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ABSTRACT

SUPERSYMMETRIC LEFT-RIGHT THEORIES OF 

ELECTROWEAK INTERACTIONS

By

ASIM GANGOPADHYAYA

A d v i s e r :  P r o f .  R a b i n d r a  N. M o h a p a t r a

We s t u d i e d  s u p e r g r a v i t y  i n d u c e d  r a d i a t i v e  b r e a k i n g  

o f  SU-, (2) XU(1) g r o u p  in  l e f t - r i g h t  s y m m e t r i c  t h e o r i e s  

o f  e l e c t r o w e a k  i n t e r a c t i o n s .  We f i n d  t h a t  i n  o r d e r  t o  

h a v e  a  minimum t h a t  b r e a k s  SUR (2)XU(1) sym m etry  l e a v i n g  

SUT (2) i n t a c t ,  t h e  p a r i t y  h a s  t o  be b r o k e n  a t  a  s c a l e
14

much above  t h e  Tev r e g i o n .  We show t h a t  i f  a p a r i t y  odd 

s i n g l e t  i s  i n t r o d u c e d  in  t h e  t h e o r y  t h a t  p i c k s  up  VEV a t  

s u p e r h e a v y  s c a l e  t h e n  SUR (2)XU(1)  g r o u p  b r e a k s  down



( iv)

r a d i a t i v e l y  v i a  a n o n z e r o  VEV a c q u i r e d  by  r i g h t  h a n d e d  

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

c h a r g e d  and  n e u t r a l  f e r m i o n s  and f i n d  t h a t  t h e o r y  d o e s  

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

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

Then c a l c u l a t i n g  t h e  K^-Kg m a ss  d i f f e r e n c e  we 

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

known c o n s t r a i n t  on  r i g h t  h a n d e d  m ass  s c a l e  ( f l .  ^ 1 . 6 T e V ) .
R

T h i s  i m p l i e s  t h a t  l e f t - r i g h t  t h e o r i e s  c o u l d  be  a  n o n t r i ­

v i a l  a l t e r n a t i v e  t o  s t a n d a r d  m o d e l  a t  low e n e r g i e s .

We p r e s c r i b e d  a  m e thod  o f  d e r i v i n g  r e n o r m a l i s a t i o n  

g r o u p  e q u a t i o n s ( R G E )  in  e x p l i c i t e l y  b r o k e n  s u p e r s y m m e t ­

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

t h a t ,  t o  s t u d y  t h e  d i v e r g e n c e  s t r u c t u r e  o f  t h e  t h e o r y  

e f f i c i e n t l y ,  a l l  s u p e r s y m m e t r y  b r e a k i n g  t e r m s  s h o u l d  be  

w r i t t e n  i n  D - t y p e  f o r m .  S i n c e  c a l c u l a t i n g  t h e  d i v e r g e n t  

p a r t  i s  much e a s i e r  i n  s u p e r g r a p h s  t h a n  i n  c o m p o n en t  

l a n g u a g e ,  o u r  p r e s c r i p t i o n s  d r a s t i c a l l y  r e d u c e  t h e  work 

i n v o l v e d  in  d e r i v a t i o n  o f  R G E 's .  To c o r r o b o r a t e  o u r  

c l a i m s  we d e r i v e  t h e  RGE's  f o r  a  w e l l  known n o n t r i v i a l  

m ode l  and  r e p r o d u c e  a l l  t h e  e q u a t i o n s  t h a t  w e re  o b t a i n e d  

by c o m p o n e n t  m e t h o d .
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INTRODUCTION:

Though t h e  n o n a b e l i a n  g a u g e  t h e o r i e s ^  w e re  

i n v e n t e d  in  e a r l y  f i f t i e s  t h e y  d i d  n o t  f i n d  much 

p r a c t i c a l  u se  u n t i l  l a t e  s i x t i e s  when S a la m -W e in h e rg  

m o d e l ^  was p r o p o s e d .  T h i s  m o d e l , l o o k i n g  

r e t r o s p e c t i v e l y ,  ha s  e n j o y e d  t r e m e n d o u s  s u c c e s s .  I t  was 

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

model  o f  weak i n t e r a c t i o n s  b u t  i t  was a l s o  t h e  f i r s t  

t im e  two d i f f e r e n t  i n t e r a c t i o n s  w e re  s u c c e s s f u l l y  

b l e n d e d  i n t o  o n e .  T h i s  sowed t h e  s e e d s  o f  a d ream t o  be  

known l a t e r  a s  G rand  U n i f i e d  T h e o r i e s  (GUTS).

Weak i n t e r a c t i o n ,  a s  we know, i s  a s h o r t  r a n g e  f o r c e

and s h o u l d  be m e d i a t e d  by m a s s i v e  b o s o n s ( i n  g a u g e

t h e o r i e s )  a s  d i c t a t e d  by Yukawa t h e o r y .  H o w ev e r ,  i t  i s

a l s o  w e l l  known t h a t  e x p l i c i t  mass  t e r m  f o r  t h e  gau g e

b o s o n s  c o u l d  n o t  be i n t r o d u c e d  in  t h e  t h e o r y  b e c a u s e

t h a t  s p o i l s  r e n o r m a l i z a b l i t y .  To a v o i d  t h i s  p ro b le m  in

S a la m -W ein b e rg  model ( S t a n d a r d  Model)  H i g g s - K i b b l e

mechanism was u s e d  t o  g i v e  m a s s e s  t o  b o s o n s

s p o n t a n e o u s l y .  They  c o n j e c t u r e d  t h a t  r e s u l t i n g  t h e o r y

i s  r e n o r m a l i z a b l e  w h ic h  was l a t e r  p r o v e d  by  t ' H o o f t  i n  a
( 3 )s e r i e s  o f  e x c e l l e n t  p a p e r s '  . Thus  s t a n d a r d  m ode l  

was on a s o l i d  t h e o r e t i c a l  r o c k  by t h e  end o f  *71.

M ajo r  e x p e r i m e n t a l  s u c c e s s  came in  73 when e x i s t e n c e  o f
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n e u t r a l  c u r r e n t s ,  an e s s e n t i a l  i n g r e d i e n t  o f  s t a n d a r d  

m o d e l ,  was e s t a b l i s h e d  e x p e r i m e n t a l l y .

However t h e r e  a r e  some c o m p l a i n t s  a g a i n s t  t h e  

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

i s  b u i l t  i n t o  t h e  t h e o r y  by p u t t i n g  t h e  l e f t  and  r i g h t  

h a n d e d  f e r m i o n s  in  i n e q u i v a l e n t  r e p r e s e n t a t i o n s  and  t h u s  

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

p a r i t y  v i o l a t i o n .  A n o t h e r  m a j o r  p r o b l e m  i s  t h e  e x p l a n a ­

t i o n  o f  o b s e r v e d  CP v i o l a t i o n .  To im p le m e n t  K o b a y a s h i -  

Maskawa t h e o r y  o f  CP v i o l a t i o n  in  S t a n d a r d  m o d e l  one  

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

an y  p h y s i c a l  p h a s e .  And a l s o  i t  d o e s  n o t  g i v e  any  

r e a s o n  f o r  t h e  s m a l l n e s s  o f  t h e  p h a s e .  We s h a l l  l o o k  a t  

m ore  o f  t h e s e  i n  t h e  n e x t  c h a p t e r .

T h e s e  o b j e c t i o n s  c o u l d  be a n s w e r e d  s a t i s f a c t o r i l y  i n
(4)t h e  c o n t e x t  o f  l e f t - r i g h t  s y m m e t r i c ( L R S )  t h e o r i e s  .

I n  t h e s e  t h e o r i e s  t h e  p a r i t y  i s  a good  sy m m etry  o f  t h e  

l a g r a n g i a n .  The r i g h t  h a n d e d  f i e l d s  t r a n s f o r m  in  a way 

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

g a u g e  t r a n s f o r m a t i o n s .  Many m o d e l s  b a s e d  upon 

SUL ( 2 ) XSUR (2)XUB_ L (1) g r o u p  h a v e  b e e n  c o n s t r u c t e d .  The 

p a r i t y  v i o l a t i o n  in t h e s e  m o d e l s  i s  g e n e r a t e d  by t h e  

a sy m m et r y  o f  t h e  vacuum. The a b s e n c e  o f  t h e  r i g h t  

h a n d e d  n e u t r i n o s  and  V+A t y p e  c h a r g e d  c u r r e n t s  a t  low
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e n e r g i e s  a r e  b o t h  e x p l a i n e d  by t h e  same e x p l a n a t i o n .

A l s o  many m ode ls  t i e  t h e  CP v i o l a t i o n  phenomenon w i t h  

t h e  p a r i t y  b r e a k  down and t h u s  s e v e r a l  d i f f e r e n t  

phenomena  can  be d e s c r i b e d  e l e g a n t l y  in  t h e s e  t h e o r i e s .  

We s h a l l  d e s c r i b e  them in  some what more d e t a i l  i n  t h e  

n e x t  c h a p t e r .

Many a u t h o r s ^  h a v e  s t u d i e d  t h e  e f f e c t  o f  s u p e -  

r s y m m e t r i s a t i o n  o f  SUT (2) t h e o r i e s .  However a s  oneJj
e x t e n d s  t h e  SUT (2)XUV (1) i n  t h i s  d i r e c t i o n  some o f  L X
t h e  n i c e  p r o p e r t i e s  o f  t h e  s t a n d a r d  m ode l  a r e  l o s t .  

S t a n d a r d  m ode l  c o n s e r v e s  b a r y o n  and  l e p t o n  numbers  

n a t u r a l l y .  S y m m e t r i e s  o f  t h e  t h e o r y  p r o h i b i t  i n t r o d ­

u c t i o n  o f  any  t e r m  w i t h  &B^0 o r  AL^O. Such c o n s e r v a ­

t i o n s  a r e  n o t  a u t o m a t i c  i n  SUSY v e r s i o n s  and one n e e d s  

f u r t h e r  s y m m e t r i e s  t o  ban  s u c h  t e r m s  f rom  t h e  l a g r a n g i a n .  

I n  t h i s  r e g a r d  we c o n s i d e r  s u p e r s y m m e t r i c  l e f t - r i g h t  

m o d e ls  a s  n a t u r a l  e x t e n s i o n  o f  s t a n d a r d  m o d e l .  I n  

l e f t - r i g h t  t h e o r i e s  B-L quan tum  number i s  c o n s e r v e d  as  a 

r e s u l t  o f  t h e  g a u g e  sy m m e try .  L e p t o n  number  t h e n  d o es  

b r e a k  down s p o n t a n e o u s l y  b u t  s u c h  b r e a k i n g  i s  n o t  

a r b i t r a r y  and  i s  r e l a t e d  t o  o t h e r  phenom ena .  I n  t h i s  

t h e s i s  I  s t u d y  s u p e r s y m m e t r i c  l e f t - r i g h t  t h e o r i e s .  The 

b r e a k i n g  p a t t e r n s  in  t h e s e  t h e o r i e s  h a v e  b e en  s t u d i e d  by 

s e v e r a l  a u t h o r s
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I t  i s  g e n e r a l l y  fo und  t h a t  t h e s e  t h e o r i e s  t h e  t r e e  l e v e l

p o t e n t i a l s  do  n o t  h a v e  a s y m m e t r i c  m in im a .  The e x t r e m a

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

shown in  l i t e r a t u r e ^  t h a t  i f  an odd p a r i t y  s i n g l e t

i s  i n t r o d u c e d  and g i v e n  a s u p e r  h e a v y  VEV, an a sym m etry

i s  g e n e r a t e d  s p o n t a n e o u s l y  b e tw e e n  t h e  two SU(2) g r o u p s

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

SU_.(2)XU(1) i s  b r o k e n  down r a d i a t i v e l y  by n o n z e r o  vacuum R
e x p e c t a t i o n  v a l u e  o f  r i g h t  handed  s - n e u t r i n o .  In  t h i s

s c e n a r i o  R - p a r i t y  i s  b r o k e n  s i m u l t a n e o u s l y  w i t h

SU_,(2)XU_ (1) and  t h e  m a t t e r  f e r m i o n s  g e t  m ixedR B-L
w i t h  g a u g i n o s  and h i g g s i n o s  t h r o u g h  c o m p l i c a t e d  m ass  

m a t r i c e s .  A n a l y s i n g  t h e  m a t r i c e s  we f i n d  t h a t  t h e  

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

p r e d o m i n a n t l y  t a u  l e p t o n  and  c o r r e s p o n d i n g  n e u t r i n o .

Then we s t u d y  t h e  c o n t r i b u t i o n s  o f  t h e s e  new i n t e r a ­

c t i o n s  t o  t h e  kT-K_ mass  d i f f e r e n c e .  We f i n d  t h a t  au b
s t r i n g e n t  c o n s t r a i n t  o b t a i n e d  in  non-SUSY c a s e  i s  r e n d e ­

r e d  v e r y  weak by s p e c i f i c a l l y  s u p e r s y m m e t r i c  c o n t r i b u t i ­

o n s .  Few a u t h o r s  have  s t u d i e d  t h e  b r e a k i n g  p a t t e r n s  i n  

t h e  s u p e r s y m m e t r i c  l e f t - r i g h t  t h e o r i e s  how ever  s t i l l  no 

e x t e n s i v e  r e a l i s t i c  c a l c u l a t i o n  h a s  b e en  d o n e .

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

t h e i r  e n h a n c e d  p r e d i c t i v e  po w er .  S u p e r g r a v i t y  t h e o r i e s
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a t  low e n e r g y  h a v e  v e r y  w e l l  d e f i n e d  s u p e r s y m m e t r y  b r e ­

a k i n g  t e r m s .  A t  P l a n c k  s c a l e ,  a l l  t h e  b r e a k i n g s  a r e  

p a r a m e t r i z e d  by j u s t  one  p a r a m e t e r ,  t h e  g r a v i t i n o  m a s s .  

T h i s  i s  t h e  o r i g i n  o f  t h e  p r e d i c t i v e  power  m e n t i o n e d  

a b o v e .  S u p e r g r a v i t y  t h e o r i e s  h a v e  a n o t h e r  v e r y  

i n t e r e s t i n g  f e a t u r e .  A l l  t h e  b r e a k i n g  t e r m s  t h a t  a r e  

i n d u c e d  b e l o n g  t o  a c e r t a i n  c l a s s  o f  i n t e r a c t i o n s  known 

a s  s o f t  t e r m s .  T h e s e  t e r m s  do  n o t  i n d u c e  any  q u a d r a t i c  

d i v e r g e n c e  i n  t h e  t h e o r y  ev en  t h o u g h  SUSY i s  b r o k e n .  

Thus  one  o f  t h e  r e s o n s  f o r  w h ic h  SUSY was i n t r o d u c e d  i s  

n o t  u p s e t  by t h e s e  b r e a k i n g  t e r m s .

I n  t h i s  t h e s i s  I  r e v i e w  s t a n d a r d  and  l e f t - r i g h t  

t h e o r i e s  b r i e f l y .  To make i t  s e l f - c o n t a i n e d  I  h a v e  

a d d e d  a  c h a p t e r  on s u p e r s y m m e t r y  in  t h e  a p p e n d i x ( A l ) .

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

T h i s  i s  d e s c r i b e d  in  c h a p t e r  I I .  U nder  c e r t a i n  a s s u m ­

p t i o n s  we show t h a t  t h e  SUR ( 2 ) XU0 _ L (1) g r o u p  i s  

b r o k e n  r a d i a t i v e l y  t o  U y ( l )  t h r o u g h  n o n z e r o  vacuum 

e x p e c t a t i o n  v a l u e  (VEV) o f  r i g h t  h a n d e d  t a u  s - n e u t r i n o  

( s c a l a r  p a r t n e r  o f  r i g h t  h a n d e d  n e u t r i n o ) .  We a n a l y s e ,  

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

n e u t r a l  f e r m i o n s .

Then w i t h  a  g e n e r a l  c a s e  we show t h a t  a s t r i n g e n t

c o n s t r a i n t  upon (1^  1 . 6  TeV) , com ing  f rom
R R
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K^-Kg m ass  d i f f e r e n c e ,  i s  no l o n g e r  v a l i d  when 

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

d e s c r i b e d  in  c h a p t e r  I I I  and  r e l e v a n t  d e t a i l e d  

c a l c u l a t i o n s  a r e  done  in  a p p e n d i x  A2.

I  a l s o  i n c l u d e d  a  c h a p t e r  on how t o  d e r i v e  t h e  

r e n o r m a l i s a t i o n  g r o u p  e q u a t i o n s  u s i n g  s u p e r g r a p h  r u l e s .  

The  s u p e r s y m m e t r y  b r e a k i n g  t e r m s  i n  s u p e r g r a v i t y  

t h e o r i e s  a r e ,  a s  m e n t i o n e d  a b o v e ,  a l l  e q u a l  t o  n i ^ a t  

t h e  P l a n c k  s c a l e .  The low e n e r g y  p a r a m e t e r s  a r e  t h e n  

o b t a i n e d  by  u s i n g  t h e s e  r e n o r m a l i s a t i o n  g r o u p  

e q u a t i o n s .  Our p r e s c r i p t i o n s  r e d u c e  t h i s  l a b o r  

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

o f  o u r  m e th o d  we c a l c u l a t e d  t h e  RGE1s f o r  a  w e l l  known 

s u p e r s y m m e t r i c  SUT (2)XU(1) m o d e l  i n  t h e  a p p e n d i x (A3) .
Li

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

I I ,  I I I  and  IV .  T h e s e  h a v e  b e e n  d o n e  i n  c o l a b o r a t i o n  

w i t h  P r o f .  R. N. M o h a p a t r a  and  D r .  D a rw in  Chang o f  U n i v ­

e r s i t y  o f  M a r y l a n d .



CHAPTER ONE

STANDARD AND LEFT-RIGHT MODELS



- ( 8 ) -

STANDARD MODEL- A b r i e f  r e v i e w :

T h i s  m o d e l  o f  weak i n t e r a c t i o n  i s  b a s e d  on g a u g e  g r o u p  

S U ( 2 ) LXU( 1 ) y .  Ng g e n e r a t i o n s  o f  l e f t  h a n d e d  l e p t o n s  

an d  q u a r k s  t r a n s f o r m  a s  d o u b l e t s  u n d e r  t h e  g r o u p  S U ( 2 ) L 

w here  a s  t h e i r  r i n g h t  h a n d e d  c o u n t e r  p a r t s  a r e  i n v a r i a n t .  

The  p a r t i c l e  c o n t e n t  o f  t h e  m o d e l  i s  g i v e n  b y ( T h e  n u m b ers  

in  t h e  p a r a n t h e s e s  r e p r e s e n t  t h e  qu an tu m  n u m b ers  o f  t h e  

f i e l d  u n d e r  t h e  g a u g e  g r o u p  SUL ( 2 ) XUy( 1 ) ) .

