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A b s t r a c t  

FLAVOR UNIFICATION 

by

J a y p ro k a s  C h a k r a b a r t i  

A d v i s e r :  P r o f e s s o r  R a b in d ra  N ath  M ohapatra

The p r e s e n t  u n i f i e d  f i e l d  t h e o r i e s - n a m e l y , ( i )  t h e  

SU(2) l (X)U(1) t h e o r y  o f  t h e  weak and e l e c t r o m a g n e t i c  

i n t e r a c t i o n s  and ( i i )  t h e  SU(5) g r a n d  u n i f i e d  t h e o r y  - 

t r e a t  f e r m io n s  i n  te rm s  o f  f a m i l i e s .  T h is  i s  b e c a u s e  

t h e s e  a r e  in c o m p le t e  t h e o r i e s .  We a t t e m p t  f l a v o r  u n i ­

f i c a t i o n  by i n t r o d u c i n g  a " h o r i z o n t a l "  gauge g ro u p .

At t h e  l e v e l  o f  t h e  weak and e l e c t r o m a g n e t i c  i n t e r a c t i o n s  

we c o n j e c t u r e  t h a t  t h e  b - q u a r k  c o u l d  d ecay  d o m in a n t ly  

v i a  t h e  h o r i z o n t a l  i n t e r a c t i o n s ,  bounds a r e  d e r i v e d  on 

t h e  l i f e t i m e  o f  t h e  b - q u a r k  and B0 -  BQ m ix in g ,a s s u m in g  

t h i s  t o  be  t r u e .  The m u l t i l e p t o n  s i g n a t u r e  f o r  such  

a  s c e n e r i o  i n  t h e  d ecay  o f  u p s i l o n  i s  e v a l u a t e d .  I t  i s  

shown t h a t  t h e  m u l t i l e p t o n  e v e n t s  g e t  r e l a t e d  t o  t h e  

b r a n c h i n g  r a t i o s  f o r  t h e  d ecay  o f  t h e  x - l e p t o n .

Next we i n v e s t i g a t e  t h e  p ro b lem  o f  i n c o r p o r a t i n g  

t h e  f l a v o r  g e n e r a t i o n s  w i t h i n  t h e  fram ework  o f  a  g r a n d  

u n i f i e d  SU(N) gauge  t h e o r y .  The r e q u i r e m e n t  o f  no 

t r i a n g l e  anomaly and an  a s y m p t o t i c a l l y  f r e e  gauge  

c o u p l in g  c o n s t a n t  a p p e a r s  t o  l i m i t  t h e  number, o f  

" l i g h t "  f e rm io n  g e n e r a t i o n s  t o  f o u r .  S p e c i a l i z i n g



t o  an  SU(8) m ode l ,  we e x h i b i t  a  H i g g ' s  mechanism t h a t  

s p l i t s  t h e  f e r m io n s  i n t o  heavy and l i g h t  s e t s ,  t h e  

l a t e r  c o n t a i n i n g  o n ly  t h r e e  g e n e r a t i o n s .  We a r g u e  

t h a t  t h e  mass o f  t h e  heavy  g e n e r a t i o n s  i s  i n  t h e  

Tev. r e g i o n .

We d i s c u s s  t n e  r a d i a t i v e  e f f e c t s  on t h e  Weinberg 

a n g l e  i n  su ch  t h e o r i e s .  F u r t h e r  u s i n g  one lo o p  r e ­

n o r m a l i z a t i o n  g ro u p  e q u a t i o n s  we o b t a i n  t h e  s c a l e  a t  

w hich  t h e  f l a v o r - g r a n d  u n i f i c a t i o n  o c c u r s ,  we a r g u e  

t h a t  l o g i c a l  c o m p le t e n e s s  r e q u i r e s  t h a t  we c o n s i d e r  

SU(,10) and SO(,15) gauge g ro u p s  a s  s e r i o u s  c a n d i d a t e  

t h e o r i e s .
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CHAPTER 1 

INTRODUCTION

The t h e o r y  o f  b e t a  d e c a y  a s  p ro p o sed  by F erm i  i n v o l v e s  

t h e  h a m i l t o n i a n  i n t e r a c t i o n  p a r t  g o es  a s : ^

( 1 )

where

0 = 1 i . e . , s c a l a r i n t e r a c t i o n

ii v e c t o r i n t e r a c t i o n

ii a x i a l  v e c t o r  i n t e r a c t i o n

II * t e n s o r i n t e r a c t i o n

= ye pseudo s c a l a r  i n t e r a c t i o n

However, t h e  sym m etr ie s  o r  t h e  l a c k  o f  sy m m etr ie s  o f  

t h e  weak i n t e r a c t i o n s  r u l e  o u t  s e v e r a l  o f  t h e  above 

p o s s i b i l i t i e s .  I s o s p i n ,  h y p e r c h a r g e ,  p a r i t y ,  a r e  a l l  

b ro k en  th r o u g h  t h e  weak i n t e r a c t i o n s .  The o b s e rv e d  p a r i t y  

v i o l a t i o n  o f  t h e  weak i n t e r a c t i o n s  l e d  M arshak and 

Sudarshan  to  p ro p o s e  t h a t  t h e  i n t e r a c t i o n  l a g r a n g i a n  be 

w r i t t e n  as

l ,  |  U M i  (2 )

A s id e  from t h e  CP v i o l a t i o n  such t r e e  i n t e r a c t i o n  

te rm  a c c o u n t  f o r  t h e  u s u a l  weak i n t e r a c t i o n s .  The



c o u p l i n g  c o n s t a n t ,  w hich  c a r r i e s  a d im e n s io n  i s
*

e x p e r i m e n t a l l y  £rf s | . W ) U O  CY^Ctf (3)

o r  = 1.165 XfO5 ( G ^ ) ' 2
' t i c

S i m i l a r  i n t e r a c t i o n  l a g r a n g i a n  can b e  w r i t t e n  a t  t h e  

l e v e l  o f  q u a r k s .  For  exam ple ,  i n  t h e  SU(3) n o m e n c la tu r e  

t h e  weak i n t e r a c t i o n  h a m i l t o n i a n  i s  w r i t t e n  a s :

U r -  &  J  f  
P  n  JM J/>% r r  <4 >

w here  J u= l u  + hu ; l u d e n o t e s  t h e  l e p t o n i c  c u r r e n t  

g i v e n  a s , l u  = (|+YS) ^  (|+Tf;) %  * . .  and t h e

q u a r k - h a d r o n  c u r r e n t  i s

M r ' * +  ( 5 )

F i r s t  p a r t  o f  t h e  h a d r o n i c  c u r r e n t  c o n s e r v e  s t r a n g e n e s s  

The se co n d  p a r t ,  t h a t  changes  s t r a n g e n e s s  i s  Cabibbo 

s u p p r e s s e d .

T h e re  a r e  two p a r t s  ab o u t  t h e s e  i n t e r a c t i o n s  t h a t  n e e d

2



t o  be  s t r e s s e d .  The f i r s t ,  t h a t  t h e y  l e a d  to 

v i o l a t i o n s  o f  u n i t a r i t y  and second  t h a t  t h e s e  i n t e r ­

a c t i o n s  a r e  n o n - r e n o r m a l i z a b l e .

U n i t a r i t y ^

C o n s id e r ,  f o r  exam ple ,  t h e  p r o c e s s  The

t o t a l  c r o s s - s e c t i o n ,  i s  g i v e n  a s :

( 6)

K‘ t
6 *  J L  i )  f / J

where t h e  f e ' s  a r e  t h e  p a r t i a l  wave a m p l i t u d e s  which  

a r e  bounded i n  m a g n i tu d e  as  | | < 1 . However,

t h e  b o rn  c r o s s - s e c t i o n  f o r  t h e  above  p r o c e s s  w i t h  t h e  

i n t e r a c t i o n  h a m i l t o n i a n  g iv e n  i n  i s

computed a s  f o l l o w :

-flwc T  (7 )

i n  t h ewhere

c e n t r e  o f  mass f ram e  t h e

d £ .  G f  r l
d s i '  V *

Keeping o n ly  t h e  s -w ave  te rm  in  t h e  p a r t i a l  wave

a n a l y s i s  we have  «-2.
6  = O )

( 8 )

3



( 10)

( 11)

(12)

T h is  l e a d s  t o  an  u n i t a r i t y  bound i n  t h e  r a n g e  o f  a round  

300 Gev.

A t tem p ts  t o  improve t h e  h i g h - e n e r g y  b e h a v i o r  l e d  to  

t h e  p o s t u l a t e  o f  i n t e r m e d i a t e  v e c t o r  b o s o n s .  The 

l a g r a n g i a n  i s  now r e p l a c e d  a s

w here  g u n l i k e  b e f o r e  i s  a d i m e n s i o n l e s s  c o u p l i n g  

c o n s t a n t  and  J  a s  b e f o r e  i s  t h e  sum o f  t h e  l e p t o n i c  and 

t h e  h a d r o n i c  c u r r e n t s .  However t h e  h i g h  e n e rg y  b e h a v i o r  

improves  somewhat; i t  i s  s t i l l  c r i t i c a l  a s  i n d i c a t e d  in  

t h e  f o l l o w i n g  a n a l y s i s .

The p r o p a g a t o r  f o r  t h e  W boson  i s  g i v e n  as

(13)

r -  Ww

(14)

can b e  computed .  The answer

4



I n  t h e  c e n t r e  o f  mass f ram e,  t h e  s c a t t e r i n g  a n g l e ,  9 ,  

and e n e rg y  E a r e  r e l a t e d  t o  t h e  as

- j - CpS#)£  f o r  E l a r g e .f o r  E l a r g e .

T h e r e f o r e ,  t h e  h i g h  en e rg y  b e h a v i o r  1 t h e

t h e o r y  i s  improved f o r  t h i s  p r o c e s s .  However, t h e

weak i n t e r a c t i o n  w ere  c o n s t r u c t e d  i n  19b7-d  by Weinberg 
3

and Salam. The t h e o r y  h as  an e x a c t  l o c a l  guage  

symmetry o t  SU ( Z  x U (1) w h ich  i s  b ro k en  by t h e  

g round  s t a t e  l e a v i n g  o n ly  t h e  U ( l )  o f  e l e c t r o m a g n e t i s m  

a s  t h e  symmetry r e a l i z e d  i n  t h e  p h y s i c a l  s t a t e s .  The 

f e r m i o n i c  r e p r e s e n t a t i o n  go as  f o l l o w s :

p r o c e s s  C+g f W +W y a r e  s t i l l

b a d l y  behaved .  The J t i r s t  r e n o r m a l i s a b l e  model o f  t h e

(16)

t h e  l e p t o n s  be long  t o :

(17)

5



The r i g h t  handed  o b j e c t s  a r e  t a k e n  a s  s i n g l e t s  a s :

.1
r dp  i Sn i k (18)

lR -

A s id e  from t h e  f e r m io n s  t h e  t h e o r y  c o n t a i n s  Gauge Bosons, 

H i g g ' s  b o so n s  and  th e  G h o s t s .  The H ig g ' s  oosons in  

t h e  s t a n d a r d  v e r s i o n  i s  a  d o u b l e t  t r a n s f o r m i n g  a s :

< 1 9 >

The l a g r a n g i a n  f o r  t h e  gauge bosons  and  t h e  fe rm io n s  

i s  g i v e n  a s

\Ui = -  Qh?m -  $  t . w  t  is. I  )  f i  i

/ w /  w > >  \  _ / ^ 3 a w /  

" \ w j t i w /  -Wjj [til'll Ifjj

(20)

The i n t e r a c t i o n  l a g r a n g i a n  f o r  one  g e n e r a t i o n  o f  l e p t o n s  

i s :

£ - -  \  T O  (sH?- A ) + i  * £ *  v ^ t w ; i  (21)

- H LY / t ( h j*6 'ba ) -



The l a g r a n g i a n  f o r  t h e  h i g g ' s  b o so n s  r e a d

I  -- -  V ( 4 > )

'  - <t>+ ? • <3J%) - '3  T.K,,$ - y'ljJ  (22)

-  V(4>)

w here ,

v ( + )  -  -t£$) + (23 )

The minimum o f  t h e  p o t e n t i a l  c o r r e s p o n d s  to

1 ^ 1 )  -  0  (24)

t h i s  g iv e s  l& \ (25)

**> [%)
T h is  g iv e s  t h e  f o l l o w i n g  mass t e rm s  f o r  t h e  gauge bosons

l . - l V ' M - i f o - r t f  (2B

The n e u t r a l  gauge b o s o n s ,  t h a t  a r e  mass e i g e n s t a t e s ,  a r e

H/M-  (2 7 )

k p *  ’ <28>

The mass e i g e n v a l u e s  a r e

M2 2 2 (29)W+ = R a v '
4

M2Z = (g2 + g / 2 ) a 2 (30)
4
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D e f in e  3 /(9 lt3 '!Jl  r  C 0 i 6 n  (3 1 )

3 / ( 9 2+9''J' ' (32)
In  te rm s  o f  t h i s  a n g l e  we g e t

2 ^ . -  c o s e ^  -  S w .« w  W . ( 3 3 )

Pl ;  *)" (34)

We o b t a i n  f rom  t h e  i n t e r a c t i o n  l a g r a n g i a n  t h e  f o l l o w i n g  

i d e n t i f i c a t i o n s :

e , -  Jgl+g'L . s ^ ' C » s « w  (35)

e f s.'n«W (36)

g r  - e / c e s 6 w (37>

The j a -d e c a y  i n t o  e - v  v g i v e se u

l l  -• (3 8 >

^ J2 c
Wn r  I .  (39)

8 Gf '^0$

8



S im ila r ly
2 ^ 1

IVlj 5 .  (40)
4  (d»

T hese  a r e  e s t i m a t e d  a s

T n w 2 S o & v .  ( 4 1 )

YV|2 s: ^ 0  &tv. (42)
H a d ro n ic  P a r t :

The t r a n s f o r m a t i o n  p r o p e r t i e s  o f  t h e  h a d r o n ic  m a t t e r  

i s  l i s t e d  i n  eqn.16.The f e a t u r e  o f  h a d r o n ic  m a t t e r  t h a t  

i s  o f  i n t e r e s t  i s  t h e  mass m a t r i x .  The mass te rms f o r  

t h e  f e r m io n s  a r i s e  due to  t h e  Yukawa I n t e r a c t i o n s :

(43)

where  i  and j  a r e  t h e  g e n e r a t i o n a l  in d e x .  When i s

r e p l a c e d  by we g e t  t h e  f e rm io n  m a sse s .  I n  such a  

scheme t h e  i d e n t i c a l l y  c h a rg e d  fe rm io n s  mix a r b i t r a r i l y  

am ongst  t h e m s e l v e s .  These  i n  g e n e r a l  l e a d  to  s e v e r a l  

i m p o r t a n t  c o n s e q u e n c e s :

, ( i )  The p h y s i c a l  f e rm io n s  d i s p l a y  cab ibbo

l i k e  m ix in g s

( i i )  The p o s s i b i l i t y  a r i s e s  f o r  CP v i o l a t i o n  i n

some o f  t h e  p r o c e s s e s  r e s u l t i n g  from  complex 

p h a s e s  a p p e a r i n g  i n  t h e  m a s s - m a t r ix .

9



( i i i )  The n e u t r a l  c u r r e n t s  c o n s e r v e  f l a v o r

quantum number b e c a u s e  t h e  m ix ing  

m a t r i x  i s  u n i t a r y  and  t h a t  a l l  t h e  

f e rm io n s  o f  a  g i v e n  c h a r g e  have  

i d e n t i c a l  t r a n s f o r m a t i o n  w i t h  r e s p e c t  

to  t h e  gauge  g r o u p .

( i v )  In  t h e  l e p t o n i c  s e c t o r  s i n c e  t h e  n e u t r i n o  

i s  m a s s l e s s ,  t h e  m ix in g  o f  f e r m io n s  do 

n o t  hav e  any p h y s i c a l  s i g n i f i c a n c e .

T here  a r e  s e v e r a l  f e a t u r e s  o f  t h i s  t h e o r y  t h a t  need 

m e n t io n in g :

( i )  The t h e o r y  i s  r e n o r m a l i s a b l e ;

( i i )  The q u a rk s  and l e p t o n s  come i n  g e n e r a t i o n s .

10



CHAPTER I I

HORIZONTAL GAUGE SYMMETRY

"L e t  t h o s e  f a c t s  be c a u s e s  
w i t h  whom c o o r d i n a t e d  o t h e r  f a c t s  
a r i s e .

N on-causes  w i l l  t h e y  be ,
So f a r  t h e  o t h e r  f a c t s  have  n o t  
a r i s e n " .

( T r e a t i s e  on t h e  M id d le  D o c t r i n e )

M o t i v a t i o n s  t o  go beyond t h e  s t a n d a r d  t h e o r y :

T h e re  a r e  s e v e r a l  m o t i v a t i o n s  t o  go beyond t h e  s t a n d a r d

m odel .  The s t a n d a r d  model l e a v e s  o u t  t h e  s t r o n g

i n t e r a c t i o n s .  A ccord ing  to  p r e s e n t  i n d i c a t i o n s ,  t h e

s t r o n g  i n t e r a c t i o n s  a r e  d e s c r i b e d  by t h e  SU(3) " c o l o r "
4

gau g e  t h e o r y .  T h e r e f o r e ,  t h e  g ro u p  o f  p h y s i c a l  i n t e r e s t  

i s  a t  l e a s t  SU(2)L (X)U(1) (X)SU(3).

