with the CERN 

- LEP data. An approximate one-loop analysis in SU(B)L x SU(B)R and 

SU( 16) was made in ref [10] using the old input data on sin 2 Ow, ns(Mw) 

and n- 1 (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- 1(Mz) [13] 

sin 20w(Mz) = 0.2315 ± 0.0002 

os(Mz) = 0.119 ± 0.001 
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a- 1(Mz) = 128.9 ± 0.1 ( 4.1) 

We examine the unification of gauge couplings by plotting t.he couplings 

constant trajectories as a function of mass scale (p) 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 [lO),quantitative evaluations including important uncer­

tainties 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 t.o play a 

crucial role in bringing the .6.(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 Iliggs-scalar masses near the G224 -breaking are found to widen the 

range of proton life -tirne further, and predicted values bf n - ii and JJ - il 

oscillation mixing times. 

This chapter is organised m the following manner. In Sec.IV.2 we ob­

tain analytic formulas for mass scales in the minimal chains. In Sec. IV .3 we 

analyse the implications of G22 -1- breaking scale, .Me = 106 GeV. In Sec. IV.4 

we discuss how the effect of including the Biggs-scalar multiplet ((2, 2, 1 G) 

cures the problem of bad fermion mass relation and all. Higgs scalars, me­

cliating .6.'(/J - L) ::::: -2 proton decay, naturally acquire til<' dc·sin·d mass<·s 
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.Me ~ 105
·
6 Gev without the necessity of invoking a special mechanism as in 

SO( 10) model [6J. !\ brid summary of the chapter is given in Sec. IV.5. 

IV.2. MASS SCALES IN THE MINIMAL CHAJNH 

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

ings, the assymetry gn(P.) > 92R(P.) for p. < Mu is created by a specific 

Higgs mechanism where SU( 16) or SU(S)L x SU(S)R breaks spontaneously 

to SU(S)L x SU(2)n x SU( 4)~(::::: G824 ) at the GUT scale such that the resid­

ual symmetry Gs24 :) G224 or G2213,as its subgroup. The SU(8)L x SU(8)R 

lliggs representation ( l ,3:30) containing the G82-1-singlct achieves this break­

mg. 

In the second stage, the popular left-right gauge groups G224 with 92L i-

92ll is obtained by the spontaneous symmetry breaking of G824 through the 

G88 - Higgs representation (36, 36) containing the G224- singlet. However, to 

obtain G2213 from Gs24, two of the CBS-representations, (36,36) and (1,63), 

are needed. Whereas the representation (36, 36) contains the G 224 - singlet, 

the representation (1,63) contains the G 224 - submultiplet (1, 1, 15) whose 

vaccum expectation value in the G2213-singlet direction yields the desired left­

right ·gauge group. In the third step the spontaneous symmetry breaking of 

C:·n.1 or (i 211 :1 l<•ads to t.lw standard gauge group ri1t1 by usiug t.he usual G221 

-submulti'plet 6.R(1,3, 10) C (1,36) of G88 . Finally the low energy gauge 

group is obt.airwd through tlw vaccum expectation va.ltw of the st.audard 
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Higgs doublet contained in the G88 representation (8, 8). 

Thus, in order to obtain the asymmetric gauge groups G224 or G2 21 3 with 

g2L # 92R, 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(B)LxSU(B)n ~ Gs24 ~ G224 ~ G213 ~ U(l)emxSU(3)c 

(B)SU(l6), SU(B)L xSU(B)n ~ Gs24 ~ G2213 !::!..£. G213 ~ U(l)em xSU(3)c 

Instead of SU(B)L x SU(B)n, it is possible to break SU(16) directly to G824 

since the G88-lliggs rnultiplets shown in models (A) and (U) are contained 

in the corresponding SU(16) representations. 

For the unbroken gauge symmetry Gi with coupling constants 9i(J1.) and 

2 

o:i(Jl.) = ~ in the mass range M1 ~ J1. ~ M2 ,the renormalisation group 

equations (RGEs) are 

1 
( 4.2a) 

where 

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) Ci 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 theory (EGT) repre-

sentations of massive gauge bosons assumed to be degenerate at M2 • Even 

if mass dependent terms in the threshold effect at M 2 are neglected, as in 

the present chapter, the Ci terms are always present. The values of Ci at 

each boundary is given below for the two models. For the minimal choice 

of Biggs scalars necessary to implement the spontaneous symmetry breaking 

for 11 ::::; M 8 the loop co-efficients have been derived earlier [8). They are given 

by, 

Model( A) 

For the C213 group i,j = 2L, IY,3C 

C'C _ 0 cc _ 14 cc _ 1 
2[, - I Y - S I JC -

where the superscript C in Cf stands for the boundary at Me. The 

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

-35 j!_ -12 
19 41 -7-

/J;j = -81 199 -44 
95 205 3s 

-27 !! 26 
19 41 7 

To the ILII.S. of (1.2a) 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 1 = 175.6 ± 5.5GeV, 
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/
)(tl h~ M 1 . 
1 = -

2
b,(t)ln-,t = IY,2L,3C 

8rr m 1 

where 

bt - 1 7 b' - 3 b' - 2 
1Y - tO' 2L- 2• 3C - · 

(1.2b) 

In eqn( 4.2b) h1 represents the top quark Yukawa coupling which is known 

to have approached h1 ~ 1 and M2 represents the intermediate scale Mn or 

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

For the G224 group i, j = 2L, 2R, 4C 

-8 9 -135 
3 -26 24 

B,i = -1 584 -2295 
11 46 

-3 459 643 
2 22 -46 

M odel(B) 

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

model( A). 

( •ll 0 ("ll 0 C'H 6 
'21, = ' '3G = ' Y = 5 

For the G221 3 group i,j = 2L,2R, IB- L,3C 
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For J.l ~ Ms, the new coefficients are g1ven below for the models(A) 

and (B). In each chain at first the formulas for sin 2(}w(Mz) and :Jt:Jj) 
an• obtained in terms of mass scales (Mu,Mc) or (A1u,Mu) is <~xpressed 

analytically in terms of "'in 20w(Mz ), o(Mz ), os(Mz) and In~. 

Model (A) 

For the G824 group i,j = 8L,2R,4R 

Ci~ = 0, C}~ = 30, C}~ = 12 

where the superscript U in Cf stands for the boundary at Mu. 

-281 IR45 435 
4 104 7 

/Jij = -45 904 660 
13 7 

-225 198 136 -2- 13 

leading to 
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Mu 1r ( o ) ln-.-= , . r: 151-- 111 sin 2 Ow- 15 
1\1 z 20.J.m Oa 

1 ( u u u) 13 + 
8140 

15P2n - l44P4n + 228P8L -
407

· 

i\fc 21r ( o . 2 ) In "f = 
2 

315-792-- 48sm Ow 
n z 035o o. 