< & -

u i L '

d iL

2'  3 

i=  1 . . . N

u iR
d.lR

{ 1 4 '( 1» 2 )

( 1 , - | )  

( 1)

iL

( ^ - 1 )  

i=  1 . . .  N
S iR ( 1 , - 1)

( 2 )

The s u p e r s c r i p t  'O '  i n d i c a t e s  t h a t  t h e s e  f i e l d s  a r e  

n o t  m ass  e i g e n s t a t e s  ( They  a r e  c a l l e d  weak o r  i n t e r ­

a c t i o n  e i g e n  s t a t e s ) .  The e l e c t r i c  c h a r g e  o p e r a t o r  i s  

g i v e n  by

Qe l  = T 3L + y / 2

w h e re  T^L and  Y a r e  g e n e r a t e r s  o f  S U ( 2 ) L and  U ( l ) y

r e s p e c t i v e l y .  The S U ( 2 ) LX U ( l ) y  i s  b r o k e n  down t o  

UEM(1) by  n e u t r a l  c o m p o n e n t  o f  a  H i g g s  d o u b l e t  $  .
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T h e  t r a n s f o r m a t i o n  o f  t h e  H i g g s  u n d e r  U ( 1 ) Y i s

c l a s s i c a l  p o t e n t i a l  i s  m i n i m i z e d  f o r  f o l l o w i n g  s t r u c t u r e  

o f  VEV

T h i s  b r e a k  down o f  t h e  g a u g e  sy m m e t ry  g e n e r a t e s  

m a s s e s  f o r  g a u g e  b o s o n s  and  f e r m i o n s  s p o n t a n e o u s l y  

w i t h o u t  a f f e c t i n g  t h e  r e n o r m a l i z a b i l i t y .  The  n e u t r a l  

g a u g e  b o s o n  o f  S U ( 2 ) L , , g e t s  m ix e d  w i t h  t h e

b o s o n  B o f  Uy ( l )  and  g a u g e  b o s o n  m a ss  e i g e n  s t a t e s  

a r e  g i v e n  by

(3)

When mass  s q u a r e  i s  n e g a t i v e  f o r  3? f i e l d  t h e

(v i s  r e a l ) (4)

2 1 2 4 = i ( g v ) 2
2

z = g w3 ~ gl  B 

(g2+ g ' 2 )

a  = g ' w3 + g B M^=0
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Thus  we end  up w i t h  two m a s s i v e  c h a r g e d  and  o n e  

m a s s i v e  n e u t r a l  b o s o n s .  The r e m a i n i n g  m a s s l e s s  b o s o n  A 

c o r r e s p o n d s  t o  t h e  u n b r o k e n  g r o u p  UEM( i )  and  i s  t h e  

p h o t o n  f i e l d .

D e f i n i n g  3. = T a n 0 ^  one  c a n  w r i t e  t h e  n e u t r a l

b o s o n s  as

Z = Cos&w -  B SinGw

A = W3 S i n e w + B Cos©w 

Then one  f i n d s

mZ = “ w /  C o s ®W

a n d  h e n c e  a  s t r i c t  r a t i o  i s  p r e d i c t e d  b e t w e e n  t h e  two 

m a s s e s .

CURRENTS; T he  V-A c h a r a c t e r  o f  t h e  c h a r g e d  c u r r e n t s  i s  

b u i l t  i n t o  t h e  t h e o r y  b e c a u s e  t h e  r i g h t  h a n d e d  f e r m i o n s  do  

n o t  c o u p l e  t o  W—.

T h e  c o u p l i n g  o f  t h e  n e u t r a l  b o s o n s  i s  g i v e n  by

Ln e u t r a l = (T3L - S i n 29 wQe l ) ^ f

+ (g*2+gT"2") ^  Af*Qei^rf )

Or more  e l e g a n t l y

Lneutral = 1 1 / t T 3L-Sin2e MQe l ) £

+ i  e f  X  Qe l  f

where
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2The  n e u t r a l  c u r r e n t s  d a t a  p r e d i c t  S m 0 w & . 2 5 ,  a 

p r e d i c t i o n  w h ich  was v e r i f i e d  by  a t o m i c  e x p e r i m e n t s  and  

u l t i m a t e l y  by  t h e  e x p l i c i t  v a l u e s  o f  g a u g e  b o s o n  m a s s e s  

a t  CERN.
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T .ftF T  RIGHT SYMMETRIC THEORIES;

W ith  t h e  s i m p l i c i t y  and  t h e  c o m p a t i b i l i t y  w i t h  t h e  

low e n e r g y  p h e n o m e n o l o g y ,  S t a n d a r d  m ode l  h a s  a c q u i r e d  a 

u n i q u e  p o s i t i o n  among t h e o r i e s  o f  n a t u r e .  W i th  a l l  t h a t  

h a s  b e en  s a i d  so  f a r  one  may wonder  why any  b o d y  w ould  

l o o k  f o r  any  o t h e r  t h e o r y .  However t h e r e  a r e  some s h o r t  

co m in g s  o f  s t a n d a r d  m o d e l .  The m a in  o n e s  a r e

a )  The t h e o r y  d o e s  n o t  o f f e r  any  d e e p e r  u n d e r s t a n d i n g  

o f  p a r i t y  v i o l a t i o n .  P a r i t y  v i o l a t i o n  i s  g e n e r a t e d  

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

i n e q u i v a l e n t  r e p r e s e n t a t i o n s .

b) U ( l )  g e n e r a t o r  l a c k s  any  p h y s i c a l  m e a n i n g .

c) K o b a y a s h i  Maskawa m ode l  o f  CP v i o l a t i o n  r e q u i r e s  a t  

l e a s t  3 g e n e r a t i o n s  o f  f e r m i o n s  t o  g e n e r a t e  any  CP 

v i o l a t i n g  p h a s e .  And t h e n  t h e r e  i s  no r e a s o n  g i v e n  

f o r  t h e  s m a l l n e s s  o f  t h e  p h a s e .

One way s o l v e  t h e s e  p r o b l e m s  i s  t o  e x t e n d  t h e  t h e o r y  t o  

l e f t - r i g h t  s y m m e t r i c  m o d e l s .  I n  l e f t - r i g h t  m o d e l s  t h e  

p a r i t y  i s  b r o k e n  s p o n t a n e o u s l y  by n o n - i n v a r i a n c e  o f  t h e  

vacuum.  I n  many m o d e l s  p a r i t y  v i o l a t i o n  a n d  CP 

v i o l a t i o n  a r e  r e l a t e d .  The U ( l )  g e n e r a t o r  h e r e  i s  

n o t h i n g  b u t  t h e  B-L quan tum  n u m b e r .  F i n a l l y  i f  n e u t r i n o  

i s  f o u n d  t o  h a v e  m ass  l e f t - r i g h t  t h e o r y  p r o v i d e s  an 

i d e a l  s e t t i n g  t o  d e s c r i b e  i t .
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In  t h i s  s e c t i o n  we would  b r e i f l y  r e v i e w  t h e  l e f t -  

r i g h t  t h e o r i e s .  F o r  a d e t a i l e d  r e v i e w  I  w ou ld  r e f e r  t h e

r e a d e r s  t o  o r i g i n a l  p a p e r s  on t h e  s u b j e c t (1)

L e t  g _ , g  and  g '  be t h e  c o u p l i n g  o f  t h e  g a u g e
J j  K

g r o u p  SUT (2) XSUD (2)XUn , ( 1 ) .  The f i e l d s  o f  t h e
Jj  K

t h e o r y  a r e  (The numbers  in  t h e  p a r a n t h e s e s  r e p r e s e n t  t h e  

q uan tum  num bers  o f  t h e  f i e l d  u n d e r  t h e  g a u g e  g r o u p  

SUl (2)XSUr (2)XUy (1) )

u iL

a iL

(i,0, i)
i = l , . . ,N_ (5)

U/0 -  
’ iL~

i
) 4 l

e iL

( ^ , 0 , - 1 ) 

i = l , . . ( 6 )

lR
iR

d iR

( 0 , ! V
i = l , . . ,N (7)

vu? = 
t i R ( 0 , ± , - l )  

i = l , . . ,N ( 8 )

As b e f o r e  t h e  s u p e r s c r i p t  'O '  i n d i c a t e s  t h a t  t h e s e
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f i e l d s  a r e  n o t  m ass  e i g e n s t a t e s .  The e l c t r i c  c h a r g e

o p e r a t o r  i s  now g i v e n  by

0 = t  + T +e l  3L 3R 2
Where  Tt , T_ and  B-L a r e  g e n e r a t o r s  o f  SU_ (2)X L R Lj
SIL,(2)XU_ _ ( 1 ) .  I n  o r d e r  t o  g e n e r a t e  f e r m i o n  m a ss  R B-L
m a t r i c e s  one  i s  l e a d  t o  f o l l o w i n g  H i g g s  m u l t i p l e t s

1 ° *,+ A I* ?
X-

£  -
W

and  <$> -
u *

X
£ °

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

1
! ' 2 * ,  0) and , 1 1 *  

~ (2 '  1 , 0)

From t h e  r e p r e s e n t a t i o n s  i t  i s  c l e a r  t h a t  ^  c o n n e c t s  

t h e  l e f t  an d  r i g h t  h a n d e d  f e r i t i i o n i c  m u l t i p l e t s  and  h e n c e  

VEV o f  J  g e n r a t e s  a  m ass  t e r n  f o r  f e r m i o n s .  However 

t h i s  VEV w o u ld  b r e a k  t h e  g a u g e  g r o u p  t o  U(1)XU(1)  b e c a u s e  

k 0

i s  i n v a r i a n t  u n d e r  t h e  o p e r a t o r  (T3L + T 3R) i . e .  

(T3L + T 3R,< 4 > =  0
Thus  o n e  i n t r o d u c e s  two m ore  f i e l d s  and

^ L , R
^ L , R  ^ L r R ' AR ^  ( 0 , 1 , 2 )

The t h e o r y  i s  i n v a r i a n t  u n d e r  t h e  p a r i t y  o p e r a t i o n  P on
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t h e  f i e l d s  w h ich  i s  d e f i n e d  a s

w / p N TO
L

f  , p
’ R 
s  f

L
A / p ^ A

y R
H e r e  f T _ s t a n d  f o r  f e r m i o n  d o u b l e t s  Q. and  .

Li f K L I

I t  i s  r e m a r k a b l e  t h a t  c l a s i c a l  H i g g s  p o t e n t i a l  i s
p

i n v a r i a n t  u n d e r  t h e  i n t e r c h a n g e  -------=» A r  s t i l l

an a s y m m e t r i c  s o l u t i o n  c o u l d  emerge  a s  t h e  minimum o f  

t h e  p o t e n t i a l ^ .

C h a r g e d  C u r r e n t s :

The c h a r g e d  gauge  boson  mass  m a t r i x  i s  g i v e n  by

*S
WL

WR

1 2 2 2 1 2
(k + * '  ) T 9 k k ' \

\  - ^ 9 2 kk '  ^ g 2 (k 2+ k ' 2+v2 )

The p h y s i c a l  e i g e n  s t a t e s  a r e  l i n e a r  c o m b i n a t i o n  o f
+ + k 1WL and  WR. H o w ev e r ,  f o r  a s m a l l  ^  , one  f i n d s  s u c h

m i x i n g s  can  be s a f e l y  i g n o r e d .  T h a t ,  in  t u r n  i m p l i e s

t h e  u s u a l  C a b b ib o  l i k e  fo rm  o f  t h e  C h a r g e d  c u r r e n t s

e x p l i c i t e l y  g i v e n  b y ( w i t h  two g e n e r a t i o n s )

J  L =VL + <UC)L^|*0 ( S) L

j  r  -  V r v V * r rR + <“ = ’ r V 0 ( = ) r  <9)
Where t h e  m ix in g  m a t r i x  'O '  i s  g i v e n  by
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0 = (10 )

CosGc S in 0 £ 1

^ - S i n © c C o s B c )

W here  Gc i s  t h e  C a b i b b o  a n g l e .  The f a c t  t h a t  t h e  r i g h t  

and t h e  l e f t  h a n d e d  c u r r e n t ' s  c o u p l i n g s  a r e  same i m p l i e s  

t h a t  t h e  r i g h t  h a n d e d  g a u g e  b o s o n  m u s t  be  v e r y  h e a v y .  

NEUTRAL CURRENTS:

The m ass  m a t r i x  f o r  t h e  n e u t r a l  g a u g e  m e so n s  i s

WL

| g 2 (k 2+ k ' 2)

WR
1 2  2 2 

-■^g (k + k '  )
1 2  2 , .  , 2 , 1 2  , ,  2 , ,  , 2 , 2 .- j g  (k + k '  ) ^g  (k + k '  +v )

1 2
o - ^ g g 1v

B

0

- ^ g g ' v
1 , 2 2 
49 v

The e i g e n  v a l u e s  a r e  ( i n  t h e  a p p r o x .  
M...

M, \  
Cos8 w

My COS 9, 

v/Cos2©^

W i th  t h e  a n g l e  0 d e f i n e d  by

2 a ' 2S i n 2© = — ^ -------------
( g z + 2 g ' z )

The N e u t r a l  g au g e  b o s o n s  a r e  g i v e n  by 
3, „ 3 ,

k 2 + k '  2 ^ 1 )

A = Sin© (W£+W^)+ ycos20  B 

Z = Cos© W2-  Sin© Tan0 W2-  Tan© J C o s 20 B

4  =°

(9)
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x = H I ®  mr  -  T an e  B
From t h e s e  one f i n d s  a t  low e n e r g i e s

J p- = Cos ^  ^ (T3L '  Qe l  S i n 2 °  } f  (10)
Thus  L e f t - R i g h t  s y m m e t r i c  t h e o r y  r e p r o d u c e s  a l l  t h e

p r e d i c t i o n s  o f  s t a n d a r d  m ode l  a t  low e n e r g i e s .

However a t  s h o r t  d i s t a n c e s  one  s h o u l d  be a b l e  t o  s e e

t h e  d e v i a t i o n  o f  t h i s  m ode l  f rom  W e i n b e r g - S a l a m .  In
f 3 )f a c t  i t  h a s  been  a r g u e d '  1 t h a t  p a r i t y  c o n s e r v a t i o n

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

3 - 1(10 GeV) . The f i r s t  c o n s t r a i n t  on t h e  p a r i t y  

b r e a k i n g  s c a l e  was o b t a i n e d  from t h e  a n a l y s i s  o f  t h e  

c h a r g e d  c u r r e n t s .  They f o u n d  t h a t  Ŵ  w h ich  c o u p l e s  

p r e d o m i n a n t l y  t o  V+A te r m s  c o u l d  h ave  a mass  a s  low a s  

t h r e e  t i m e s  t h e  SUT (2) c h a r g e d  g a u g e  bo so n  w i t h  o u tLt
a f f e c t i n g  t h e  known p h e n o m en o lo g y .  When c o n t r i b u t i o n s

t o  J^ -K g  mass  d i f f e r e n c e  ( AMr ) was c a l c u l a t e d

a u t h o r s  o f  R ef  (4) fo und  t h a t  t h e  box d i g r a m s  w i t h  b o t h

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

w i t h  a s i g n  o p p o s i t e  t o  t h a t  o b t a i n e d  in  s t a n d a r d  m ode l

and u n l e s s  'y 20 Mw t h e  l e f t - r i g h t  t h e o r i e s  
R L

p r e d i c t e d  a wrong s i g n  f o r  t h e  K^-Kg m ass  d i f f e r e ­

n c e .  T h i s  w ou ld  im p ly  r t .  i s  g r e a t e r  t h a n  1 . 6  T e v .
R

I n  t h e  I l l r d  c h a p t e r  we s h a l l  s t u d y  t h e  e f f e c t  o f  

s u p e r s y m m e t r i z a t i o n  on t h e  ab o v e  m ass  s c a l e .



CHAPTER I I

RADIATIVE BREAKING IN LEFT RIGHT SUPERGRAVITY THEORY



-(19) -

RADIATIVELY BROKEN LEFT-RIGHT SUGRA THEORIES

I n  t h i s  c h a p t e r  we s h a l l  s t u d y  t h e  s u p e r s y m m e t r i c  

v e r s i o n s  o f  l e f t - r i g h t  t h e o r i e s .  The g e n e r a l  way o f  

a r r i v i n g  a t  a SUSY t h e o r y  c o r r e s p o n d i n g  t o  a  m o d e l  i s  t o  

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

i d e n t i c a l l y  u n d e r  t h e  i n t e r n a l  sym m etry  g r o u p .  A l l  

known f e r m i o n s  and  s c a l a r  b o s o n s  a r e  r e p l a c e d  by c h i r a l  

and  t h e  v e c t o r  b o s o n s  by  v e c t o r  s u p e r f i e l d s .  Thus  a 

s u p e r s y m m e t r i z e d  t h e o r y  h a s  many more f i e l d s  t h a n  t h e  

one  f rom  w h ic h  i t  i s  e x t e n d e d .

One m a j o r  b e a u t y  o f  t h e  SUSY i s  i t s  c o n s t r a i n t s  on 

t h e  number o f  p a r a m e t e r s .  Many d i f f e r e n t  i n t e r a c t i o n  

t e r m s  h a v e  e q u a l  c o u p l i n g  c o n s t a n t s  w h ic h  r e c e i v e  

i d e n t i c a l  r e n o r m a l i s a t i o n  ( i n c l u d i n g  t h e  f i n i t e  p a r t s )  

and h e n c e  r e m a i n  e q u a l  u n d e r  qu an tu m  c o r r e c t i o n s .

H o w ev e r ,  one  p a y s  a  p r i c e  f o r  t h i s  a t t r a c t i v e  

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

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

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

i n  g e t t i n g  t h e  d e s i r e d  sym m etry  b r e a k i n g  p a t t e r n .  Lack  

o f  t h i s  f r e e d o m  i s  one  o f  t h e  m a j o r  h u r d l e s  i n  c o n s t r u c ­

t i n g  r e a l i s t i c  s u p e r s y m m e t r i c  l e f t - r i g h t ( 2 - 1 )  

t h e o r i e s .  A n a l y s i n g  t h i s  p r o b l e m  i s  t h e  m a j o r  g o a l  o f  

t h i s  c h a p t e r .
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S u p e r s y m m e t r y  i s  n o t  an e x a c t  sym m etry  o f  t h e  n a t u r e

a t  l e a s t  n o t  a t  low e n e r g i e s .  One may g e n e r a t e  t h i s

v i o l a t i o n  e i t h e r  s p o n t a n e o u s l y  o r  by i n t r o d u c i n g

e x p l i c i t  s o f t ^  b r e a k i n g  t e r m s .  B o th  o f  t h e s e

a p p r o a c h e s  have  t r o u b l e s .  S p o n t a n e o u s  b r e a k i n g  l e a d s  t o
( 3 )a s e r i o u s  c o n s t r a i n t  on t h e  m a s s e s  o f  t h e  f i e l d s '

( Z m? ( -1 )  2 J + 1 = 0) w h ich  i s  n o t  s e e n  a t  low e n e r g i e s ,  
x J

The e x p l i c i t  b r e a k i n g s  on t h e  o t h e r  hand  have  t o o  much

a r b i t r a r i n e s s  and  c o n s e q u e n t l y  v e r y  p o o r  p r e d i c t a b i l i t y .