The s t a n d a r d  m ode l ,  f u r t h e r  i s  wedded to  t h e  c o n c e p t  

o f  g e n e r a t i o n s .  I f  t h e  q u a rk s  and t h e  l e p t o n s  a r e  a l l  

f u n d a m e n ta l  and e l e m e n ta r y  o b j e c t s  i t  i s  d i f f i c u l t  to  

u n d e r s t a n d  t h a t  t h e y  come i n  f a m i l i e s .  We s h a l l  

a d d r e s s  o u r s e l v e s  m a in ly  to  t h i s  i s s u e . ^

11



The s t a n d a r d  m odel  t r e a t s  t h e  l e f t - h a n d e d  and t h e  

r i g h t - h a n d e d  f e r m io n s  on d i f f e r e n t  f o o t i n g .  Thus t h e  

l a g r a n g i a n  i s  n o t  i n v a r i a n t  u n d e r  d i s c r e t e  sy m m etr ie s  

l i k e  p a r i t y ,  c h a r g e ,  c o n j u g a t i o n ,  e t c .  I t  i s  a p p e a l i n g  

t o  t h i n k  t h a t , l i k e  o t h e r  sym m etr ie s  i n  n a t u r e , t h e s e  

to o  a r e  s o f t l y  b r o k e n .

We s h a l l  f o c u s  a l m o s t •e x c l u s i v e l y  to  t h e  second

i s s u e  th o u g h  we s h a l l  hav e  s e v e r a l  o c c a s i o n s  t o  go i n t o

t h e  o t h e r  p o i n t s  a s  w e l l .  T h e re  a r e  s e v e r a l  p h y s i c a l

m o t i v a t i o n s  f o r  r a i s i n g  t h e  f a m i l y  i s s u e .  The s t a n d a r d

SU(2)l (X)U(1) model  w i t h  t h r e e  f a m i l i e s  o f  q u a rk s  and

l e p t o n s  a t  t h e  l e v e l  o f  t h e  l a g r a n g i a n  has  a t  l e a s t

s e v e n t e e n  u n d e t e r m in e d  p a r a m e t e r s .  I t  i s  t h e r e f o r e

n a t u r a l  t o  t h i n k  o f  SU(2) (X)U (l)  as  coming from a
JLi

l a r g e r  symmetry w h ere  t h e  p a r a m e te r s  a r e  c o n s t r a i n e d .  

P h y s i c a l l y ,  su ch  l a r g e r  sy m m etr ie s  co u ld  g i v e  r i s e  to  

mass r e l a t i o n s  am ongst  quarks  and l e p t o n s ,  d e t e r m in e  

t h e  m ix in g  a n g l e  and  f i x  t h e  v a l u e  o f  Weinberg a n g l e .

I t  was a l s o  n o t e d  t h a t  i n  t h e  s t a n d a r d  f ramework 

i n  t h e  l i m i t  t h a t  t h e  quarks  a r e  m a s s l e s s  t h e r e  i s  no 

d i s t i n c t i o n  b e tw een  p a r t i c l e s  o f  i d e n t i c a l  c h a r g e .  Thus 

t h e  up and t h e  charm quark  a r e  i d e n t i c a l  i f  t h e y  a r e  

m a s s l e s s .  Thus i n  t h i s  l i m i t  t h e r e  i s  an e x t r a  symmetry 

i n  t h e  s y s tem  a t  l e a s t  i n  t h e  gauge i n t e r a c t i o n s .

12



H o r i z o n t a l  Gauges -  H i s t o r i c a l  N otes

T h e re  h a v e  b e e n  s e v e r a l  a t t e m p t s  t o  u t i l i z e  t h i s  

symmetry in  o r d e r  t o  c o n s t r a i n  t h e  t r e e  p a r a m e t e r s  i n  

the l a g r a n g i a n .  T h e r e  a r e  t h r e e  e a r l y  a t t e m p t s ,  in  

o rd e r  t o  g e t  t h e  c a b i b b o  a n g l e  A. Zee i n t r o d u c e d  an 

e l e c t r i c  c h a r g e  c a r r y i n g  SIK2) t r i p l e t  o f  gauge  bosons?

An a t t e m p t  w a s  made to  c a l c u l a t e  t h e  e l e c t ro n - m u o n  mass 

r a t i o  by  i n t r o d u c i n g  n e u t r a l  SU(2) gauge t r i p l e t  i n  

a d d i t i o n  to  t h e  s t a n d a r d  m odel .  However, t h e s e  two models  

do n o t  u t i l i z e  t h e  f a m i l y  symmetry a s  i t  i s  b e in g  

p r e s e n t l y  d o n e .  T h e  f i r s t  a t t e m p t  i n  t h e  d i r e c t i o n  o f  

f a m i ly  symmetry a p p e a r s  i n  t h e  work o f  R. N. M ohapatra ,
g

J .  C. P a t i  a n d  L. W o l f e n s t e i n  where  t h e y  u s e  such  a

symmetry to  u n d e r s t a n d  t h e  supe rw eak  n a t u r e  o f  CP

v i o l a t i o n .  The f a m i l y  symmetry i n  t h e  way i t  i s  u se d

today was i n t r o d u c e d  by S. M. B a r r  and A. Zee i n  t h e
9

c o n t e x t  of c a l c u l a b l e  e l e c t r o n - m u o n  mass r a t i o .

T h e  m o re  r e c e n t  a t t e m p t  i n  t h i s  d i r e c t i o n  have 

been made by F. W i lc z e k  and A. Zee, C. L. Ong, K. C. W all ,  

Koca a n d  A. D a v id s o n  as a l s o  by J .  C h a k r a b a r t i .

We s h a l l  r e v i e w  t h e  model o f  F .  W i lczek  and A. Zee 

for  tw o  r e a s o n s :

( i )  The model has t h e  f e a t u r e  t h a t  a l l  t h e  

q u a r k  m ix i n g  a n g l e s  a r e  c o m p u tab le .

( i i )  The model y i e l d s  somewhat u n u s u a l  r e s u l t s  

when a t t e m p t  i s  made tow ards  u n i f i c a t i o n  

w i t h  t h e  s t r o n g  i n t e r a c t i o n s .
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10
The Model o f  W i lczek  and  Zee:

The gauge g ro u p  i s

SU(2)l (X)SU(2)h (X)U(1)

The f e rm io n s  t r a n s f o r m  a s  f o l l o w s : 
,  —   ■ \

(“’I ( t \  ( t \  « * >

c t  t T
l_______________ — I (45)

b: (46)

.1J \
I f  t h e  f o l l o w i n g  H i g g ' s  b o so n s  q> and ^ (where  i . j  

a r e  t h e  h o r i z o n t a l  i n d i c e s  and e( t h e  v e r t i c a l  in d ex )  a r e  

chosen  and i f  t h e r e  vacuum e x p e c t a t i o n  v a l u e s  a r e
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and ^ y)X }  ol ( I )  where  £ ^  I

(48)

t h e n ,  t h e  c h a rg e  2 /3  q u a rk  mass m a t r i x  i s  

k h  t  0  + C  0  \
M J * ( - c  - a  +l> j < W

\  0  -  b + * /
t t >

S i m i l a r ,  m a s s - m a t r ix  w i t h  a ,  b ,  c ,  r e p l a c e  by a ,  b ,  c ,  

p r e v a i l ,  f o r  t h e  c h a rg e  1/3  s e c t o r .  The Cabibbo a n g l e  

i s  computed as

9 c  ~  i t ,  <5 °>

The o t h e r  a n g l e  -  t h e  m ix in g  b e tw e en  t h e  f i r s t  and t h e

t h i r d  g e n e r a t i o n  i s  g iv e n  by t h e  a n g l e

( I V « s f _  ( n M r j e j *  ( 5 1 >

t n h ~  m t

T h is  t h e o r y  h a s  t h e  im p o r t a n t  f e a t u r e  t h a t  i t  p r e d i c t s  

t h a t  t h e  b o t to m  q u a rk  decays  p r e f e r e n t i a l l y  i n t o  t h e  up 

q u a rk .  F u r t h e r ,  t h e  l i f e t i m e  o f  b6 i s  s h o r t e r  t h a n  

t h a t  p r e d i c t e d  by t h e  s t a n d a r d  m o d e l .  The u n o b s e r v a b i l i t y  

o f  f l a v o r  chang ing  n e u t r a l  c u r r e n t s  i s  a d m i n i s t e r e d  by 

making t h e  h o r i z o n t a l  gauge bosons  h e a v y .  W hi le  t h e  

c a l c u l a b i l i t y  o f  a l l  t h e  f e rm io n  m ix in g  a n g l e s  make 

t h e  t h e o r y  a t t r a c t i v e  t h e r e  a r e  two p o i n t s  a b o u t  t h i s

15



t h e o r y  t h a t  n e e d  to  b e  em phas ized .  F i r s t  o f  a l l  -  we 

s h a l l  d i s c u s s  t h i s  p o i n t  more e x p l i c i t l y  l a t e r  -  t h i s  

t h e o r y  f a c e s  d i f f i c u l t i e s  when a t t e m p t  i s  made to  

g r a n d u n i f y  i t .  Second ,  t h e  i d e a  t h a t  a l l  t h e  h o r i z o n t a l  

g au g e  b o so n s  a r e  hea v y  make su c h  a  t h e o r y  p h y s i c a l l y  

u n a t t r a c t i v e .

A t te m p ts  a t  r e a l i z i n g  t h e  p o s s i b i l i t y  t h a t  t h e  

h o r i z o n t a l  gauge  b o so n s  n e e d  n o t  be  heavy  e n c o u n t e r  t h e  

u s u a l  d i f f i c u l t y  t h a t  fL av o r-ch an g in g  n e u t r a l  c u r r e n t s  

b e tw e e n  t h e  known f e r m io n s  (more p r e c i s e l y ,  o n l y  b e tw e en  

t h e  f i r s t  two g e n e r a t i o n s )  h a s  t o  b e  c o n s i d e r a b l y  

s u p p r e s s e d  compared t o  known i n t e r a c t i o n s .  T h e i r  s t r e n g t h  

i s  a t  b e s t  a s  GpOt2.

However, a  t h e o r y  t h a t  s o l v e s  t h e  above m e n t io n e d

d i f f i c u l t i e s  i s  ea sy  to  c o n s t r u c t .  To do t h a t  l e t ' s  

c o n s i d e r  t h e  gauge  g ro u p :

w h ere  SU(2) jj m e d i a t e s  i n t e r a c t i o n s  i n  t h e  h o r i z o n t a l  

d i r e c t i o n .  T h e . u n r o t a t e d  h a d r o n i c  c o n s t i t u e n t s  t h e n  

t r a n s f o r m  a s  f o l l o w s :

11

SU(2)l (X)SU(2)h (X)U(1)

(52)

(53)

(54)
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5 K
s ( S

(55)

Amongst t h e  l e p t o n s  we assume t h a t  t h e  h o r i z o n t a l  i n ­

t e r a c t i o n  m e d i a t e s  b e tw een  t h e  e l e c t r o n  and t h e  t a u  

m u l t i p l e t  a s  a l s o  b e tw een  muon and M m u l t i p l e t .  The 

h i g g ' s  c o n t e n t  o f  t h e  t h e o r y  i s  a s  f o l l o w s :
it.

I ■ I
+;■

■I

&4
o

$
*

a ' 1' 1 )

i ]

« J

(56)

(57)

D : Q u - ^ Q t t  >

We impose t h e  f o l l o w i n g  d i s c r e t e  symmetry

•

L , L - » U  ' 

y . ’*'*■1
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We assume t h a t  t h e  d i s c r e t e  sym m etry i s  s o f t l y  b ro k en
4-i n  t h e  l a g r a n g i a n  by te rm s  o f  t h e  ty p e  Xi[ X^. The 

vacuum e x p e c t a t i o n  v a l u e  t h a t  m in im iz e s  t h e  e f f e c t i v e  

p o t e n t i a l  i s  g iv e n  a s

(58)

O -

o

0
(59)

The i n v a r i a n t  Yukawa i n t e r a c t i o n s  a r e :



= % I- * +" ' 1

41 [ -Ji ^  ^ +-  •!

- I
41

f t  

f t
+  2  h M i * .  U  +

( 60)

S im i l a r  Yukawa c o u p l in g s  a r i s e  i n  th e  l e p t o n i c  p a r t  o f  

t h e  theory-. N ote t h a t  owing t o  th e  d i s c r e t e  symmetry 

D, t h e  l e p to n s  c o u p le  o n ly  to  X^. T h is  i s  c r u c i a l  f o r  

t h e  d e t e r m i n a t i o n  o f  t h e  mass o f  th e  t  q u a rk .

The mass m a t r i c e s  a r e

( 61)

I

f t
B

A

B
“ V i -

B

A '
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The m ass m a t r i x  f o r  t h e  l e p t o n s  i s

T M

O  (62)

At B/
Bt

t h e  l e p t o n  s e c t o r .  Note a l s o  t h a t  s i n c e  t h e  n e u t r i n o s  

a r e  m a s s le s s  t h e  m ix in g  o f  t h e  l e p t o n  does n o t  have  any 

im p a c t a s  f a r  a s  t h e  v e r t i c a l  i n t e r a c t i o n s  a r e  c o n c e rn ed ,  

F o r  d , b , s ,  g we g e t

A*

A’J

At K'
k a;

Bt , and

JiVq -V5

r JiVif - Vs

b
(63)

I t  i s  known t h a t  t h e  above m a t r i c e s  can  be d i a g o n a l i z e d  

by t h e  f o l lo w in g  b io r th o g o n a l  t r a n s f o r m a t i o n s ;

i t 1 Mi

CO£02

- S i+Bi  Co$G

d ia g o n a l  m a t r i x . (64)

(65)

(66)
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/costij v)W eT' P ,
V -sv ^ s  c v s e j l ' b  <* / * *

/C*«, Sii«+ \ / v5 o N^f.-p (68)
\ - S t i »4  C w f y / U f y  - v i /  * " {4

Then, so  f a r  a s  t h e  v e r t i c a l  i n t e r a c t i o n s  a r e  c o n c e rn e d ,

we g e t  t h e  f o l lo w in g  e f f e c t i v e  f l a v o r  s t a t e s :  
f OA

{v|[aM M[bN]}L ’ {y|[j(9l)]C+ j{g(8C)]}t  

ipW] {>1 [9N ]- s[s(«<)]Ju
(69)

w here ^Cr ® 3 '6 l’ ^  > 1̂ = cosJ>, £<"</
(70)

d[G c] ? J C O S ^ + S S m ^ s M - - d s i n a c+ SCosOc

b [ 0 c ] -  b cc56c + 9 ^ ® c / 9 [ ^ ] -  - b s m f l c + S ^ ^ c

The a n g l e  0 i s  c o m p u ta b le  i n  te rm s  o f  m a sses  o f  th e  

q u a rk s  and  t h e  r e l a t i o n s h i p  i s

( ^ r J *  <n>

T h e r e f o r e ,

IHl I (7.2)

Comparing w i t h  E q s . (7 ) and (13) we f i n d  t h a t  Eq. (31) 

i s  a  good e s t i m a t e  f o r  ^  .

From t h e  m ass m a t r i c e s  f o r  t h e  fe rm io n s  we g e t  t h e  

f o l lo w in g  m ass r e l a t i o n s :
= ■H/mi, (73)

wj/m b = * V m 3 <74)

% / w T = > V m M <75)

* = ( '

I
,2
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(76)

As a r e s u l t  o f  t h e  above  r e l a t i o n s ,  m asses  o f  a l l  th e  

upcoming fe rm io n s  a r e  d e te r m in e d  i n  t h e  t h e o r y .  In  

p a r t i c u l a r ,  t h e  m ass o f  t h e  t  q u a rk ,  w h ich  i s  o f  c o n s i d ­

e r a b l e  i n t e r e s t  a t  t h e  p r e s e n t  t im e ,  i s  p r e d i c t e d  to  

l i e  be tw een  14 t o  27 GeV.

E x p e r im e n ta l  S i g n a t u r e s :  I m p l i c a t i o n  f o r  t h e  b Quark 

In  t h e  e v e n t  t h a t  t h e  ab o v e  i s  r e a l i z e d  t h e  b q u a rk  

d ecay s  d o m in a n t ly  i n t o  t h e  up  q u a rk  ( th r o u g h  v e r t i c l e  

i n t e r a c t i o n )  and down q u a rk  ( th r o u g h  h o r i z o n t a l  i n t e r ­

a c t i o n )  . T h is  i s  one o f  t h e  im p o r ta n t  p r e d i c t i o n s  o f  

t h e  th e o ry  and d i f f e r s  c o n s i d e r a b l y  from  t h e  p r e s e n t  

s t a n d a r d  (KM) v ie w .  The m u l t i l e p t o n  e v e n ts  t h a t  f o l lo w  

t h e  p r o d u c t io n  o f T  (Rev. 10) c a n  d i s t i n g u i s h  be tw een  

t h e s e  t h e o r e t i c a l  a l t e r n a t i v e s 1. T h e re  a r e  two o t h e r  

f e a t u r e s  t h a t  a r e  w o r th  n o t i n g .  The f i r s t  i s  t h e  m ix in g  

betw een  th e  B° an d  Bo . H o r i z o n t a l  i n t e r a c t i o n s  c o n n e c t  

b to  d and s to  g .  They do n o t  c o n n e c t  b to  g o r  d to  s .  

