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A b s t r a c t

EFFECTS OF IIFAVY PARTICLES AT LOW ENERGIES

by
v

Al eksandar  Sokorac 

Advi ser :  P r o f e s s o r  Rabindra Hath Mohapatra

In t h i s  t h e s i s  we d i s c u s s  the* low-energy e f f e c t s  o f  heavy p a r t i ­

c l e s  i n  context  of  t h e  quantum f i e l d  t h e o r i e s  wi th  l o c a l  gauge i n v a r i ­

ance and in g e ne r a l .  We p r e s e n t  t h e  e v a l u a t i o n  o f  t h e  one- loop  heavy- 

p a r t i c l e  c o n t r i b u t i o n  t o  a low-energy r e l a t i o n  v a l i d  in t h e  SIJ(5) 

grand u n i f i e d  t heor y  o f  Georgi and Glashow. The c a l c u l a t i o n  shows t h a t  

heavy p a r t i c l e s  decouple  ( i . e .  have n e g l i g i b l e  e f f e c t )  in agreement  

wi th  t h e  decoupl ing  theorem c o n j e c t u r e d  by Appelq i r i s t  and Carazzone but  

proved only in a s imple  gauge model wi th  one mass s c a l e .  The decoupl i ng  

theorem i s ' c o n f r o n t e d  wi th  t h e  r e c e n t  count erexamples  in l i t e r a t u r e  and 

t h e i r  d i f f e r e n c e  wi th  grand u n i f i e d  t h e o r i e s  i s  s t r e s s e d .  We propose  

t h e  more p r e c i s e  v e r s i o n  o f  t h e  d ecoup l ing  theorem v a l i d  in a genera l  

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

2 r\c o n t r i b u t i o n  to  s in  “  in t h e  SU(5) t h e o r y  which t o g e t h e r  wi th  t he  e x i ­

s t i n g  1i g h t - p a r t i c l e  c a l c u l a t i o n  a g r ee s  wi th  t h e  p i o n e e r i n g  r e s u l t  of  

Georg i ,  Quinn and Weinberg o b t a i n e d  by t h e  r e n o r m a l i z a t i o n - g r o u p  method

and assuming the  v a l i d i t y  o f  the  deco up l i ng  theorem.
*
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Jt ._

1
During t he  p as t  decade the  s t a nd a rd  Woinberg-Salam u n i f i e d  gau-  

ge model based on the  s pon t an e ou s l y  broken SU(2 )^xlJ( l )  '  group and
o

Quantum Chromodynamics (QCD) based on th e  unbroken SU(3) gauge group 

e s t a b l i s l i e d  themselves  as  t h e  most promis ing  c a n d i d a t e s  f o r  a t h e o r y  o f  

e l e c t r o - w e a k  and s t r o n g  i n t e r a c t i o n s  r e s p e c t i v e l y .  I t  was a n a t u r a l  

s t e p  f u r t h e r  t o  u n i f y  a l l  t h e se  i n t e r a c t i o n s  w i t h i n  a s imple  gauge 

group G which w i l l  c o n t a i n  SIJ( 3 ) xSU(2 ) >;U( 1) as  a subgroup.  In t h e s e ,  so 

c a l l e d  grand u n i f i e d  t h e o r i e s ,  we have one f r e e  gauge co up l in g  c o n s t a n t  

i n s t e a d  of  t h r e e  and quarks  and l e p t o n s  a r e  pu t  i n t o  t h e  same m u l t i ­

pi e t s  so t h a t  many p ar a me te r s  which would be o t h e r w i s e  u n r e l a t e d  in  t h e  

SU( 3)xS(2)xU( l ) model a r e  now r e l a t e d  o r  f i x e d  ( f i n i t e  f i x e d  s i r ^ O  ,• 

v a r i o u s  r e l a t i o n s  between quark and l e p t o n  masses ,  e x p l a n a t i o n  o f  c h a r ­

ge q u a n t i z a t i o n  e t c . )  T h e - p r i c e  we have t o  pay i s  t h e  i n t r o d u c t i o n  of  

new i n t e r a c t i o n s  t h a t  have not  y e t  been observed  i n  Nature .  Namely, 

quarks  and l e p t o n s  be ing  in t he  same m u l t i p i e t s  can c o n v e r t  one i n t o  o-  

t h e r s  v i a  new kind of  gauge mesons - " l e p t o - q u a r k s "  now n e c e s s a r i l y  p r e ­