1 ( u u u) 81 - 1070 315P2n- 582P4n- 96P8L -
2

(J:J,f) 

M odel(ll) 

a8I. = -14,aul = ;6 ,a-tn = 7 

C~L• C}~ = 30, C~~ C).re the same as in model( A). 

leading to 

_281 1845 435 
4 104 7 

B;1 = -45 904 660 
13 7 

-225 198 136 2 13 

In 1\lu = 
1\lz 

7r (101 ~ - 96 sin 2 Ow - :J) 
1688o o, 

60 

(4.3) 

( 4.1) 



3811 Ms _1_ ( JR R R 8 8 8 + :3376/n Mz + 6752 125/y + 21P2L- 104P3c + 75P2R- 104P3c- 21P2L) 

1 (5 fJB 3 nU U , U ) 1 035 +6752 0 BL + r2n- 102P4n + 192P8L + --
10128 

(4.5) 

In-=-- 315-792-- 48sin 2 Bw Mu rr ( o ) 
A1z 844o 0 5 

- 5163 I 1\18 - _1_ ( R R - R 8 8 8 

1688 n 1\fz 3376 525Py + 267 P2L - t92P3c + 315P2n- 792P3c + 267 P2L) 

1 (' 10/JR 3 }J(J (} (}) 70:J - 3376 2 BL + 15 2u- 582P4R- 96P8L + --
1688 

( 4.4) 

In (1.:J)- (1.6) we usc the notation Pl = Pi(A1a, Afb) between two succcs­

siblc mass scales 1\h > Ma. 

In models with two intermediate scales one of the mass scales (M8 ) is 

not determined in terms of the input parameters, but the consistency with 

the unification scheme is examined by imposing Mu > M8 > A1c or Mn. 

In addition to estimating values of mass scales, one important advantage of 

the formulas (4.3)- (4.6) is that uncertainties in A1u and Me or A1n 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 equationR 

(RGEs), together. For example, in Model (A), the first step begins by drop-

ping the two-loop contributions in (1.3) and (4.1) and obtaining an approx-

61 



imale set of values for (Mu, M8 , Me). This set is used in (4.2a) alongwith 

(1.2h) lo obtain oi 1(/t) as a function of JL by iterative convergence proce-

durc. The values of o:i(Mu ), o:i(M8 ) and o:;(Me) 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 Mu and Me in the beginning of the second 

step while .M8 remains fixed throughout. The second step and subsequent 

steps are repeated until the values of the mass scales and o:i 1 (J.L) obtained 

in two successive steps converge. The process is repeated for another set of 

(Mu, M8 , Me). The values of o:;(JL) and mass scales of model (ll) are ob-

lai twd i 11 the same manner as model ( J\). For every set of solu I. ions i 11 both 

the chains, the ratio a is obtained using 

(4.7) 

As noted in Sec.l, a ~ 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 a from unity signifies left-right assymetry 

(92D =/:- 921d in G224 or GnrJ and the possibility of a lo_wer SU(2)n- break-

ing scale. In the present model 92dJL) receives renormalisation from the full 

SU(8)~, gauge group as IL decreases from Mu to Ms, whereas 921l is renor-

malised by S'U(2)n x SU(4)~. For values of JL < M 8 , the assymctry in the 

11 ip;g~ s(•dor also i nn('itS('S the d i lf('f('JH"(' lH't we(~Jl f/'ll. and f/'lll· Tlw~-w l<·ad to 
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Table IV.l Predictions on mass scales and the ratio of gauge coupling con-

stants a in model( A) where the uncertainty factor in Mu(Mc) is 10±0 ·03 (10±0 ·3") 

due to the input parameters.aa is the SU(B)L x SU(B)n GUT coupling con-

stan 1.. 

Mc(GeV) Ms(GeV) Mu(GeV) a -1 
aG 

1.3Xl06 3.0X 10 18 8.0X1018 2.3 13.4 

2.7 X108 3.2X1017 5.5X 1017 2.25 12.7 

2.5Xl0 11 l.8Xl0 16 l.BX 1016 1.8 11.4 



Table IV.2 Same as Table IV.I but for model(B) where the uncertainty 

factor in Mu(Mn) is 10±0
·
03 (10±0

·
4

). 

Mn(GeV) M8(GcV) Mu(GeV) u -1 
OG 

6.0Xl02 5.5Xl018 9.6X1018 1.24 13.0 

6.7 X 103 2.5X 10 18 4.0X 1018 1.22 12.5 

1.1 X 105 l.OX 1018 1.4X 1018 1.26 12.5 

l.26X108 l.OX 1017 l.OX10 17 1.28 11.6 
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values of a~ 1.8-2.3 as shown in Table IV.l and it is this assymetry which 

allows G221 -breaking scale Me « .Mp = Mu. 

The solutions for mass scales with the corresponding a values are pre­

sented in Tables IV.l and IV.2 for models (A) and (B), respectively. The 

unification of the gauge couplings in SU(B)L x SU(B)n in the cases of the two 

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

constant. 

Compared to 50(10), where the lowest value of G2213- breaking scale is 

achieved Mn = 107 GeV with two intermediate gauge symmetries, the al­

ternate mechanism in the present ca..c;e achieves much lower values of Mn = 

l02·
8 ±0 .4GeV in model (B). The low mass lV]i and Zn gauge bosons and the 

llig,~?;s scalars t:l.71, ~h and t:l.fi+ associated with this scale lead to CXJH'rinwn­

tally detectable V +A currents in neutrinoless double beta decay, nmonium­

antimuoniurn transitions, /(L - /{s 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 Mn predicted in the context of any 

nonSUSY GUT consistent with the CERN-LEP data and minimal finetuning 

of paramd(•rs. 

IV.3 PH.EDICTIONS ON RARE DECAYS, 

n- 1t AND II- II OSCILLATIONS. 
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The analytic expression for the branching ratios in J(L --+ 11-±e=F is given 

by [ 1.1], 

where 

R = (o~(/1- = 1GeV))24/25 (o.(mb))24/23 (o.(mt))24/2I 
o.(mb) o.(m,) o.(M.,) (ti.B) 

Here mK is the !( 0
- meson mass ; m,.., m., and md are the masses of /1-, 

s-quark and d-quark, respectively, at low energies (!1- = lGe V); R is the 

renormalisation factor f-or the quark masses, sin Be ~ 0.22, GF = 1.166 x 

10-5 GeV-2 and os(/1-) is the SU(3)c-coupling at 11-· We use mt = 175.6 ± 

5.5GeV [13]. 

The processes n - ii and II - li oscillations [15-17] are dominated by 

the exchanges of the G21 3-suhmultiplets of Higgs -scalars contained in the 

G2:wmultiplct 6H(l,3, 10) C (1,36) of SU(B)L x SU(B)H, or 136 of SU{16). 

Following the analogy of the standard-modci-Higgs-boson whose mass, the-

oretically, could be a factor 10(1/10) above (below) Mw all the components 
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of ~n(1,'3,10) mediating n-il and//- 11 oscillations are now of the or-

der 10± 1 Me. We take the masses to be lQ±Iog/3 Me with (3 = 1 - 10. The 

amplitude for the two processes are given by, 

Here ~( h~) is the Higgs-quartic (Higgs-Yukawa) coupling of ~R and all 

the Higgs scalar masses exchanged are assumed to be degenerate. These lead 

to the cannonical values of mixing times, 

u.Y51 x to- 21 At~ 
Tn-n(sccs) = ~h~ (~~) 

-19M~ 
TH-R(yrs) = 3.5 X 10 ~h4 
. ~ 

(4.9) 

In eqn.( 4.9) all Higgs scalar masses and the VEV {~~) are m GeV. The 

mechanism showing rare kaon decays and n - n oscillations are represented 

schen_1atacially in Fig. 3 and Fig.4 respectively. 