As a r e s u l t  th e  m ix in g  b e tw een  B° and B° may b e g in  to  

d i f f e r -  from th e  s t a n d a r d  v ie w .  The second  d i s t i n g u i s h  

f e a t u r e  i s  t h a t  owing t o  t h e  p r e s e n c e  o f  h o r i z o n t a l  

i n t e r a c t i o n s ,  t h e  l i f e t i m e  o f  t h e  b q u a rk  become s h o r t e r  

th a n  t h a t  p r e d i c t e d  by t h e  KM m o d e l. T hese f e a t u r e s  

c l e a r l y  d i s t i n g u i s h  t h i s  c a s e  from  a l l  o t h e r  c u r r e n t l y  

h e ld  v iew s a b o u t  t h e  b q u a r k .
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F la v o r  C hanging N e u t r a l  C u r r e n ts  -  

The h o r i z o n t a l  gauge  b o so n s  m e d ia te  f l a v o r  c h a n g in g  

n e u t r a l  c u r r e n t s .  However t h e  p a t t e r n  o f  f e rm io n  

m ix in g  e n s u re  t h e  f o l l o w i n g :

( i )  T h ere  i s  no d i r e c t  n e u t r a l  c u r r e n t  

c o n n e c t in g  up w i th  charm .

( i i )  T h ere  i s  no d i r e c t  n e u t r a l  c u r r e n t  

c o n n e c t in g  down w i th  s t r a n g e .

T hus, t h e s e  p r o c e s s e s  a r e  n a t u r a l l y  s u p p r e s s e d .

H ow ever,

( i )  T h e re  i s  a d i r e c t  n e u t r a l  c o u p l in g

b e tw een  t h e  b o tto m  and t h e  down q u a r k  

( i i )  S im i l a r  d i r e c t  n e u t r a l  c o u p l in g  e x i s t s  

b e tw een  t h e  s t r a n g e  and t h e  g - q u a r k .  

E x p e r im e n ta l ly  no bounds e x i s t  on t h e s e  p r o c e s s e s .  

T h e r e f o r e ,  p h y s i c a l l y  t h e  h o r i z o n t a l  gauge b o so n s  n e e d  n o t  

n e c e s s a r i l y  be  h eav y . However, i n  f u t u r e  i f  t h e s e  

p r o c e s s e s  rem a in  u n o b se rv e d  ( o r  l a r g e l y  s u p p r e s s e d )  i t  

would be n e c e s s a r y  to  make th e  h o r i z o n t a l  gauge b o so n s  

h e a v i e r  th a n  th e  u s u a l  W and Z b o s o n s .

However, t h e  l e p t o n i c  s e c t o r  ca n  be u s e d  t c  p r o v id e  

bound on t h e  m asses  o f  th e  h o r i z o n t a l  gau g e  b o s o n s .  The 

The p r e s e n t  d a t a  on t h e  decay  o f  t h e  T - l e p t o n  

i n t o  t h e  muon and th e  e l e c t r o n  a r e  a s  f o l l o w s :

T - > / U V U  (77)

f-» ev v
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I n  t h e  h o r i z o n t a l  gauge  s e c t o r  t h e r e  a r e  two unknowns. 

F i r s t ,  t h e  gau g e  c o u p l in g  c o n s t a n t  and se c o n d , t h e  

m asses  o f  th e  h o r i z o n t a l  gauge  b o s o n s .  We s h a l l  assum e 

i n  t h e  s p i r i t  o f  u n i f i c a t i o n  t h a t  t h e  gauge c o u p l in g

s e c t o r  a r e  r o u g h ly  e q u a l .  T h is  l e a v e s  u s  w i th  one 

unknown.

The e x p e r im e n ta l  d a t a  on -d e c a y  may be i n t e r p r e t e d  

to  mean t h a t  t h e  l e p t o n  d ec ay s  i n t o  t h e  e l e c t r o n  a t  

m o st 25% m ore th a n  l e p t o n  i n t o  t h e  muon. T hus, we g e t :

and i s  t h e  m ass o f  t h e  u s u a l  W boson  m e d ia t in g  b e t a  

d e c ay .

T h e r e f o r e ,  /

c o n s t a n t  i n  t h e  h o r i z o n t a l  s e c t o r  and  th e  u s u a l  v e r t i c a l

(78)

w here  d e n o te s  t h e  m a sses  o f  t h e  h o r i z o n t a l  gau g e  b o so n s

4
(79)

(80)



A somewhat b e t t e r  bound i s  o b t a in e d  by n o t i n g  t h a t  

t h e  d ec ay  o f  l e p t o n  t h a t  comes a b o u t  th r o u g h  th e  

h o r i z o n t a l  gau g e  b o so n  i s  n o t  p u r e  V-A. I t  depends  

on t h e  d e t a i l s  o f  m ix in g  o f  t h e  r i g h t - h a n d e d  l e p t o n s .

F or t h e  m a s s - m a t r i x e s , t h a t  we h av e  o b t a i n e d ,  t h e  m ix ­

in g  i n  t h e  l e f t  and  r i g h t  s e c t o r  a r e  n o t  e q u a l .  In  

t h e  a b s e n c e  o f  any  e x p e r im e n ta l  num bers on l e p t o n  

m ix in g s  we w i l l  p r e t e n d  t h a t  t h e s e  m ix in g s ,  i f  any , a r e  

s m a l l .  S in c e  t h e  l e p t o n  d e c a y s  a r e  known t o  be o f  

t h e  V-A ty p e  we g e t :  ^  4MW (81)

The b -Q uark :

Owing to  f l a v o r  m ix in g  t h e  b - q u a r k  d e c a y s ,  t h e  s ta n d a r d  

p r e d i c t i o n ,  w i th  K o b ay ash i  and Maskawa m ix in g  m a t r i x ,  

i s  somewhat a r b i t a r y .  However, i t  may be i n t e r p r e t e d  

to  mean t h a t  t h e  b - q u a r k  d e c a y s ,  i n  t h e  h a d r o n ic  s e c t o r ,  

d o m in a n t ly  i n t o  t h e  charm q u a rk .  E x p e r im e n ta l ly ,  i t
— s?i s  known t h a t  t h e  b - q u a r k  d o es  d ec ay  ( £  5x10 See. ) .

However, t h e  d e c a y  mode o f  t h e  b - q u a r k  r e m a in s  u n v e r i f i e d .

In  t h e  p a t t e r n  o f  f l a v o r  m ix in g  t h a t  we a r e  

d i s c u s s i n g  th e  b -q u a rk  once  a g a in  d e c a y s .  The decay  

m odes however c o n t r a s t  w i th  t h e  s t a n d a r d  p r e d i c t i o n .

The v e r t i c a l  i n t e r a c t i o n s  make b - q u a r k  d ecay  d o m in a n t ly  

i n t o  t h e  up  q u a rk .  The h o r i z o n t a l  i n t e r a c t i o n s  make 

b - q u a r k  d e c a y  i n t o  t h e  down q u a rk .  S in c e  t h e  h o r i z o n t a l  

i n t e r a c t i o n s  a r e  n o t  n e c e s s a r i l y  s u p p r e s s e d  ( f o r  r e a s o n s  

t h a t  we h av e  i n d i c a t e d )  t h e  two r a t e s  c o u ld  be co m p arab le .

25



S in c e  we h av e  a  bound on th e  m ass o f  t h e  h o r i z o n t a l  

gau g e  b o so n s ,  i t  i s  p o s s i b l e  to  p u t  a  bound on t h e  l i f e t i m e  

o f  t h e  b -q u a r k .  F u r t h e r  t h e  d ec ay  modes a r e  e x p e r i m e n ta l ly  

d i s t i n g u i s a b l e  from  t h e  s t a n d a r d  schem e. A ls o ,  t h e r e  i s  

m ore m ix in g  be tw een  B° and BQ m esons . 

b -Q u ark  L i f e t i m e :

Assuming t h a t  t h e  dom inan t modes o f  d ec a y  o f  t h e  b - q u a r k  

a r e  a s  p r e d i c t e d  by t h i s  t h e o r y  we g e t  t h e  f o l lo w in g  

c h a n n e ls  f o r  t h e  d e c a y  o f  t h e  b - q u a r k .

u,c (evj
■w.c

u.c (t vt)

(82 )
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The decay of b into d quark is the dominant decay
mode f o r  t h e  b - q u a r k .  A l l  o t h e r  d e c a y  modes a r e

2  -6
s u p p r e s s e d  by a  f a c t o r  o f $ s t o  . Thus t h e  bound on 

t h e  l i f e t i m e  o f  t h e  b - q u a r k  i s  e a s i l y  c o m p u ta b le .

We assum e m  t h e  a n a l y s i s  be low  t h a t  t h e  m ass 

o f  t h e  h o r i z o n t a l  g au g e  b o so n s  i s  t h e  f o u r  t im e s  t h e  

m ass o f  t h e  u s u a l  W -bosons. T hus , t h e  d ec ay  r a t e ,

o f  t h e  b - q u a r k  i s  g iv e n  a s

(83>

W h e r e  Y y  S

^  ( 8 4 )

T h is  g i v e s  u s  a l i f e t i m e  o f  t h e  b o tto m  q u a rk  o f

r  •> I * ’ 1' '  ( 8 6 )$  10  sec ,

T h is  com pares w i th  t h e  p r e d i c t i o n  o f  t h e  s t a n d a r d  m odel



M ixingo o

Though t h e  l i f e t i m e  o f  t h e  b -quark . d o es  n o t  d i f f e r  

r a d i c a l l y  from  t h e  s t a n d a r d  m o d e l,  t h e  p i c t u r e  o f  Bq -B0 

m ix in g  i s  e n t i r e l y  d i f f e r e n t .  I n  t h e  s t a n d a r d  m odel, 

t h e  m ix in g  comes a b o u t  by t h e  d ia g ra m s  in  f i g u r e  1 .

N ote t h a t  t h e  m ix in g  t a k e s  p l a c e  a t  t h e  one lo o p  l e v e l .  

However i n  o u r  c a s e  t h e  BQ-B0 m ix in g  a p p e a r s  i n  t h e  

t r e e  l e v e l  a s  shown i n  t h e  f i g u r e  2 .

I n  o r d e r  to  e v a l u a t e  t h e  BQ-B0 m ix in g  i t  i s  

n e c e s s a r y  to  w r i t e  down t h e  e f f e c t i v e  l a g r a n g i a n .

H ere B s t a n d s  f o r  t h e  b o t to m n e s s  quantum number. From 

t h e  t r e e  g r a p h  m e d ia t in g  AB = 2 p r o c e s s  t h e  e f f e c t i v e  

l a g r a n g i a n  i s

I  ; A
o n H (87)

w here  c{ a n d ^  depend^  on t h e  m a g n i tu d e s  o f  t h e  l e f t  

and  t h e  r i g h t - h a n d e d  m ix in g s  o f  t h e  f e r m io n s .  From t h e  

m a ss -m a x tix  d i s p l a y e d  i n  eqn 63 i t  i s  c l e a r  t h a t  t h e  

l e f t - h a n d e d  and t h e  r i g h t - h a n d e d  m ix in g s  a r e  n o t  i d e n t i c a l .  

F u r t h e r  t h e  m ix in g s  a r e  n o t  c o m p u ta b le  a s  f a r  as  t h e  

r i g h t  handed  s e c t o r  i s  c o n c e rn e d .

L e tu s  e v a l u a t e  t h e  u p p e r  bound on t h e  m a t r i x  

e le m e n t b e tw een  B0 and  BQ. I n  o r d e r  to  e v a l u a t e  t h e  

u p p e r  bound l e t  u s  i n s e r t  t h e  vacuum s t a t e  betw een two 

AB = 1 c u r r e n t s .  T h e r e f o r e ,
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|fc>

S 4 < y  i f  ̂ % )J|b»>
(88)

w here  th e  f a c t o r  o f  4 a p p e a r s  b e c a u s e  o f  v a r i o u s  F i e r z  

o r d e r in g  o f  t h e  f o u r  f e rm io n  o p e r a t o r .  S in c e ,

(89)

b e c a u s e  o f  p a r i t y ,  t h e r e f o r e ,  t h e  u p p e r  bound on Mg=Mg  ̂

Mgg i s  o b ta in e d  by s e t t i n g ^ = l .  T hus ,

(90)

A v n t  £  G f  Y \ , C o £ (> c  ( 9 l )

A m g i
(92)

. 5  (93)
£  0 . 3 / 1 0  G*</.

Where we assume t h a t  f ^  « 0 .5  Gev. and Mg = 5 Gev.



The decay w id th  o f  B° i s  e s t im a te d  as

P r G > b S i
l^ r n 5 ^  (94)

T h e r e f o r e  t h e  r a t i o  AW* i s  g iv e n

(95)
by ANb t 4

y r ~  l o -  
V

T h is  com pares w i th  t h e  v a lu e  o f  10“ ^ g iv e n  i n  KM t h e o r y .  

More on th e  b -Q u a rk :

So f a r  as  t h e  b - q u a r k  i s  c o n c e rn e d  t h e  h o r i z o n t a l  i n ­

t e r a c t i o n s  make one f u r t h e r  c o n t r i b u t i o n .  I f  we assume 

t h a t  t h e  h o r i z o n t a l  mode o f  d ec ay  as  t h e  dom inan t mode 

( a s  we have  done so f a r ) ,  th e n  i t  i s  c l e a r  t h a t  t h e  

b -d e c a y  i s  n o t  V- A ty p e .  I t  i s  a  a d m ix tu r e  o f  v e c t o r  

and a x i a l  v e c t o r  c u r r e n t s  t h e  p r e c i s e  m ix t u r e  d e p e n d in g  

on t h e . r e l a t i v e  m a g n itu d e s  o f  t h e  l e f t  and  t h e  r i g h t  

hand m ix in g s .

M u l t i l e p t o n  E v e n t s :

So f a r  we h av e  assum ed t h a t  t h e  dom inan t mode o f  d ecay  

o f  t h e  b - q u a r k  i s  th r o u g h  th e  h o r i z o n t a l  i n t e r a c t i o n s .

We s h a l l  c o n t in u e  t o  assume t h e  above i n  t h e  f o l lo w in g  

d i s c u s s i o n s .

What i s  t h e  e x p e r im e n ta l  s i g n a t u r e  o f  t h e  above 

s c e n e r io ?  The m u l t i l e p t o n  e v e n ts  t h a t  f o l lo w  from  t h e  

d e c a y  o f  t h e  b - q u a r k  a f t e r  t h e  p r o d u c t io n  o f  u p s i l o n  may
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y i e l d  i n d i r e c t  s u p p o r t  f o r  t h e  h o r i z o n t a l  i n t e r a c t i o n s . ^  

We assum e i n  t h e  s u b s e q u e n t  d i s c u s s i o n s  t h a t  t h e  d ecay  o f  

t  and S a r e  u n c o r r e l a t e d .  I f  K , and Y a r e  d e f in e d  

as  p r o b a b i l i t i e s  o f  t h e  b - q u a r k  g o in g  i n t o  an  e - ,  e+ and 

e+ e “ r e s p e c t i v e l y ,  th e n ,

4  ■ 6 c * r ~  1  < > »

^  .. 6 ( n / t  w  ,  t 
'  6 ( n )  — - - 2 ( ^ ) 0 - « - ( » - y J ( 97)

^  s  6 (i>E->  e +<e)  ^  y

+ ‘ - " 6 a i r ' s e i f r z v ( ^ - M )  (98)

6sS s 0*1-*eV h <f (H) -» eVJ] (99)
6(bl) ^

and r  c V d ') + 6 ~fi>I -? <fec~ )1 <100>

: — ~: 2 b y ) r  (101)

G zx r  6  (i>J Ji *'  ̂ 1" 1 *  ̂ *v
In  t h i s  m odel § ( j p i  ) “* 0

r  [ b - v J r e +J
6  s: __r_____— = (102)

Y c  P i t - .  (103)

P t b  +  * » ]  P  [ f r o M ]
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(104)

6 *  \] 
*  ~  1 r  •* i P E r - x ^  J  

§  . i  P t s ^ l l
i% '  2 .

(106)

(105)

T h is  r e l a t e s  to  t h e  m u l t i l e p t o n  e v e n t s  i n  t h e  d ecay  

o f  u p i s l o n  to  t h e  b r a n c h in g  r a t i o  o f  t h e  l e p t o n  g o in g  

i n t o  e l e c t r o n .  T h i s ,  t h e r e f o r e ,  s e r v e s  a s  an  e x p e r i ­

m e n ta l  t e s t  o f  t h e  p i c t u r e  o f  t h e  d e c a y  o f  t h e  b - q u a r k  

t h a t  we have  p r e s e n t e d .
13

An A l t e r n a t i v e  S c e n e r io :  C a l c u l a b l e  C abibbo A n g le : .

An a l t e r n a t i v e  h o r i z o n t a l  i n t e r a c t i o n  s c e n e r i o  i s  

o b t a in e d  by r e g r o u p in g  q u a rk s  and  l e p t o n s .