One b e a u t i f u l  s o l u t i o n  i s  t o  make t h e  s u p e r s y m m e t r y

l o c a l .  I t  h a s  b e e n  shown t h a t  i f  l o c a l  SUSY i s  b r o k e n

in  P o l o n y i  t y p e  h i d d e n  s e c t o r  t h e n  t h e  low e n e r g y

e f f e c t i v e  t h e o r y  b e h a v e s  l i k e  a s o f t l y  b r o k e n  su p e r sy m m e-

t r i c  t h e o r i e s  w i t h  a l l  t h e  b r e a k i n g  p a r a m e t e r s  b e i n g
( 4 )e q u a l  t o  t h e  g r a v i t i n o  m ass  a t  t h e  P l a n c k  s c a l e '  .

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

t h e  a n a l y s i s .  We b e g i n  by  d e s c r i b i n g  t h e  m i n i m a l  m ode l  

in  d e t a i l .  T h i s  i s  m in im a l  in  t h e  s e n s e  t h a t  number o f  

f i e l d s  h a v e  b e en  k e p t  b a r e  minimum. The p a r t i c l e  

c o n t e n t  o f  t h e  model  i s  ( t h e  num bers  in  t h e  p a r e n t h e s e s  

d e s c r i b e  t h e  t r a n s f o r m a t i o n  u n d e r  SUL ( 2 ) XSUR ( 2 ) XUg_L (1) 

i n t e r n a l  g r o u p ) .
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Q -v ( 2 , 1 , ± )  ;

Y -  (2 , 1 , - 1 ) ; ^ ( 1 , 2 ,+! )

( 2 , 2 , 0 ) ; ,» (2 , 2 , 0 )

A°
L

+ + \

**L  1

( 3 , 1 , 2 )

‘R A \
r-> ( 1 , 3 , - 2 )

AL

a e

, a 2\ R

a £ \

A£ '
A r '

A i  /R

( 3 ,  1 , - 2 )

( 1 ,  3 , +  2)

One n o t i c e s  t h a t  i n  t h e  SUSY c a s e  h e r e  t h e  H i g g s  f i e l d s  

a r e  i n t r o d u c e d  in  p a i r s .  One r e a s o n  i s  a n o m a ly  

c a n c e l l a t i o n  b e c a u s e  a l l  t h e  s u p e r f i e l d s  h a v e  c h i r a l
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f e r m i o n s  i n  them .  S e c o n d  r e a s o n  i s  t h a t  one  n e e d s  two 

d i f f e r e n t  $ ' s  t o  g i v e  m a s s e s  t o  up  and  down q u a r k s ,  

u n l i k e  t h e  Non-SUSY c a s e  c a n  n o t  be u s e d  a s  i t  i s  

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

c h o s e n  t o  be

-t *tv. * * Z2 H/C ■+ ^  Q z z  Q C }

The  p a r t  o f  t h e  s c a l a r  p o t e n t i a l  r e l e v a n t  f o r  sy m m etry  

b r e a k i n g  i s  g i v e n  by

V = ^ ( m 2 + m*) (A°l  +*£>

+ i ( m 2  + m2 ) ( A° 2  + a | )

+ 1  ( m ^  + p ) ( ^  + ^ )
1 ***? w.O

+ ±m2  (V2  + y 2c )

+ 2 Ah m3 ( A L + ^ce
Where

\  D2 = i  D-D..- i£  d ^ d * .  i  ( g t p T c p )  ( g < j j T ^  ) 

l  2
2 g BL

+ I  9 2L 

+ 5  9 | r

U

+  i  > £  +  1 2  t + f -  4 ? ' 1-)

H e r e  t h e  m ass  p a r a m e t e r s  w i t h  t w i d l e s  a t  t h e  t o p
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i n d i c a t e  t h e i r  o r i g i n  i n  s u p e r g r a v i t y  and  a l l  a r e  e q u a l  

t o  1 1 1 3 / 2  a t  t h e  P l ancIt s c a l e

The low e n e r g y  p a r a m e t e r s  a r e  r e l a t e d  t o  o n e s  a t  

P l a n c k  s c a l e  by  t h e  r e n o m a l i s a t i o n s  g r o u p  e q u a t i o n s  

(RGE). I n  t h e  f o u r t h  c h a p t e r  we d e s c r i b e d  a  f u l l y  

s u p e r s p a c e  m e th o d  o f  d e r i v i n g  t h e s e  RGE's  in  s o f t l y  

b r o k e n  SUSY t h e o r i e s .

A d e t a i l e d  a n a l y s i s  r e v e a l s  t h a t  t h i s  p o t e n t i a l  d o e s  

n o t  h a v e  s t a b l e  a s y m m e t r i c  minimum. To a r r i v e  a t  a sym ­

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

h a n d e d  f i e l d s  w i t h  r i g h t  h a n d e d  o n e s  eg [ ^ ° l ^ V )
a* *1 /v *2. 2

, yt^ Vcc e t c .  Such t e r m s  a r i s e  o n l y  f rom  D t e r m s  

and  t h e n  t h e y  a l w a y s  h a v e  wrong s i g n  t h a t  l e a d s  t o  a 

s a d d l e  p o i n t .  F o r  i n s t a n c e  i f  e x t r e m a l  e q u a t i o n s  h a v e  

s o l u t i o n  0 t h e n  t h e  s e c o n d  d e r i v a t i v e  i n  t h e

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

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

a u t h o r s  o f  r e f e r e n c e (1) h a v e  a r g u e d  t h a t  q u a n tu m  c o r r e ­

c t i o n s  c o u l d  t u r n  t h e  s o l u t i o n  i n t o  a  minimum. However 

we s h a l l  t a k e  a  d i f f e r e n t  a p p r o a c h  an d  r e q u i r e  t h a t  

s t a b i l i t y  be a c h i e v e d  a t  t h e  c l a s s i c a l  l e v e l .

R e c e n t l y  a  v e r y  i n t e r e s t i n g  i d e a ,  r a d i a t i v e  b r e a k d o ­

wn o f  S U ^( 2 ) XUy(1) i n t e r n a l  g r o u p  h a s  b e e n  s u c c e s s f u l l y  

u s e d  i n  s u p e r g r a v i t y  m o d e l s  o f  e l e c t r o - w e a k  i n t e r a c t i o n .
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We i n v e s t i g a t e  s i m i l a r  m echan ism  in  l e f t - r i g h t  t h e o r i e s .

S i n c e  in  t h e  s y m m e t r i c  t h e o r i e s  e x t r e m i z a t i o n  e q u a ­

t i o n s  a lw a y s  l e a d  t o  u n s t a b l e  o r  s y m m e t r i c  v a c u a  (asymm­

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

i g u r a t i o n s )  we l o o k  f o r  t h e o r i e s  t h a t  a r e  i n h e r e n t l y  

a s y m m e t r i c  a t  low e n e r g i e s .  S i m i l a r  a n a l y s i s  was done 

by H a y a s k i  and  M u r a y a m a ^ .

R e c e n t l y  a new way o f  p a r i t y  b r e a k i n g  was d i s c o v e r e d  

by Chang e t a l ^ .  I n  t h e  c o n t e x t  o f  SO(IO) m ode ls  

t h e y  showed t h a t  i t  was p o s s i b l e  t o  d i s s o c i a t e  t h e  s c a l e  

o f  p a r i t y  b r e a k  down from t h e  b r e a k i n g  o f  SU_, (2) XU., ,  (1)K o—Jj
o f  t h e  SU ^( 2 ) XSUR (2)XUB_L (1) s u b g r o u p .  C o n s e q u e n t l y  a t  

i n t e r m e d i a t e  e n e r g i e s  t h e  t h e o r y  b e h a v e s  a s y m m e t r i c a l l y  

b e tw e e n  SUL (2) and  SUR (2) g r o u p s .

To r e a l i s e  t h e  a bove  i d e a  o f  b r i n g i n g  in  a s s y m e t r y

we i n t r o d u c e  a  p a r i t y  odd s i n g l e t  in  t h e  t h e o r y  and

g i v e  i t  a  s u p e r  heav y  n o n z e r o  VEV. The o n l y  i n t e r a c t i o n

te r m  t h i s  f i e l d  c o u l d  h a v e  i s  o f  t h e  t y p e  g r\

AdA=,). One i m m e d i a t e l y  f i n d s  t h a t  a n o n z e r o  VEV f o r  K K
^  b r i n g s  t h e  a sym m etry  n e e d e d  b e tw e e n  SUL (2) and  SUR (2) 

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

A L and AR a r e  (m + g < V )  and  (m “  9 C»j>) r e s p e c t i v e ­

l y .  Now i f  m C? g ^ )  »  m2 /2  fĉ en  f i e l d s  d e c o u p l e  from

t h e  low e n e r g y  t h e o r y  and t h e  r e s u l t i n g  t h e o r y  h a s  s t a b l e
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a s y m m e t r i c  minimum.

To f i n d  t h e  low e n e r g y  v a l u e s  o f  t h e  p a r a m e t e r s  we u s e  

t h e  f o l l o w i n g  r e n o r m a l i s a t i o n  g r o u p  e q u a t i o n s  ( t = l n ( M p / ^ .  ))

ih  - — hj, A
d t  2n2 *

2

, h ’  ( 2  VV)j_ +  W - A e -V )
d t  ^

+  - L  ( J , l " £  -V |  * \  < )
n \

d M *

d t

i
?■

m V^ ’A|7)

4  - t -  (  M j L +  1  5 - 2 . R  R  j
2  n  v
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A ssum ing  we s o l v e  t h e s e  e q u a t i o n s  n u m e r i c a ­

l l y .  The r e s u l t i n g  s o l u t i o n s  a r e  d e p i c t e d  i n  F i g .  (2 -1 )  

a n d  F i g .  ( 2 - 2 ) .  One f i n d s  f rom  them t h a t  m a s s - s q u a r e s  

f o r  a l l  t h e  f i e l d s  e x c e p t  0 ^-c r e m a i n  p o s i t i v e  a t  low 

e n e r g i e s  t h u s  s i g n a l i n g  a b re a k d o w n  o f  SUT>(2)XU_ (1)
IV Jb

t h r o u g h  n o n z e r o  VEV o f  s - n e u t r i n o .  Now t h e  s e c o n d
IV

d e r i v a t i v e  i n  t h e  d i r e c t i o n  i s
2 1 2  v  2

myz ~ 2 g B-L *c
2

S i n c e  A a r e  a b s e n t  i n  t h e  low e n e r g i e s  m*-,

d o e s  n o t  r e c e i v e  much r e n o r m a l i s a t i o n .

2  2 ^ 1  2  ~
I f  ” 51 V i

t h e n  a b o v e  s e c o n d  d e r i v a t i v e  i s  p o s i t i v e  and. t h e  vacuum 

i s  s t a b l e .  A n o t h e r  t h i n g  t o  be  n o t e d  i s  t h a t  g a u g i n o  

m a s s e s  h a v e  t o  be  b o u n d e d  f o r  r a d i a t i v e  b re a k d o w n  t o  

o c c u r .  G a u g i n o  t e r m s  t e n d  t o  i n c r e a s e  t h e  mass  

p a r a m e t e r s  a s  t h e  s c a l e  l o w e r s .  A ssum ing  t h e
r* 2

m ass-square o f T4C to  be the order o f  m3^2 •

i t ' s  maximum p o s i t i v e  v a l u e  we g e t  f o l l o w i n g  i n e q u a l i t i e s

l-n- hm<4 mI / 2 > ^  + 3

22 1 9 Vi 9
A ssum ing  we g e t  ^  m3 / 2

g R



-(27)-

The  n e x t  l e v e l  o f  b r e a k i n g  (S U ^ ( 2 ) XUy( 1 ) )  i s  a c h i e v e d  

by  t h e  n o n z e r o  VEV o f  § ( 2 , 2 , 0 ) .  M i n i m i z a t i o n  e q u a t i o n s  

r e l e v a n t  f o r  d i s c u s s i n g  sy m m e try  b r e a k i n g  a r e

2 Y V  +  +  <• <*°x )}-!• 0

and
i  l"1

%  C S s u h - ^  ) 5 +  0
3*°'

Which  i m p l i e s

<*o -  I \  2 ^ -  V 2  . / 'M* 4>c
I 2.o

/
0 fs 0

We s e e  t h a t  4> and  $ h a v e  o p p o s i t e  s i g n s  f o r  m^ <
0 1

0  and  h e n c e  no r e a l  s o l u t i o n s  e x i s t  f o r  and  ( $ 0

2  ^ 2s i m u l t a n e o u s l y .  W i th  m . > m ^ > 0  we do  g e t  p o s i t i v e
2. t ^

s o l u t i o n s  f o r  b o t h  4° and  4 °  . Thus  we w ou ld  l i k e
2

c o n s i d e r  t h e  c a s e  w h e re  t h e  m ass  m^ d o e s  n o t  t u r n

2  -v2n e g a t i v e  a n d  a l w a y s  m^ "> m^ i s  s a t i s f i e d .
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FERMION MASS MATRIX
r‘i cThe vacuum e x p e c t a t i o n  v a l u e  o f  yz  b r e a k s  n o t  

o n l y  t h e  SUR ( 2 ) XUg_L (1) g r o u p  b u t  a l s o  R - p a r i t y .

The c o n v e n t i o n a l  p a r t i c l e s  a r e  a s s i g n e d  p o s i t i v e  

R - p a r i t y  and t h e i r  s u p e r s y m m e t r i c  p a r t n e r s  g i v e n  

n e g a t i v e  R - p a r i t y .  T h i s  i s  a symmetry  o f  t h e  l a g r a n g i a n  

and  b re a k sd o w n  s p o n t a n e o u s l y  a s  s - n e u t r i n o  p i c k s  up 

VEV. R - p a r i t y  i s  a l s o  c a l l e d  t w i d l e n e s s  o r  s - p r o p e r t y .  

The R - p a r i t y  o f  any  p a r t i c l e  can  be c o m p a c t l y  w r i t t e n  a s  

( _ D  2S+L+3B. I n  a t h e o r y  t h a t  i s  i n v a r i a n t  u n d e r  

R - p a r i t y  one a l w a y s  p r o d u c e s  an even  number o f  s - p a r t i ­

d e s  w i t h  t h e  d e c a y  o f  e v e r y  known p a r t i c l e .  The 

phenom eno logy  o f  t h e  SUSY t h e o r i e s  w i t h  R - p a r i t y  i s  w e l l  

known. R e c e n t l y  few a u t h o r s  h a v e  s t u d i e d  t h e  e f f e c t  o f  

t h i s  p a r i t y  b reakdow n  in  SUL (2 )X U y( l )  t h e o r i e s ^ .

The b r e a k  down o f  R - p a r i t y  r e s u l t s  in  m ix in g  o f  t a u  

l e p t o n  w i t h  g a u g i n o s  and  h i g g s i n o s  and  t h e  c o r r e s p o n d i n g  

n e u t r i n o  w i t h  n e u t r a l  f e r m i o n s ( g a u g e  and h i g g s ) .  At 

t h i s  s t a g e  i t  i s  n o t  a t  a l l  c l e a r  i f  t h e  n e u t r i n o  and 

t h e  t a u  l e p t o n  a r e  g o i n g  t o  be l i g h t  and i f  t h e i r  

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

r a n g e .  I n  t h i s  s e c t i o n  we a r e  g o in g  t o  a n a l y s e  t h e  

r e s u l t i n g  m ass  m a t r i c e s  f o r  t h e  f e r m i o n s  and  i d e n t i f y  

t h e  p h y s i c a l  p a r t i c l e s .
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A) CHARGED FERMIONS:

The m a ss  m a t r i x  o f  t h e  c h a r g e d  f e r m i o n s  a f t e r  t h e  symme- 

t r y  b r e a k i n g  i s  g i v e n  by (we d e n o t e  by  v and  m-g by  M)

a ; a ; R
'VtL < 2

x'r /  “ r 0 0 gRkl gRV 9Rk2

a'l r mL 0 gL k l 0 SLk 2

R
0 0 M 0 “ hMV 0

g Rkl gL k l 0 * 1-m. 0
* 1 2

0 0 0 h j v k h ( i )  i  1 4 2)

2 \ g Rk 2 gLki 0
^ 1 2

0

H e r e  k.  an d  k! a r e  VEV's  o f  and  ft).0  r e s p -  
i  x I r

e c t i v e l y .  We a s su m e  t h e  VEV's  o f  t o  be  much s m a l l e r  

t h a n  t h a t  o f  , s o  t h a t  l a s t  row an d  co loum n p r a c t i c a ­

l l y  d e c o u p l e  from t h e  r e s t  o f  t h e  m a t r i x .  The r e s u l t i n g  

m a t r i x  i s  n o t  H e r m i t i a n  an d  c a n  o n l y  be 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 s .  L e t  u s  d e n o t e  t h e  co loumn 

v e c t o r  by  V ” and  row by X + * Then t h e  m ass  t e r m s  

can  be w r i t t e n  a s
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LM = M % + = M'”  U U H V V X +M

Where  U and  V a r e  a r b i t r a r y  U n i t a r y  m a t r i c e s  and  o n e  

c o u l d  c h o o s e  them t o  be t h e  o n e s  t h a t  d i a g o n a l i z e  t h e  

m a ss  m a t r i x  M i . e .  U M V^= Mp. The m a t r i c e s  U and V 

c o u l d  be d e t e r m i n e d  by s o l v i n g  t h e  e q u a t i o n s  

U M M+ U+ = V t M1’ M V =

We s o l v e  t h e s e  e q u a t i o n s  by a s s u m i n g

M,., Mj,, a + ,M > > 9 2Rv > > 92 r K
2

T h e  e x a c t  d e t e r m i n a n t  o f  VL̂  i s

mLM2 [ (m4>+hl v2) i (h l k)2mR + ^ RV g Rk ) 2 5

(1 )

- { . (9R+hl ,l '™R - (9RV) ' V ’r1'-"

I n  t h e  l i m i t  k , k '  —̂  0 t h e  d e t e r m i n a n t  i s  z e r o  and  

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

2 , 2 tl_2 2 . , . .2  2 . 2 , 2„ 2 . ^ 2  2 , * 
mL <)> l v > <M V V (9RM MinR)

( 2 )

H ence  t h e  s m a l l  e i g e n  v a l u e  c a n  be o b t a i n e d  by d i v i d i n g  

t h e  e q u a t i o n  (1) by t h e  e q u a t i o n  ( 2 ) .  To f i n d  a  r o u g h  

e s t i m a t e  we s e t  a l l  b i g  m a s s e s  e q u a l  t o  M and we g e t  

m* = (h1 k ) 2  + (gRv) 2  (gRk *) 2 /M2

-  ( g 2  + h 2 ) (kv) 2 /M2

-  (gRv ) 2  g R ( k - k 1) 2 / m 2
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Which i s  o f  t h e  o r d e r  h ^ k  in  t h e  l i m i t  o f  l a r g e  

M. To f i n d  t h e  c o r r e s p o n d i n g  e i g e n  v e c t o r  we i g n o r e

P | +9 r v 2

M M+=

and

M+M =

- h „ g _ vM3R

0

0

/ 2  
1 “ r

0

0

0

mRgRV

in M+ M and M M+ . We f i n d

0 u 2
“ hM9Rv 0 0

mL 0 0 0

0
2  2  2  

V +M 0 0

0 0
2 - m . h , v  

1

0 0 h 2 v 2 /

0 0 0 raRgRV 1

mL 0 0 0

0 M2 0 “ hMMv

0 0
m2 . h 2 „ 2  m •+h.„v M °

0 -h„MvM 0 <g R+hM>V/

The e i g e n  v e c t o r s  t h a t  c o r r e s p o n d s  t o  t h e  z e r o  m ass  a r e

a) f o r  M M:

b) f o r  M M:

*  +  ^
W i, v

v +.
/VVL„ M ^



- (32) -

H ence  t h e  p h y s i c a l  t a u  l e p t o n  i s  g i v e n  by  

«.
V .