Using m 1 = 1 i.1.6Ci<'V and the lowest allowed value of Me = 1 06 ±0
·
34 GeV 

in model(i\) in equations (4.8) and (4.9), the predictions for the branching 

ratios in 1\r, --+ l'±c~ and the mixing times for n- nand II- fl oscillations 
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Tn-n = 108 ·9 ±1.7±S/ogtJ sees 

(4.10) 

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

ratio (18], 

(4.11) 

In ( 1.10) the first (second) uncertainties arc 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 lirnit.The second uncertainty widens the ranges of the predicted values 

which can be readily computed from (4.10). For example, with (3 = 5, 

(Tn-n) = 1014 ·1secs and (TH-H)mar = 1037
·
8 yrs. 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 1\1(; only. 
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IV.4 ~(B- L) -2 PROTON DECAY 

The unification mass in both the chains (A) and (B) are high, Mu 2: 1018 

GeV. Although in 5U(8)L x 5U(8)n model, there is no gauge-boson-mediated 

proton decay corresponding to ~(B- L) = 0. But Higgs mediated proton 

decay corresponding to ~(B- L) = -2,~(B + L) = 0 and ~F = -2 (F 

= Fermion number) could be experimentally detectable provided the colour 

triplet (6) and colour octet ((8 ) components of ((2,2, 15) C 126 of 50(10) 

are light ( m 6 ~ m(8 ~ 102 Ge V) (6]. An attractive feature of the new model 

A' is that the vacuum f'XJwdation value (VEV) of the neutral colour-singlet 

(~0 ) component of ~(2, 2, 15) combined with the standard Higgs scalar VEV 

cmes the bad fermion mass relation in 50(10). Since 6 and ~~~ acquire 

masses of the order of l\1,. ~ 1013
- 1014GeV by extended survival hypothesis 

(16], a special mechanism has been devised in 50(10) (6] in the presence of 

the Higgs representation 945 C 50(10) to keep these masses light. With the 

addition of ~(2, 2, 15) C (8, 8) to model A in 5U(8)L >< SU(8)n or 5U ( 16) the 

masses of 6 and ~8 in model A' can be easily of the order 105
- 106 GeV nat­

urally (16] without requiring the special mechanism. With the colour-singlet 

component in ~(2, 2, 15), transforming as ( 0 (2, 1, 1) under G213 , acquiring 

vaccum expectation value ~ l02GeV, the loop coeH!cients for model A' are 

Mz ~ ll ~Me 
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-II 2 -12 
9 7 -7-

Bii = -6 104 -44 
5 105 35 

-3 !! 26 
2 42 7 

In addition to the Sl\1 particle content, the model has the contribution 

due to one extra SU(2)L Higgs doublet transforming as ~0 (2, 1, 1) under G213 

for J1. = Mz- Me. 

73 3609 -27585 
2 676 ---ns 

llij = 24 779 -3735 
26 14 

105 747 =1ffi 
4 52 14 

In this mass range, in addition to the Higgs triplet ~n(l, 3, 10), the full 

multiplet ~(2, 2, 15) al~o contributes to the one and two-loop beta functions. 

Afs < J1. < Afu 
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-6-t07 663 1395 
76 56 29 

Bii = -1323 48 2340 
19 29 

-5103 78 3100 
~ 7 29 

The formula for mass scales are 

ln-·M_u = _1r_ (74-
0 

- 66sin 2 0w- 3) 
Mz 11G3o o. 

+ - 1
- (:JJ>" - 72Pfl + 132J>1

') -
219 

4652 2R 4R BL 6978 (1.13) 

Me 1r ( o ) In M = 315- 792-- 48 sin2 Ow 
z 1163o o 6 

1 (' r: JU u JU ) 2085 
-4652 .Jlv/ 2/l- 582Pm- 96/ sL + 2326 (1.14) 

Following the procedure already described, we compute values of mass 

scales, o; 1 (It) and present eo in Table IV .3. The coupling-constant trajcc-

tori<'s arc shown in Fig.5 for the lowest allowed value of M(: in the model 

A', Me= 105 ·64±0 ·
3 GeV 
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Fig.6. l\lcchanism for 3q ---+ lqij 



It is necessary to emphasize that the use of VEV of the neutral component 

in <(2, 2, 15) at the elcctroweak scale is not needed purely from the ground 

of spontaneous symmetry breaking (SSU) as the SM doublet contained in 

the bidoublet ¢(2, 2, I) C (8, S) of SU(B)L x SU(B)n 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 G224 breaking scale by extended survival 

hypothesis. Thus it is more natural than the SO( 10) model [6], to have 

M(1 -::::= M{ft -::::= .Mf:11l -::::= Me in the present model (A') Taking t.he masses of 

6 and ~8 and the diquark-lliggs scalars in ~n(l,3, 10) in the allowed range 

of JU±IogiJ Me and denoting the Higgs- Yukawa couplings of ~H( I, :J, I 0) and 

~(2, 2, I5) as ht:l and h{, respectively, with>. as the Higgs-quartric coupling, 

the amplitude for 3q ___. lqq has the canonical strength 

Me,). = ht:l = I, h{ = 10-" for the first generation of quarks. Mechanism for 

:Jq - lqij is shown in Fig.6. This leads to the lifetime predictions 
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Tp = 1037.6±3.0±121og0yrs (4.17) 

in the lliggs mediated nucleon decay modes : 

In (1.16)-(1.17), the second (first) uncertainty is due to those in the Higgs 

scalar masses (input parameters). 'We emphasize that even if the central value 

of Tp is 4-5 orders larger, the uncertainty in the input parameters along with 

Biggs-scalar masses brings the lifetime well within the accessible range of 

superkamiokandc measurements. However, because of large uncertainty in 

the predicted value of the Biggs-scalar masses it is difficult to rule out the 

model on the hasis of proton lifetime mea.~uremcnts. 

The prediction for rare decays, n- ii and 11-li oscillations arc (15-17], 

Tn-n = 107.2±1.5±5log0 sees 

(4.18) 

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

by, 

"'2 
C q, . 1 2 3 tn ..,, = ..,, --, t = , , 

Me 

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 Mu(Mn) is 10±0
·03 (10±0

-
3
). 

Mn(GeV) M8 (GeV) .Mu(GeV) u 
4.4X105 3.0Xl018 6.3Xl018 2.35 

1.8XI01 5.0Xl0 11 8.2Xl017 2.21 7.0 



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 (21j.lJsing the see-saw formula and Me= l05 ·64 GcV the 

predictions for Majorana neutrino masses are 

As in model /\., 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[l9J. The uncertainty in the pre-

dieted values increase with values of /3- For example with /3 = 5, ( Tn-n)maz = 

1012
·
2secs (r Fl = 1034

·
7yrs (-r = 1048

·
99yrs. Thus although con-' H- )maz I P)mu 

sistency of the model predictions 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(B)L x SU(B)n GUTs 

under the constraints of the CEH.N-LEP data using the alternative method 
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of decoupling parity and SU(2)n- breakings [10) in the minimal chains. We 

find that right-handed gauge boson masses as low as 102.8±o.4Ge V are al­

lowed in one of the models whereas in SO( 10) models with two intermediate 

symmetries they have high values, Mn ~ 107 GeV. The present model ap­

pears to predict the lowest value of ~V~ and Zn gauge bosons among all 

the non SUSY GUTs, investigated so far, consistent with ·the CEH.N-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 I<L- I<s mass difference, elec­

tric dipole moment11 of the electron and the neutron, and Majorana neutrino 

mass spectrum of the type eV-KeV-MeV for the three generations, such low 

mass ~V17 and Zu bosons could be detected at accelerator energies. 