In  t h i s  schem e, due  t o  r e g r o u p in g ,  t h e  p o s s i b i l i t y  

o f  t h e  h o r i z o n t a l  g au g e  b o so n s  b e in g  o f  t h e  same o r d e r  o f  

mass a s w i s  d e s t r o y e d .  However t h e  c a b ib b o  a n g l e  becomes 

c a l c u l a b l e .  F u r t h e r ,  we show how CP v i o l a t i o n  a r i s e s  

n a t u r a l l y  i n  t h e s e  h o r i z o n t a l l y  e x te n d e d  m odes.

As f o r  t h e  q u e s t i o n  o f  CP v i o l a t i o n  we show t h a t  

CP v i o l a t i o n  may be m ore w id e s p re a d  th a n  t h e  p r e s e n t
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t h e o r e t i c a l  i d e a s  a d m it .  In  f a c t ,  t h e y  may be p r e s e n t  

i n  a lm o s t  a l l  fo rm s o f  weak i n t e r a c t i o n s .  H ow ever;

p r o p o r t i o n a l  to  t h e  d e v i a t i o n  from  u n i v e r s a l i t y .  Thus 

t h e  C P - v i o l a t i n g  com ponent i s  n o t  so  w e l l  p r e c e i v e d .

They o f  c o u r s e  y i e l d  t h e  o b s e rv e d  C P - v io l a t i o n g  m ix in g  

be tw een  t h e  Ko and KOmesons.

As a  b y - p r o d u c t  o f  t h i s  a n a l y s i s  we r e c o v e r  a d e f i n i t e  

p r e d i c t i o n  a b o u t  t h e  d ecay  mode o f  t h e  b o tto m  q u a rk .

The d o m in an t d ec ay  o f  t h e  b o tto m  i s  i n t o  t h e  up q u a rk .  

F u r t h e r ,  we g e t  r e l a t i o n s  c o n n e c t in g  t h e  m a sse s  o f  t h e  

f e r m io n s .  We make p r e d i c t i o n  a b o u t  t h e  m a sses  o f  some 

o f  t h e  upcom ing f e r m io n s .  T h ese  f e rm io n s  w i l l  be  

a c c e s s i b l e  i n  t h e  n e x t  g e n e r a t i o n  o f  m a c h in e s .

-  H o r i z o n ta l  e x t e n s i o n .

The g auge  g ro u p  i s  SU2 jL  (X) SU2 | H (x) U]/ The 

h a d r o n i c - c o n s t i t u e n t  t r a s f o r m  i s

ro u g h ly  s p e a k in g ,  t h e  CP v i o l a t i n g  com ponent i s

(109)

The l e p t o n s  t r a n s f o r m  a s

(110)
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(in)

N ote t h a t  a l l  t h e  n e t r i n o e s  a r e  ta k e n  to  be m a s s l e s s .

34



H ig g 's  b o so n s  o f  t h e  t h e o r y  a r e  and  X2 b o th  tran s*  

fo rm in g  a s  (%, 1 , 1 ) ,  w here

|. ■ — • | ■ 1

A ,  s  4>  ^  4 * , V  4>s  <f>e»  ft 1 *  J ( 112)

G.-lL QtL
A  - •* ’«

1 1
**

u . itL Xt - %, ,

We add th e  f o l lo w in g  d i s c r e t e  sym m etry:

(P)

We assum e t h a t  t h e  above  d i s c r e t e  sym m etry i s  b ro k en  

s o f t l y  by te rm s  l i k e  x £  X2 .

Vacuum e x p e c t a t i o n  v a l u e s  t h a t  a r e  c o n s i s t e n t  w i th  

t h e  minimum o f  t h e  p o t e n t i a l  a r e

t  v , (113)

The Yukawa c o u p l in g s  a r e :

V  I N * V f c ^ u . H ' J h " ' ' ] ' 1 1  [ - - i r ^ i A V  A  

+  I l - J I  i V * ' - }  + i '  ♦ - • ]

+ ^  [-J I  i f o  * - 1 + I  [-J1 v .  ♦ - 1

.11 *•

(114)
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w here  we assum e t h a t  a ,  a ' ,  b ,  b ' ,  A, A1, B and B' a r e  

a l l  com plex . The m ass m a t r i c e s  a r e :

I
f t

u
K  a  \  g  K  0 \

\-flV , -Vt l  \- & , - V x l

( r  ° ) A' f Vl "  ) |VJiVi -vt I \-rLv,

I

f t

• ( *  ° )  *>'C-Vs I \~

s
0

5
6

-Vs ,

, v s •  \ a,Ns o \
 ̂ vJiVij -V$ I \-JzVif -v/s J w

(115)

(116)

S i m i l a r  Yukawa c o u p l in g s  a r i s e  am ongst t h e  l e p t o n s .  The 

m ass m a t r i x  f o r  t h e  l e p t o n s  i s

I

a

M Vl °  l Vz ° )1\-m -v j  l-M  -vx/

o  ( W* • M
D< \-Jty -Vi]

a:
0

* \rfzvx -i/j,

(117)
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N ote t h a t  s i n c e  t h e  n e u t r i n o s  h ave  been  t a k e n  to  be  

m a s s l e s s ,  m ix in g  am ongst t h e  l e p t o n s  d o es  n o t  h av e  any 

p h y s i c a l  s i g n i f i c a n c e  a s  f a r  a s  t h e  v e r t i c a l  i n t e r a c t i o n s  

a r e  c o n c e rn e d .

We know t h a t  t h e  m ass m a t r i c e s  a r e  d i a g o n a l i z e d  by 

b i u n i t a r y  t r a n s f o r m a t i o n  o f  t h e  ty p e

l i L' M i  l)j* * D . = Piajowol (118)

r t f  (£*6,£t,/, \ / A R,L |+-

/  C6 S®* 0  \  , t

v -5 * 6 , C 0i6 j[-/iV ,-V .)  R *■

#  I Ks and :L f t  Cos6» 
1 -

e  'cose, \  / *  (,'t +

£ » 7 Ur  * ^

<*j6„  s » M f y y o  \

- s w f y  a s f y /  y j i v H - t v /  ^ ^

(119)

( 120)

( 121)

(122)
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Then t h e  f l a v o r  e i g e n s t r a t e s  a r e
m

^ { c ’^ C o s e ,  u ( ^ )  4  e ' ^ w 6 | t W }

t  ^  cosb* J M  *+ stify I) M )J  

V ^ { A d s * c ( * ) 4  e ‘>  $k\©i h (& i)J

[ i t y *  at 6} s (&H) + Pj 9 W |

e '^ 1 ^ c ' ^ i i © ,  «(»*) +  e * o » 6 |-fc(e*)}

+ 5C6Sflj l> (®<l)5

and

(d)

(123)
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w here  u ( 0 ) = u c o s  0 + c and c ( 0) = -  u s i n  0 + c co s  0 e t c .  

The a n g l e s  0£ and  0^ a r e  c a l c u l a t e d  a s

' o . i H b  a2 - >»V
l ~ m c  ’ - m s

Note t h a t  0^ i s  r o u g h ly  t h e  Cabibbo a n g l e .  We g e t  a l s o  

t h e  f o l lo w in g  Mass r e l a t i o n s h i p :

Mw .  W*
m e' "»t\

W t  ,  Wu 

W c

(124)

(125)

(126)

(127)
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CP v io la t io n * .

We e l i m i n a t e  t h e  r e d u n d a n t  p h a s e s  by t h e  f o l lo w in g  

p r o c e d u r e .  We d e f i n e  t h e  p h y s i c a l  f i e l d s  w i t h  a s u b s c r i p t  

p . T h u s ,

h, [ h J r c M' V h b ]

•m m - k f N ‘i ^ w

Then t h e  p h y s i c a l  f l a v o u r  s t a t e s  a r e

(a)

(b)

C0$4x

W  ^ 3̂ tf(fy)
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(C )

£  * £  1 P1)  ^  j  ̂  Up ̂  + Co

^ ( * J t j * j )  ^  °lp(ft|) +  & $ 0j  tp (̂ )J

and

(d)

- i  C ^ ') r  ^  + &S0,k(a>)}

s ( f l ^  +  t e j f i j  i N )

N ote t h a t  t h e  h o r i z o n t a l  i n t e r a c t i o n  m e d ia t e  be tw een  (ap) 

and (bp) and  a l s o  b e tw e en  (Cp) and  ( d p ) . Thus h o r i z o n t a l  

i n t e r a c t i o n s  do n o t  c a r r y  any  p h a s e s .  T h e r e f o r e ,  th e y  

c o n s e r v e  CP.

In  t h e  v e r t i c a l  d i r e c t i o n  we have  t h e  f re ed o m  to

r e d e f i n e  t h a t  W We d e f i n e  Ŵ  ( p h y s i c a l )  su c h  t h a t  i n

t h e  m u l t i p l i e s  (a  ) and  (b ) t h e r e  i s  no C P - v io l a t i n g
P P

i n t e r a c t i o n s .  T h e r e f o r e ,  we h a v e  CP v i o l a t i o n  in  t h e  (Cp) 

and  (dp) m u l t i p l e t s .  N ote  a l s o  t h a t  t h e  C P - v io l a t i n g  

a m p l i tu d e  h a s  o n ly  one  u n d e r te rm in e d  p h a s e  a n g l e .

We h a v e ,  t h e r e f o r e ,  e s t a b l i s h e d  th e  e x i s t e n c e  o f  CP 

v i o l a t i o n .  The m a g n i tu d e  d ep en d s  on t h e  v a l u e s  o f  a n g le s  

0^ and O3 . I n  t h e  K °-K O  sy s tem  t h e  CP v i o l a t i n g  m ix in g  

comes a b o u t  th r o u g h  t h e  d ia g ra m s  i n  F i g u r e  3 .
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E x p e r im e n ta l  s i g n a t u r e s  -  t h e  d e c a y  o f  t h e  b o tto m  q u a rk ;  

The d ec a y  o f  t h e  b o tto m  q u a rk  may p r o v id e  some s m a l l  

e v id e n c e  i n  f a v o u r  o f  t h e  a b o v e -m e n t io n e d  m o d e l.  The 

m odel p r e d i c t s  t h a t  t h e  d e c a y  o f  t h e  b o tto m  q u a rk  t a k e s  

p l a c e  d o m in a n t ly  i n t o  t h e  u p - q u a r k .  Such a  s i t u a t i o n  

i s  d i s t i n g u i s h a b l e  from  one  w here  t h e  b o t to m  g o e s  i n t o  

charm by c o u n t in g  t h e  number o f  l e p t o n s  t h a t  a r e  p ro d u c e d  

i n  t h e  d e c a y  o f  t h e  u p s i l o n .  We w ould l i k e  to  add t h a t  

t h e r e  a r e  a few  t h e o r i e s  w here  a  s i m i l a r  s c e n a r i o  p r e v a i l s  

w i t h  t h e  r e s p e c t  to  t h e  b o tto m  q u a rk .

The m a sse s  o f  t h e  h o r i z o n t a l  g au g e  b o so n s  a r e ,  p r e ­

sum ably , l a r g e r  th a n  t h e  o n es  m e d ia t in g  t h e  u s u a l  weak 

i n t e r a c t i o n s .  T h is  i s  n e c e s s i t a t e d  by t h e  f a c t  t h a t  

t h e y  m e d ia t e  u n o b s e rv e d  f l a v o r - c h a n g i n g  n e u t r a l  p r o c e s s e s .

One o t h e r  o b s e r v a t i o n  t h a t  may h av e  some b e a r in g  

on e x p e r im e n ts  by t h e  n e x t  g e n e r a t i o n  o f  m a c h in e s  i s  

t h e  m ass o f  t h e  g - q u a r k .  I t  i s  p r e d i c t e d  t o  l i e  be tw een  

80 t o  100 Gev.
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D i s c r e t e  Sum m etr ies :

I t  h a s  been  p ro p o s e d  by s e v e r a l  a u t h o r s  t h a t  f l a v o r  

u n i f i c a t i o n  be  a c h i e v e d  by i m p o s i t i o n  o f  d i s c r e t e

sy m m etr ie s  am ongst  t h e  f e r m io n  f a m i l i e s .  Such a  c h o i c e  

i s  i n t e r e s t i n g  b e c a u s e  i t  does  n o t  n e c e s s i t a t e  an 

e n l a r g e m e n t  o f  t h e  gauge  g r o u p .  F u r t h e r ,  i n  many su ch  

m o d e ls  one  o b t a i n s  r e l a t i o n s  am ongst  t h e  q u a r k  m a s s e s  

and m ix in g  a n g l e s .

w i d e l y  u s e d  a r e  p e r m u t a t i o n  g ro u p  o f  o r d e r  n -  i e ,  Sn . 

O th e r  n o n - a b e l i a n  p o i n t  g r o u p s ,  l i k e  03^ , h av e  a l s o

b een  u s e d .

U ( l )  (X) S3 (X) R. The q u a r k  m u l t i p l e t s  a r e  d e f i n e d  a s

14

Amongst many su c h  ex a m p le s ,  t h e  g r o u p s  v e r y

As an  exam ple  c o n s i d e r  t h e  work o f  S. P a k a v a s a ' 
15and  H. Sugawara , w here  t h e y  u s e  t h e  g ro u p  SU( 2 ) ^  (X)

(129)

(130)

(131)

H i g g ' s  f i e l d s  a r e
(132)

(133)
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The reflection symmetry, R is defined as

< 1 3 4 >

A n a l y s i s  o f  t h e  Yukawa i n t e r a c t i o n s  and t h e  q u a rk  

m a s s - m a t r i c e s  y i e l d :

• U v  %  <135>

T h e re  a r e  s e v e r a l  s u c h  schemes t h a t  l e a d  to  mass r e ­

l a t i o n s  and c a l c u l a b l e  m ix in g  a n g l e s .  However,  t h e  

c l a s s  o f  d i s c r e t e  sy m m e tr ie s  t h a t  do t h i s  i s  q u i t e  

l a r g e .  F u r t h e r ,  t h e  d i s c r e t e  s y m m e t r ie s ,  th o u g h  

t h e y  r e d u c e  t h e  number o f  f r e e  p a r a m e t e r s  i n  t h e  

t h e o r y ,  do n o t  have  a n y  o b s e r v a b l e  c o n s e q u e n c e s .
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CHAPTER I I I  
FLAVOR-GRAND-UNIFICATIONGrand Unification:

The s t a n d a r d  SU(2) l  (X) U ( l )  gau g e  t h e o r y  d e s c r i b e s  

o n ly  t h e  weak and e l e c t r o m a g n e t i c  i n t e r a c t i o n s .  The 

s t r o n g  i n t e r a c t i o n s  a r e  d e s c r i b e d  by SU(3) c o l o r  gauge  

t h e o r y .  I n  t h e  s p i r i t  o f  u n i f i c a t i o n  t h e y  can  be 

combined i n t o  an SU(5) t h e o r y  d e s c r i b i n g  a l l  t h e  t h r e e  

i n t e r a c t i o n s .  Such a t h e o r y  was p r o p o s e d  by G e o rg i  and 

Glashow. The c o n t e n t  o f  s u c h  a  t h e o r y  i s  g i v e n  a s  

f o l l o w s : " ^

Gauge Group SU(5)

Ferm ions  b e lo n g  i n  t h e  r e p r e s e n t a t i o n s  5 and 1G as

f o l l o w s :

f * \

£

V
L (136)

an

(137)
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The b a s i c  r e p r e s e n t a t i o n s  a r e  r e p e a t e d  on ce  t o r  e a c h  

g e n e r a t i o n .  Thus t o  accommodate t h e  known f e r m io n s

In  t h e  s i m p l e s t  v e r s i o n  o f  SU(,5) t h e  h i g g ' s  bosons  

a r e  a s  f o l l o w s :

( i i ) / b e l o n g i n g  t o  t h e  24 d i m e n s i o n a l  r e p r e s e n ­

t a t i o n  o t  SU(,5).

The gauge  b o sons  c o n n e c t  t h e  d q u a r k s  t o  t h e  e l e c t r o n .  

Thus i n  t h e s e  t h e o r i e s  t h e  p o s s i b i l i t y  f o r  t h e  d e c a y  

o t  p r o t o n  a r i s e s .  T h i s  c o n s t r a i n s  t h e  p o s s i b l e  c h o i c e  

o f  vacuum e x p e c t a t i o n  v a l u e s  a s  f o l l o w s :

t h r e e  5L and t h r e e  10^ ' s  a r e  r e q u i r e d .

( i ) ^  b e l o n g i n g  t o  t h e  r e p r e s e n t a t i o n  5 o f  SU(5)

(138)
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The pattern of symmetry breaking is as follows:
I

o
I

o  1
XI

(139)

A sid e  f rom  p r o t o n  d e c a y  t h e  t h e o r y  p r e d i c t s  t h e  f o l l o w i n g  

S 2! . 20  p r e s e n t  e n e r g i e s .

M^Ma; M =MS ; MC=M^ a t  e n e r g i e s  o f  t h e  o r d e r  o f

1015 Gev.

However, a t  t h e  l e v e l  o f  g r a n d  u n i f i c a t i o n  t h e  

g e n e r a t i o n  i s s u e  r e s u r f a c e s .  The i d e a  t h a t  t h e  f u n d a ­

m e n ta l  f e rm io n s  come i n  f a m i l i e s  h a s  no p h y s i c a l  j u s t i ­

f i c a t i o n .  At t h e  l e v e l  o f  SU(5) t h e  i s s u e  r e m a in s  

u n s o l v e d . .