s e n t  in  t he  t h e o r y  ( i n  a d d i t i o n  t o  the  " o r d i n a r y "  g l u o n s ,  W, Z mesons 

and photon)  t hus  v i o l a t i n g  th e  e x p e r i me n t a ly  e s t a b l i s h e d  baryon and 

l e p t o n  c o n s e r v a t i o n  laws.  In o r d e r  t o  s u p p r e s s  t h e  unobserved i n t e r a c ­

t i o n s  t h e s e  e x o t i c  gauge mesons have t o  g e t  t h e  enormously l a r g e  masses

th rough  the  spontaneous  symmetry b reak i ng  o f  G SU(3)xSU(2)xl l ( l ) .  Na-
30mely,  t h e  p r e s e n t  lower  bounds on pro ton  l i f e t i m e  X  2 * 10 y e a r s  imply

r

t h e  e x i s t e n c e  o f  m(1 ~  10 -10 GeV mass s c a l e .  The o r d i n a r y  W, Z, gauge 

mesons go t  t h e i r  masses ni| ~ ' 1 0  GeV a t  the  second s t a g e  o f  symmetry 

b r ea k i n g  SU(3)xSU(2)xll( l  )~~> SU(3)>;ll(l) (wi th  gluons  and photon remain-



ing i nass l ess .

The problem i mmi d i a t e ly  a r i s e s  as t o  whether  t h e s e  superheavy  p a r ­

t i c l e s  m a n i f e s t  t hemselves  a t  o r d i na r y  e n e r g i e s  so t h e y  might  s p o i l  the 

wel l  known low-energy phenomenology.  Working w i t h i n  an unbroken non-Abe-

l i a n  gauge t h eo r y  wi th  mass ive  (heavy) fermions  A p p e l q u i s t  and Cara-  
[*

zzone c on s id e re d  t he  e f f e c t s  o f  heavy p a r t i c l e s  ( f e r m i o n s )  in p r o c e s s ­

es i n v o l v i n g  l i g h t  p a r t i c l e s  ( in  t h i s  case  t he  m as s le s s  gauge mesons) a t  

low e n e r g i e s .  Using t h e  formal  power-count ing arguments  they  were a b l e  

t o  e s t a b l i s h  t he  f o l l o w i n g  f a c t  f o r  the  IP I ( o n e - p a r t i c l e - i r r e d u c i b l e )  

g raphs  wi th  e x t e r n a l  mesons o f  momentum k which i s  much s m a l l e r  than  

mass 1:1̂1 o f  heavy f e rmions  in the  i n t e r n a l  l i n e s .  I f  t h e  subgraph wi th 

heavy fermions  i s  con ve r gen t  i t  w i l l  be s uppres sed  by f a c t o r  k/m^j r e l a ­

t i v e  t o  t h e  graph wi th  t h e  same e x t e r n a l  l i n e s  bu t  w i t h o u t  i n t e r n a l  h e ­

avy f e rmi ons .  On th e  o t h e r  hand,  i f  the  subgraph wi th  heavy f ermi ons  i s  

p r i m i t i v e l y  d i v e r g e n t  by a d j u s t i n g  the accompaning c o u n t e r t e r m  so t h a t  

t h e  n o r m a l i z a t i o n  mass i s  o f  o r d e r  o f  e x t e r n a l  momenta k t h e  e f f e c t s  o f  

heavy p a r t i c l e s  w i l l  be absorbed i n t o  t h e  co up l in g  c o n s t a n t  and t h e  

f i e l d  s t r e n g t h .  They c o n j e c t u r e d  t h a t  t h e  so c a l l e d  dec ou p l i ng  theorem 

a p p l i e s  to  any r e n o r m a l i z a b l e  t heor y  wi th  d i f f e r e n t  mass s c a l e s .  The d e ­

co up l in g  theorem a s s e r t s  t h a t  in a t heory  wi th heavy ( nijj) and l i g h t  (irij )

s e c t o r  in which t h e  l i g h t  s e c t o r  i s  r e no r m a l i z a b l e  i t s e l f  t h e  heavy s e c -
9 9

t o r  w i l l  have t he  v a n i s h i n g  e f f e c t  0 (m^/m^) on low-energy  ([£ —' in^) p r o ­

c e s s e s  o f  l i g h t  p a r t i c l e s  a p p a r t  from t h e  p o s s i b l e  dependence o f  coup­

l i n g  c o n s t a n t  on heavy moss (m(| ) .