The symmetry breaking scale for SU(2)L x SU(2)n x SU(4)e gauge sym­

metry is permitted to be Me~ l06±0
·
3 GeV in the minimal Model (A) leading 

to experimentally testable predictions on rare kaon decays, n- ii and H - fl 

oscillations. Including the Iliggs-scalar multiplet ~(2, 2, 15) as in Model (A'), 

cures the problem of bad fermion mass relation ; at the same time all Biggs­

scalar mc'diating ~(IJ- L) = -2 proton decay naturally acquire the lighter 

masses Me ~ l 05 ·6 ±0 ·3 Ge \1 without the necessity of invoking a special mech­

anism as in SO( 10) model.[GJ. Although the central value of the proton 

lifetime i~ noted to be 4-5 orders larger than the current experimentally ac­

cessible limit, the uncertainty in the input values of os(Mz),.~in20w(Mz) 
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and o- 1(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 

50(10) WITH SU(2)L x SU(2)n x SU(4)c 

GAUGE SYMMETRY 

V.l INTRODUCTION 

Grand unified theories based upon SUSY SU(5), SO(lO), and non SUSY 

SO( 10) with intermediate symmetries and those inspired by superstrings 

have been the subj(•ct of considerable interest over recent y(~;u·H. One of 

the major motivations in following SUSY SO( 10) grand unified theory is 

its potentiality to explain fermion masses and rnixings [I] 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 

cosmological baryon assymetry of the universe can be also explained by 

triggering baryogenesis via leptogenesis, if right-handed Majorana neutri­

nos are superheavy [1]. Apart from the interesting possibility that a massive 

vT (m 11T ~ 2- lOcV) 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 cffects[5] via sec-saw prediction of left-handed neu-
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trino masses provided, the right -handed neutrinos have masses in the range 

of MN ~ 1010 - 1013 Gev [6]. This might be realised in single step break­

ing of SUSY S0(10) if the Yukawa coupling of 126 to matter spinors is 

adjusted 'to be small, or via dim-1 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 MN to an intermediate scale (M1) 

corresponding to the spontaneous symmetry breaking of the intermediate 

gauge group such as SU(2)L x 5U(2)H x U(l)H-L x SU(3)c: (= G2213) or 

SU(2)L x SU(2)n x SU(1)c (:= G224 ) (7] without having the necessity to 

adjust the Majorana type I!Jl - Yukawa coupling to very small values. Such 

an intermediate scale also solves the strong CP problem by Pecci -Quinn 

mechanism (8]. llecently, although the existence of G2213 intermediate gauge 

symmetry with decoupl~d parity and SU(2)R - breaking (92L =I 92R) (9] has 

been established in a series of papers (10-12], the intermediate gauge symme­

try G 224 (gn =I 92R) has been ruled out (11] when the neutral component of 

the G 224 submultiplct ~H(1,3, TO) C 126 of SO(lO) is used to break the inter­

mediate gauge symmetry (11 ). This is due to the fact that the contributions 

of ~Hffi~H C 12()(1) 1~6 upsets the solutions of RUEs rnaki11g it impossible to 

achieve M1 « 1\hr. r-.tore recently it has been shown that (;2H intermediate 

symmetry can oc achieved if two sets oflJ! + ](j are used, instead of a set of 
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126 + 126,in the presence of an additional lighter G224 submultiplct a(1, 1,6) 

ncar the intermediate scale [19].The role of the a(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 rcf.[l9] are valid only at one-loop level; when 

two-loop contributions are included the intermediate scale (M1 ) exceeds the 

GUT scale (Mu ), thus ruling out the model at two-loop levcl.llowever it has 

been shown that the G22.w(92L = 92R) intermediate gauge symmetry with 

unbroken left-right discrete symmetry (:= Parity(P)) can survive down to 

the intermediate scale of M1 ~ 1012 - 1013 GeV provided the model permit 

light Higgs supcrmultiplct ncar the TeV scale [13]. In this model the part 

of two-loop corrections from higher scales (Jl > M1) cancels out. G224 is the 

maximal subgroup of SO( 10) which contains the quark- lepton unification of 

Pati-Salarn and has one gauge-coupling constant less as compared to G2213 • 

i\11 the gauge couplings of G 224 arc determined through the CERN-LEI' data 

and the intermediate -scale matching conditions, 

1 3 1 2 1 
--- = - + -----
oy(i\11) 5 o 2R(MI) 5 o4c(MI) 

( 5.1) 

The see-saw formulas, for neutrino masses where up-quark masses ap-

pear instead of the Dirac -neutrino masses [2], emerge more naturally at the 

intermediate scale due to the presence of quark-lepton symmetry in G221· 
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The purpose of this Chapter is to show how the G224(92L =J 92R) 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 [11] and threshold effects [15) in SUSY S0(10). In contrast to 

the model of ref.[19],which is ruled out at two-loop level, we find that this is 

the only G·n4 intermediate guage symmetry with g2L =J g2n that is permitted 

in SUSY 50(10). To achieve 50(10) breaking to G224 , we use the Higgs 

representation 51 in addition to 210 [16] and break G224 by lQ ffi 16, instead 

of 126 EB 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

tioll V.:J t.hn•shold dr<'ds and solutions to mass scalf's are obt.aitwd (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 wjth 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 Mu 

a11d the int(•mwdial(• scale i\11 including onf'-loop, two-loop[l1) and t.lm·shold 

contributions[l5]. We consider the following model using the mechanism of 
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decoupling parity and 5U(2)n - breakings (9], 

SO( 10) x SUSY ~ G224 x SUSY ~ 

G211 X SUSY ~ U( l )~m X 5U(3)c (5.2) 

where G 21 3 is the standard gauge symmetry SU(2)L x U(I)y x SU(3)c. 

In the first step of (5.2), the combined effect of 51 and 210, containing G 224 

singlets, break D parity and SO( 10) without breaking G224 • In the second 

step, we usc (i) one (ii) two sets of 16 EB 16. The right-handed doublets 

( 1, 2, 4) EB ( 1, 2, 4) contained in (1.2 EB 16) are kept lighter having masses near 

M 1 whereas the left-handed counterparts (2, 1,4) EB (2, 1,4) acquire masses 

near Afu. 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 )~m x SU(3 )c. The 

rcnormalisation group equations in the presence of the two gauge symmetries 

G213 and G221 can be written as 

1 a i I M 1 I fJ A •. _ 1 }' , I '>(' ---+-n-+- i-uj,l- ,2,,.,/ 
oi(l\11) 211' Mz 411' 

(5.:J) 

I l a: ft.f u 1 , , . --- + -In-+ -Pi - ~i; l = 2L, 2/l, 4C 
oi(.Mu) 211' M1 411' 

(5.4) 

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

one-loop (two-loop) contributions with 
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P' = """"'B~ .[ oj(Mu) 
1 L.,.; 1J n ·(M ) 

. OJ I 
} 

bjj I b~j B··-- B .. =-
1J - a. ' 1J a'· 

} J 

(5.5) 

Here aj(bij) and aj(b~i) are the one-loop (two-loop) /3 - function co-

efficients in the two mass ranges and their values are given below. The 

terms ~i and ~~ in the R.H.S. of (5.3)-(5.4) represent threshold effects at 

J1. = Mz, M1 and Mu with 

The functions ~f includes threshold effects at J.L = Mz due to the top quark-

Yukawa coupling and masses of lliggs scalars and supcrpartners in SUSY 

standard model different from Mz, but .D.f represents, threshold effects due 

to the Higgs scalars and superpartners having masses near M1. .6.~ takes 

into account threshold ~ffects due to Higgs scalars and their superpartners 

having masses near Mu. Such scalars are contained in 54,210, 16EB 16 and l.Q. 