FERMION GENERATIONS IN GRAND UNIFIED THEORIES

At t h e  l e v e l  o f  SU(5) t h e  p ro b lem  o f  g e n e r a t i o n  p e r s i s t s .

To e x p l a i n  t h e  p r e s e n t  s p e c t r u m  o f  q u a r k s  and l e p t o n s

one i s  f o r c e d  to  t a k e  t h r e e  5 ' s  and  10 r e p r e s e n t a t i o n s .

T h e re  a r e  t h r e e  d i f f e r e n t  a p p r o a c h e s  t o  t h i s  p ro b lem .
17

The Minimal E x t e n s i o n  -

The m in im al  e x t e n s i o n  o f  SU(5) t o  s o l v e  t h e  g e n e r a t i o n  

p rob lem  was p r o p o s e d  by J .  C h a k r a b a r t i ,  M. P o p o v ic  and
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R. N. M o h ap a t ra .

The c o n s t r a i n t  on t h e  f e r m i o n i c  c o n t e n t  o t  t h i s  

scheme come from s e v e r a l  c o n s i d e r a t i o n s .  The f i r s t  o f  

t h e s e  i s  t h e  i d e a  t h a t  a l l  t e r m i o n s  b e lo n g  t o  

1, 3 and 3*  o f  c o l o r .  Of c o u r s e ,  no f e r m i o n s  t h a t  

b e lo n g  to  any  o t h e r  r e p r e s e n t a t i o n  o f  c o l o r  i s  "known".

The a b o v e -m e n t io n e d  c r i t e r i o n  im poses  s e v e r e  

r e s t r i c t i o n s  on t h e  p o s s i b l e  r e p r e s e n t a t i o n  o f  i n t e r e s t  

I t  s a y s  t h a t  o n l y  t o t a l l y  a n t i s y m m e t r i c  r e p r e s e n t a t i o n s  

a r e  o f  p h y s i c a l  i n t e r e s t .  T o t a l l y  a u t i s y m m e t r i c  r e p r e ­

s e n t a t i o n  o f  SU(N) i s  d e n o t e d  by young t a b l e a u x  a s :

w here  (m^N,J

Such r e p r e s e n t a t i o n  w i l l  be  r e p r e s e n t e d  a s  (N, m ) . The
/Nvd im e n s io n  o f  t h e  r e p r e s e n t a t i o n  i s  (*) . B e fo re  p r o ­

c e e d in g  f u r t h e r  i t  i s  c o n v e n i e n t  t o  decompose (N,m) i n t o  

i t s  SU(b) c o n t e n t .  The d e c o m p o s i t i o n  i s  a s  f o l l o w s :

t - j /  [

N-s)s‘
m-V"* (140)

\ r n - $ y
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w here  1, 5, 10,  10*, 5 a r e  a l l  t h e  a n t i s y m m e t r i c  

r e p r e s e n t a t i o n s  o f  t h e  SU(5) gauge  g r o u p .

F o l lo w in g  t h e  above  p r o c e d u r e  l e t  u s  decompose t h e

w e l l  known r e p r e s e n t a t i o n s  5 and 10 o f  SU(5) i n t o  i t s
JL

c o l o r  c o n t e n t .  The r e p r e s e n t a t i o n  5 o f  SU(5) i n  o u r  

n o t a t i o n  i s  (5 ,  4 ) .  The d e c o m p o s i t i o n  i n t o  c o l o r ,  

t h e r e f o r e ,  i s

[5/?]s (Si-’ + {lfll (141>
- £ * +  2  (■!■) <142>

S i m i l a r l y ,  t h e  r e p r e s e n t a t i o n  10 i s  d e n o t e d  i n  o u r  

n o t a t i o n  by ( 5 ,  2) and i t s  c o l o r  c o n t e n t  i s

N * 1 V V * (143)

-  I  +  l ( S . )  t  I *  <144)
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T h e r e f o r e ,  i n  5 and 10, number o f  t i m e s  t h e  r e p r e s e n ­

t a t i o n  3 o f  c o l o r  a p p e a r s  i s  two. The same i s  t r u e  

f o r  t h e  r e p r e s e n t a t i o n  3* o f  c o l o r .  T hus ,  i n  t h e  s im p le  

SU(5) o f  G eo rg i -G la sh o w  c o l o r  i s  r e a l .  As we s h a l l  s e e  

t h a t  t h i s  f e a t u r e  o f  g r a n d  u n i f i c a t i o n  p r e s i s t s  when t h e  

f a m i l i e s  a r e  t i e d  t o g e t h e r .

One f u r t h e r  r e m a rk  i s  i n  o r d e r .  Tne model  o f  

W i lcz ek  and  Zee g e t s  n a t u r a l l y  e x c lu d e d  u n d e r  t h i s  c o n ­

s t r a i n t .  I t  i s  e a s y  t o  v e r i f y  t h a t  a t t e m p t  a t  g r a n d  

u n i f y i n g  t h e i r  m odel  would n e c e s s a r i l y  r e q u i r e  f e r m io n s  

b e l o n g i n g  to  r e p r e s e n t a t i o n s  o t h e r ,  t h a t  1 ,  3 and 3 o f  

c o l o r .

The second  c o n s t r a i n t  i s  a s  f o l l o w s .  S e v e r a l  

r e p r e s e n t a t i o n s  o f  t h e  t y p e  (.N, m) a r e  t o  be  t a k e n .

However, t h i s  s e t  be  su c h  t h a t  no i r r e d u c i b l e  r e p r e s e n t a t i o n  

be r e p e a t e d .  We s h a l l  d e n o t e  t h e  s e t  o f  i n t e r e s t  by

I t  i s  c o n v e n i e n t  f o r  f u t u r e  r e f e r e n c e  to  s e t  up 

t h e  d e c o m p o s i t i o n  o f  w i t h  r e s p e c t  t o  t h e  SIK5)

s u b g r o u p .

f N|W] 1  + « (* )! t  ) ] » +  (145)
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w here  n(,5) , f o r  exam ple ,  d e n o t e s  t h e  number o f  t i m e s

t h e  r e p r e s e n t a t i o n  5 o f  SU(b) a p p e a r s  i n  t h e  s e t

The t h r i d  c o n s t r a i n t  on t h e  f e r m i o n i c  c o n t e n t

comes f rom  r e n o r m a l i z a b i l i t y  o f  t h e  t h e o r y .  I n  o r d e r

f o r  t h e  t h e o r y  t o  b e  f r e e  o t  d i v e r g e n t  VVA t r i a n g l e

g r a p h s ,  t h e  f e r m i o n i c  c o n t e n t  m us t  be  c h o s e n  i n  a  s p e c i a l
18

way. The p rob lem  h a s  been  i n v e s t i g a t e d  by S. Okubo and 

t h e  r e s u l t  a s  a p p l y i n g  t o  t h e  t o t a l l y  a n t i s y m m e t r i c  r e p r e ­

s e n t a t i o n s  i s  a s  f o l l o w s :

The VVA t r i a n g l e  anomaly A(.n,m) i s  g i v e n  by

Thus i n  o r d e r  f o r  t h e  anomaly t o  c a n c e l ,  we m u s t  r e q u i r e  

t h a t  t h e  anomaly a s s o c i a t e d  w i t h  t h e  s e t  (N, m) m u s t  be 

z e r o .  Thus,

I t  i s  c o n v e n i e n t  a t  t h i s  p o i n t  t o  d i s c u s s  t h e  anom aly  

c a n c e l l a t i o n  a t  t h e  l e v e l  o f  SU(5) g r a n d  u n i f i e d  

t h e o r y .  A p p ly in g  t h e  fo rm u la ,  t h e  anom aly  a s s o c i a t e d

anom aly  a s s o c i a t e d  w i t h  10 o f  SU(5) i s  +1.  T h e r e f o r e  

t h e  n e t  anom aly  i s  z e r o .  L e t ' s  f o r  f u t u r e  r e f e r e n c e  

l i s t  t h i s  r e s u l t

A(N,m) = -A(N, n-m) = (N-Zm) (n -3 ) . '
(N-m-1) ! (m -1 )

(146)

(147)

w i t h  t h e  r e p r e s e n t a t i o n  5* o f  SU(5) i s  - 1 ,  w h i l e  t h e
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A(5, 4)  -  -A(5 ,  2) 

s i m i l a r i l y ,  A(5, 1) = -A(5 ,  3)

(148)

(149)

The f o u r t h  o b s e r v a t i o n  r e l a t e s  t o  t h e  q u e s t i o n  o f  

i d e n t i f i c a t i o n  o f  t h e  known q u a r k s ,  i n  any  scheme 

t h a t  r e l a t e s  t o  f a m i l y  i s s u e  s e v e r a l  new t e r m i o n s  

a r e  i n t r o d u c e d .  Thus a  p r o c e s s  o f  i d e n t i f i y i n g  t h e  

known f e r m io n s  -  a l s o  c a l l e d  ' ' l i g h t "  f e r m io n s  -  

become n e c e s s a r y .  I n  t h e  p r o c e s s  o f  p u t t i n g  t h e  

g e n e r a t i o n s  t o g e t h e r  i t  becomes n e c e s s a r y  t o  go to  a 

g ro u p  l i k e  SU(N) w i t h  N 5. The embedding o f  SU(5) 

i n  SU(N) may be  e x e m p l i f i e d  by b r e a k i n g  i>U(N) i n t o  

SU(5) X SU(N-5) x  U ( l ) .  The g ro u p  SU(N-5) i s  c a l l e d  

t h e  h o r i z o n t a l  g ro u p .

The i d e n t i f i c a t i o n  scheme f o r  t h e  known - . o r  

" l i g h t "  f e r m io n s  -  i s  a s  f o l l o w s .  We demand t h a t  t h e  

" l i g h t  f e r m io n s "  t r a n s f o r m  a s  t h e  s i m p l e s t  r e p r e s e n t a t i o n  

( i . e . ,  t h e  v e c t o r  r e p r e s e n t a t i o n ;  o f  t h e  h o r i z o n t a l  SU(N-5) 

g r o u p .  As we s h a l l  s e e  t h a t  t h i s  p r o v i d e s  t h e  m in im al  

e x t e n s i o n  o f  t h e  SU(5) t h e o r y .

As a co n s e q u e n c e  o f  t h e  above  m e n t io n e d  i d e n t i f i ­

c a t i o n  i t  i s  e a s y  t o  v e r i f y  ( a s  we w i l l )  t h a t  SU(5+n) 

g ro u p  g i v e s  n  g e n e r a t i o n s  o f  " l i g h t  f e r m i o n s " .

The above  c h o i c e  o f  " g u i d e l i n e s "  l e a d  to  t h e  f o l l o w i n g  

s e t  o f  g ro u p  and r e p r e s e n t a t i o n s .
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(1) SU(7) : (7 ,  1 ) l  + '(7, 3 ) l + ‘ CJ 5>l  (150)

(2) SU(8) : ( 8 ,  3 ) L + (8 ,  6 ) L + (8 ,  7>L (151)

(3) SU(9) : (9 ,  2 ) l  + ( 9 ,  5 ) L (151)

(4) SU ( 1 0 ) :  (1 0 ,  3 ) l  +  (1 0 ,  5 ) L + (10 ,  6 ) L (153)

and so  on.

The d e c o m p o s i t i o n  o f  t h e  above  r e p r e s e n t a t i o n s  w i t h  

r e s p e c t  t o  SU(5) r e p r e s e n t a t i o n s  a r e  a s  f o l l o w s :

S U ( 7 ) :
(154)

(7 ,  1) = 2 (  1 ) + 5

( 7 ,  3) = 5 +  2 (  10 ) +  10* (155)

( 7 ,  5) -  10* +  2 ( 5* ) +  1 (156)

We n o t e  t h a t  o n ly  two " l i g h t "  g e n e r a t i o n s  e x i s t  i n  t h e  

SU(7) m ode l .

SU(8)

( 8 ,  3) = 1 +  3* (5) +  3 (1 0 )  +  10* (157)

( 8 ,  6) = 3 (1 )  +  3*(5*)  + 10* (158)

( 8 ,  7) = 3 * (1 )  (159)

Note t h a t  t h e s e  c o n t a i n  o n ly  t h r e e  " l i g h t "  g e n e r a t i o n s .

. SU(9):

(9 ,  2) = 6(1 )  + 4 (5 )  + 10 (160)

(9 ,  5) = 5 + 4 (1 0 )  + 6(10*)  + 4 (5* )  + 1 (161)

Note  f o u r  g e n e r a t i o n s .
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S U (1 0 ) :

(10 ,  3) = 1 0 (1 )  + 10 (5 )  + 5 (10 )  + 10* (162)

(1 0 ,  6) = 5 + 5 (1 0 )  + 10(10*)  + 10(5*)  + 5 (1 )  (163)

(1 0 ,  5) = 1 (1 )  + 5* (5) + 10*(10)  + 10 (10*) + 5(5*)

+ 1 (1 )  (164)

Note f i v e  g e n e r a t i o n s .

P a r t i a l  F l a v o r  U n i f i c a t i o n  and  S U ( 7 ) :

I t  i s  i n t e r e s t i n g  t o  p o n d e r  o v e r  p a r t i a l l y  u n i f i e d  m ode ls  

b e f o r e  f l a v o r  u n i f i c a t i o n  i s  a c h i e v e d  c o m p l e t e ly .  I t  

t u r n s  o u t  t h a t  t h e y  c o n t a i n  t h e  model t h a t  we hav e  d i s c u s s e d  

a t  t h e  l e v e l  o f  h o r i z o n t a l l y  e x t e n d e d  s t a n d a r d  SU(2) l  (X ) (1) 

model .

SU(7) s e r v e s  a s  a good exam ple  o f  t h i s  phenomenon o f  

p a r i t i a l  f l a v o r  u n i f i c a t i o n .  I n  o r d e r  f o r  t h i s  t o  happen  

we r e l a x  t h e  c r i t e r i a  t h a t  t h e  r e p r e s e n t a t i o n s  c a n n o t  be  

r e p e a t e d  i n  t h e  s e t  A l lo w in g  f o r  r e p e a t i t i o n ,

we g e t  t h e  f o l l o w i n g  s e t  o f  i n t e r e s t .

l(jt (7ts)L tz(7/$)L (165)
Owing to  t h e  d e c o m p o s i t i o n  g i v e n  p r e v i o u s l y ,  we n o t e  

t h a t  t h i s  s e t  c o n t a i n  f o u r  l i g h t  g e n e r a t i o n s .  I f  we 

assume t h a t  (7 ,  3) -  w h ich  2 (1 0 )  o f  SU(5) -  t o  c o n t a i n  

t h e  e ,  /x, d ,  'C, t  s ,  b i n  one a n d / * ,  c ,  s ,  M, h ,  g i n  

t h e  o t h e r  t h e n  we h a v e  made a  p a r t i a l l y  f l a v o r  u n i f i e d  

model t h a t  j u s t  embeds t h e  model  we d i s c u s s e d .

However, t h e  m odel  o f  W i lc z e k  and  Zee r e m a in s  

o u t s i d e  t h e  p e r i p h e r y  o f  t h i s  scheme o f  f l a v o r  u n i f i c a t i o n
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b e c a u s e  t h e y  r e q u i r e  f e r m io n s  w i t h  e x o t i c  c o l o r .  We

o f  c o l o r .

F l a v o r  U n i f i c a t i o n  and S U ( 8 ) :

F l a v o r  u n i f i c a t i o n  i s  a c h i e v e d  i n  SU(8) .  I t  i s  t h e  

m in im a l  g ro u p  t h a t  does  t h e  j o b  and t h e  r e p r e s e n t a t i o n  

o f  i n t e r e s t  a s  i n d i c a t e d  i s  ( 8 ,  3) + (8 ,  6) +  (8 ,  7 ) .  

The t o t a l  number o f  h e l i c i t y  s t a t e s  i s

Note t h a t  a s i d e  f rom  t h e  3 " l i g h t "  g e n e r a t i o n s ,  i t  h a s  

two "heav y "  g e n e r a t i o n s  t h a t  h av e  V + A weak i n t e r a c t i o n s .  

Note a l s o  t h a t  one o f  t h e s e  heav y  g e n e r a t i o n s  does  n o t  

come w i t h  i t s  c h a r g e  2 /3  q u a r k .

Ferm ion  Mass M a t r i x :

In  o r d e r  f o r  t h e  i d e n t i f i c a t i o n  o f  " l i g h t "  and  "he av y "  

f e rm io n s  t o  go th r o u g h  i t  i s  n e c e s s a r y  t o  d i s p l a y  t h e i r  

mass m a t r i c e s .

Do t h e  m a s s - m a t r i c e s  f o r  t h e  f e r m io n s  r e s p e c t  such  

i d e n t i f i c a t i o n ?