The theorem has i mmi dia te ly  been a p p l i e d  to a u n i f i e d  gauge t h e ­

ory in  o r d e r  t o  e x p l a i n  the  widely  d i f f e r en t :  s t r e n g t h s  o f  s t r o n g ,  weak 

and e l e c t r o m a g n e t i c  i n t e r a c t i o n s  a t  low e n e r g i e s .  The r e n o r m a l i z a t i o n

- 2 -



e f f e c t s  r e s p o n s i b l e  f o r  t h a t  d i s p a r i t y  v/ere c a l c u l a t e d  under  a s sumpt ion  

t h a t  t h e  e f f e c t i v e  c o u p l i n g  c o n s t a n t s  o f  t he  "observed" SU(3)xSU(2)xU(l ) 

group obey t h e i r  own r e n o r m a l i z a t i o n - g r o u p  e qu a t i o n ,  i . e .  t h a t  t he  s u ­

perheavy p a r t i c l e s  which a r e  t h e  only-communicat ion between t h e  above 

groups  e f f e c t i v e l y  d ecou pl e .  In such a way the  grand u n i f i c a t i o n  mass 

s c a l e  ( a t  which a l l  t h r e e  c ou pl i ng  c o n s t a n t s  become equal  t o  t h e  symme­

t r i c  l i m i t )  was e a s i l y  found t o  be c o n s i s t e n t  wi th m̂  ^  1 0 ^ - 1 0 ^  GeV
O

o b t a i n e d  f rom p r o t o n - d e c a y  e s t i m a t e s .  Also s i n *0  was found t o  be 0 . 2  

a t  low e n e r g i e s  c o n s i s t e n t  wi th  exper i ment .

Another  q u e s t i o n  r a i s e d  in c o n t e x t  o f  the  grand u n i f i e d  t h e o r i e s  

was v a l i d i t y  o f  l a r g e  gauge h i e r a r c h i e s  hYi ^ ' Y *  Namely, i t  was a r ~
7

gued t h a t  t h e  r a d i a t i v e  c o r r e c t i o n s  may d e s t r o y  t h e  gauge h i e r a r c h y  

e s t a b l i s h e d  a t  t h e  t r e e  l e v e l .  Subsequent  i n v e s t i g a t i o n  8 showed t h a t  

h i g h e r  o r d e r  c o r r e c t i o n s  in p e r t u r b a t i o n  t h e o r y  do not  s p o i l  t h e  d e s i -
O

red  h i e r a r c h y  when c e r t a i n  c o n d i t i o n s  a r e  met.  F i n a l l y ,  Weinberg has 

shown u s in g  th e  e f f e c t i v e  f i e l d  t h e or y  based on t he  decoupl ing  theorem 

and t h e  r c n o r m a l i z a t i o n - g r o u p  arguments t h a t  a f u l l  t h eo r y  can have a 

l a r g e  gauge h i e r a r c h y .  T h e r e f o r e  we see  t h a t  t h e  decoupl ing  theorem 

p la ys  an i m p o r t a n t  r o l e  in  u n d e r s t a nd i n g  a p o s s i b l e  u n i f i c a t i o n  o f  e l e -  

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

Re c en t ly  i t  was p o in t e d  ou t  by the  d i f f e r e n t  a u t h o r s  s i m u l t a n e ­

o u s l y  t h a t  in  some c a s e s  in  t h e  spontaneous ly  broken gauge t h e o r i e s  t h e  

heavy p a r t i c l e s  could  m a n i f e s t  themselves  a t  low e n e r g i e s  c o n t r a r y  t o  

t h e  d e co up l i n g  theorem.  Namely, t he  i mpor t an t  f e a t u r e  o f  t h e s e  t h e o r i e s  

i s  t h a t  t h e  gauge i n v a r i a n c e  ( o r  sometimes a d i s c r e t e  symmetry) may e l i ­

mi na t e  some o f  t h e  t r e e  l eve l  d i ve r gen ces  so we do not  have f o r  every  

h i g h e r  o r d e r  d i ve r gence  t h e  co r re s po nd i ng  c oun te r t e rm  t o  remove the  i n ­

-3-



f i n i t y .  Those: d i v e r g e n c e s  must  now cancel  between the  d i f f e r e n t  graphs  

because  t he  t h e o r y  i s  r e n o r m a l i z a b l e .  In t h i s  case  the  c o n t r i b u t i o n  o f  

heavy p a r t i c l e s  can n o t  be absorbed i n t o  a c oun t e r te rm as  argued by " 

A p p e lg u i s t  and Carazzone and we wi l l  have a f i n i t e  p h ys i c a l  e f f e c t  which 

grows wi th  h c o v y - p a r t i c l e  inass.