Although one set of 16 ffi T6 C SO( 10) is sufficient to break the intermediate 

guage symmetry to the standard SUSY gauge theory, we also investigate the 

effects of t.wo s!'ls of s11ch spinorial rq>resentations to achiev<' a <l<·sired on<'-

loop solution. Expressions for .D.i and .6.~ are given in Sec V .3. Using suitable 

combinations of gauge couplings and equations ( 5.3) - ( 5..1 ), we obtain the 



following analytic formulacs for mass scales !1!1 and Afu, 

In( 1\11) = Lsi\u- Lol3u f(olJu- Joi\u Je:..Au- /(6 /3u 
1\lz lJ + D + D 

where 

lJ = i\uB1- ArBu 

l6iT (3 . 2 ) 
Lo = o(l\/z) 8- sm Ow 

Ls _ l6rr (~ _ o(Mz)) 
- o(Mz) 8 os(Mz) 
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An attractive feature of the analytic formulas given in (5.6)-(5.7) is that, 

in the R.ll.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, analyticaiJy one-loop, two-loop and threshold 

corrections, respectively. 

The one-loop and two-loop {3 -function co-efficients for the MSSM[14} are 

2:) 3/11 -8 
27/5 199/65 -88/15 

9 1/3 -14/3 
) , i, j = U, I Y, 3C (5.10) 

In the presence of G 224 x SU SY intermediate symmetry m the mass 

range ll = M1 - 1\fu, w.e use the contributions from the Higgs scalars and 

their superpartners contained in the representations 10 and 

i) one set oflJi EB T6 (i.e.nts = 1) 

(ii) two sets of l!i ED l6(i.e.n 16 = 2). The components which have masses 

near M1 are the G 221 -submultiplets 4>(2, 2, 1) and for i) n16 = 1 one set of 

(1,2,1)(!)(1,2,1) (ii) 11 16 = 2, twosclsof(1,2,4)EB(1,2,4). Other components 

of the S0(10) representations s11ch as (1, 1,6) C lQ. and (2, 1,1) ffi (2, 1,4) C 

(16 ffi Hi) 2{(2, 1,4) ED (2, 1,4)} C 2(16 ED 16) have masses ncar Mu. Fol-
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lowing the standard procedure and including contributions of gauge bosons, 

fermions, Higgs scalars and their superpartners, the one-ioop and two-loop 

co-cf£icients for the G 224 symmetry for both the cases are computed as 

Case (i)nlfl = 1 (i.e. with one set of lQ (!) 16). 

b' ( 25 
B'. = ...!.!... = 3 

IJ a' 
j 9 

3/5 
11/5 
6/5 

-45/4 ) 
-15/2 
37/8 

, i,j = 2L, 2R, 4C (5.10) 

Using the values of the co-efJicients from eqs. (5.10)- (5.11) in (5.8)-

(5.9), we obtain 

Au= 2, A1 = 26, Bu = 42, B1 = 18, D = -1056 

Case (ii)n 16 = 2 (i.e. with two sets of 16 ffi 16). 

// 
JJ'. = __!!_ = 

IJ a'. 
1 

( 

25 
3 
9 

1/3 
13/3 
4/3 

-45/2 ) 
-30 

-25/4 
,i,j = 2L,2R,4C 

(5.12) 

(5.13) 

Using the values of the co-ef£icicnts from eqs. (5.10) and (5.13) in (5.8)-

(5.9) we obtain 

Au = 18, A1 = 10, Bu = 42, B1 = 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 r and Mu arc given by the first and the second terms, respectively in the 

R.B.S. of eqs. (5.6)- (5.7). Using eqs. (5.8) and (5.12) or (5.14), the one-loop 

and two - loop contributions and the mass scales are computed for n 16 = 

and n1s = 2 as, 

71]6 = l 

(
LsAu- LeBu) = ~ (~ + _1 ~ _ !__sin2ow) 

/) onrloop 0 22 33 OS 11 

(
KeBu] JeAu) - 1 (27P' - 15P' - 12P' + 27P - 25P - 211· ·) D - 264 2L 2R 4C 2L lY .1(. 

twoloop 

(
./oAr- Ko/Jr) 1 (ABJ>' 61'' A2J'' + r:21' 10/' A2/' ) = , ()1 'I <!C - 2/l - 't 2L ,) :IC - I Y - 't 'J/, 

. D !woloop 2 

(5.15) 

l\11 1r ( 5 1 o 7 . 2 ) /n(-) =- - + --- -.'ltn Ow 
l\lz o 22 33os 11 
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1 ( P.l 1 I + 
264 

27 2L- 15P2n- 12P4c + 27 P2L- 25P1y - 2P3c) (5.16a) 

In(-)=- ----+-sin Ow Mu rr ( 1 13 o 3 2 ) 

Mz o 22 33os 11 

(5.16b) 

7lt6 = 2 

(
LsAu- LelJu) rr (3 o . 20 ) =- -+3--7sm w 

D oneloop 0 2 °S 

(
LeBr- LsAr) = rr ( 3sin20w _ ~ _ ~~) 

D oneloop 0 2 3 Os 

( f(oBu /~ .loAu) = ~ (11P;L- 3P;n- 8P~c + 11P2L- 5Ptv- 6P3c) 
lwoloop 

(
JoAr- f(elh) = _!_ (24P1 + 6P1 

- 30P1 + 20P - 35P + 15P ) D 48 4C 2R 2L 3C I y 2/, 
lwoloop · 

(5.17) 

Mr rr (3 o . 2 ) /n(-) =- - + 3- -7sm Ow 
Mz o 2 os 

(5.18a) 

1\!u rr ( 2 1 5 o ) /n(-) =- 3.'1in Ow-;--;--
Mz o 2 .J os 
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+ 
4

1

8 
(24P~c + 6P~R - 30P~L + 20PJc - 35P1y + l5P2L) 

For numerical analysis we use the following input parameters[17] 

o- 1(Mz) = 128.9 ± 0.1 

OJC = 0.119 ± 0.004 

sin 2 Ow = 0.2315 ± 0.0002 

Mz = 91.187Gev 

(5.18b) 

(5.19) 

While solving for Mr and Mu, using eqs. (5.16a)- (5.16b) or eqs. (5.18a) 