T h e re  a r e  two t y p e s  o f  m a s s - m a t r i c e s  t h a t  w i l l  

r e s p e c t  t h e  above i d e n t i f i c a t i o n .  The f i r s t  one i s  

c o m p le te  d e c o u p l i n g  w here  t h e  mass m a t r i x  w ould  lo o k

hav e  a l l o w e d  o n l y  f o r  f e rm io n s  t o  t r a n s f o r m  a s  1 ,  3 ,  3*

(166)

l i k e :



L i g h t  S e c t o r

X
O

Heavy S e c t o r

O

Y

(167)

However,  i n  p r a c t i c e  su c h  a mass m a t r i x  i s  d i f f i c u l t  

t o  r e a l i z e .  The o t h e r  m a s s - m a t r i x  t h a t  w i l l  r e s p e c t  

t h e  i d e n t i f i c a t i o n  m e n t io n e d  b e f o r e

L i g h t  S e c t o r  . Heavy S e c t o r  -

i

( 168)

T
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I n  t h e  SU(8) t h e o r y  we show t h a t  i t  i s  p o s s i b l e  t o  

r e a l i z e  t h i s  mass m a t r i x .

To do t h a t  we i n t r o d u c e  t h e  f o l l o w i n g  H i g g ' s  

m u l t i p l e t  i n  t h e  t h e o r y :

fy > 1 pwf*
The " h e a v y "  f e r m io n s  a c q u i r e  t h e i r  m a sse s  and m ix in g  

from t h e  f o l l o w i n g  gauge  i n v a r i a n t  c o u p l i n g s :

( i )  <i69)

d i )  ( 1 7 0 )

( . I D  a n )

( r o  ( i 7 2 >

Where ^  $ w i t h  s u p e r s c r i p t s  a r e  o b t a i n e d  by 

a p p l y i n g  t h e  t o t a l l y  a n t i s y m m e t r i c  £  -sym bol f o r  t h e  

SU(8) g r o u p .  The d e s i r e d  p a t t e r n  o f  heavy  p a r t i c l e  

m a sse s  e n s u e  on s e t t i n g

I , I
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w here  a ,  b ,  c s t a n d  f o r  SU(5) i n d i c e s ,  A, B, . . . . 

s t a n d  f o r  t h e  h o r i z o n t a l  SU(3) i n d i c e s  and el, p , Y  * 

s t a n d  f o r  SU(8) i n d i c e s .

The m a sse s  o f  t h e  " l i g h t "  s e c t o r  i s  o b t a i n e d  

by i n t r o d u c i n g  (b  w i t h  ^
. . .  ' p r >

and The l a t t e r  c o n t r i b u t e s

t o  t h e  mass m a t r i x  f o r  t h e  down q u a r k s  w h e rea s  t h e  

fo rm e r  c o n t r i b u t e s  t o  t h e  u p - q u a r k  m a s s e s .

A s id e  f rom t h e  c o u p l i n g s  t h a t  we hav e  d i s p l a y e d  

t h e  r e s t  o f  t h e  g au g e  i n v a r i a n t  yukawa c o u p l i n g s  a r e  

t a k e n  t o  come w i t h  s m a l l e r  c o u p l i n g  c o n s t r a n t s .  T h is  

e n s u r e s  t h a t  t h e  r e s u l t i n g  mass  m a t r i x  i s  a s  g i v e n  i n  eqn .168 .  

S U (9 ) :

SU(9) g i v e s  f l a v o r  u n i f i c a t i o n  w i t h  f o u r  g e n e r a t i o n s .

The n o v e l  f e a t u r e  o f  t h i s  m odel  i s  t h a t  a l l  t h e  l i g h t  

f e rm io n s  a r e  c o n t a i n e d  i n  one  s i n g l e  i r r e d u c i b l e  r e p r e s e n ­

t a t i o n  o f  SU(9) .  Thus (9 ,  5 ) c o n t a i n s  4 (5 * )  and

4 (1 0 )  o f  SU(5) g au g e  t h e o r y .

T h i s  f e a t u r e  o f  SU(9) may p r o v i d e  ways o f  r e l a t i n g  

t h e  m a sse s  o f  t h e  c h a r g e  2 /3  q u a rk s  and l e p t o n s .  I n  

p a r t i c u l a r ,  i t  may g i v e  t h e  mass  o f  t h e  t o p  q u a rk .

As i n  SU(8) t h e o ry  t h e  heavy  q u a rk s  " d e c o u p le "  

f rom t h e  l i g h t  q u a r k s  i n  t h e  m a s s r m a t r i x .
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"Heavy" F e r m i o n s :

A q u e s t i o n  t h a t  n a t u r a l l y  a r i s e s  i n  t h e  c o n t e x t  o f  

f l a v o r  u n i f i c a t i o n  i s  w ha t  a r e  t h e  m a sse s  o f  t h e  unknown 

q u a r k s  t h a t  a r e  i n t r o d u c e d ?

P h y s i c a l  c o n s t r a i n t  on t h e  m a sse s  o f  t h e  "heavy"  

q u a r k s  a p p e a r  f rom t h e  a s y m p t o t i c  f reedom  o f  t h e  c o l o r  

SU(3) g ro u p .  E x p e r im e n ta l  i n d i c a t i o n s  f a v o r  f r e e  p a r t o n  

l i k e  p i c t u r e  o f  deep  i n e l a s t i c  c o l l i s i o n s .  I t  i s  co n ­

j e c t u r e d  ( t h r o u g h  n o t  e x p e r i m e n t a l l y  v e r i f i e d )  t h a t  t h e  

s t r o n g  i n t e r a c t i o n  i s  a s y m p t o p i c a l l y  f r e e  - i . e . ,  t h e  

c o u p l i n g  c o n s t r a n t  d e c r e a s e  w i t h  i n c r e a s e  o f  e n e rg y .

I n  o r d e r  f o r  t h i s  f e a t u r e  o f  t h e  t h e o r y  t o  be  t r u e  

i t  i s  r e q u i r e d  t h a t  t h e  number o f  f l a v o r s  n o t  e x c ee d  16. 

I n  t h e  p r o c e s s  o f  f l a v o r  u n i f i c a t i o n  s e v e r a l  new 

f e r m io n s  a r e  i n t r o d u c e d .  However i n  o r d e r  f o r  t h e  c o l o r  

su b g ro u p  t o  be  a s y m p t o t i c a l l y  f r e e  we may f o l l o w  t h r e e  

a l t e r n a t i v e  p a t h s :

( i )  I n t r o d u c e  l e s s  t h a n  16 f l a v o r s .  An example 

i s  SU(8) t h e o r y .

( i i )  I f  more t h a n  16 f l a v o r s  make t h e  "unw anted"  

f e r m io n s  s u p e rh e a v y .  I n  su c h  a  scheme t h e s e  f e rm io n s  

w i l l  d e c o u p le  f rom t h e  lo w - e n e r g y  phenom enology. The 

c o l o r  subgroup  w i l l  r e m a in  a s y m p t o t i c a l l y  f r e e  up to  

s u p e rh e a v y  e n e r g i e s  lo'^Gev.) • Example o f  su c h  a 

t h e o r y  c o u ld  b e  SU(9) t h e o r y .



( i i i )  I n  c a s e  t h e  s c e n e r i o  ( i i )  a p p e a r s  

( a s  i n  SU(9) i t  i s  i n  p r i n c i p l e  p o s s i b l e  t o  c l a i m  

t h a t  t h e  e x p e r i m e n t a l  i n d i c a t i o n s  o f  a s y m p t o t i c  f r e e ­

dom i s  an epiphenomenon and t h a t  t h e  s t r o n g  i n t e r a ­

c t i o n  gau g e  c o u p l i n g  may t e n d  t o  become a s y m p t o t i c a l l y  

s t r o n g  a s  t h e  t h r e s h o l d  f o r  t h e s e  new f e r m io n s  a r e  

r e a c h e d .  The o v e r a l l  gauge  g roup  th o u g h  i s  s t i l l  

a s y m p t o t i c a l l y  f r e e .  An example o f  su ch  a  t h e o r y  i s  

S U (9 ) . I t  may n o t  r e q u i r e  " s u p e rh e a v y "  f e r m i o n s .

T h e re  i s  a  f o u r t h  p o s s i b i l i t y  w h ich  we s h a l l  

d i s c u s s  s u b s e q u e n t l y .

A sy m p to t ic  Freedom i n  SU(N) Gauge Theory  

I f  we r e s t r i c t  o u r  d i s c u s s i o n s  t o  gau g e  b o so n s  and 

f e r m io n s  o n l y  and demand t h a t  t h e  o v e r a l l  r e p r e s e n t a ­

t i o n  be  complex we a r r i v e  a t  t h e  f o l l o w i n g  s e t  o f

i n t e r e s t

S U (5 ) : (5 ,  1) + (5 ,  3) (174)

SU(7): (7 ,  1) + (7 ,  3) +  (7 ,  5) (175)

SU( 8 ) : (8 ,  3) + (8 ,  6) + (8 ,  7) (176)

SU(9) : (9 ,  2) + (9 ,  5) (177)

o r (9 ,  1) +  (9 ,  3) + (9 ,  5) + (9 ,  7) (178)

S U (1 0 ) : (10 ,  3)  + (10 ,  6) (179)
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I f  however we demand t h a t  t h e  " l i g h t "  f e r m io n s  b e lo n g  

t o  t h e  s i m p l e s t  ( i e ,  t h e  v e c t o r )  r e p n  o f  t h e  h o r i z o n t a l  

g ro u p ,  t h e n  SU(10) i s  r u l e d  o u t .  The number o f  " l i g h t "  

g e n e r a t i o n s  seem bounded  by f o u r .

Symmetry B r e a k i n g :

S in c e  SU(5) i s  t h e  m in im a l  g ro u p  en co m p ass in g  t h e  weak,

e l e c t r o m a g n e t i c  and t h e  s t r o n g  i n t e r a c t i o n s  t h e r e f o r e

t h e  b r e a k i n g  o f  SU(8) m u s t  r e a l i z e  SU(5) a t  some s t a g e .

R e c e n t l y  i t  h a s  b een  shown by  Ruegg e t  a l  t h a t  i t  i s

p o s s i b l e  t o  a c h i e v e  t h e  above  m e n t io n e d  b r e a k i n g  i f  we

i n t r o d u c e  two h i g g ' s  b o so n s  one i n  t h e  fu n d a m e n ta l  and

a n o t h e r  i n  t h e  a d j o i n t  r e p r e s e n t a t i o n  o f  S U (8 ) . We

assume t h e  s c a l e  a t  w h ich  SU(8) b r e a k s  i s  h i g h e r  t h a n

1 0 -^  Gev. The e x a c t  e s t i m a t e  o f  t h i s  s c a l e  w i l l  be

a r r i v e d  a t  l a t e r .  We assum e t h a t  i t  b r e a k s  i n t o  SU(5)

(X)SU(3) jj . S u b s e q u e n t l y ,  t h e  b r e a k i n g  p a t t e r n  o f  SU(5)

w i l l  f o l l o w  t h e  s c e n e r i o  o f  t h e  u s u a l  G e o r g i - G l a s h o w .

SU(5) .  The h o r i z o n t a l  symmetry w i l l  b r e a k  c o m p le t e ly
2

down a t  a ro u n d  10 Tev.  D e t a i l e d  a n a l y s i s  o f  t h e  s c a l e s  

and c o u p l i n g  c o n s t a n t s  a r e  d i s c u s s e d  s u b s e q u e n t l y .
19A l t e r n a t i v e  V ie w p o in t s  -  The "D ynam ica l"  A pproach :  -  

Two a l t e r n a t i v e  v i e w p o i n t s  w h ich  assume v a r i o u s  d e g r e e s  

o f  d y n am ic a l  mechanism s e x i s t  i n  t h e  l i t e r a t u r e .
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Approach I :  T h i s  a p p r o a c h ,  due  t o  G e o r g i ,  p r e c e e d e d

t h e  a p p r o a c h  t h a t  we h av e  d i s c u s s e d  so f a r .  The 

a s s u m p t io n s  r u n  p a r a l l e l  t o  o u r s  e x c e p t  i n  t h e  i d e n t i ­

f i c a t i o n  o f  " l i g h t "  f e r m i o n s .

F o r  t h i s  p u r p o s e  t h e  g e n e r a t i o n  num ber ,  g .  i s  d e f i n e d .  From 

t h e  e q n s .  148. i t  f o l l o w s  t h a t  c a n c e l l a t i o n  o f  t r i a n g l e  

a n o m a l i e s  r e q u i r e

n (lo)- n(\o*) *n(s)-n (s) (iso)
w here  r e p r e s e n t s  t h e  number o f  t im e s  t h e  r e ­

p r e s e n t a t i o n s  o f  SU(5) o c c u r s  i n  t h e  s e t  ^N, m^ o f  

SU(N).

I f  t h e r e  i s  a " d y n a m ic a l  m echan ism " t h a t  make n (1 0 * )  

combine w i t h  n ( 1 0 )  t o  g i v e  heav y  m a s s e s  k e e p i n g  o n ly  

n ( 1 0 ) -  n (1 0 * )  m a s s l e s s  ( s i m i l a r l y  f o r  t h e  n ( 5 ) ' s  and
ft

n ( 5  ) ,  t h e n ,  t h e  above  eqn .  makes f o r  an  i n t e r e s t i n g

d e f i n i t i o n  o f  t h e  g e n e r a t i o n  number g

g= n ( 1 0 )  -  n ( 1 0 * )  = n ( 5 * )  -  n ( 5 )  (181)

I n  s u c h  a scheme, t h e  minimum g ro u p  t h a t  h a s  t h r e e  

g e n e r a t i o n s  i s  S U ( l l )  and t h e  s e t  N, m i s

£ N, m}= (11, 4 J+  (1 1 ,  8) + ( 1 1 ,  9)  + (1 1 ,  1 0 )  (182)
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N ote  t h a t  th o u g h  a g e n e r a t i o n  number h a s  bee n  d e f i n e d  

t h e  l i g h t  f e r m io n s  r e m a in  u n i d e n t i f i e d .  The i d e n t i f i ­

c a t i o n  i s  t o  come a b o u t  " d y n a m i c a l l y " .

The t h e o r y  i s  a l s o  a s y m p t o t i c a l l y  s t r o n g  and t h e  a u t h o r  

t a k e s  t h e  v ie w  t h a t  t h e  unw an ted  f e r m io n s  a r e  s u p e rh e a v y  

(lO,?Gev. ) . i n  o r d e r  f o r  c o l o r  subg roup  to  r e t a i n

a s y m p t o t i c  f reedom  u p  t o  10^-* GeV.

A pproach  I I : ? ®  T h i s  a p p ro a c h  " i d e n t i f i e s "  t h e  " l i g h t "  

f e r m io n s  i n  t h e  same way a s  G e o r g i .  However, t h e  

r e s t r i c t i o n  on r e p e t i t i o n  o f  i r r e d u c i b l e  r e p r e s e n t a t i o n  

i n  t h e  s e t  N, m i s  l i f t e d  a s  f o l l o w s :

The d e c o m p o s i t i o n  o f  ^N, mj i n t o  i t s  i r r e d u c i b l e  

com ponents  i s  w r i t t e n  a s :

JN, m} = I c m (N, m) (183)

R e p e a t i t i o n  o f  (N, m) i s  a l lo w e d  su c h  t h a t  C^s do n o t

a l l  h av e  a  common f a c t o r .  Model w i t h  t h r e e  g e n e r a t i o n s  

i s  o b t a i n e d  i n  SU(7) .  The r e p r e s e n t a t i o n  i s :

{ n . m} = 2 ( 7 ,  2 )  +  (7 ,  3) + 8 ( 7 ,  6 )  (184)

P h y s i c a l  C onsequences  o f  F l a v o r  U n i f i c a t i o n  

T h e re  a r e  s e v e r a l  o b s e r v a b l e  c o n s e q u e n c i e s  o f  f l a v o r  

u n i f i c a t i o n .  I n  o r d e r  t o  be  s p e c i f i c ,  l e t  u s  c o n c e n t r a t e  

on t h e  two m ode ls  t h a t  we h av e  u s e d  e x t e n s i v e l y .  T hese  

a r e  t h e  SU(2)L (X)SU(2)H<X)U(1) model and t h e  SU(8) 

f l a v o r  -  g r a n d  u n i f i e d  m ode l .
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The f i r s t  o b v io u s  s i g n a t u r e  o f  f l a v o r  u n i f i c a t i o n  

i s  t h e  p o s s i b l e  e x i s t e n c e  o f  t h e  f l a v o r - c h a n g i n g  n e u t r a l  

p r o c e s s e s .  We h a v e  shown i n  t h e  c o n t e x t  o f  SU(2) l (X) 

SU(2) jI (X)U(1) t h a t  su c h  p r o c e s s e s  c o u l d  e x i s t  w i t h  

a p p r e c i a b l e  r a t e  b e tw e en  t h e  t o p  and t h e  up f a m i l y  

w i t h o u t  r u n n in g  a f o u l  o f  t h e  p r e s e n t  e x p e r i m e n t a l  bounds 

on t h e  f i r s t  two f a m i l i e s .  Such a  s c e n e r i o  may b e  f u r t h e r  

c o n f i rm e d  by d e c a y  modes o f  t h e  b o t to m  q u a r k ,  t h e  Bq -B0 

m ix in g  and t h e  m u l t i l e p t o n  e v e n t s  t h a t  f o l l o w  t h e  p r o ­

d u c t i o n  o f  u p s i l o n .  T hese  we h av e  a l r e a d y  d i s c u s s e d .