Thus  we s e e  t h a t  p h y s i c a l  t a u  l e p t o n  i s
*™ *4"p r e d o m i n a n t l y  c o n s t i t u t e d  o f  ~c an d  ~c w h i c h  a r e  

t h i r d  g e n e r a t i o n  e l e c t r o n  and  p o s i t r o n  weak e i g e n s t a t e s .
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NEUTRAL FERMIONS;

Now l e t  u s  t u r n  t o  n e u t r a l  f e r m i o n  s e c t o r .  S i n c e  

t h e  n e u t r a l  f e r m i o n s  c o u l d  h a v e  m a j o r a n a  m a s s e s  t h e  m ass  

m a t r i x  i s  now much l a r g e r .  We a g a i n  s o l v e  i t  u n d e r  t h e  

same a s s u m p t i o n s  i . e .  <5 . 2  p r a c t i c a l l y  d e c o u p l e s  f rom  

t h e  t h e o r y  and  g a u g i n o  and  h i g g s i n o  m a s s e s  a r e  much 

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

m ass  m a t r i x  i s  g i v e n  by

VT. V * 1

0
(i.)
h l ? - g * 3

h v 
hM2 0 0 0 0 0 '

L~2 0 0 0 0 0 .ft) v 
h l 2  . 0 0 ,12) V

h l 2

^ 3fc
V

~ % 2 0 " r
0 0 g Rkl - q  k ' 0 g * k2 - g e k '3 R 2

V
V

*62 0 0 mBL 0 0 0 0 0 0

v, v 
h M2 0 0 0 M 0 0 0 0 0

0 0 %'S 0 0 0 mU) g Lki 0 f t 2
0 v

h >2 - q  k ' 0 0 U)
m» 0 - g Lk ; f t  2 0

c 0 0 0 0 0 g uki "g Lkt mL g i A g Lk 2

V 0 0 g k 0 0 0 f t  2 g i A 0 mft)

v 2.
0 on V 

h l 1 -g .  k3 it i 0 0 ^12 0 g Lki n»J) 0

A g a in  t o  f i n d  t h e  s m a l l e s t  e i g e n  v a l u e  we s e t  k ,k*  e q u a l
I 2 2 2t o  z e r o .  We f i n d  them t o  be 0 ,  +Jm +h£v ,

“ j ,  mB L , M and
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The  e i g e n  s t a t e  b e l o n g i n g  t o  t h e  t h e  'O '  v a l u e  i s  p r e ­

d o m i n a n t l y  t h e  weak e i g e n s t a t e  . I t  i s  e x p l i c i t e l y  

g i v e n  by

To f i n d  t h e  c o r r e s p o n d i n g  e i g e n  v a l u e  we r e i n t r o d u c e  k 

and  k 1 in  t h e  m a t r i x .  We f i n d  t h e  d e t e r m i n a n t  o f  t h e  

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

r o o t s  t h a t  we f o u n d  e a r l i e r .  The r e s u l t  i s  h o r r e n d o u s .  

To g e t  a  f e e l i n g  f o r  t h e  m a g n i t u d e  o f  t h e  e i g e n  v a l u e  we 

s e t  mL , mR , mBL, M and  m^ a l l  e q u a l  t o  M. Then 

t h e  t a u  n e u t r i n o  mass  comes o u t  t o  be

The c o r r e s p o n d i n g  e i g e n  s t a t e ,  w h ic h  i s  p r e d o m i n a n t l y  

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

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

r i g h t  h an d ed  n e u t r i n o  i s  g i v e n  by

m2 (gRv) 2  ( h1  k ) 2  

M (hMv) 2
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and  t h e  c o r r e s p o n d i n g  e i g e n  v a l u e  i s

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

B e c a u s e  o f  t h e  f a c t  t h a t  R - p a r i t y  i s  b r o k e n  we can  s e e  

odd  number o f  s - p a r t i c l e s  b e i n g  p r o d u c e d  in  t h e  f i n a l  

s t a t e  f rom  t h e  d e c a y  o f  an o r d i n a r y  p a r t i c l e .  As an 

e x a m p l e ,  we f i n d  t h e  f o l l o w i n g  new d e c a y  mode f o r  7Z ** 

( s e e  f i g .  2 - 4 )  i f  m^oimr

T. ~ -------- > u d Y

w i t h  s t r e n g t h :

m (tT  * r u  d) = S i ZMx m^

A g a i n ,  f o r  m£= M^, we e x p e c t  t h i s  d e c a y  mode t o  
ft

e x i s t  w i t h  s t r e n g t h  Gp. N o te  t h a t  t h e r e  a r e  no  

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

S i m i l a r l y ,  r i g h t  h a n d e d  s q u a r k s  in  t h i s  m o d e l  c o u l d  

d e c a y  t o  q u a r k  and  a  c h a r g e d  l e p t o n :  ( s e e  f i g .  2 -5 )
(V
U,R R

d „  K+ R UUR -----

UR ---------  d R
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w i t h  d e c a y  w i d t h :

P > < ^ L  )  ~
yv\ ■v

4 n x " I  *

A l s o  t h e  l i g h t e s t  s - p a r t i c l e  i s  no  l o n g e r  a  s t a b l e  

p a r t i c l e .  F o r  e x a m p le  we f i n d

A .

A l s o  we s h a l l  f i n d  d i s a p p e a r a n c e s  o f  s - p a r t i c l e s  f rom  

t h e  s c e n e  t h a t  i s  t h e y  may d e c a y  i n t o  o r d i n a r y  p a r t i c l e s  

t h r o u g h  f o l l o w i n g  t y p e  o f  r e a c t i o n s
/V 4.
UR----------- » a E r L

I n  t h e  n e x t  c h a p t e r  we s h a l l  s t u d y  t h e  i m p a c t  o f

t h e s e  t h e o r i e s  on  Kr -K  m ass  d i f f e r e n c e  an d  t h e
Li S

b o u n d s  on  SUR (2) b r e a k i n g  s c a l e .



CHAPTER I I I

THE CONSTRAINTS ON BREAKING SCALE OF RIGHT 

HANDED GROUP FROM EXPERIMENTAL SIGNATURE OF 

KL-Kg MASS DIFFERENCES
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The t i n y  mass  d i f f e r e n c e  b e tw een  lo n g  and s h o r t

l i v e d  Kaons h a s  p l a y e d  i m p o r t a n t  r o l e s  in  t h e

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

low e n e r g i e s .  The  p r e d i c t i o n  o f  t h e  mass  f o r  t h e

charm ed  q u a r k  i s  v e r y  w e l l  known.

The s i g n a t u r e  o f  t h e  K -K_ mass  d i f f e r e n c e
L  S

(AM„) had  been  u s e d  in  c o n s t r a i n i n g  t h e  b r e a k i n g

s c a l e  o f  SUr.(2)  g r o u p .  B e a l l  e t a l  ^  showed t h a t  R
had  wrong s i g n  u n l e s s  "> 2 0  ^  .

R L
T h e i r  c a l c u l a t i o n  was b a s e d  on t h e  f a c t  t h a t  t h e

c o n t r i b u t i o n  o f  t h e  box d i a g r a m ,  when b o t h  t h e  l e f t  and

r i g h t  h an d ed  g auge  b o s o n s  p r o p a g a t i n g  was o p p o s i t e  t o

t h a t  o b t a i n e d  i n  s t a n d a r d  m o d e l .  S i n c e  s t a n d a r d  m ode l  
( 2 )p r e d i c t i o n '  ' a g r e e s  w i t h  e x p e r i m e n t a l  v a l u e  m  

s i g n a t u r e  (Assuming t h a t  t h e  B f a c t o r  i s  p o s i t i v e  as  i s  

t h e  c a s e  in  vacuum i n s e r t i o n  a p p r o x i m a t i o n ) , t h e  a u t h o r s  

o f  t h e  r e f ( l )  f o u n d  t h e  a b o v e  c o n s t r a i n t  on . However 

Chang e t a l ^  d i s c o v e r e d  t h a t  t h e  c a l c u l a t i o n  o f  R e f . 3 

was n o t  c o m p l e t e .  They made an i n t e r e s t i n g  and v e r y  

i m p o r t a n t  o b s e r v a t i o n  t h a t  box d i a g r a m s  in  L e f t - R i g h t  

g auge  t h e o r i e s  a r e  n o t  gauge  i n v a r i a n t  by t h e m s e l v e s .

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

c h a n g i n g  n e u t r a l  h i g g s  had t o  be i n t r o d u c e d  t o  m a i n t a i n  

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



(4)
p e r f o r m e d  l a t e r  showed t h a t  t h e  n u m e r i c a l  

c o n s t r a i n t  i t s e l f  i s  n o t  v e r y  much a f f e c t e d  by t h e s e  

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

i n c l u d e  a l l  o f  them.

We s h a l l  now s t u d y  i f  t h e  a b o v e  c o n s t r a i n t  i s  v a l i d  

when s u p e r s y m m e t r i c  i n t e r a c t i o n s  a r e  t a k e n  i n t o  

a c c o u n t .  Fo r  a d e f i n i t e  p r e d i c t i o n  we c o n s i d e r  a 

g e n e r a l  l e f t  r i g h t  s y m m e t r i c  m ode l  b a s e d  on s u p e r g r a v i t y  

(SUGRA). With  d e t a i l e d  c a l c u l a t i o n s ( d e t a i l e d  c a l c u l a ­

t i o n s  a r e  done in  a p p e n d i x  A2) we f i n d  t h a t  t h e  new 

a r r i v a l s  , g l u i n o  box d i a g r a m s  c o n t r i b u t e  t o  AMr , w i t h  

a  s i g n  o p p o s i t e  t o  t h a t  o f  t h e  L e f t - R i g h t  box (L-R) 

d i a g r a m .  And t h i s  i s  t r u e  f o r  a  w id e  r a n g e  o f  v a l u e s  

f o r  t h e s e  new p a r a m e t e r s .  The m a g n i t u d e  o f  t h i s  

c o n t r i b u t i o n  d e p e n d s  upon t h e  m a s s e s  o f  g r a v i t i n o ,  

s q u a r k  and g l u i n o  f i e l d s  which  we t r e a t  a s  i n d e p e n d e n t  

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

o f  L-R t o  p r o v i d e  t h e  above  s t r i n g e n t  c o n s t r a i n t  and 

c o n s e q u e n t l y  t h e  c o n s t r a i n t  o b t a i n e d ^  on

/Mw becomes much w e a k e r .  T h i s  r a i s e s  t h e  i n t e r e s ­

t i n g  p o s s i b i l i t y  t h a t  t h e  d i s t i n c t i o n  o f  t h e  model from

SU_(2)XU(1) c o u l d  be t e s t e d  a t  low e n e r g i e s .
L

M ajo r  SUSY c o n t r i b u t i o n s  t o  A come from new 

f l a v o r  c h a n g i n g  S q u a r k - G l u i n o - q u a r k  i n t e r a c t i o n s .  To
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d e r i v e  t h e  e x p l i c i t  form o f  s u c h  i n t e r a c t i o n ,  h e r e  

onw ards  we work w i t h  a m in im a l  model  b a s e d  on S u p e r g r a ­

v i t y .  F o l l o w i n g  t h e  p r o c e d u r e  d e v e l o p e d  in  R e f (5) and 

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

L e f t - - R i g h t  s y m m e t r i c  we g e t  f o l l o w i n g  form o f  t h e  down 

s q u a r k  mass  m a t r i x .

where  h e r m i t i c i t y  o f  q u a r k  m a s s e s  ( d i c t a t e d  by L-R

p a r a m e t e r  in d u c e d  by SUGRA. C i s  a n e g a t i v e  number and 

i s  r e l a t e d  t o  one  l o o p  c o r r e c t i o n  t o  s q u a r k  m a ss .

S i n c e  ^  i s  o f  t h e  o r d e r  o f  s e v e r a l  GeVs and o t h e r  t e r m s  

b e i n g  p r o p o r t i o n a l  t o  t h e  q u a r k  m a ss e s  a  n e a r  d e g e n a r a c y  

o f  s q u a r k  m a ss e s  i s  p r e d i c t e d .  In  SUL (2)XU(1) t h e o r i e s

l e f t - r i g h t  s y m m e t r i c  m ode ls  have  l e s s  number o f  p a r a m e t ­

e r s  i n v o l v e d  and  we w ou ld  be a b l e  t o  p r e d i c t  more  d e c i s ­

i v e l y .  The r e l e v a n t  i n t e r a c t i o n  te rm  o f  t h e  l a g r a n g i a n  

i s

( 1 )

( 6 )s y m . ) h a s  been  u s e d .  A i s  t h e  s o f t '  SUSY b r e a k i n g

/ 7 \
s i m i l a r  d i a g o n a l  b l o c k s  a r e  n o t  i d e n t i c a l  ' Thus

Lj(X) = g

H e r e  d and  d s t a n d  f o r  q u a r k  and  s q u a r k  weak 

i n t e r a c t i o n  e i g e n s t a t e s .  \  i s  t h e  g l u i n o  f i e l d .  "B"
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and "a "  a r e  i n d i c e s  o f  SU (3) g e n e r a t o r  and c o l o r  

r e s p e t i v e l y .  L e t  U,U and d / d be t h e  u n i t a r y  m a t r i c e s

t h a t  r e l a t e  weak s t a t e s  t o  t h e  mass  e i g e n s t a t e s  i . e .
n ft v  n ^ ^

d = D d ; u  = U u ; d  = D d ;  u = U u;

In  t e r m s  o f  p h y s i c a l  f i e l d s  t h e  i n t e r a c t i o n  te rm  becomes

L j ( \ )  = g 3  3* d \ >  * B T®b d b

H e r e  d = (^L ) i s  2ng d i m e n s i o n a l  v e c t o r  w i t h  ng b e i n g
A*

number o f  g e n e r a t i o n s .  D and D a r e  u n i t a r y  m a t r i c e s

t h a t  d i a g o n a l i z e  t h e  mass  m a t r i c e s  o f  q u a r k  and  s q u a r k

r e s p e c t i v e l y .  We c a n ,  w i t h o u t  l o s s  o f  g e n e r a l i t y ,

c h o o s e  down q u a r k  mass  m a t r i x  d i a g o n a l  i . e .  D =l .  Fo r
( 8 )| c | ~ l  i t  has  been  shown in  l i t e r a t u r e  , t h a t  m a t r i x  

o f  e q u a t i o n  ( 1 ) i s  d i a g o n a l i s e d  b a s i c a l l y  by t h e  same 

m a t r i x  t h a t  d i a g o n a l i z e s  up q u a r k  mass  ( w i t h  o u r  c h o i c e  

o f  t h e  q u a r k  b a s i s  t h e  K o bayask i -M askaw a  m a t r i x  K =U+ ) .  

I n  t h e  c a s e  o f  two g e n e r a t i o n s  we f i n d

K+ -K+ \ I Cos® - S i n 0>
D = w i t h  K+=

S m 0  Cos©W + K+

from t h i s  g l u i n o  i n t e r a c t i o n  t e r m  can  be w r i t t e n

e x p l i c i t e l y  a s
J ft/'* iw* 7 f| f r\s^ n/^ i) di T

V s a K ' a 2»+ <a 3 ' d4 ) J K‘d ' ' + K ' d2>-<a 3 ' d4 ) l K' d t >J
We s h a l l  d e f i n e  some i n t e g r a l s  and f u n c t i o n s  f o r  f u t u r e  

n e e d



-(42)-

.   3 2 ---------------

I (2A) (q +m^) (q +mot) (q  +mp)

and

,-------- . r a 43 ---------------------------------i -------------------

J ( 2 a )  4  ( q 2 + m j ) 2 ( q 2 +m2 ) ( q 2 +m2 )

H e r e  m ^ m p  and a r e  s q u a r k s  and  g l u i n o  m a s s e s  

r e s p e c t i v e l y .  Assum ing  n e a r  d e g e n e r a t e n e s s  o f  s q u a r k  

m a s s e s  we g e t

and

h,<p -  hr t + V ( 2 X 1 6  A 2) (m2 - m 2) ^

w h e re  g and  h a r e  g i v e n  by

(5m^-4m?m?-m!)+ 2 (m 2 m2 +2mf ) I n ( m 2 / m 2 )

, 2  2 . 4(m^ —m^)

(mx+4m2 m2 -5m j ) +2 (m2 m2 +2mj) I n  (m2 / m 2 )

2 , 2  2 , 4

We d e f i n e  two f u n c t i o n s  F^  and  F 2  o f  g ^ p  and  h^p  by
*+• B

F i ( g )  = ( - 1 ) w h e re  <*, p = i , . . .  , 4

F 2 (g) = ( S n - g n - s u * ? ! , )

+ a l l  c y c l i c  r e p l a c e m e n t  

One f i n d s  t h a t  f u n c t i o n s  F^  and  F^  v a n i s h  i f  a l l  

s q u a r k  m a s s e s  a r e  e q u a l  and t h i s  p r o p e r t y  i m p l i e s  s u p e r  

GIM c a n c e l l a t i o n .