- (5.18b) by including only one-loop contributions and ignoring two-loop 

effects, we obtain for 71 16 = 1, Mr = 1.76 x 1016GeV, Mu = 2.72 x 1016GeV 

and for n 16 = 2, Afr = 8.:JO x lOJ.tGcV, Mu = 1.01 x 10 17 GcV. Including 

two-loop effects and ignoring threshold effects we found that the value of 

Mr increases to (i) 3.og x l0 16GeV(n 16 = 1) (ii) 4.26 x 10 111GcV(n 16 = 

2)while the value of Mu decreases to (i) 1.541 x 1016GeV for 71 16 = 1, and 

to (ii) 1.71 x l0 15GeV for n 16 = 2. Thus at two-loop level we have Mr > 

Mu, leading to the conclusion that in SUSY 50(10) the G 224 intermediate 

symmetry is ruled out. We have verified that even in the model of ref. [19], 

when two-loop effects are included, the G224 breaking scale exceeds the gauge 

coupling unification scale. But, as one important result of this Chapter, we 

show that when threshold effects near Mu, Mr and Mz [13] are included, 

along with one-loop and two-loop effects, the model yields Mr substantially 
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lower than Mu, which itself is consistent with string unification scale. The 

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

these ef[ects at M 1 we also follow the method of effective mass parameters 

of re£.[15] where threshold effects due to the superpartners and supcrheavy 

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

can be found from this re£.{151, 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. At first, we 

separate J6 and /(6 into three different parts, 

(5.20) 

where 

(5.21) 

The expression for ~f is given by [15], 

A z _ A Conv~r~ion + A ~ukawa + A SUSY i = 1 y 2£ 3C 
Lli - L.l.i u, u, ' , ' (5.22) 
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where 

C'2( G;) is the quadratic Casimir operator for the adjoint representation, 

with G2 (G;) = N[O] for G; = SU(N)[U(1)]. 

In eq.(5.22) 

In the present case 

1 .M, 
t == -ln-

2rr Mz 

(5.24) 

In terms of effective mass parameters (1\-f,, i = 1, 2, 3) near Mz threshold (15], 

the superpartrwr contribution in (5.22) are 

~susY = 25 In M2 
2L 12rr Mz 

~ susy = ~In Af3 
JC 1r M z 
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For the sake of convenience we use M1 = M 2 = 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 1 and Mu in two different ways depending upon our 

choices on mass('S near 1\f 1 and 1\fu : 

(A) by assuming two sets of effective mass parameters near M1 and Mu. 

(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 lQ E9 16 

which have masses near M1 are given in Tables V.l and V.2 respectively. 

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

mass parameters ( Mf) as 

td - b~ I M; . - 1Y 2L 3C 
ui - 27r n M I' t - ' ' 

(5.26) 
Q 

wher~ a includes Higgs scalar components and their superpartners near M1. 

The superheavy components in the representations under G224, contained in 

54 210 16 E9 16 and 10 which have masses near the GUT scale are shown in _,_,_ - -

Table V .3. The expression for the threshold effects L\~ is given by 
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Table V.l The heavy Higgs content of the 50(10) mode] with G 224 inter-

mediate symmetry. The G 213 sub-multiplets become massive when G 224 is 

broken. In the extreme right column of the Table are threshold contributions 

b~ of the differ<'nt multiplcts for n 16 = 1 (i.e. for one set of lQ ED 16). 

SO( 10) representation G2 13 multiplet b~L• b;y, b;c 
16 (1, ~,3) (o, ~. n 

(1, -1, 1) (0,~,0) 

16 (1,0,1) (0,0,0) 

( 1' -31 '3) (0,~,~) 

(1 - 2 3) 
' 3 ' 

(o,~.~) 



Table V.2 Same as Table V.l but for n 16 = 2 (i.e. with two sets of .l.Q.EB 16. 

SO( lO)representation 
16 

16 

G21J multiplet 
( 

1 ;-) 
1' 3• 3 

(1,-1,1) 

( 1' 0, 1) 

(l,-31,3) 

(I,-;2 ,3} 

(1, I, 1) 

( l' 0, 1) 

(1,~,3) 

( l' ~12' 3) 

(1,0, l) 

(1, -1, 1) 

(l,-;1,3) 

( 1' -;
2

' 3) 

(o, ~, o) 

(0,0,0) 

(o, ~.n 

(0,~,~) 

(0, ~' 0) 

(0,0,0) 

(0, ~' t) 
(o,~.~) 

(0,0,0) 

(0, ~. 0) 

(o, k, D 

(0, ~' ~) 



Table V.3 Same as Table V.1 and Table V.2, but here the G224 sub-

rnultiplcts acquire mass when 50(10) is broken. Also listed in the extreme 

right column of the Table are the threshold contributions b" i of different 

nmltiplds. 

SO( lO)representation 
210 

16 

10 

G224 multiplet 
(2, 2, 10) 

(2, 2, lO) 

(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) 

bit II bl/ 
2L, b 2R, 4C 

(10, 10, 12) 

(10,10,12) 

(0,0,4) 

(0,30,12) 

(30,0,12) 

(6,6,0) 

(0, 0, 123) 

(6,6,4) 

(2, 0, 1) 

(2,0,1) 

(0,0,1) 



b~' M~' 
jj, u1· = - 1 In M' , i = 2L, 2R, 4C 

27r u 

b. = b. 11 L "(o) 
I I 

0 

( 5.27) 

where o includes Higgs scalar components and their superpartners near 

Mu and M:' are the effective mass parameters at I' = Mu. Thus, in the 

SUSY SO( 10) model with G224 intermediate symmetry we have three sets 

of effective mass parameters which parametrize the corresponding masses at 

the three symmetry breaking scales : 

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

n 16 = 1 

At" 1\f" 1\f" M' M' 25 M 
Jt:;. = 198/n~ + 186/n__l.!!- 393/n ,.

1
4c + 9/n MtY -12/n M3c + -

2 
/nM

1 

Mu Mu Jl u 1 1 z 

25 JU2 Af3 3 M1 
+-In-- 321n- +-In-+ 3 

2 Mz Mz 47r 2 Mz 
(5.28a) 

M" M" M" M' M' 25 Mt 
/(D. = 1861n__2B_ + 131/n~- 310/n ,.

1
2

L + 91n "flY -12/n M3c + -
2 

in M 
Mu Afu Jl u it 1 1 z 
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_ 125/n A/2 __ 1_/n .MJ + ~ 
6 Mz 4?r2 Mz 3 

(5.28b) 

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

for threshold effects Mr and Mu in terms of the effective mass parameters 

M! and M!' I I l 

= -1 (155/n M~'n - 297/n M~'L + 131/n M~'c) 
22 Afu Mu Mu 

+-
1 

(15/n M~y +In M~c) -0.548018546 
44 Mr Af1 

(5.29) 

= -1 (31ln M;'n + 231ln M~'L- 262/n M~'c) 
22 1\fu Mu · Mu 

+-1 (3/n M~y - 13ln J\f~c) + 0.068197446 
44 Mr Mr 

(5.30) 

I 

llt6 = 2 

M" M" M" M' M' 25 Mt 
Ja = 174ln~+l50/n__l!!-342/n~+25ln MtY -28/n M

3
c +-2 lnM 

Mu Afu 1\fu r 1 z 

25 1\12 M3 3 M1 • 
+-In-- 32/n- + - 2 lnl\f + 3 

2 Mz l\lz 4?r ·z 
(5.3la) 
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M" AI" M" M' 25 M 
f(tl = 150/n ~ 2n + 114/n__i£- 290/n---l.b. + 25ln_!Y_ + -ln-1 

H1u fo.fu Mu M1 2 Mz 

(5.3lb) 

Using eqs. (5.3la)- (.5.3lb) in eqs (5.6)- (5.9) we then obtain the formulas 

for threshold effects M1 and Afu in terms of the effective mass parameters 

M' and M" I I! 