I n  t h e  c o n t e x t  o f  f l a v o r ,  g r a n d  u n i f i e d  t h e o r y  

nam ely  SU(8) t h e o r y  t h e  p h y s i c a l  s i g n a t u r e s  a r e  as  

f o l l o w s .  T hese  s i g n a t u r e s  a r e  g iv e n  i n  d e c r e a s i n g  o r d e r  

o f  im p o r ta n c e

(1) The f o u r t h  g e n e r a t i o n  h a s  V + A weak i n t e r a c t i o n s .  

T h i s  hap p en s  i r r e s p e c t i v e  o f  t h e  p r e s e n c e  o r  t h e  a b s e n c e  

o f  t h e  to p  q u a rk .

The model w i t h  t h e  t o p  q u a r k  h a s  a l r e a d y  b een  p r e s e n t e d .

I t  i s  e a s y  to  o b s e r v e  t h a t  f o u r t h  g e n e r a t i o n  onward .  The  

s t r u c t u r e  o f  weak i n t e r a c t i o n s  become V + A.

The model  w i t h o u t  t h e  t o p  q u a rk  i s  o b t a i n e d  by 

r e v e r s i n g  o u r  a rg u m e n t  a b o u t  i d e n t i f i c a t i o n  o f  t h e  l i g h t  

f e r m i o n s .  I f  t h e  o b j e c t s  t h a t  t r a n s f o r m  a s  v e c t o r  o f  

t h e  h o r i z o n t a l  SU(3) i s  i d e n t i f i e d  as  "h eav y "  ( i n s t e a d
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o f  " l i g h t "  a s  b e f o r e )  t h e n  we o b t a i n  a model w i t h o u t  

t h e  to p  q u a r k .  However, even  i n  t h i s  s c e n a r i o  t h e  

f o u r t h  g e n e r a t i o n  h a s  V + A i n t e r a c t i o n s .

We n o t e  p a r e n t h e t i c a l l y  t h a t  V -  A i n t e r a c t i o n  o f  

t h e  f o u r t h  g e n e r a t i o n  r e q u i r e  g o in g  t o  SU(9) t h e o r y  

t h a t  we h av e  d i s c u s s e d .

(2) N e u t r i n o  O s c i l l a t i o n s  and N e u t r in o  D e c a y s :

L e t ' s  d i s p l a y  t h e  SU(8) r e p r e s e n t a t i o n  and  i t s  SU(5) 

d e c o m p o s i t i o n  f o r  t h e  above  m e n t io n e d  p u r p o s e .

Note  t h e  p r e s e n c e  o f  e x t r a  " n e u t r i n o e s "  t h a t  a r e  s i n g l e t s  

o f  SU(5) .  The h i g g ' s  b o s o n ' s  t h a t  we h a v e  i n t r o d u c e d  

m ixes  t h e s e  SU(5) s i n g l e t s  w i t h  t h e  n e u t r i n o e s  t h a t  a r e

T h is  t h e r e f o r e  can  l e a d  t o  t h e  phenomenon o f  

n e u t r i n o  o s c i l l a t i o n .  F u r t h e r  su c h  m ix in g  can  g i v e

( 8 ,  3 ) L = 1 + 3 * ( 5 )  + 3 (1 0 )  + 10* 

(8 ,  6 ) l  = 3 (1 )  + 3 * (5 * )  + 10*

(185)

(186)

(187)

c o n t a i n e d  i n  3* (5 * )  o r  3 * (5 )  and 5* r e p r e s e n t a t i o n s .

r i s e  t o  t h e  n e u t r i n o  d e c a y ^

(188)
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by t h e  d ia g ra m  shown i n  f i g u r e  4 .

R a d i a t i v e  E f f e c t s :
23

The r e n o r m a l i s a t i o n  o f  0TT: -w
To be s p e c i f i c  we s h a l l  c o n f i n e  o u r s e l v e s  t o  t h e  SU(8) 

gauge  t h e o r y .  I n  o r d e r  t o  u n d e r s t a n d  t h e  e f f e c t  on t h e  

r e n o r m a l i z e d  v a l u e  o f  0W c a l c u l a t e  0W i n  t h e  SU(8) 

m ode l .

The a n g l e  0W i n  o u r  t h e o r y  i s  g i v e n  a s :

s m V *  (189)
, a -1

where  i  goes  o v e r  a l l  f e r m io n s  i n  an i r r e d u c i b l e  

r e p r e s e n t a t i o n .  U s ing  t h i s  we g e t ,

o
S in  ©w = 3 /8  i n  o u r  example

We s h a l l  l i k e  t o  em p h as ize  t h e  p a t t e r n  o f  symmetry 

b r e a k i n g  a t  t h i s  p o i n t .  We hav e  assumed t h a t  t h e  g roup  

SU(8) b r e a k s  down a s  f o l l o w s :

sufo

SU(s)xSv(?)' x u ( i)

I .

Sv(if<Z) sa(2.)®u(0 ® su(?fs>v(})
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Su(?)C® Su(i)®u(0®so&H£)U(0 
I lo2T-w, 

S v ( i f ® S u ( i ) * o ( 0

1 3 6 0 ( 3  o>.

S o  & c® U ( i ) c y n -

I t  i s  i m p o r t a n t  t o  n o t e  two p o i n t s  a t  t h i s  s t a g e :

( i )  T h a t  SU(8) b r e a k s  i n t o  S U (5 ) (X )S U (3 ) (X )U (l )  

a t  a s c a l e  above  10 Gev.

( i i )  The breakdown o f  SU(5) f o l l o w s  t h e  c o n v e n t i o n a l  

p a t t e r n .  The i n t e r m e d i a t e  s c a l e  t h a t  we h a v e  i n t r o d u c e d  

(10 Tev) b r e a k s  t h e  h o r i z o n t a l  SU(3) g r o u p .  T h e r e f o r e ,  

t h e  r e n o r m a l i z a t i o n  o f  t h e  SU(2) and U ( l )  c o u p l i n g  

c o n s t a n t s  a r e  u n a f f e c t e d  by i n t r o d u c t i o n  o f  t h i s  s c a l e .

To p ro c e e d  f u r t h e r ,  l e t  u s  u s e  t h e  " d e c o u p l in g  

th eo rem "  e l a  A p p e l q u i s t ,  C a r r a z o n e .  I t  s a y s  t h a t  

when " l i g h t "  p a r t i c l e s  a r e  i n  t h e  e x t e r n a l  l i n e s  and 

t h e i r  momenta a r e  s m a l l ,  t h e n  any s u p e rh e a v y  p a r t i c l e  

may be  o m i t t e d  f rom  i n t e r n a l  . l i n e s  p r o v i d e d  t h e i r  e f f e c t  

h a s  b ee n  t a k e n  a c c o u n t  o f  i n  t h e  r e n o r m a l i z a t i o n  o f  

c o u p l i n g  c o n s t a n t .
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W ith  t h e  above  p r o v i s i o n  we may now w r i t e  down 
*

t h e  r e n o r m a l i z a t i o n  g ro u p  e q u a t i o n s  f o r  t h e  s u b g ro u p s .  

We, o f  c o u r s e ,  assum e t h a t  t h e  low e n e rg y  subg roup  

i s  S U ( 3 ) ^ (X )S U (2 ) ( X ) U ( l ) . L e t ' s  d e n o t e  t h e  c o u p l i n g  

c o n s t a n t s  by g-^, gg» gg r e s p e c t i v e l y .

Thus ,  i -

"jMb"' * (190)

*** *1l .
(191)

_
w here ,  t  = l n u .  d t  (192)

Using  t h e  f o r  S U (3 )C, SU(2) and U ( l )  we g e t

\«i a 5 (193)dg, , 9 . 3 t
iSi* I

i h  .. -9i
a t tw1

II

a t I6ir

! *
tin'

(194)

(195)

si • X* (196)
tin*

The r e l a t i o n s h i p  b e tw e en  t h e  u n i f y i n g  c o u p l i n g  c o n s t a n t  

( i e . , t h e  SU(5) c o u p l i n g  c o n s t a n t ) ,  w i t h  g ^ ,  g 2 and  gg 

can  be  o b t a i n e d  by i n t e g r a t i n g  t h e  above e q u a t i o n s  

from g down t o  g^ (m ) , w here  u  i s  t h e  low e n e rg y  s c a l e  

.1.
J o -  . .. (197)



I n t e g r a t i n g ,  we g e t

- J- » :  -L . Xi Inli (198)
T h u s ? ' 0 « « *  ' V

a ~ i \l  ' « ■ » '  — ,  ( 199>
W  S n ‘ /**
ase  ¥ 7

s  3“ /  * Z  5  6  /  ^ 3  r

JL . - * N
3 i (In  o u r  c a s e

We n o t e  t h a t

(200)

T h e r e f o r e

x  . x  + r »

= S » * 6 » [ | - ( 201)

T h is  y i e l d s  t h e  v a l u e  o f  0 .2 1  a t  low e n e r g i e s .
15The v a l u e  o f  t h e  c o u p l i n g  c o n s t a n t  a t  10 Gev. i s  

o b t a i n e d  by u s i n g  t h e  eqns

S i v f e j  r  g2& ) (202)

and u s i n g  t h e  r e n o r m a l i z a t i o n  g ro u p  e q u a t i o n  f o r  U > )

g e t  t h e  v a l u e  a t  ^ ( l o ’S w )  • U sing
x,

and C  _ a t  low e n e r g i e s  we g e t

=  , 5 7  , 9 r m

* w  • & L

= K  _ u  <204)
157 * 0< 2 l

w   ̂ (205)
0*) * -43
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U sing  t h e  r e n o r m a l i z a t i o n  g ro u p  eqn f o r  g 2 we g e t

t h e  v a l u e  o f  SU(5) c o u p l i n g  c o n s t a n t s  g^ a t  1 0 ^

Gev i s  g2„,43.
5" 9

The T r a j e c t o r y  o f  g f  Q u);-H or izon ta l  C oup l ing  C o n s t a n t s : 

I n  o r d e r  t o  o b t a i n  t h e  a c t u a l  t r a j e c t o r y  o f  g^ (*i) 

we s h a l l  make t h e  f o l l o w i n g  o b s e r v a t i o n s :

( i )  I f  f i n i t e  r e n o r m a l i z a t i o n  e f f e c t s  a r e  

d i s r e g a r d e d ,  t h e  t r a j e c t o r y  o f  g 2 (u) w i l l  

be  a s  i f  t h e  h o r i z o n t a l  symmetry i s  u n b ro k e n .

( i i )  The e f f e c t i v e  s t r e n g t h  o f  h o r i z o n t a l
2

i n t e r a c t i o n s  i s  bounded by GpO< a t  low 

e n e r g i e s .

The seco n d  o b s e r v a t i o n  g i v e s :

J J i j L  (206)

^  s  (207)
— m J -

Assuming MH % 10 Tev. , s l OO G e v . ,  o(s 10~2 , 

g2 £  4 ,  we g e t

a t  low e n e r g i e s .

(208)
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D i s r e g a r d i n g  f i n i t e  r e n o r m a l i z a t i o n ,  hav e  t h e  f o l l o w i n g  

r e n o r m a l i z a t i o n  g ro u p  egn f o r  g^ .

dg4 -  -  s l  J>3 -  30] (209)
a t ”  5 f r r

dg4 = - g 3 <210>-

dt i6 n2 ,
I n t e g r a t i n g  t h i s  eqn w i t h  g~ 0 . 4  a t  low e n e r g i e s

4
g i v e s  t h e  t r a j e c t o r y  o f  t h e  h o r i z o n t a l  c o u p l i n g  c o n s t a n t .  

U n i f i c a t i o n  S c a l e :

Next we l i k e  t o  f i n d  t h e  s c a l e  a t  w h ich  g^ g i v e n  by  eqn 210

"m erge"  w i t h  t h e  SU(5) gauge  g ro u p  w h ich  i s  good a t

1015 Gev.

The t r a j e c t o r y  o f  g^ i s  f i x e d  by t h e  above 

e q u a t i o n  a l o n g  w i t h  t h e  low e n e rg y  v a l u e  o f  g 4= 00 .4  a t

o r d i n a r y  e n e r g i e s .  I n  o r d e r  t o  e s t i m a t e  t h e  s c a l e  a t

w h ich  t h i s  m erges  w i t h  t h e  SU(5) c o u p l i n g  c o n s t a n t  l e t ' s  

i n v e s t i g a t e  t h e  s c a l e  b e h a v i o u r  o f  SU(5) c o u p l i n g  

c o n s t a n t ,  g^ .

The s c a l e  v a r i a t i o n  o f  g^ i s  g iv e n  by t h e  eqn.

« u >

■ -  A  . rss- (2i2>at Wit*
= - 9 s  13 (213)

*1*11*
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^ s _  _  15 3 s
■ j T  -  ~ r ~ ,  (2i4>
d f c  i | g n 2

The v a l u e  o f  g 5 a t  lO -^  Gev. h as  been  o b t a i n e d  e a r l i e r .  

I t  i s  ^ 5  ~ » 4  • I n t e g r a t i n g  t h e  r e n o r m a l i z a t i o n

group  eqn f o r  SU(5) gauge  g ro u p  we g e t

. i  i  4 . | n H '  <215>

9 4 ,  S s M  «■*
The h o r i z o n t a l  gauge  c o u p l i n g  c o n s t a n t  g^ eqn can  be 

s i m i l a r l y  i n t e g r a t e d .  We g e t  t h a t

' ‘I  -  -  j .  J -  . (217)
% ,»  %  ( v j  ~Ja

E q u a t in g  t h e  above two e q u a t i o n s  we g e t

I i  m ’ ( 2 1 8 )J- + _L . 4 m _ _L , i  l m 
f p )  8«’ 7  • 95(«>+ S»- ' 7

f o r  J d  :  |£>*6«V, < £ -  0 4  and  f o r  /U pS J 4

Thus,  we g e t ,

I I 4 I M ’ I I I » .  ( ( 219>—  + — -4. m i l  : -1 + - , •  InM
0-4 | 0> ^ v 0 .ti
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w hich  g i v e s  N 2sl£>C^.Thus, t h e  u n i f i c a t i o n  o f  h o r i ­

z o n t a l  i n t e r a c t i o n  w i t h  SU(5) g au g e  i n t e r a c t i o n  o c c u r s  

a t  1020 Gev.

We n o t e  p a r e n t h e t i c a l l y  t h a t  s i n c e  1 0 ^  i s  t h e  

p l a n c k  m ass ,  t h e r e f o r e ,  t h e  f l a v o r  u n i f i c a t i o n  a p p e a r s  

t o  t a k e  p l a c e  a lm o s t  a t  t h e  g r a v i t a t i o n a l  s c a l e .
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CHAPTER IV

F erm ion  I r r e d u c i b i l i t y :

A l o g i c a l  e x t e n s i o n  o f  what  we hav e  d i s c u s s e d  so f a r  i s  

t o  p u t  a l l  t h e  f e r m io n s  i n  one  i r r e d u c i b l e  r e p r e s e n t a t i o n .

At t h e  l e v e l  o f  SU(8) o r  SU(9),  we have  n o t i c e d  

t h a t  t h e  r e p r e s e n t a t i o n  s e t  o f  i n t e r e s t  i s  su c h  a s  t o  

c o n t a i n  no r e p e a t i t i o n s .  However, t h e  f e r m i o n i c  s e t  

i s  s t i l l  r e d u c i b l e .

T h e re  a r e  a t  l e a s t  two ways t o  g e t  i r r e d u c i b l e  

f e r m i o n i c  c o n t e n t .  T h ese  a r e  i n  SU(10) o r  S 0 (1 5 ) .

These  a r e  t h e  m in im a l  g r o u p s  t h a t  a l l o w  f o r  f e rm io n  

i r r e d u c i b i l i t y .

SU(10) and F e rm io n  I r r e d u c i b i l i t y :

The i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  i n t e r e s t  i s  (10 ,  5 ) .

The d e c o m p o s i t i o n  o f  (10 ,  5) i n t o  i t s  SU(5) c o n t e n t  

i s  a s  f o l l o w s :  (220)

(10 ,  5)=  1 ( 1 )  +  5* (5)  + 10*(10)  + 10(10*)  + 5 (5* )  + 1 (1 )

N ote  t h a t  t h e  r e p r e s e n t a t i o n  i s  r e a l  and t h e r e f o r e  c o n t a i n

no t r i a n g l e  a n o m a l i e s .

Embedding o f  SU(8) i n  SU(10):  -  T h i s  g ro u p  h a s  99

g au g e  b o s o n s .  We now want t o  show t h a t  t h e  r e p r e s e n t a t i o n

(10 ,  5) embeds t h e  r e p r e s e n t a t i o n s  (8 ,  3) (+) (8 ,  6)

(+) (8 ,  7 ) .  I n  o r d e r  t o  do t h a t  l e t ' s  decompose 

(10 ,  5) a c c o r d i n g  t o  t h e  f o l l o w i n g  b r e a k i n g  o f  SU(10)

i n t o  SU(5) o f  G e o r g i  and Glashow.

SU(10)

Su(?)xsu(i)X(7 (1)
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SU(8) X SU(2) X U ( l )

I

> 1 0 15 Gev.
I

I

V $

SU(5) (X) SU(3) (X) SU(2) (X) U ( l )

We now d i s p l a y  t h e  SU(5) (X) SU(3) (X) SU(2) c o n t e n t  

o f  (10 ,  5) .