Now l e t  us  t u r n  t o  c a l c u l a t i o n  o f  A m„ . F o r



d e t a i l e d  c a l c u l a t i o n s  we would  r e f e r  t h e  r e a d e r  t o  t h e  

a p p e n d i x ( A 2 ) . The d i a g r a m s  t h a t  c o n t r i b u t e  t o w a r d s  

a r e  shown i n  F i g .  (3 -1 )  and  ( 3 - 2 ) .

F i g .  (3 -1)  a r i s e s  from m a j o r a n a  t y p e  mass  t e r m s  o f  g l u i n o  

and  F i g .  (3 -2 )  i s  due  t o  D i r a c  t y p e  t e r m s .  From t h e s e  

one  f i n d s

Ht f £ 2 = j^ s in 2eco s2e
™  F l ( g) <VLL+VRR> -m 2/ 3  F 2 ( h ) ( T l l + Tr r )

F j I g l + f ^ F ^ g l - ^ m 2 F ^ h ) )

+VLR ( - 8  m2  F ^ h l + l ^ 2  F 2 ( h ) + | 5  P j_ (h))

- ^ m 2 F 2 (h) (SLL+SRR) 

w here

s ab= ( S as ) ( ® b s ) !

VSB=(5 trI>AS,<3 S'l‘V >

tab= ( 5 V pas ) ( 3 V pb s)
w i t h  PA and PB b e i n g  t h e  c h i r a l i t y  p r o j e c t i o n  

o p e r a t o r s .

The mass  d i f f e r e n c e  i s  l i n e a r l y  r e l a t e d  t o

AS ” 2t h e  m a t r i x  e l e m e n t  o f  t h e  o p e r a t o r  b e tw ee n

K° and K° s t a t e s .  To d e t e r m i n e  t h e  AMR we f i n d
( 2 )t h e  f o l l o w i n g  m a t r i x  e l e m e n t s  by  vacuum i n s e r t i o n  .

5 ____  „ _ , 5  , R . .  Q
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M a t r i x  e l e m e n t s  o f  a l l  o t h e r  o p e r a t o r s  v a n i s h .  H e re  

Q=f^MR and w i t h  f R and % d e f i n e d  by

<0 l s t ^ 5d pc;= and <k°|  SLR fk°> = < k V LRf k ° >  •
(3)I n  t h e  vacuum i n s e r t i o n  a p p r o x i m a t i o n ,  one f i n d s

\  ■ !  4  ( w - 2  + 1  - 7 - 7

Now we s h a l l  e v a l u a t e  AMR . Assuming n e a r  

d e g e n e r a c y  o f  s q u a r k  m a s s e s  one f i n d s  

F l<h> -  4C(n£-mu2 ) ( | )

and

F 2 ( h } = 4A n,g (lt,S~md ) C o s 2 fic (? )
Assuming  )C| , A  -  o ( l ) ,  a s  i s  t h e  c a s e  i n  m o d e l s  

w i t h  P o l a n y i  t y p e  h i d d e n  s e c t o r ,  we c a l c u l a t e  A.MR f o r  

wide  r a n g e  o f  v a l u e s  f o r  t h e  m a s s e s  o f  s q u a r k ,  g l u i n o  

and  g r a v i t i n o  f i e l d s .  We p l o t  t h e  r e s u l t  a s  f u n c t i o n s  

o f  t h e s e  m a ss e s  in  F i g  ( 3 - 3 ) .  We u s e d  t h e  f o l l o w i n g  

n u m e r i c a l  v a l u e s  in  t h e  c a l c u l a t i o n .  . 1 , m =U

5MeV; m = 1 .5  GeV; md =25MeV; ms =150MeV, f R = .16

GeV, Mr = .5  GeV and  s i n $ e = . 2 3 .  The i m p o r t a n t  p o i n t

we s e e  from t h e  g r a p h s  i s  t h a t  SUSY c o n t r i b u t i o n  t o

A M r h a s  a s i g n  o p p o s i t e  t o  t h a t  o f  t h e  L e f t - R i g h t  box

d i a g r a m .  C o n s e q u e n t l y  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e

K .-K -  mass  d i f f e r e n c e  can  no l o n g e r  be  u s e d  t o  
L  S

c o n s t r a i n  1 ^  /M^ . T h i s  n e g a t i o n  o f  t h e  c o n s t r a i n t  has  
L R
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s t r o n g  i m p l i c a t i o n s .  The ab o v e  m e n t i o n e d  c o n s t r a i n t

i m p l i e d  .
L R

Summary;SUSY s e c t o r  o f  L e f t - R i g h t  m o d e l  c o n t r i b u t e s  t o  

M„ w i t h  a  s i g n  s u c h  t h a t ,  t h e  fam ous  c o n s t r a i n t  onJ\
M_ o b t a i n e d  f ro m  NONSUSY c a l c u l a t i o n s  i s  r e n d e r e d  R
much w e a k e r .  T h i s  r e s s u r e c t s  t h e  ho p e  t h a t  L e f t - R i g h t  

m o d e l s  c o u l d  be  a n o n t r i v i a l  a l t e r n a t i v e  t o  SUL (2)XU(1) 

t h e o r y  a t  low e n e r g i e s .
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RGE'S IN BROKEN SUSY USING SUPERFIELDS

I n  g l o b a l  s u p e r s y n n n e t r i c  t h e o r i e s ,  t h e  m os t  am az ing

f e a t u r e  i s  t h e  c a n c e l l a t i o n  b e tw ee n  b o s o n i c  and

f e r m i o n i c  l o o p  c o n t r i b u t i o n s  f i r s t  o b s e r v e d  by Wess and

Zumino. As a r e s u l t  a l l  q u d r a t i c  d i v e r g e n c e s  v a n i s h

from t h e  t h e o r y  and o n l y  l o g a r i t h m i c  i n f i n i t i e s

s u r v i v e ^ ^ . A SUSY m u l t i p l e t  t h a t  i n c l u d e s  b o s o n i c

and f e r m i o n i c  co m p o n en t s  can  m os t  e a s i l y  be r e p r e s e n t e d
( 2 )by a f u n c t i o n ,  c a l l e d  s u p e r f i e l d  , in  s u p e r s p a c e  

w hich  i n c l u d e s  o r d i n a r y  s p a c e t i m e  and 4 g r a s s m a n n i a n  

c o r d i n a t e s .  S u p e r f i e l d ,  b e s i d e s  p r o v i d i n g  an e l e g a n t  

f o r m a l i s m  a r e  a l s o  v e r y  u s e f u l  t o o l  in  p r a c t i c a l  

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

f o r m u l a t e d  and im p ro v ed  upon in  t h e  l i t e r a t u r e ( F o r  a 

r e v i e w ,  s e e  r e f  (3) and  a l s o  l i s t e d  in  t h e  a p p e n d i x  A l ) . 

H ow ever ,  r e l a t i v e l y  l e s s  a t t e n t i o n  h a s  been  p a i d  t o  t h e  

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

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

i s  no e v i d e n c e  o f  SUSY in  ou r  e l e m e n t a r y  p a r t i c l e  

p h y s i c s  p h e n o m en o lo g y .  I f  SUSY i s  r e l e v a n t  t o  n a t u r e  i t  

m u s t  be b r o k e n  one  way o r  a n o t h e r  a t  t h e  e n e r g y  s c a l e  we 

have  been  o b s e r v i n g  so  f a r .  A p p a r e n t l y  s u p e r f i e l d  

f o r m a l i s m  m us t  be m o d i f i e d  t o  t a k e  i n t o
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a c c o u n t  t h e  e f f e c t  o f  t h e  SUSY b r e a k i n g .  A v e r y  s i m p l e  

a r t i f a c t ,  c a l l e d  t h e  s p u r i o n ^  t e c h n i q u e ,  e x i s t s  in  

t h e  l i t e r a t u r e  f o r  t h i s  p u r p o s e .  S i n c e  in  t h e  

s u p e r f i e l d  l a n g u a g e  SUSY t r a n s f o r m a t i o n  i s  e q u i v a l e n t  t o  

t r a n s l a t i o n  in  s u p e r s p a c e ,  g i v i n g  some s u p e r f i e l d  

$ ( x , 0  , © )  a f i x e d  v a l u e  r e s u l t s  in  SUSY b r e a k i n g .  The 

p r o c e d u r e  i s  t o  i n t r o d u c e  some e x t e r n a l  ( s p u r i o n )  

s u p e r f i e l d s  and l e t  them c o u p l e  t o  t h e  quan tum  f i e l d s  in  

SUSY f a s h i o n .  The SUSY b r e a k i n g  i s  t h e n  a c h i e v e d  by 

g i v i n g  t h e  s p u r i o n  a s u i t a b l y  c h o s e n  v a l u e .  A SUSY 

b r e a k i n g  i s  c a l l e d  s o f t  (SSB) b r e a k i n g  i f  i t  d o e s  n o t  

g e n e r a t e  any  q u a d r a t i c  d i v e r g e n c e .  The s o f t  t e r m s  

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

w h i l e  m aking  i t  r e a l i s t i c .  G i r a r d e l l o  and  G r i s a r u  h a v e  

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

b r e a k i n g  t e r m s  in  N=1 SUSY t h e o r i e s  S p u r i o n

t e c h n i q u e  i s  v e r y  u s e f u l  i n  l e a r n i n g  a b o u t  t h e  

d i v e r g e n c e  s t r u c t u r e  o f  t h e  r e a l i s t i c  m o d e l s .  When one 

a p p l i e s  i t  t o  c a l c u l a t e  a p h y s i c a l  q u a n t i t y ,  s a y  t h e  

- f u n c t i o n  o f  a  c o u p l i n g  c o n s t a n t  a q u e s t i o n  a r i s e s .  

Given a s o f t  SUSY b r e a k i n g  t e r m  in  t h e  l a g r a n g i a n ,  t h e r e  

i s  more  t h a n  one  way i t  c a n  be w r i t t e n  i n  t h e  s u p e r f i e l d  

form w i t h  s p u r i o n .  A l l  t h e  s u p e r f i e l d  f o r m s  t h a t  

c o r r e s p o n d s  t o  t h e  same t e r m  in  c o m p o n e n t s ,  a r e
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e q u i v a l e n t .  However some o f  them a r e  more c o n v e n i e n t

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

c h a p t e r  t o  s h ed  l i g h t  on t h i s  q u e s t i o n  and d e m o n s t r a t e

i t  t h r o u g h  t o y  m o d e ls  and  r e a l i s t i c  a p p l i c a t i o n s .  In

s e c t i o n  I I  we i l l u s t r a t e  t h e  a m b i g u i t y  in  c h o o s i n g  a

s u p e r f i e l d  s o f t  b r e a k i n g  t e r m  in  a  t o y  ex am p le  and

d e m o n s t r a t e  t h e  way t o  f i x  i t .  I n  t h e  s e c t i o n  I I I ,  we

show t h a t  a l l  t h e  s o f t  SUSY b r e a k i n g  t e r m s  in  a t h e o r y

w i t h  s u p e r s y m m e t r i c  i n t e r a c t i o n  can  be and s h o u l d  be

w r i t t e n  a s  D - t y p e  t e r m s .  T h i s  i s  t h e  main  r e s u l t  o f  t h e

p a p e r .  The F - t y p e  t e r m s  t h a t  g i v e  r i s e  t o  t h e  same

com ponen t  f o r m s  c a n  be d i s c a r d e d  b e c a u s e  t h e y  w i l l

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

d i v e r g e n t  c o e f f i c i e n t  a t  h i g h e r  o r d e r s .  T h e r e f o r e  t h e

i n c l u s i o n  o f  F - t e r m s  i s  r e d u n d a n t  o n c e  t h e  r i g h t  D - t e r m s

a r e  c h o s e n .  I n  t h e  a p p e n d i x  A3 we d e m o n s t r a t e  an

a p p l i c a t i o n  o f  t h i s  a p p r o a c h  in  a r e a l i s t i c  m o d e l— N= 1

s u p e r g r a v i t y  m ode l  w i t h  a SUSY b r e a k i n g  h i d d e n  s e c t o r .

We d e r i v e  t h e  r e n o r m a l i s a t i o n  g r o u p  e q u a t i o n s ( R G E )  in

t h i s  m ode l  u s i n g  o u r  a p p r o a c h  and  s p e l l  o u t  t h e  s p e c i f i c

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

c o n s t a n t .  T h e s e  RGE's  h a v e  b e e n  d e r i v e d  e a r l i e r  u s i n g
15)c o n v e n t i o n a l  m e t h o d '  . We r e d e r i v e  i t  b e c a u s e  we 

f e e l  t h a t  t h e  s u p e r f i e l d  v e r s i o n  i s  s i m p l e r  and  i t
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i l l u s t r a t e s  t h e  p o i n t s  in  t h e  t e x t  v e r y  w e l l .

We f o l l o w  t h e  c o n v e n t i o n  o f  t h e  t e x t b o o k  by WESS and 

B A G G E R ^ .  The o n l y  m in o r  c h a n g e  i s  in  t h e  

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

n o r m a l i s a t i o n  i s  more  s u i t a b l e  f o r  com p o n en t  r e d u c t i o n .  

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

c a l c u l a t i o n s .

2 .  L e t  us c o n s i d e r  t h e  f o l l o w i n g  l a g r a n g i a n  a s  a  t o y  

exam ple  f o r  t h e  d e m o n s t r a t i o n  o f  t h e  a f o r e s a i d  

a m b i g u i t i e s  i n  s e l e c t i n g  t h e  b r e a k i n g  t e r m s

L = a * d  A -  i i? <rm -  g 2  \AA* \ 2  + gA vv2

3 *3 2 *ag Jlv (A + A ) + b p  AA (1)

H e r e  "A" i s  a complex  s c a l a r  f i e l d  and i s  a  Weyl 

s p i n o r .  The l a s t  two t e r m s  a r e  SUSY b r e a k i n g  t e r m s  and 

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

WESS-ZUMINO(7) (WZ) m o d e l .

Now we s h a l l  a t t e m p t  t o  e x p r e s s  t h i s  l a g r a n g i a n  by 

s u p e r f i e l d s .  H o w ev e r ,  b e f o r e  we do t h a t ,  we s h a l l  

d i g r e s s  a  b i t  and  d i s c u s s  a b o u t  s p u r i o n s .  S p u r i o n s  a r e  

c l a s s i c a l  s u p e r f i e l d s  and f u n c t i o n  o f  0  o n l y .  

C o n s e q u e n t l y  t h e y  b r e a k  t h e  t r a n s l a t i o n  i n v a r i a n c e  in  

t h e  s u p e r s p a c e .  B e c a u s e  o f  t h e i r  c l a s s i c a l  n a t u r e  t h e y
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can  a p p e a r  o n l y  a s  t h e  e x t e r n a l  l e g s  and  do n o t  

p r o p a g a t e  i n s i d e  t h e  l o o p s  i n  s u p e r g r a p h s .  S i n c e  t h e  

l a g r a n g i a n  in  t e r m s  o f  s p u r i o n s  l o o k s  v e r y  s i m i l a r  t o  

t h e  SUSY o n e  (SUSY b r e a k i n g  b e i n g  c o m p l e t e l y  h i d d e n  in  

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

r u l e s  c an  s t i l l  be a p p l i e d  t h e  same way a s  i n  t h e  

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

p o w e r f u l  m a c h i n e r y  o f  s u p e r f i e l d s  r o l l i n g  e v e n  when t h e  

SUSY i s  e x p l i c i t e l y  b r o k e n .  To c a s t  i n  t h e  

s u p e r f i e l d  fo rm  we em p lo y  a  c h i r a l  s u p e r f i e l d  $ ( < £ ( x , e , e )  

= A (x )+ M '(x )0 + . . . )  and  a  s p u r i o n  f i e l d  W= j4-©7, w h e re  f* 

c h a r a c t e r i z e s  t h e  SUSY b r e a k i n g  s c a l e  and  a l s o  k e e p s  W 

d i m e n s i o n l e s s .  The l a g r a n g i a n  c a n  now be  w r i t t e n  a s  

lx  ̂ I d^e + 2. { [ <fe3 a7e -v- w.c.  ^

+  d2e  +  H . c . )  ^ J w W *
( 2 )

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

f o r  W y i e l d s  t h e  l a s t  two SUSY b r e a k i n g  . t e rms  o f  L ,  . 

However t h i s  s t r a i g h t  f o r w a r d  way o f  t r a n s l a t i n g  t h e  

SUSY b r e a k i n g  t e r m s  i n t o  s u p e r f i e l d  fo rm  t u r n s  o u t  t o  be 

t o o  n a i v e .  To s t a r t  w i t h ,  t h i s  l a g r a n g i a n  i s  n o t  

r e n o r m a l i z a b l e  b e c a u s e  i t  g e n e r a t e s  a  new 

l o g a r i t h m i c a l l y  d i v e r g e n t  t e r m  o f  t h e  fo rm  

j d ^ ©  ( w +  uj ) t h r o u g h  t h e  g r a p h  d e p i c t e d  in  F i g ( 4 - 1 ) .
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H ence  we e x t e n d  t h e  l a g r a n g i a n  o f  e q u a t i o n  (2) t o  

i n c l u d e  t h i s  t e r m  a n d  a r r i v e  a t

3  i d 1e  4 * 4  - t  ±  \ ( ^ V e  + v * - c . )

■V- 1  j  W $ 3 d 2© +  H , c -

+  0 ( 2  J  ( w M  £ * $  d*e  (3)

•t o( 3  ^ } c f <1

A g l i m p s e  a t  t h i s  l a g r a n g i a n  i m m e d i a t e l y  p r o m t s  some 

q u e s t i o n s .  We s t a r t e d  o u t  w i t h  o n l y  two SUSY b r e a k i n g  

t e r m s  in  c o m p o n e n t s  and  e n d e d  up  w i t h  t h r e e  t e r m s  i n  t h e  

s u p e r f i e l d  f o r m .  A p p a r e n t l y  n o t  a l l  t h r e e  p a r a m e t e r s  , 

c /^and  ^  c o u l d  be i n d e p e n d e n t  p h y s i c a l  p a r a m e t e r s .

T h e r e  m u s t  be  some r e d u n d a n c y  i n v o l v e d .  I t  i s  i n  f a c t  

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

r m a l i z a t i o n  t h e o r e m  we s e e  t h a t  t h e  P - t e r m  w i t h  t h e  

c o u p l i n g  c o n s t a n t  w i l l  n e v e r  be g e n e r a t e d  i n  t h e  

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

t/ 2  and  t o g e t h e r  a r e  s u f f i c i e n t  t o  g e n e r a t e  a and  b 

t e r m s  o f  t h e  c o m p o n e n t  fo rm  i n  t h e  e q u a t i o n  ( 2 ) .  The 

o b v i o u s  e c o n o m i c a l  c h o i c e  i s  t o  s e t  c(, = 0.  T h i s  

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

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

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

o t h e r s .  A l s o  n o t e  t h a t ,  a f t e r  s e t t i n g  ^ = 0 ,  t h e r e  a r e
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e q u a l  n u m b ers  o f  b r e a k i n g  t e r m s  in  t h e  co m p o n en t  and  t h e  

s u p e r f i e l d  v e r s i o n s .  Even t h o u g h  v e r i f i e d  i n  t h e  l a s t  

e x a m p le  and  e x p e c t e d  i n t u i t i v e l y  t h e  p r o o f  o f  t h i s  one  

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

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

g e n e r a l i z e  t h i s  r e s u l t  t o  i n c l u d e  a l l  s o f t  b r e a k i n g  

t e r m s .