- - n---- n-- + n-- + - n-- +- n-- -4 89 _ (75 1 M~'n 319 1 M~'L 1441 M~'c) (25 1 M;y 21 1 M~c) 
2 Mu 2 Mu Mu 4 M1 4 M1 . 

(5.32) 

= --IH-- +-In--- <l7ln-- + --In--- -In-- +l.!M (
-25 .t\f.~'n 115 . M~'r. r: M~'c) (-25 M;y 35 M~c) . 

2 Mu 2 Mu Mu 12 Mr 12 Mr 

(5.33) 

The last term in eqs. (5.29) - (5.30) and (5.32) - (5.33) denote threshold 

contributions at J-L = Mz corresponding to a choice of ref[15) Mt = M2 = 

M3 = 6Mz. It is clear that threshold effects on the two mass scales, Mu 

and M 1 can be estimated once .Mi(i = 1, 2, 3) and Mj'(j = 2L, 2R, 4C) are 

known. In any model the superhcavy masses near any particular symmetry 



breaking scale are parametrized in terms of the corresponding effective mass 

parameters. In the present model there are three such relations corresponding 

to the three symmetry breaking scales i.e.p = MsusY = Mz, p = M1 and 

It= Mu, 

~z = ~ b? lnl\fo _ .!2_ 1\fi . _ . _ 
• L... 271' l\1z- 211'/n Mz'r- 1,2,3,p- Mz 

0 

(5.31) 

b'0 1\f' b~ M' 
~{ = L 2'71' /n l\1; = 2~ In M;. i = 1, 2,3; IL = M1 

0 

(5.35) 

b~10 i\1~' b~' J\1~' 
~f = L ;11' In 1\f~ = 2~ln M• ,i = 2L,2R,4C;p = Mu 

0 u 
(5.36) 

where o refers to the actual G213 submultiplet near p = Mz, M 1 or the 

G224 submultiplet ncar J1 = Mu and l\10 , M~ or M" 0 refer to the actual 

component masses. The· coefficients bi, b~ and bi' have been defined in (5.25)-

(5.27) (15]. The numbers b? refer to the one loop coefficients of the multiplet 

o under the gauge subgroup, U( 1 )y, SU(2)L, SU(2)n, SU(3)c, SU( 1 )c etc. 

The relation (5.34) has been utilised in ref (15) to compute only one set of 

values of M~, M2 , l\13 in MSSM from the model predictions on Mo. But since 

such predictions are also model dependent, several other assumed values 

of effective mass paramdcrs have been utilised for computation. At the 

MSSM unification scale, Mu ,...., 2 x 1016Ge V, the values of effective mass 

!)() 



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 MfandM:' 

for cornput.at.ion. In our analysis the effective mass paramct.crs M: or M:' 

arc taken to vary between 1/5 - 5 times the relevant scale of symmetry 

lm•aking i.e. l\1/orl\lu. For example, with one set of 16 ill 16, when M:y 

M~c = Mr, At; = Mu, M~'t.. = 3Afu, M~~ = 2Mu we obtain, M1 

1.00 x 10 11 GeVandMu = 1.:19 x l017GeV. Uut,with two sets of lQ ED 16, when 

Mfy = Af~c = 3Mr, M"2n = 2Afu, 1\f"2L = 3Mu, the values of Mr and 

Mu are found to be 3.73 x 1011 GeV,and 2.09 x 1017 GeV respectively. More 

important is the result in the degenerate case, M;y = M~c = ~Mr, M~'n = 

M~'L = M~'c = 2Mu in Table V.5 for which we have obtained M1 = 4.3 x 

l010GeV and Mu = 3 x 1018GcV for n 16 = 2. We have checked using (5.35) 

and (5.:JG) that such effective mass parameters result when the superheavy 

components in Tables V.l - V. 3 have degenerate masses near the respective 

scales. Different results on intermediate scale M1 and unification mass Mu 

which are obtained as solutions of RGEs including threshold effects as a 

function ~f effective mass parameters for both the cases are presented in 

Tables V.4 and V.5 respectively. \Ve find M1 ~ 1010
- 1013 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 l\f1 and Mu including threshold 

effects with effective mass parameters for n 16 = 1. 

M~y M~c 
If 

M 2L 
II AJ 2R M

11
4c M1(GeV) Mu(GeV) 

!MI 
2 

! J\.11 
2 3.Mu ~Mu 2Mu 2.36 X 109 1.93 X 1017 

~ J\.11 ~1\11 21\fu ~Mu l.5J\fu 8. 74 X 1010 9.23 X 1016 

M1 MI 3Mu Mu 2Mu 4.00 X 1011 4.39 X 1017 

~Mr ~Mr 31\fu Mu 2.5Mu 1.18 X 1012 3.60 X 1016 

Mr Mr 2Mu Mu 1.51\fu 1. 72 X 1013 1.91 X 1017 



Table V.5 Same as TablcV.4 but for n 16 = 2. 

M:v M~c M''2L If M 2R 
N .M 4C M1(GeV) Mu(GeV) 

lMr 
2 ~M1 2Mu 2Mu 2Mu 4.3 X 1010 3.03 X 1018 

2.3MI 2.3MI 31\fu 2Mu 3Mu 1. 75 X 1010 7.9 X 1017 

3Mr 3Mr 3Mu 2Mu 3Mu 3. 73 X 1011 2.09 X 1017 

:J.GM1 :J.5J\I/ :JMu 2Mu 3Mu 3.19 X 1012 . 9.68 X 1016 

4Mr 4i\h 3Mu 2Mu 3Mu 1.02 X 1013 4.96 X 1016 



intermediate scale can be achieved in a natural way via threshold effects by 

following the method of effective mass parameters {15]. 

B. THRESHOLD EFFECTS \.YITH SUPERHEAVY MASSES 

We now present our results on threshold effects with specific but rea-

sonable values on the masses of superheavy components of Biggs scalar 

and their supcrpartners corresponding to the representations 210,54, lQ and 

16 EB l6(forn16 = 1, n16 = 2) {9J. 

The expression for threshold effect m terms of actual supcrhcavy corn-

ponent masses .M~ which have masses near Mz is given by the L.H.S. of eq 

(5.35), 

(5.37) 

The !Hlp~·rheavy comJ><Hwnts o contained in one and two sets of 16(1) 16 which 

have ma~ses near M1 and those of 210, 54, 16 EB 16 and 10 which have masses 

rwar Mu are shown in Table V.l - V.3. 

The expression for the threshold effects at p. = Mu is given by the L.H.S 

of eq. (5.36), 

b':(o) /If" 
6'· = ~ -'-ln___E_,i = 2L,2R,4C 

' 6 21r Mu 
0 

( 5.38) 

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 50( 10) repre-
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sentation 'H' to have the same degenerate mass l\1H. For example all the 

supcrheavy components in 2l0 given in Table V. 3 near fl. = Mu have been 

subjected to the following degeneracy condition, 

l\r'('2, '2, 10) = 1\1"('2, 2, 10) =AI"( I, 3, 15) = M"(3, 1, 15) = M( 2 to) 

Similarly for 54 and 16 ED 16 

M"(3,3, 1) = M"(1, 1,20) = ...... = Ms4 

1\1"(2, 1,4) = 1\1"(2, 1,4) == M1s 

All the heavy masses near fl. = Mr are assumed to have the same mass 

M' = Mn. Using cqs. (5.37) and 5.38) in eqs. (5.20)- (5.21), and denoting 

7]11 = In ( ~), Il = 210,54, 16, 10 and lJR = ln ( ~), we obtain 

n 16 = l. 