The d e c o m p o s i t i o n  o f  10, 5 a c c o r d i n g  t o  t h e  above  

su b ro u p  i s  a s  f o l l o w s :

(1 0 ,  5)= 1 (1 )  +  ( 5 ,  3 * ,  l )  +  ( 5 ,  1 ,  2 * )

+  (1 0 ,  3 * .  2 )  +  (10 ,  3 ,  1 J

+  ( 1 0 ,  1, 1 ) +  (10*. 3 , 2 )

+  ( 1 0 ,  3 *  1 )  + (1 0 ,  1, l ) + {  5*, 3 ,  l )

+  (5*,  1 ,  2 )  +  1 (1 )  (221)

Note  t h a t  t h i s  c o n t a i n s  3 " l i g h t "  g e n e r a t i o n s  a s  i n  

S U (8 ) .

T h e re  a r e  two r e m a rk s  t o  be  made a b o u t  SU(10) gauge  

t h e o r y .  The f i r s t  i s  t h a t  t h e  g au g e  c o u p l i n g  c o n s t a n t  

w i t h  t h e  r e p r e s e n t a t i o n  10, 5 i s  a s y m p t o t i c a l l y  f r e e .  

The second  p o i n t  i s  t h a t  t h e  r e p n  i s  r e a l .  T h i s  may 

be  p r o b l e m a t i c .  However, we b e l i e v e  t h a t  t h e  r e a l i t y
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o f  t h e  r e p r e s e n t a t i o n  d o es  n o t  p r e c l u d e  i t  f rom b e in g

p h y s i c a l l y  i n t e r e s t i n g .

S 0 (1 5 ) :  T h i s  g ro u p  w h ic h  h a s  105 gau g e  f i e l d s  a l s o  

p r o v i d e s  an i r r e d u c i b l e  b a s i s  f o r  t h e  f e r m i o n s .  The 

r e p r e s e n t a t i o n  o f  i n t e r e s t  i s  t h e  s p i n o r i a l  r e p r e s e n -

S p e c i a l  O r th o g o n a l  G r o u p s :

I t  i s  g e n e r a l l y  e a s i e r  t o  work w i t h  s p e c i a l  u n i t a r y  

g r o u p s .  T h e r e f o r e ,  i t  i s  i n t e r e s t i n g  to  work w i t h  

s p e c i a l  o r t h o g o n a l  g r o u p s  i n  t h e  b a s i s  o f  s p e c i a l  

u n i t a r y  g r o u p s .  Such a  b a s i s  was s e t  up by M ohapa tra  

and S a k i t a .

T h i s  i s  e a s i l y  c o n s t r u c t e d .  I f  Q.^ ( t  = f, . . fJ)

t a t i o n  o f  S 0 (1 5 ) .  T h i s  h a s  a  d im e n s io n  o f  2^=128.
24,  25

and i t s  h e r m i t e a n  c o n j u g a t e  s a t i s f y

' a ] }  '•Si j  ( 2 2 2 )

■ | 0 < i O j}  ~ 6

t h e n ,  t h e  g e n e r a t o r s ,  X^, o f  U(N) g r o u p ,  w h ich  s a t i s f y

(223)

a r e  c o n s t r u c t e d  o f  a ' s  a s

(224)
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The 0(2N) b a s i s  i s  o b t a i n e d  by d e f i n i n g  ^ ) »jU \

(225)

r 2j c  ( .X j  t - X j ' )  ( 2 2 6 )

{ £ X } - i J . v  ( 2 2 7 )

Thus,

The g e n e r a t o r s  a r e  o b t a i n e d  a s  

A u V  2 1  “

(228)

/
For S0(2N+1) t h e  e l e m e n t  i s  t o . b e  i n c l u d e d  i n  t h e

n
above  a l g e b r a ,  w h e r e i s  d e f i n e d  a s

r 0 * i N r ? ~ -  & «  - <229>
The s p i n o r i a l  r e p r e s e n t a t i o n  o f  S0(2N+1) h a s  t h e  

d im e n s io n  2^ .  A s p e c i f i c  exam ple  o f  how t h i s  

s p i n o r i a l  r e p r e s e n t a t i o n  embeds SU(5) r e p r e s e n t a t i o n s  

w i l l  be  shown f o r  S 0 (1 5 ) .

Yukawa C o u p l i n g s ;

The Yukawa c o u p l i n g s  a r e  g i v e n  a s

?  B£' ̂  IJJv fa* V -
V*

where  B s a t i s f i e s

( 2 3 0 )
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The s o l u t i o n  o f  t h e  B i n  t e rm s  o f  fl* i s  g i v e n  a s
*

II 0*

6 s ?r p*
Embedding SU(5) i n  SO(15)

f o r  N = even 

f o r  N = odd

(231)

(232)

The SO(15) s p i n o r i a l  b a s i s  h a s  t h e  d im e n s io n  2 .  I t  

i s  c o n s t r u c t e d  a s  f o l l o w s :

S0(is) £pinof Bastf Wmtntfw. S u (? )  Dew»p®sflii»n

|o> 1 i

< *?  l°> 7 §  + 2 0 )

J. a $ a <  |o >  
2! J

21 JO + 2 (5 ) + i

x  Q i d j a } : i o >
31

35 lo*+ 2 O s )  + 5

X  < f i a t a w a t fo>

X  a } a * a i a } < k  |o>

3 5

21

4oJ+ (5‘J + J 2

|0*+  l ( 5 * ) t  I

i a U J & t a *

I •

7

1

5*+ 2(J .)  

1
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Note t h a t  on t h i s  b a s i s ,  we have  4 ( 5 * ) ' s  and 4 ( 1 0 ) ' s  

i n  a l l .  Thus ,  t h i s  r e p r e s e n t a t i o n  c o n t a i n s  f o u r  

" l i g h t "  g e n e r a t i o n s .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  

t h e  SO g r o u p s  hav e  even  number o f  f a m i l i e s  o n l y .  

F u r t h e r ,  we f i n d  t h a t  t h i s  r e p n  o f  SU(15) g i v e s  

a s y m p t o t i c a l l y  f r e e  gauge  c o u p l i n g .
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CONCLUSIONS

The p r e s e n t  s t a n d a r d  t h e o r i e s  -  nam ely  ( i )S U (2 )  (X)U (l)L
t h e o r y  o f  t h e  weak and  e l e c t r o m a g n e t i c  f i e l d s  and ( i i )  

t h e  SU(5) g r a n d  u n i f i e d  t h e o r y  -  a r e  b o t h  i n c o m p le t e .

T h i s  a r i s e s  b e c a u s e  o f  r e p e t i t i o n s  o f  i d e n t i c a l  r e p r e ­

s e n t a t i o n s  f o r  t h e  f e r m i o n s .

I t  h a s  been  s u g g e s t e d  by s e v e r a l  a u t h o r s  t h a t  a 

s t e p  to w ard s  making t h e  above t h e o r i e s  l o g i c a l l y  co m p le te  

would i n v o l v e  i n t r o d u c i n g  h o r i z o n t a l  gauge  symmetry. 

P h y s i c a l l y ,  t h e s e  sy m m etr ie s  would g i v e  r i s e  t o  t h e  

p o s s i b i l i t y  o f  f l a v o r - c h a n g i n g  n e u t r a l  p r o c e s s e s .

I n  t h e  f ram ew ork  o f  t h e  weak and e l e c t r o m a g n e t i c  

i n t e r a c t i o n s  i t  i s  known t h a t  t h e  f l a v o r  c h a n g in g  n e u t r a l  

c u r r e n t  do c e r t a i n l y  e x i s t .  T h is  i s  e x e m p l i f i e d  by 

s e v e r a l  sy s te m s  s u c h  a s  K°-K°, D°- D° and p e r h a p s  

go -  B°. However, i t  i s  a l s o  known t h a t  t h e s e  p r o c e s s e s  

t a k e  p l a c e  a t  m o s t  w i t h  s t r e n g t h  Gp°C , i f  we h av e  o n ly  

f o u r  q u a r k s  ( i e ,  u ,  d ,  s ,  and c ) . T h i s  com pares  w i t h  

s t r e n g t h  Gp f o r  t h e  u s u a l  weak and e l e c t r o m a g n e t i c  

i n t e r a c t i o n s .

I t  i s  known now t h a t  t h e r e  a r e  more t h a n  f o u r  

q u a r k s .  I n  p a r t i c u l a r  t h e  f i f t h  q u a rk ,  b ,  h a s * b een  

" f o u n d " .  I t  h a s  a l s o  been  c o n j e c t u r e d  t h a t  t h e  c h a rg e  

2 /3  c o u n t e r p a r t  o f  t h e  b - q u a r k  i s  t h e r e .
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As t h e s e  q u a r k s  a r e  " d i s c o v e r e d "  t h e  q u e s t i o n  

n a t u r a l l y  a r i s e s  a b o u t  f l a v o r  c h a n g in g  n e u t r a l  

p r o c e s s e s .  The s t a n d a r d  SU(2)^  ( S ) U ( l )  s c e n e r i o  p r e d i c t s  

t h a t  a s  f a r  a s  t h e s e  c u r r e n t s  a r e  c o n c e rn e d  t h e y  a r e  

s u p p r e s s e d  a s  b e f o r e .

However,  su c h  a  c o n c l u s i o n  i s  n o t  i n e v i t a b l e .  I n  

f a c t ,  we show t h a t  t h e r e  a r e  t h e o r i e s  w here  i n  s p i t e  o f  

s u p p r e s s i o n  o f  FCNC be tw een  u ,  c and d,  and s , t h e  FCNCs 

be tw een  b t o  d o r  t  to  u  a r e  n o t  s u p p r e s s e d .  T h ese  a r e  

t h e o r i e s  p r e c i s e l y  w i t h  h o r i z o n t a l  gauge  s y m m e t r ie s .

I n  s u c h  a m odel  we d i s c u s s  i n  d e t a i l  a b o u t  t h e  

p i c t u r e  o f  t h e  ‘b - q u a r k .  The l i f e t i m e  o f  t h e  b - q u a r k  i s  

shown to  be  bounded by  vL/* | 0  B ecause  o f  h o r i ­

z o n t a l  i n t e r a c t i o n s  t h e  b - d e c a y  n e e d  n o t  be  p u r e  V-A. 

F u r t h e r  b e c a u s e  o f  n e u t r a l  c u r r e n t  c o n n e c t i n g  b t o  d we 

show t h a t  t h e  m ix in g  b e tw een  B° and Bo may ex ceed  

p r e s e n t  e x p e c t a t i o n s .

We d e a l  t h e n  w i t h  e x p e r i m e n t a l  s i g n a t u r e s  o f  

su c h  a  s c e n a r i o .  I n  p a r t i c u l a r ,  we show t h a t  i f  we f o c u s  

on t h e  m u l t i l e p t o n  e v e n t s  t h a t  f o l l o w  t h e  p r o d u c t i o n  o f  

u p s i l o n ,  t h e n  t h e  r a t i o  t o  ^ ( d e f i n e d  i n  t h e  t e x t )  

i s  r e l a t e d  t o  t h e  b r a n c h i n g  r a t i o  f o r  t h e '  d ec ay  o f  t h e  

- l e p t o n  i n t o  e l e c t r o n .  The r e l a t i o n s h i p  i s :
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I n  a n o t h e r  v e r s i o n  o f  su ch  a  model we d i s p l a y  how CP 

v i o l a t i n g  c u r r e n t s  a r i s e .  The ^ = 2  , CP v i o l a t i n g  

a m p l i t u d e  i s  hown t o  be  p r o p o r t i o n a l  t o  d e v i a t i o n s  f rom 

u n i v e r s a l i t y  o f  t h e  weak i n t e r a c t i o n s  and ,  t h e r e f o r e ,  

s u p p r e s s e d .  Coming t h e n ,  t o  t h e  q u e s t i o n  o f  g r a n d  u n i ­

f i c a t i o n  we embed t h e  above  m ode ls  i n  a  t h e o r y  b a s e d  on 

SU(7) .  However, owing to  r e p e t i t i o n s  o f  t h e  b a s i c  f e r m i o n i c  

s e t  i n  SU(7) we f i n d  t h a t  t h e  t h e o r y  i s  s t i l l  i n c o m p l e t e .

The c o m p le t e  f l a v o r  u n i f i c a t i o n  a r i s e s  a t  t h e  

l e v e l  o f  SU(8) .  I n  su c h  f l a v o r  u n i f i e d  schemes t h e  

h o r i z o n t a l  g u a g e  b o so n s  t h a t  m e d i a t e  FCNC a r e  p e r h a p s  

a l l  s u p p r e s s e d .  The s t r e n g t h  Gp i s  u s e d  t o  d e f i n e  t h e  

m a sse s  o f  t h e  c o r r e s p o n d i n g  guage  b o s o n s .

We d i s c u s s  how t o  a r r i v e  a t  p l a u s i b l e  f e r m io n  

m a s s - m a t r i x e s  i n  t h e s e  t h e o r i e s .  We a l s o  n o t e  a s  an  

a s i d e  t h a t  t h e  SU(8) t h e o r y  i s  good i r r e s p e c t i v e  o f  

w h e th e r  a to p  q u a r k  e x i s t s  o r  n o t .

E x p e r im e n ta l  s i g n a t u r e  o f  f l a v o r  u n i f i c a t i o n  a r e  

two f o l d .  F i r s t  we e x p e c t  t h a t  beyond t h e  t h i r d  o r
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f o u r t h  g e n e r a t i o n s  t h e  weak i n t e r a c t i o n s  become V + A 

a s  a g a i n s t  V -  A o f  t h e  " l i g h t "  f e r m i o n s .  F u r t h e r  

t h e s e  t h e o r i e s  q u i t e  g e n e r a l l y  l e a d  t o  n e u t r i n o  o s c i l ­

l a t i o n s  and n e u t r i n o  d e c a y .

A s id e  f rom  t h e s e  p e c u l i a r i t i e s  t h a t  a p p e a r  a t  

t h e  t r e e  l a g r a n g i a n ,  we d i s c u s s  some o f  t h e  r a d i a t i v e  

e f f e c t s .  The one  lo o p  r e n o r m a l i z a t i o n  g ro u p  e q u a t i o n s  

a r e  u s e d  to  a r r i v e  a t  t h e  v a l u e  o f  t h e  Weinberg a n g l e  

a t  low e n e r g i e s .  We n o t e  t h a t  t h i s  v a l u e  seems 

i n s e n s i t i v e  t o  t h e  number o f  f e r m i o n  g e n e r a t i o n s .

We u s e  t h e s e  r e n o r m a l i z a t i o n  g ro u p  e q u a t i o n s  to  

d i s c u s s  t h e  s c a l e  a t  w h ich  f l a v o r  g r a n d  u n i f i c a t i o n  

o c c u r .  W hile  t h e  " c o n v e n t i o n a l "  SU(5) u n i f i c a t i o n  

a p p e a r s  a t  t h e  10^^ Gev. s c a l e ,  t h e  f l a v o r - g r a n d  u n i ­

f i c a t i o n  a p p e a r s  a t  1 0 ^ “20 Gev. We n o t e  i n  p a s s i n g  

t h a t  a t  su ch  a s c a l e  t h e  g r a v i t a t i o n a l  e f f e c t s  p e r h a p s  

a r e  i m p o r t a n t .

The s t o r y  o f  f l a v o r  u n i f i c a t i o n  i s  s t i l l  n o t  

c o m p le t e .  A c o m p le t e  f l a v o r  u n i f i c a t i o n  r e q u i r e s  a l l  

f e r m io n s  t o  b e lo n g  t o  one  i r r e d u c i b l e  m u l t i p l e t  o f  t h e  

gauge  g ro u p .  To t h a t  e f f e c t ,  we d i s c o v e r  t h a t  SU(10) 

i s  t h e  m in im al  g ro u p  t h a t  i s  c a p a b l e  o f  a c h i e v i n g  t h e  

above  o b j e c t i v e .  We show t h a t  t h e  r e p r e s e n t a t i o n
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(10 ,  5) embeds t h e  r e p r e s e n t a t i o n  o f  SU(8) i n  one s i n g l e  

i r r e d u c i b l e  m u l t i p l e t .

I n  s p i t e  o f  t h e  f a c t  t h a t  SU(10) embeds SU(8) 

m u l t i p l e t ,  t h e  r e p r e s e n t a t i o n  (1 0 ,  5) i s  p l a g u e d  w i t h  

d i f f i c u l t i e s .  The m ost  i m p o r t a n t  d i f f i c u l t y  i s  t h e  

f a c t  t h a t  t h e  r e p r e s e n t a t i o n  i s  r e a l  and i t  i s  d i f f i c u l t  

t o  a r r i v e  a t  V - A n a t u r e  o f  t h e  weak i n t e r a c t i o n  f o r  

t h e  f e rm io n  mass e i g e n s t a t e s .

I t  may be  more p r o f i t a b l e  t o  embed SU(8) i n  t h e  

S0(15)  gauge  g ro u p .  We show how t h i s  i s  a c h i e v e d .  I t  

i s  i n t e r e s t i n g  t o  n o t e  t h a t  SO(15) a l l o w s  an  embedding 

o f  l e f t - r i g h t  symmetry.
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