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

p u s h  t h i s  t o y  e x a m p le  f u r t h e r  and  c o m p are  t h e  RGE's  

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

R e l a t i o n s  among a , b  and o^can  be  o b t a i n e d  e a s i l y  by 

s u b s t i t u t i n g  t h e  v a l u e  o f  W and  i n t e g r a t i n g  o u t  0  t o  

a r r i v e  a t

a -■ -  S

(4)

b = < * 2
2 3

G r a p h s  t h a t  c o n t r i b u t e  t o w a r d s  RGE's  o f  a  and  b a r e  

d e p i c t e d  in  F i g (4 - 2 )  and  F i g (4 -3 )  r e s p e c t i v e l y .  From

them one  g e t s

A = u 3 a  = a g 
' a  f a 1 6

and  (5)

6  -  ,.»b _ 1 2  a  g l b - S a 1 )
°b -  T i p  '  16“ ^ -------------

N e x t  we s h a l l  c a l c u l a t e  RGE f o r  and  u s i n g
2, J
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s u p e r g r a p h  t e c h n i q u e ' * .  S u p e r g r a p h s  t h a t  c o n t r i b u t e  a r e  

shown i n  F i g ( 4 - 4 )  a n d  F i g ( 4 - 5 ) .  B e f o r e  we g e t  t o  t h e i r  

RGE's  we s h a l l  l i k e  t o  s h a r e  an i n t e r e s t i n g  

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

t h a t  w h e n ev e r  t h e  number o f  c h i r a l  s u p e r - p r o p a g a t o r  

i n c r e a s e s  by  o n e  u n i t  t h e  s i g n  o f  i t s  c o n t r i b u t i o n  

c h a n g e s . F o r  i n s t a n c e  F i g ( 4 - 4 a )  h a s  s i g n  o p p o s i t e  t o  

t h a t  o f  F i g ( 4 - 4 b )  and  F i g ( 4 - 4 c ) .

F i g  (4 -4 )  and  F i g (4 -5 )  c o n t r i b u t e  t o w a r d s  t h e  v e r t e x  

r e n o r m a l i s a t i o n  o f  c o n s t a n t s  and  i/ t, r e s p e c t i v e l y .

One f i n d s  f rom  them

f * ,  = «<2 - 2  •‘V
and ( 6 )

p  -  <*,( 0(3 16 7V1 3

U s i n g  e q u a t i o n  (6 ) and  e q u a t i o n  (4) o n e  c a n  

c a l c u l a t e  and  ^  and  i m m e d i a t e l y  f i n d s  t h a t  t h e y  

a r e  j u s t  t h e  same a s  t h o s e  i n  e q u a t i o n  (5) d e r i v e d  f ro m  

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

o f  L, and  when i s  s e t  e q u a l  t o  z e r o .

3 .  I n  t h e  l a s t  s e c t i o n  we saw t h a t  s o f t  SUSY b r e a k i n g  

t e r m s  (SSB) when c a s t  i n  D - t y p e  t e r m s  g r e a t l y  s i m p l i f i e s  

t h e  c a l c u l a t i o n s  o f  R G E 's .  I n  t h i s  s e c t i o n  we s h a l l
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show t h a t  m o s t  g e n e r a l  SSB when added  t o  WZ model c a n  

a l w a y s  be w r i t t e n  a s  D - t e r m s .  F o r  t h a t  p u r p o s e  c o n s i d e r

t h e  f o l l o w i n g  l a g r a n g i a n
* - m  2 * 2 * . 2Lc = A D A  -  i^T  -  m AA -  g |AA p

+ JgA V 2-  mg A2 A* + H .C .^  (7)

+ {ag|>A3 + AA* + c p 2  A2  + d f 3 A+ H . c J

The above  l a g r a n g i a n  h a s  been  o b t a i n e d  by a d d i n g  t o
(4)WZ m o d e l ,  a l l  p o s s i b l e  SSB' t e r m s ( w e  a r e  n o t  

c o n s i d e r i n g  gau g e  i n t e r a c t i o n s  a t  t h i s  p o i n t ) .  The 

c o e f f i c i e n t s  a , b , c  and  d a r e  d i m e n s i o n l e s s  SUSY b r e a k i n g  

p a r a m e t e r s .  To w r i t e  i t  i n  s u p e r f i e l d  f o r m ,  a p r i o r i ,  

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

L = i  Jd*© 4- {O Z

+ J d 3e ( ( c f ,  w « l 4  P, w  ■f3  5

4 j a <,0  ( * ,  W + ^ J . W ' +W) ( 8 )

+  i  ^  ® a- l/vl^Vsl)  <$>

H e re  a s  b e f o r e ,  ^  ' s  a r e  c h i r a l  s u p e r f i e l d s  and W i s  

t h e  s p u r i o n .  ^ i  and  a r e  SSB p a r a m e t e r s .  S u b s t i t u t i n g  

r e  f o r  W and i n t e g r a t i n g  o u t  6  and t h e  a u x i l i a r y  f i e l d s  

o n e  o b t a i n s  f o l l o w i n g  SUSY b r e a k i n g  t e r m s

- v f C f j r  - S 0^ - ) A i 4  (9)
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I r f c -As i s  t r a n s p a r e n t  f rom  a b o v e ,  one  c o u l d  s e t  

a n d  s t i l l  r e p r o d u c e  a l l  t h e  t e r m s  o f  l a g r a n g i a n  \_ .

The n o n r e n o r m a l i z a t i o n  t h e o r e m  t h e n  g u a r a n t e e s  t h a t  

t h e s e  t e r m s  w i l l  n e v e r  be g e n e r a t e d  a t  any  o r d e r .  S i n c e  

a l l  t h e  d i v e r g e n c e s  c an  be  a b s o r b e d  i n  o ( . ' s  o n e  c o u l d  

d e r i v e  c o r r e c t  RGE's  i g n o r i n g  a l l  f ^ ' s .

However one  p o i n t  o f  c a u t i o n  n e e d s  t o  be  s t a t e d .

A l l  F - t y p e  t e r m s  c a n  be d r o p p e d  o n l y  in  t h e  p r e s e n c e  o f  

SUSY i n t e r a c t i o n s .  F o r  i n s t a n c e  one  c o u l d  n o t  d i s c a r d  

i n  e q u a t i o n ( 8 ) i f  g v a n i s h e d .  I n  t h i s  c a s e  o n e  c o u l d  

show t h a t  D - t e r m s  and  w i l l  n o t

be  g e n e r a t e d  w i t h  i n f i n i t e  c o e f f i c i e n t  and  h e n c e  t o  . 

d e r i v e  RGE's  c h o o s i n g  n o n v a n i s h i n g  B , f3> , c^and 0^2 .
* I ^ T*

s u f f i c e s .  N o te  t h a t  i n  t h i s  c a s e ,  when g=0 t h e  SUSY
2 3b r e a k i n g  t e r m s  A and  A do  n o t  g e t  r e n o r m a l i z e d .

Thus  i t  i s  p o s s i b l e  t o  b r e a k  SUSY and  s t i l l  h a v e  SUSY 

b r e a k i n g  t e r m s  n o n r e n o r m a l i z e d . T h i s  o b s e r v a t i o n  may 

ha v e  i m p o r t a n t  c o n s e q u e n c e s  on m ode l  b u i l d i n g .

So f a r  we c o n f i n e d  o u r s e l v e s  t o  n o n - g a u g e  t y p e  

i n t e r a c t i o n s .  Gauge  t h e o r i e s  r e q u i r e  much more  c a r e f u l  

a t t e n t i o n .  S i n c e  e x p l i c i t  b r e a k i n g  o f  g a u g e  sy m m etry  

l e a d s  t o  n o n r e n o r m a l i z a b i l i t y , a l l  SSB m u s t  be  w r i t t e n  

i n  g a u g e  i n v a r i a n t  f o r m .  A r e a l i s t i c  m o d e l  t h a t
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e x p l a i n s  t h i s  c o n c e p t  b e a u t i f u l l y  h a s  b e e n  w o rk e d  o u t  i n  

d e t a i l  i n ‘t h e  a p p e n d i x  A3.

Thus  we s e e  t h a t  i n  t h e  t h e o r i e s  w i t h  s o f t l y  b r o k e n  

s u p e r s y m m e t r y  t h e  RGE's  can  be  d e r i v e d  v e r y  e a s i l y  u s i n g  

s u p e r g r a p h  r u l e s  i f  a l l  t h e  b r e a k i n g  t e r m s  w e r e  w r i t t e n  

a s  D - t e r m s  w i t h  s p u r i o n s .  And we a l s o  o b s e r v e d  t h a t  

when s u p e r s y m m e t r i c  i n t e r a c t i o n s  a r e  p r e s e n t  a l l  s o f t  

SUSY b r e a k i n g  can  i n d e e d  be  c a s t  i n  D - f o r m .  When SUSY 

i n t e r a c t i o n s  a r e  a b s e n t ,  a s  w o u ld  be  t h e  c a s e  i f  g= 0  i n  

t h e  e q u a t i o n  (9) , we f i n d  t h a t  some F - t y p e  t e r m s  h a v e  t o  

be  i n t r o d u c e d .  T h e s e  m a n d a t o r y  F - t e r m s  a-.* p r o t e c t e d  

f ro m  any  r e n o r m a l i s a t i o n  by n o n r e n o r m a l i z a t i o n  t h e o r e m .  

Which  i m p l i e s  t h a t ,  a s  we s t a t e d  e a r l i e r ,  b r o k e n  SUSY 

t h e o r i e s  can  be  c o n s t r u c t e d  s u c h  t h a t  some o f  t h e  

b r e a k i n g  p a r a m e t e r s  a r e  n o t  r e n o r m a l i z e d .  Thus  we o n l y  

n e e d  t o  c a l c u l a t e  t h e  v e r t e x  r e n o r m a l i s a t i o n  f o r  o n l y  

t h e  D - t e r m s .  H e n ce  o u r  p r e s c r i p t i o n  s h o u l d  be t h a t  

a l w a y s  w r i t e  t h e  SUSY b r e a k i n g s  a s  D - t e r m s  e x c e p t  when 

t h e y  do  n o t  p r o d u c e  a l l  t h e  t e r m s  o f  t h e  c o m p o n e n t  

d e s c r i p t i o n .  The l a t t e r  i m p l i e s  p r e s e n c e  o f  some 

c o u p l i n g  c o n s t a n t s  t h a t  do  n o t  r e c i e v e  an y  

r e n o r m a l i z a t i o n  ev en  t h o u g h  SUSY i s  b r o k e n .

The t h e o r i e s  w i t h  g a u g e  i n t e r a c t i o n s  r e q u i r e  some 

s i m p l e  b u t  n o n t r i v i a l  m o d i f i c a t i o n ,  w h ic h  i n v o l v e s
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w r i t i n g  t h e  b r e a k i n g s  a s  g a u g e  i n v a r i a n t  D - t e r m s .  To 

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

c a l c u l a t i o n s ,  and a l s o  a s  an e x a m p l e  w i t h  g a u g e  

i n t e r a c t i o n s ,  we c a l c u l a t e  t h e  RGE's  f o r  a  w e l l - k n o w n  

s u p e r s y m m e t r i c  SU ( 3 ) XSU ( 2 ) XU (1) m o d e i  o f  e l e c t r o - w e a k  

i n t e r a c t i o n  in  t h e  a p p e n d i x  A3.

C o n c l u s i o n ; S u p e r f i e l d s  p r o v i d e  p o w e r f u l ,  e l e g a n t  and  

e f f i c i e n t  t o o l  f o r  c a l c u l a t i o n s  ev en  when s u p e r s y m m e t r y  

i s  b r o k e n .  I n  t h e s e  c a s e s  s u p e r s y m m e t r y  b r e a k i n g  a r e  

r e p r e s e n t e d  by  SPURION s u p e r f i e l d s .  I n  g e n e r a l  t h e r e  

a r e  many d i f f e r e n t  ways a  b r e a k i n g  t e r m  can  be  w r i t t e n  

u s i n g  s p u r i o n s  a n d  t h e y  a r e  n o t  e q u i v a l e n t  , a t  l e a s t  

when c a l c u l a t i n g  r e n o r m a l i z a t i o n  g r o u p  e q u a t i o n s  a r e  

c o n c e r n e d .  We showed  t h a t  t h e  l a b o r  c o u l d  be  r e d u c e d  

d r a s t i c a l l y  i f  SUSY b r e a k i n g s  a r e  a l l  w r i t t e n  a s  

D - t e r m s .  A l s o  we f o u n d  t h a t  i t  i s  p o s s i b l e  t o  c o n s t r u c t  

b r o k e n  SUSY t h e o r i e s  w here  some o f  t h e  b r e a k i n g  ■ 

p a r a m e t e r s  do  n o t  r e c e i v e  an y  r e n o r m a l i z a t i o n .  We 

d e m o n s t r a t e d  t h e  u s e f u l n e s s  o f  t h e  w ho le  t h i n g  by 

d e r i v i n g  t h e  RGE f o r  a  r e a l i s t i c  m o d e l  i n  t h e  a p p e n d i x .
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APPENDIX A1 

SUPERSYMMETRY

T h i s  b e a u t i f u l  symmetry  was a  p r o d i g i o u s  d i s c o v e r y  o f  

mid s e v e n t i e s  Under  m o s t  s y m m e t r i e s  known in

p a r t i c l e  p h y s i c s  a b o so n  ( f e r m i o n )  t r a n s f o r m s  in  t o  a 

b o so n  ( f e r m i o n ) .  S u p e r s y m m e t ry  (SUSY) g o e s  b eyond  t h i s  

c o n v e n t i o n a l  wisdom and r e l a t e s  a b o s o n i c  o b j e c t  t o  a 

f e r m i o n i c  o n e .

The  g e n e r a t o r s  o f  SUSY and a r e  s p i n o r i a l

o b j e c t s  ( b e c a u s e  t h e y  c h a n g e  t h e  s p i n  by h a l f )  and 

f o l l o w  t h e  f o l l o w i n g  ( a n t i )  c o m m u ta t io n  r u l e s .

(Q p ,  fQ ^ ) + = 2 Pm ( m = l , . .  ,4  L o r e n t z  i n d i c e s )

( t < r « T = l f 2 S p in  i n d i c e s )  (1)

(Q u rQp )+ rQp ) + = 0 (2)

( Q *  = i  ( T ^ Q ) ^  (3)
nt wH e r e  t  = ( l f v  ) w h e re  t h e  *- a r e  t h e  P a u l i

m a t r i c e s .  T h i s  a l g e b r a  i s  known as  e x t e n d e d  p o i n c a r e  o r

S u p e r s y m m e t ry  a l g e b r a .  T h i s  f u s i o n  o f  t h e  i n t e r n a l

symmetry  g ro u p  w i t h  t h e  p o i n c a r e  g r o u p  d o e s  n o t  v i o l a t e

t h e  C o lem an-M andu la  t h e o r e m  b e c a u s e  o f  t h e  s p i n o r i a l

c h a r a c t e r  o f  i t ' s  g e n e r a t o r s .  L e t  u s  l o o k  a t  t h e

p h y s i c a l  i m p l i c a t i o n s  o f  t h e  a l g e b r a  by a c t i n g  t h e

g e n e r a t o r  on a p a r t i c l e  s t a t e  o f  momentum p and s p i n  s .
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Q [ p , s )  = a |p ,  s + ^ >  + b | p , s - | )  (4)

S i n c e  Qx commutes  w i t h  pm t h e  new p a r t i c l e  s t a t e s  

h a v e  t h e  same e n e r g y  e n e r g y  momentum a s  t h e  o r i g i n a l  

s t a t e  i . e .  t h e y  h a v e  t h e  same m a s s .  The s p i n s  o f  t h e s e
i

s t a t e s  d i f f e r  f ro m  t h a t  o f  t h e  o r i g i n a l  by + -j.

T h e s e  s t a t e s  o f  d i f f e r e n t  s p i n s  and  same m ass  fo rm  w h a t  

i s  c a l l e d  a  s u p e r m u l t i p l e t .

The  e q u a t i o n (1) i m p l i e s  t h e  i n t e r t w i n i n g  o f  t h e  SUSY 

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

s o m e t i m e s ,  t h e  SUSY i s  c a l l e d  s q u a r e r o o t  o f  

t r a n s l a t i o n .  M u l t i p l y i n g  t h e  e q u a t i o n  (1) by  a- 0  and

u s i n g  t h e  t r a c e  c o n d i t i o n s
, 0  m. _ ' 0 m 

Tr ( <r <r ) = “ 2 g o n e  g e t s

I (Q1Q1+ B2Q2 + B1B1 + B2B2> = H 15>
o r  w r i t t e n  more  c o m p a c t l y

^ ( i Q j J 2  + l Q 2 l 2  ) = H

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

a) H i s  s e m i - p o s i t i v e  d e f i n i t e  i . e .  e i g e n v a l u e s  o f  H 

a r e  e i t h e r  z e r o  o r  p o s i t i v e .

b) I f  a  s t a t e  i s  i n v a r i a n t  u n d e r  SUSY th e n  

a n n h i l a t e s  s u c h  a  s t a t e  and  h e n c e  by t h e  e q u a t i o n  (5) t h e  

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

s p o n t a n e o u s l y  b r o k e n  t h e n  t h e  g r o u n d  s t a t e  e n e r g y  o f  

s u c h  a t h e o r y  m u s t  be p o s i t i v e  and v i c e  v e r s a .
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E q u a t i o n  (3) s i m p l y  i m p l i e s  t h e  s p i n o r i a l  c h a r a c t e r  

o f  t h e  g e n e r a t o r .

B e s i d e s  t h e s e  t h e r e  a r e  some t e c h n i c a l  p r o p e r t i e s  

t h a t  make SUSY v e r y  i n t e r e s t i n g  and r e l e v a n t  t o  t h e  

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

I n  a b s e n c e  o f  s u p e r s y m m e t r y  t h e  m a s s e s  o f  s c a l a r  

p a r t i c l e s  r e c e i v e  q u a d r a t i c a l l y  d i v e r g e n t  c o n t r i b u t i o n
O 0  0  2. 0

i n  p e r t u r b a t i o n  t h e o r y  i . e .  S'm^ = g m^ ( tym ) .