(5.39a) 

(5.39b) 

nts = 2 
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25 M1 25 M2 M3 3 Mu 
J6. = -12r/2Io+9rfs-1-6rlw-3'7n+3+-ln-+-ln--32ln-+-ln-

2 Mz 2 Mz Mz 411'" 2 Mz 

(5.10a) 

• • • • , , r: 5 2.) l\f1 12.1 . l\12 I M1 
I\ 6. = 11/21o- .h/s-1- .J:l11 16 + 2rJ 10 + 2vrJn +-+-In---In-- -In-

3 2 Mz 6 Mz 411'" 2 Mz 

(5.40b) 

Using eqs. (5.39a)- (5.39b) in eqs. (5.6)- (5.9) we then obtain the formulas 

for threshold effect on mass scales 1\h and 1\fu: 

1 4 
= - ( 47J21o- 3r/s-1 - 14'116 + 27Jto) + -1}n- 0.548018546 

22 11 
(5.41a) 

1 5 = - (3r/s-1 + 37]16- 4t7210- 27]Io)- -'In+ 0.068197446 
11 22 

(5.41b) 
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= ( 47J21o - 37]s4 - 147]16 + 27710) + ll.57]n - 4.89 (5.4la) 

(5.'1~b) 

The last t<~rm in eqs. (5.'1 1)- (5.'12) denote threshold contributions at 11. = 

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. M1 or Mu. For example, 

when M/ = Mn = ~ilf1, 1\!210 = M10 = ~.Mu, M 54 = M16 = 5Mu for n 16 = 1 

we obtain M1 = 2.576 x l0 15 GeV and .Mu = 1.04 x 1017GeV. But, for n 16 = 2 

when M/ = 1\fn = ~l\11, l\1210 = l\fs4 = 1\116 = M10 = 1.5Mu we found 

interesting solutions with 1\1 r = 1.46 x 1012GeV and Mu = 2.34 x 1018GeV. 

Different results on intermediate scale Mr and unification mass Mu which 

are obtained as solutions of ltGEs including threshold effects as a function 

of supcrheavy masses are presented in Table V .6 for n 16 = 2. In this case we 

find, that !vh ~ 1011 
- 1013Ge V for reasonable choices of superheavy masses 

are easily allowed. 

V.4 SUMMARY AND CONCLUSION 

While investigating the possibility of G224 intermediate gauge symmetry in 

80(10), we avoided the representations 126 ED 126 for intermediate symrne-
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Table V .6 Predictions on mass scales M 1 and Mu including threshold 

effect with supcrheavy masses for n 16 = 2 

Mn Af2to Als4. Mts i\110 Mr(GeV) .Mu(GeV) 

!JH/ 2 1.5A1u 1.5Mu 1.5Mu 1.5Mu 1.46 X 1012 2.34 X 1018 

~M1 2Mu 2Mu 2Mu 2Mu 3.46 X 1011 8.56 X 1018 

~Mr 3Aiu 3Alu 2Mu 2Mu 5.91 X 1012 6.99 X 1018 

~M1 0.5Mu 0.5Mu 0.5Mu 0.5.Mu 3.54 X 1014 1.67 X 1016 



try breaking and generating Majorana neutrino masses because of their well­

known difficulties against arriving at acceptable values of Mr ~ Mu [11). As 

the mechanism of generating l\1ajorana neutrino masses are now well known 

via the repwsentations _ill m 16 and through couplings with SO(l 0)- 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 1Q ffi 16 instead 

of 126 ffi 126, the RGEs do not permit G224 intermediate breaking scale Mr 

lower than Mu, 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 

G 22,., breaking intermediate scales Mr ~ 1010 -1013GeV with high unification 

scales, Mu ~ 10 17 
- 10 111 UeV, 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 50(10) - singlet following 

the mechanism of Lee and r..tohapatra II 2] through purely renormalisable 

interactions.We thus conclude, in contrast to earlier observations [11), that 

SU(2)L x SU(2)n x SU(4)c(92L f:. 92R) 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 linear seesaw 
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formulas and renormalisation effects [18), it is possible to obtain neutrino 

masses necessary for Vr 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 investigation are 

briefly summarised. 

The first chapter contains a capsule review of elementary 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 Ch~pter III, wherein, the basic structures of the groups 

viz.S'lf(!l), Slf(S)r. x S'U(S)H and 50(10) arc also mentioned. The new re­

search investigations carried out under the ambit of the present study are 

presented in Chapters IV and V. 

Quark-lepton unification through the Pat.i-Salam gauge group SU(2)L x 

S'U('2)n x S'U(1)c(= CJ224 ) which forms a subgroup of a number of GUTs 

permits experimentally observable rare kaon decays and new modes of pro­

ton decay provided the symmetry breaking scale Me = lOr, CeV. In addition, 
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n-ii and II -ii 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

han<kd gaug<' hosom; ( n·1t, Zn) resulting from the spontaneous breaking of 

SU(2)L x SU(2)n xU( l )a-L x SU(3)c(= G2213 ) symmetry are resonably light. 

The conventional met hod of left-right symmetry fails to achci ve Mn ~ 1 Tc V 

or Me = 105 
- 106 Ge V, and yields a high G2213 breaking scale unless there 

arc a number of intermediate gauge symmetries. We consider an alternative 

method of decoupling the parity and SU(2)n-breakings proposed by Parida 

and Pati which requires chiral SU(4) colour for its implementation and as 

such can operate within SU(8)L x SU(8)n,SU(16) and [SU(4}]" but not in 

S'O( 10). W<~ <'xamirwd the predictions of SU(l6) all(! SU(R)1, x S'U(R)n GUTs 

under the constraints of CERN-LEP data using the alternative method, in 

the minirtml chains. 'We found that right-handed gauge-boson masses corre­

sponding to G2213-brea~ing scale as low as 1 TeV, are allowed in one of the 

modclswhereas the other chain permits the SU(2)L x SU(2)n x SU( 4 )c break­

ing scale l\1c ~ 106 GeV leadington- n oscillations and the 6.(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)L x SU(2)n x S'U(4)c(gu, i= 

g
2
n) intermediate gauge symmetry has been ruled out in the minimal SUSY 

SO( 10) model at one-loop le\'d.But it is allowed with 921, i= 92/l at one-loop 
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level if there are additional degrees of freedom near the intermediate scale 

(MI = l0 12 GeV). Uut at two-loop level such a model appears to be ruled 

out. With 92L = g2n, the model is allowed with masses of pseudogoldstone 

components in 16u + 16u ncar the Tcv scale.ln chapterV we show how the 

assymetric gauge group is allowed in SUSY SO( 10) with an intermediate scale 

!Hr = 1010 - 1013 Gev and high unification scales Mu = 1017 - 1018 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)-singlct fermions following the mechanism of Lee and Mohapatra 

through purely renormalisable interactions. 
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