T h i s  r e n o r m a l i s a t i o n  p r o p e r t y  i s  v e r y  unwelcome i n  

g r a n d  u n i f i c a t i o n  t h e o r i e s .  I n  GUT's o n e  n e e d s  t o  

m a i n t a i n  two v e r y  d i f f e r e n t  mass  s c a l e s  o f  s c a l a r  

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

v e r y  d i f f i c u l t  and  d i r t y .  One h a s  t o  r e d e f i n e  t h e  

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

T h i s  i s  t h e  s o  c a l l e d  H i e r a r c h y  p r o b l e m .  The c r u x  o f  

t h e  p robem  i s  u n a v a i l a b i l i t y  o f  an y  sy m m e try  t h a t  c o u l d  

k e e p  b o s o n i c  m a s s e s  u n r e n o r m a l i z e d .

I n  c a s e  o f  f e r m i o n i c  f i e l d s  we know c h i r a l  sym m etry  

p r e v e n t s  mass  r e n o r m a l i z a t i o n .  And i f  c h i r a l  sy m m e t ry  

i s  b r o k e n  t h e  r a d i a t i v e  c o r r e c t i o n  t o  t h e  m ass  i s  g i v e n  

by
a

^nip = g nip I n  ( V n ip )

w h e r e  A i s  t h e  s c a l e  a t  w h ic h  c h i r a l  sym m etry  i s  

b r o k e n .  S i n c e  SUSY i s  a sym m etry  b e t e w e n  f e r m i o n s  and
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b o s o n s ,  i t  e x t e n d s  t h e  b l a n k e t  o f  p r o t e c t i o n ,  p r o v i d e d  

by  t h e  c h i r a l  s y m m e t r y ,  t o  b o s o n s  t o o .  Thus  i n  

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

e x a c t l y  t h e  same r a d i a t i v e  c o r r e c t i o n  a s  t h e  f e r m i o n s .  

T e c h n i c a l l y  s p e a k i n g  t h e  q u d r a t i c a l l y  d i v e r g e n t  

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

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

p e r s i s t s .  As we s h a l l  s e e  l a t e r  t h i s  i s  a  g e n e r a l  

p r o p e r t y  o f  SUSY t h e o r y .  N o t  o n l y  t h e  mass  t e r m s  r a t h e r  

a l l  F - t y p e  ( t o  be  d e f i n e d  l a t e r )  t e r m s  a r e  p r o t e c t e d  

f rom  any i n t r i n s i c  ( v e r t e x )  r e n o r m a l i s ' a t i o n .  T h e y  o n l y  

r e c e i v e  wave  f u n c t i o n  r e n o r m a l i s a t i o n  w h ic h  i s  a l w a y s  

l o g a r i t h m i c .

S u p e r s y m e t r y  i s  b e s t  r e a l i z e d  i n  8  d i m e n s i o n a l  

s u p e r s p a c e .  F i r s t  f o u r  d i m e n s i o n s  o f  w h ich  a r e  o r d i n a r y  

s p a c e  t i m e  and  r e m a i n i n g  f o u r  a r e  g r a s s m a n n i a n .  A 

p o s i t i o n  v e c t o r  i n  t h i s  s p a c e  i s  r e p r e s e n t e d  by 

z = ( x , t ,  ©■]_,©]_, S u p e r s y m m e t r y  i s

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

I n  t h e  s u p e r s p a c e  t h e  g e n e r a t o r s  Q and*Q. a r e
DC (X

r e p r e s e n t e d  by

I q* (*e< m
and  ( 6 )

( —. - iB*  r  7  a )I q* at* m'
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T h e s e  o p e r a t o r s  a c t  upon s u p e r f i e l d s ,  g e n e r a l  

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

s u p e r f i e l d s  a r e  t o  be  u n d e r s t o o d  i n  t e r m s  o f  t h e i r  

e x p a n s i o n  i n  0  and  © i . e .

F ( x , © , e )  = f ( x )  + © $ ( x )  + §  % (x) + &  ”w\(x)

+ &1 Mx) + ©<rm8 vm(x) + ©©©^U)
+ e© e  ijj(X) + Q e s e  d ( x )  (7 )

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

c h a r a c t e r  o f  0 and  0 . U nde r  s u p e r s y m m e t r y  t r a n s f o r -

m a t i o n ( ^ i s  an  i n f i n i t e s i m a l  g r a s s m a n n i a n  p a r a m e t e r )

d^P = ( + % Q ) F ( 8 )

w h e r e  Q an d  Q a r e  d i f f e r e n t i a l  o p e r a t o r s  g i v e n  a b o v e .  A

s u p e r f i e l d ,  i n  g e n e r a l ,  i s  r e d u c i b l e  u n d e r  s u p e r s y m m e t r y  

t r a n s f o r m a t i o n .  The  e a s i e s t  way t o  s e e  t h i s  i s  t o  

r e c o g n i z e  t h e  f o l l o w i n g  two d i f f e r e n t i a l  o p e r a t o r s  

and  "D^ g i v e n  by

D*  -  V  i r - s i ' a ,
and  (9)

D* = a! 51"  1 e  ^  m
T h e s e  o p e r a t o r s  o b e y  f o l l o w i n g  a n t i - c o m m u t a t i o n

r e l a t i o n s

< v y +  =<iv y + = < v y +  = < v y + = 0  ( i o )

Thus  one  can  p i c k  o u t  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 s  o f

SUSY by o p e r a t i n g  p o l y n o m i a l s  o f  D ^ and  "D^ on g e n e r a l
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s u p e r f i e l d s .  C h i r a l  and  a n t i c h i r a l  r e p r e s e n t a t i o n s  a r e  

d e f i n e d  by

D.S = 0 and  D S  = 0 (11)oc pc

The c o n s t r a i n t  on t h e  c h i r a l  s u p e r f i e l d  can  be 

s o l v e d  t o  g e t

S ( x , G  , 0  ) = A(x)  + J 2  © ^ ( x )  + O 2  F ( x )

+ i& < rm§ A -  \ i  6 2  <rm §

+ \  e 2  © 2  -A2  A(x)  (12)

I t  c an  be  w r i t t e n  v e r y  s i m p l y  u s i n g  a  c o n v e n i e n t  

v a r i a b l e ,  c a l l e d  c h i r a l  c o o r d i n a t e ,  y = x + i  

S ( y ,  9 , © ) = A(y)  + {2  6  Y(y) + © 2  F ( y )  (13)

U n d e r  SUSY t h e  t r a n s f o r m a t i o n s  o f  t h e  co m p o n en t  

f i e l d s  a r e  g i v e n  by 

5^A =

= T T  F + i  J ?  t *  % 9n A

= - i  4 7  ( ) rrn (14)

A n o t h e r  i m p o r t a n t  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 s  v e c t o r

r e p r e s e n t a t i o n  d e f i n e d  by

v = v+ (15)

Which g i v e s  t h e  f o l l o w i n g  e x p a n s i o n  o f  t h e  v e c t o r

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

V ( x ,  e  , 6  ) = C + i  ( 6%  -  © X ) + |  9 2  (m+in)

-  9 2  (m - in )  -  ©<rm© vm

+ i  ©2 9 ( 7  + A r * * * . )
i  m
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-  i  ©2 © ( A + i  <rm )

+ \  © 2  © 2  (D + ^ClC)  (16)

Sum o f  two o r  more c h i r a l  f i e l d s  i s  c h i r a l  and  t h a t  

o f  v e c t o r  f i e l d s  i s  a  v e c t o r  f i e l d .  However f o r  a  

c h i r a l  f i e l d  S ,  t h e  sum S + S+ i s  n e i t h e r  c h i r a l  n o r  

a n t i - c h i r a l  r a t h e r  i t  i s  a  v e c t o r  f i e l d .

S + S+ = .............. + i  6 o-m 6  (A-A*) + ---------

T h i s  s u g g e s t s  V— + S+ + S i s  a  p o s s i b l e  e x t e n s i o n  

o f  g a u g e  t r a n s f o r m a t i o n s  t o  t h e  s u p e r f i e l d s .  U nder  t h i s  

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

C — h  C + A + A*

JC -----

(m+in) — >) (m+in) -  2 i  F
*

vm — » vm -  1  V A~A }

X —  ̂ A
D ----^ D

F i r s t  t h r e e  c o m p o n e n t s  o f  t h e  v e c t o r  s u p e r f i e l d  c an  

be g a u g e d  away by p r o p e r l y  c h o o s i n g  t h e  c h i r a l  g a u g e  

p a r a m e t e r  S ( T h i s  i s  known a s  W ess -Z um ino  o r  WZ g a u g e ) .  

The  c o m p o n e n t  vm t r a n s f o r m s  e x a c t l y  t h e  same way a s  

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

f i e l d .  The f i e l d s  A and  D a r e  g a u g e  i n v a r i a n t .  A i s  

c a l l e d  g a u g e  f e r m i o n  o r  g a u g i n o  and  D i s  an a u x i l i a r y  

f i e l d .  I n  WZ g a u g e
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v  = -  ©. vm + i(&2 e X  -  e^e>. )

v 2= 4  ©2 §> vm vm 
2  m

V3= 0

T h i s  g a u g e  b r e a k e s  SUSY b e c a u s e  f i r s t  t h r e e  

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

- t r a n s f o r m a t i o n s .
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SUPERFIELD LAGRANGIAN

U nder  s u p e r s y m m e t r y  t r a n s f o r m a t i o n  t h e  l a s t  c o m p o n en t  

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

l o w e r  d i m e n s i o n a l  c o m p o n e n t s  e g .  S ^ F = - i ^ 2 ’( 9 nH')

Thus  s p a c e - t i m e  i n t e g r a l  o f  t h e  h i g e s t  co m p o n en t  o f  a 

s u p e r f i e l d  i s  SUSY i n v a r i a n t .

C h i r a l  S u p e r f i e l d :

a )  K i n e t i c  E n e r g y :

The  p r o d u c t  S+S i s  a  v e c t o r  s u p e r f i e l d .  I t ’ s
•2—X

h i g h e s t  t e r m  i s  t h e  c o e f f i c i e n t  o f  9 © .  T h i s  i s  c a l l e d  

t h e  D - t e r m .  T h i s  i s  d e n o t e d  by  ^S+S d ^ 6  o r  S+S I .

L k i n r a l  = " ^ nA) O n A) + i ( 3 nH' ) + F * P (1 8 )

t h u s  o n e  f i n d s  t h a t  h a s  k i n e t i ck i n
e n e r g y  t e r m s  f o r  a l l  t h e  com p o n en t  f i e l d s  c o n t a i n e d  

i n  t h e  s u p e r f i e l d  S.

b) S u p e r p o t e n t i a l :
2

The  c o e f f i c i e n t  o f  0  t e r m  o f  c h i r a l  s u p e r f i e l d s ,  

c a l l e d  F - t e r m ,  t r a n s f o r m s  i n t o  a  s p a c e  d e r i v a t i v e  u n d e r  

s u p e r s y m m e t r y  t r a n s f o r m a t i o n s  ( ^ P =  . H ence

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

c h i r a l  s u p e r f i e l d s  i s  i n v a r i a n t  u n d e r  s u p e r s y m m e t r y  t r a n ­

s f o r m a t i o n .  T h i s  t e r m  i s  d e n o t e d  by  \Snd^© o r  Snl
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Thus  one  p o s s i b l e  t y p e  o f  i n v a r i a n t  i n t e r a c t i o n ,  c a l l e d

s u p e r p o t e n t i a l ,  i s

W = Z n a n $ ( S ) n d 2 & (19)

With  d i m e n s i o n a l  a r g u m e n t s  one  f i n d s  t h a t

r e n o r m a l i z a b i l i t y  r e q u i r e s  n ^ 3.  A l s o  I  w ould  l i k e  t o

p o i n t  o u t  t h a t  in  p e r t u r b a t i o n  t h e o r y  r a d i a t i v e

c o r r e c t i o n s  o n l y  g e n e r a t e  D - t y p e  t e r m s .  F -T y p e  t e r m s
( 2 )a r e  n e v e r  g e n e r a t e d  i n  p e r t u r b a t i o n  t h e o r y .  T h i s  

i s  t h e  so  c a l l e d  n o n r e n o r m a l i z a t i o n  t h e o r e m .  L e t  us  

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

com ponent  f i e l d s .

C h i r a l  _ - C h i r a l  C h i r a l
k i n  s u p e r p o t e n t i a l *

C h o o s in g  t h e  s u p e r p o t e n t i a l  W(S) t o  be

W(S) = | [ d % m  S 2  + |  g j d i  S 3  + H .C .  (20)

We f i n d

LC h i r a l  _ _ A) 2 + i  } r n ^  + f  F *

+ m ( A F + A* F* -  'VM' -  )

+ g { A 2 F + A  'V2 +  A * 2 F+ A *  H»2 ) (21)

S i n c e  t h e r e  i s  no k i n e t i c  e n e r g y  t e r m  f o r  t h e  F f i e l d

one  e l i m i n a t e s  t h e  a u x i l i a r y  f i e l d  by u s i n g
& L * 2F + m A + gA (22)

One a r r i v e s  a t
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-  m2  A A* + ^ ( A ' V 2  + A*^2 )
2 *  2

(AA P  (23)

Thus  we s e e ,  o n c e  t h e  a u x i l i a r y  f i e l d  i s  i n t e g r a t e d  
2

o u t ,  m S t e r m  g e n e r a t e s  same m ass  t e r m  f o r  b o t h  

f e r m i o n  and  b o s o n .  A l s o  t h e  p o t e n t i a l  t e r m  Vp =
it

F F f  0 ,  i m p l i e s  t h a t  SUSY i s  u n b r o k e n  i f  and  o n l y  i f  

V„ a t  t h e  minimum i s  z e r o .

I n  c a s e  o f  Gauge t h e o r y  t h e  C h i r a l  s u p e r f i e l d  i s  

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

k i n e t i c  e n e r g y  o f  t h e  c h i r a l  f i e l d  i s

L k i n r a l  = ^ 4g s t e 2 9 V  s  (24 )

T h i s  l a g r a n g i a n  i s  i n v a r i a n t  u n d e r  f o l l o w i n g  

t r a n s f o r m a t i o n

S - ^ e lA S 

S+- } S +e " lA 

V --}V  + i / 2 g  (A*"- A ) 

w h e re  A i s  g a u g e  p a r a m e t e r  and  i t s e l f  i s  a  c h i r a l  

s u p e r f i e l d .  The k i n e t i c  e n e r g y  o f  t h e  v e c t o r  s u p e r f i e l d  

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

d e f i n e d  by
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1 - 2  W = ~  D D, V t*. 4

The k i n e t i c  e n e r g y  i s  g i v e n  by

Lk ! n t0C  -  (25)

I n  WZ g a u g e  i t  g o e s  i n t o
. v e c t o r  _ 1  mn . m * -r 1  2L. . ~Z v “  1  A T  3 mA +  -x Dk m  4 inn m 2

Where v  = ( v -  v ) t h e  u s u a l  f i e l dmn m n n m
s t r e n g t h  f o r  t h e  g a u g e  b o s o n .  The v e c t o r  s u p e r f i e l d  c a n  

n o t  be  g i v e n  an  e x p l i c i t  m ass  t e r m  b e c a u s e  o f  t h e  same 

r e a s o n  a s  i n  non-SUSY c a s e .  H o w e v e r ,  o n e  can  g i v e  

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

r e n o r m a l i z a b i l i t y  a l b e i t  s u p e r s y m m e t r y  i s  s a c r i f i c e d .
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FEYNMAN RULES FOR SUPERFIELDS 

B e f o r e  we g e t  i n t o  t h e  feynman r u l e s  we w o u ld  l i k e  t o  

g i v e  some r u l e s  o f  t h e  D - a l g e b r a .  T h e s e  a r e  v e r y  i m p o r ­

t a n t  in  any  c a l c u l a t i o n  i n v o l v i n g  s u p e r g r a p h s .  Our
( 3 )n o t a t i o n s  a r e  t h e  same a s  t h a t  o f  Wess & B ag g e r  .

The s u p e r s p a c e  c o o r d i n a t e s  i s  r e p r e s e n t e d  by "z "  and  t h e  

c o v a r i a n t  d e r i v a t i v e s  and  a r e

■v = S ' + and  ' * » -  1 9  T* l
T h e s e  o p e r a t o r s  a r e  u s e d  t o  d e f i n 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 s .  The C h i r a l  ( A n t i c h i r a l )  f i e l d  s a t i s f i e s  D =0 

(d ! = 0 ) .  Some u s e f u l  i d e n t i t i e s  o b e y ed  by t h e  D ' s  a r e

D n tf(91- e 2>-D,(ei,p) - D̂ e 2'-P» ?>4(ei-«2>

2 - 2  2 2 D D D = 16 QD

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

f rom

, $ < z 2 l = (- I  Dl> ^ < V Z2 >

o b t a i n e d  from 
£
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SUPERGRAPH RULES ( 4 ) .

(a)  CHIRALPROPAGATOR;

2 - 2  s 4 ( * 2 )
^  l 6 l  ( -  a  +m )

(b) VECTOR SUPERFIELD PROPAGATOR (Feynman g a u g e  =1)

^ 8   ̂ ® i ”  ® 2  ̂ ^   ̂ x l"~ x 2 ^
2  ( -  D +m2 )

(c) VERTEX RULES:

( i )  To e v e r y  v e r t e x  a s s o c i a t e  a  i n t e g r a l ;

( i i )  To e v e r y  c h i r a l  l e g ( o f  v e r t e x )  a t t a c h  a  

( ~  D^) f a c t o r

( i i i )  When v e r t e x  i s  c h i r a l ( a n t i c h i r a l )  o m i t  t h e  

H t  Dl ( ” ‘?  Di^ f a c t o r  a t  o n e  t h e  l e g s  o f  t h e  

v e r t e x .
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BREAKING SUPERSYMMETRY EXPLICITELY

S upe r  symmetry  can  n o t  be an  e x a c t  sym m etry  o f  t h e

n a t u r e ,  a s  t h e r e  i s  no e v i d e n c e  f o r  i t  a t  low e n e r g y .

Thus i f  i t  i s  t o  p l a y  any  r o l e  in  p h y s i c s  i t  m u s t  be

b r o k e n  one way or  a n o t h e r  a t  t h e  e n e r g y  s c a l e  we have

been  o b s e r v i n g  s o  f a r .  The s p o n t a n e o u s  b r e a k i n g  o f

g l o b a l  SUSY l e a d s  t o  a v e r y  cumbersome mass  r e l a t i o n s

^  (2J+1) ( - 1 ) J  mT = 0<4 >. T h i s  c o n d i t i o n  i s  v e r y  
j  o

d i f f i c u l t  t o  be s a t i s f i e d  by p a r t i c l e s  a t  low e n e r g i e s .

F o r  i n s t a n c e  i t  i m p l i e s  t h e  e x i s t e n c e  o f  c h a r g e d  boson

l i g h t e r  t h a n  e l e c t r o n .  Hence  we s h a l l  m a i n l y  c o n s i d e r

e x p l i c i t  b r e a k i n g  in  t h i s  p a p e r .  E x p l i c i t  b r e a k i n g  on

t h e  o t h e r  hand i s  t o o  a r b i t r a r y  and i n  g e n e r a l  v e r y

d a n g e r o u s .  I t  i s  q u i t e  p o s s i b l e  t h a t  a s u p e r s y m m e t r i c

t h e o r y  may l o s e  i t ' s  smooth  d i v e r g e n c e  p r o p e r t i e s  i f  one

i s  n o t  v e r y  c a r e f u l  in  c h o o s i n g  t h e  E x p l i c i t  b r e a k i n g

t e r m s .  R u t  t h e  good news i s  t h a t  t h e r e  e x i s t s  a c l a s s

o f  SUSY b r e a k i n g  t e r m s  ( C a l l e d  s o f t  t e r m s )  t h a t  do  n o t

a f f e c t  t h e  n i c e  u l t r a v i o l e t  p r o p e r t i e s  o f  t h e  t h e o r y .
(5)G i r a r d e l l o  and G r i s a r u '  ' h a v e  c l a s s i f i e d  a l l  such  

te r m s  in  N=1 s u p e r s y m m e t r i c  t h e o r y  u s i n g  s u p e r s p a c e  

m e t h o d s .

S u p e r g r a v i t y  t h e o r i e s ,  a t  low e n e r g i e s  a p p e a r  a s
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s o f t l y  b r o k e n  t h e o r i e s .  A t t r a c t i v e  t h i n g  a b o u t  i t  i s  

t h a t  i t  r e m o v e s  t h e  a r b i t r a r i n e s s  t h a t  i s  a s s o c i a t e d  

w i t h  s o f t  e x p l i c i t  b r e a k i n g s .  Once t h e  s u p e r p o t e n t i a l  

i s  c h o s e n ,  t h e  s o f t  e x p l i c i t  b r e a k i n g s  a r e  a u t o m a t i c a l l y  

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

t h e  c o n t e x t  o f  l e f t  r i g h t  t h e o r i e s  i n  c h a p t e r ( I V ) .
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APPENDIX:A2

DETAILED ANALYSIS OF I^-Kg MASS DIFFERENCE

H e r e  we f u r n i s h  d e t a i l e d  c a l c u l a t i o n s  f o r  t h e  c h a p t e r  

I I I .  F o l l o w i n g  a r e  t h e  c o n v e n t i o n s  and  n o t a t i o n s  u s e d  

in  t h i s  c h a p t e r .

!  0  \  /

N o t a t i o n s : 3 = 5  =
\ 0  1 /  \

I 0

i s *  =

- i r

i v

'-1

- 1

0

W ith  a b o v e  d e f i n i t i o n  we f i n d

( f r A v ) + = 2  S p v  

The  C h a r g e  c o n j u g a t i o n  m a t r i x  C h a s  t h e  p r o p e r t i e s

t h a t

CC = 1 ,

C YpC " 1 =-V r T 

C r t. c - 1 = Y?T

TC1  = -C ,

CT^C_ 1 = -  0{£

c r ^ c - 1  =+(Yf y



The b a s i s  o f  C l i f f o r d  m a t r i c e s  t h a t  we c h o o s e  f o r  

t h e  f i e r z i n g  p u r p o s e s  a r e

and  Xr;

The  g e n e r a l  f o r m u l a  we u s e  f o r  f i e r z i n g  i s  g i v e n  by 

( sv )  (ud) = -  -^(sMa d) (uMa v)

W here  M_ s t a n d s  f o r  t h e  d i f f e r e n t  e l e m e n t s  o f  t h ea
C l i f f o r d  b a s i s  we h a v e  c h o s e n .  T h i s  f o r m u l a  can  be  u s e d  

f o r  a l l  t h e  f i e r z i n g  t h a t  we n e e d  t o  do  i n  t h i s  

c h a p t e r .

The f r e e  p r o p a g a t o r  f o r  a f e r m i o n i c  f i e l d ,  i n  o u r

n o t a t i o n  i s  a , v .V v
■ c r  ,  - f d >  C-L* W >  J LP'X

< o t T ^ & ^ c a ) i o >  »  1  = > +^ . e

C iI f  t h e  f i e l d  i s  m a j o r a n a  t y p e  i . e .  (x) = ^ ( x )  t h e n

<0|T { K * }  J \o)> -  - t S C < - ^ ) ( L '

and  T
< o \ T ^ k M  lo> = I C SC*-**}

Now we s h a l l  c a l c u l a t e  t h e  e f f e c t i v e  i n t e r a c t i o n  

g e n e r a t e d  by d i a g r a m s  o f  F i g  (3 -1 )  and  F i g  (3 -2 )  o f

SU (3) g e n e r a t o r s .  a = l ,  , 8  and o < , p = l f , *, >3 a r e  

g e n e r a t o r  and  c o l o r  i n d i c e s  r e s p e c t i v e l y .  The 

i n t e r a c t i o n  t e r m  i s
— a a

d. 0- • q X  d . + H .C .

H e r e  d i s  a  4 - d i m e n s i o n a l  s q u a r k  v e c t o r  an d  d i s  4 -
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d i m e n s i o n a l  f e r m i o n i c  f i e l d  g i v e n  by ( j L) w i t h
a R

d_ (d_,) r e p r e s e n t i n g  a  two g e n e r a t i o n  co loum n v e c t o r  
Xi K

o f  down and  s t r a n g e  q u a r k s .

The e f f e c t i v e  i n t e r a c t i o n  g e n e r a t e d  f ro m  t h e  F i g ( 3 - 1 )  

i s  __________
m

, CT Aa  - a  'X*. , ^*  . b , b .  , 
( p otp 9 <3*) (d^  g A^gS^)

I
(a r x*=v  a„ f M W j } " ) '

I n  t h e  momentum s p a c e  we g e t

f A  - i C ( - i ^ + m  ) i  j W  i  Sy« - i  (-iflfon i c " 1  c , £ .
J(?*Y* ( q 2+ m p  (q^+m2 ) ( q 2 +m2 ) (q 2 +m2 )

I t  g e n e r a t e s  an i n t e r a c t i o n  t e r m  ( C o m b i n a t i o n  

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

v*<3 T  „ d xT

XM = - t s ' C ( - i t f W ) s }  [d ( - l j ^ m x J d t K a  ^ a  vc ^ c  ,
 2  2  2  2 ------ 2 — 2 ~ 2  ** ** * *(q  +m^) (q +m^) ( q N - m £ r  f

Now we can  s i m p l i f y  t h e  e f f e c t i v e  i n t e r a c t i o n  by u s i n g  

t h e  i d e n t i t y

i  x r f  ^  ^

= 4  [ t  S ?v ~  3

S u b s t i t u t i n g  t h i s  i n  t h e  e x p r e s s i o n  f o r  I M we a r r i v e  a t
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M J  X
u o 0 0 0 0 0 0 v _ y i

(q  +m5 ) (q  +m^) ( q z+m£) z

[ q 2  i ^ ( ( d ' s ' )  ( d s ) + ^ ( d ' ^ s ' )  (dTs)

+^(d'rrrss ' )  (d!frri s ) -(d 'rys ' )  (arss)) - | ( ( d ' s )  (ds*) 

+ (̂d«irrrs s) (dfpr ^ ' ) - 4 (d T s )  (drr s' ) -(d'rss) (d2rs s ' ) ) }  

+ m2 ((d1 s ') (d s ) - (d 'YJjs') (dr^s) + (d'rss' ) (dfyS)

+ ( a ' ^ r j S 1) ( d i T ^ s )  - ( d ' ^ y s 1) (d r^vs) )  

+ |  ( ( d ' s )  ( d s ' ) - ( d ' f rs )  ( d ^ s ' J - C d ' ^ y S )  (dffj^yS ') 

+ ( 3 ' y s s )  (d r ^ jS M  + C d Y / )  (dYs s ' ) ) j ]  

The  e f f e c t i v e  i n t e r a c t i o n  g e n e r a t e d  f ro m  t h e

F i g  ( 3 -2 )  i s  __________ ______

(d* X j  g a  d . )  ( d j  X ^ g b S<?)

X
( 5 » A° i f  V  | d r A r | b s y )

W ith  e x a c t l y  s i m i l a r  a n a l y s i s ,  a s  d one  f o r  t h e  

F i g ( 3 - 1 )  f o r  t h i s  g r a p h  we g e t

XD = -  \ ----------------------------   :------ X £“ ^ 4  X
J  0 . 0  0 0 0 0 0 ^(q  +m ) (q +m ) (q +m )

| [  l ^ ( d ^ s ' )  ( d T r s ) - i  (d s )  ( d ' s ' )

+ |  (d  ^s) ( d ' f y s ' J - g  (d!fr rs s)  (a-Vj^s*)

(d T f s )  ( d ' ^ s ' ) j  +m2  ^ 2 1  ( d s ' )  ( d ' s )  

+ ^ ( d s )  ( d ' s ' )  + ( d ^ s )  ( d ' ^ s ' )  + (d <ry s)  (d- r ^ s ' )

+ (dJTr s )  ( d ' ^ s * ) ) ] ]
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U s i n g  t h e  e x p r e s s i o n  f o r  t h e  I M an d  I D we s h a l l  one  

t y p i c a l  g r a p h  o f  e a c h  k i n d .  L e t  u s  c o n s i d e r  t h e  F i g  ( 3 - 4 )  

a s  an  e x a m p l e .  We u s e  t h e  e x p r e s s i o n  f o r  l M and  s u b s t ­

i t u t e  s ' = s . , s = s  , d ' = d  and  d=d .We f i n d  t h a t  o n l y  t h e  L L L L
v e c t o r  t e r m  c o n t r i b u t e s .  Summing o v e r  N and  ^  we g e t

L _ 2  4 C ( i g 3 ) 4  S i n 2 ec C ° s 2 9 c
1  2  4~!

X + . . . +  f ^  + 2  (“ f 2_2 + ^13 _ ^ 1 2 + * * * ^

Where f  ̂  g w? (dL s L ) 2  and

g = - j __________ g2_____
( q 2 +m2 ) ( q 2 +m|) ( q 2 +m2 ) 2  ( 2 a 4 )

F o r  t h e  D i r a c  t y p e  mass  t e r m  a  t y p i c a l  g r a p h  i s  shown i n  

F i g ( 3 - 5 ) .  We u s e  t h e  e x p r e s s i o n  f o r  I D and  s u b s t i t u t e  

s ’ = s L , s = s L , d ' = d L and d=dL .When summed o v e r  ^  

and  f> we g e t  t h e  f o l l o w i n g  c o n t r i b u t i o n .

L j  = 2 4 C2  (- ^ 3 ) 4  S i n 2 0t C o s 2£ c X

l f l l  + ‘ **+ f 4 4  + 2  “̂ f i 2  + f 13 “ f 12+ " * ^

Where  = - f  g , f 2

To c a l c u l a t e  t h e  K.-K_ m ass  d i f f e r e n c e  t h e  f e r m i o n i ch S

s ' , s , d '  and  d a r e  r e p l a c e d  by a l l  p o s s i b l e  c o m b i n a t i o n s

o f  s _ , s _ , d _  and  s_.. T h e r e  a r e  16 s u c h  g r a p h s  
L  K L  K

f o r  e-:;ch t y p e  o f  mass  t e r m s .  When a l l  t h e s e  a r e  t a k e n  

i n t o  a c c o u n t  we a r r i v e  a t  t h e  e f f e c t i v e  H a m i l t o n i a n  o f  

c h a p t e r  I I I  o f  p a g e ( 4 3 ) .
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APPENDIX:A3

APPLICATION OF CHAPTER IV IN REAL LIFE CALCULATION

As an a p p l i c a t i o n  o f  t h e  m a c h i n e r y  d e v e l o p e d  in  t h e  

t e x t ,  we s h a l l  d e r i v e  RGE's  f o r  a  r e a l i s t i c  supersym m - 

e t r i c  SU ( 3 ) XSU( 2 ) XU(1) model g i v e n  by A lvarez-Gaumme 

e t a l ^ .  The m ode l  i s  d e s c r i b e d  by  f o l l o w i n g  

l a g r a n g i a n

L= I  (gmn EmLnH + g™  DraQnH + gmn UmQnH ' )  mn e d u
_  , mn mn _m_ n„ , „ mn mn _m _ n__

” m3 / 2  mn (Ae g e E L H + Ad g d D Q H

+ A™ g™n UmQnH ' )  -  m? \ ^ 2 + K .E .T erm s

( 1 )

H e re  f i e l d s  w i t h  s u p e r h a t s  i n d i c a t e  s u p e r f i e l d s  and

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

S u b s c r i p t s  m,n  a r e  g e n e r a t i o n  i n d i c e s .

S i n c e  t h i s  i s  a g a u g e  t h e o r y  one  m u s t  w r i t e  a l l  SSB

in  gauge  i n v a r i a n t  f o r m .  U s i n g  t h e  p r o c e d u r e  d e v e l o p e d

in  t h e  t e x t  we w r i t e  down t h e  b r e a k i n g  t e r m s  i n  t h e
2

f o l l o w i n g  form  w i t h  S p u r i o n  W (W=

L ean  = 0 C» S d W + <e"2g V‘T ) $ > +W

(2)
x r /m * a + /«” 2g V.T,  * a  ,TT+ 1TT,+ o(2 a Jd 6  (e ) (W +W)
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w here  ^ s t a n d s  f o r  d i f f e r e n t  s u p e r f i e l d s  l i k e
* A A A * *
E ,Q ,U ,D ,H '  and  H. Tj a r e  t h e  g a u g e  g e n e r a t o r s  f o r  t h e

A
r e p r e s e n t a t i o n  o f  ^ a n d  g d e n o t e s  t h e  g auge  c o u p l i n g  

c o n s t a n t s .  B e f o r e  we p r o c e e d  f u r t h e r  we s h a l l ,  

f o l l o w i n g  R e f ( l ) ,  assume t h a t  g u (we s h a l l  d e n o t e  i t  

s i m p l y  by g y ) i s  t h e  o n l y  yukawa c o u p l i n g  t h a t  s h o u l d  be 

r e t a i n e d  f o r  RGE as  o t h e r s  a r e  much s m a l l e r .  I n t e g r a t i n g  

o u t  © and c o m p ar in g  w i t h  e q u a t i o n (1 ) we g e t

mH ' = ** (" * 1 H' + * 2 H' 1

C  * < + ^ 2 U * * 2 Q> <3 >
Now we can  e a s i l y  c a l c u l a t e  t h e  wave f u n c t i o n

r e n o r m a l i z a t i o n  c o n s ta n t (W F C )  u s i n g  s u p e r g r a p h  r u l e s .  The

r e l a v a n t  g r a p h s  a r e  shown in  F i g  ( 4 - 6 ) .  We f i n d ( Z j
* a

d e n o t e s  t h e  WFC f o r  t h e  s u p e r f i e l d  $ a )

7 1 J o 2 1 A n 2  4. i n 2  4. i-8 2 .2  1
Q " ~2  99 1 + 3g2 3 9 3 J 16n*-6

_ ■< I. , 2  1  16 2  . 16„2.2 1
U “ 1 " l 2gu 2 ( 9 g l  3 g 3 ^ 161 6 7 v*-£

ZH ,= 1 _ f a 9 u " 2 ( 99l  + 3 g 2 ^  1 6 ^ €

(4)
S i n c e  g u h a s  no v e r t e x  r e n o r m a l i z a t i o n ( C o e f f . o f

F - t y p e  te rm )  one  e a s i l y  d e r i v e s  t h e  RGE f o r  i t  by u s i n g
B a r e  _ R en .  - 1 / 2  - 1 / 2  - 1 / 2

g u g u ZH'  Q ZU

d i f f e r e n t i a t i n g  t h e  e q u a t i o n  a bove  w i t h  r e s p e c t  t o  p- one



i g - - u  " ' " ’u 1 8 3 1 2 3 2  3<33 } 8 v '1'u
Now we s h a l l  c a l c u l a t e  t h e  v e r t e x  r e n o r m a l i s a t i o n  f o r  

a n <3 ^ ih1. The g r a p h s  t h a t  c o n t r i b u t e  t o w a r d s  Z ^ g ,  

a n d  Z ^ jji ( V e r t e x  r e n o r m .  f o r  t h e  c o e f f . o ( , H<) a r e  g i v e n  in

F i g  (4 -7 )  and  F i g  (4 -8 )  r e s p e c t i v e l y .  From them we f i n d

1 H 1 * L1+ |w *6  I --------------- ^ ----------------------------- J +  J

1  <5)
r- 2>9~q C o * i ® - j - o | v u  i  1  . 3~i i~ -l

Ztt2HI = IbnH V. ntlH / 5 *• 3 a n 1- -1

U s i n g  wave  f u n c t i o n  r e n o r m a l i s a t i o n  c o s t a n t s  d e r i v e d  i n

e q u a t i o n ( 4 ) , we c an  e a s i l y  c a l c u l a t e  t h e  f o l l o w i n g  RGE's

M _  3 3 -u  f a /  +  o / m  +  ĉ i h 1 — "2. -*• <^1.0 -V
1 s n 1- w

a (6)
ii ^ l H 1 _  5^°  j" ô i q , + + ^a-H' H
r  ^  ~ S o 1

Now u s i n g  t h e  r e l a t i o n s h i p  d e r i v e d  i n  e q u a t i o n  (3)

2 33o n e  f i n d s  t h e  f o l l o w i n g  RGE's  f o r  mg, and  Ay

u - + W \ v \Avi|1 3> 3 ]* 8 na n

u l A 0  _ GS~o
r ^ Y  " S u 7- '  u

2I n  t h e  s i m i l a r  way we c o u l d  d e r i v e  RGE's  f o r  m^ and
2

m y  C om p ar in g  w i t h  R e f ( A 3 - l )  one  f i n d s  t h a t  o u r

a p p r o a c h  g i v e s  t h e  same an sw e r  a s  d e r i v e d  by t h e

c o n v e n t i o n a l  m e t h o d .

(7)
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SL(SR) SL(SR) SR(SL) SR(SL)
/  r 

i
rsj 1

' 1 " '" ^

1
1 rsj

1
1
1

j V  

1
1 r v

da !
I

! d *
I

da !
1

! d / j
1

— ^ - J -----------— L- > ..... ----------------------

du(dR) dL (dR)

(a)

d L(dR) d L(dR)

(b)

(c) (d)

F iq ( i- i )
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SL(SR)
V
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1
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1
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dL (dR) SL(SR)

(a)
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s.

1
~  i 1
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■
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— <—i--------
1
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