All  t h o s e  examples a g a i n s t  t h e  decoupl ing  theorem were n o t ,  ad-  

m i t e d l y ,  given in  c o n t e x t  o f  grand u n i f i e d  t h e o r i e s  where ,  as we s t r e ­

s sed  above,  i t ' s  v a l i d i t y  i s  o f  t he  g r e a t  impor tance .  In view o f  t h a t ,  

we have under t aken  an e x p l i c i t  c a l c u l a t i o n  invo lv ing  superheavy  p a r ­

t i c l e s  in  a grand u n i f i e d  t h e o r y .  In t h i s  work we p r e s e n t  t h e  outcome

o f  our  a n a l y s i s .  We w i l l  work w i t h i n  t h e  SU(5) t heo ry  o f  Georgi and 

11Glashow which i s  one o f  t h e  f i r s t  proposed r e a l i s t i c  grand u n i f i e d  

t h e o r i e s .  I t  i s  a minimal t h eo r y  t h a t  c o n t a i n s  SU(3)xSU(2)xl l ( l ) as  a 

s u b t h e o r y ,  i t  needs  r e l a t i v e l y  s imple  Higgs s e c t o r  and s e r v e s  a s  a p r o ­

t o t y p e  o f  more g ene r a l  and more compl ica ted  t h e o r i e s .  We have e v a l u a t e d  

one - lo op  c o r r e c t i o n s  due t o  heavy p a r t i c l e s  t o  the  e x p r e s s i o n :

A  s    (1 .1 )

which v a n i sh e s  i n  t h e i r  model a t  t h e  t r e e  l ev e l  in t h e  l i m i t  o f  i n f i n i ­

t e l y  heavy p a r t i c l e s :

A 0 b  *  - 5 5 t -  ' O. i?)

(L,H s t a n d  f o r  l i g h t  and heavy p a r t i c l e s  r e s p e c t i v e l y  and index o deno­

t e s  t h e  bare  v a l u e s ) .  The e x p r e s s i o n  in (1 . 2 )  was a l r e a d y  used i n  * 0
12l i t e r a t u r e  in  c o n t e x t  o f  pure  Weinberg-Salam model (where i t  v a n i ­

shes  e x a c t l y )  t o  c a l c u l a t e  h e a v y - p a r t i c l e  e f f e c t s .  Namely,  due t o  t h e  

high l e v e l  o f  d i v e r g e n c e  o f  W and I  p r o pa ga to r s  ( q u a d r a t i c )  used t o  c a l -



7 2 A  7 7c u l a t e  111̂  and ni  ̂ in  ( 1 . 1 ) the*, dominant  e f f e c t s  l i n e a r  in ni|j/m^ a r e

12expec t ed  (and o b t a i n ed  in l i t e r a t u r e  ) because t h e r e  i s  no c o u n t c r t c r m  

coining from ( 1 . 2 )  to  ab so rb  i t .  Le t  us on l y  ment ion t h a t  cos 0  c a l c u -
* i

l a t e d  from d i t n e ns io n l e s s  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 t a n t s
2 * • 7 7 7 7.( s in  O - o'/fj") can g ive  only ln(nt|'j/ni )̂ terms.

Let  us emphasize a t  t h i s  p o i n t  t he  d i f f e r e n c e  between a) t h e  t h e ­

o r i e s  wi th  examples a g a i n s t  the  decoup l ing  theorem which happen t o  be 

wi th  ..one- b a s i c  mass s c a l e  v^ and b) t h e  grand u n i f i e d  t h e o r i e s  wi t h  two 

mass s c a l e s  v *^>vo . In the case  a ) :

t V I ^  o | fV\A(. ^  CVj) (1 .3 )

whi l e  in  t he  case  b) :

~  av +■ 6 Vo , c.v0 (1.4)

where a , b , c  a r e  some c o u p l i n g  c o n s t a n t s  o f  t h e  t heor y .

In t h e  case  a) t h e  h i e r a r c h y  mj.| ni  ̂ i s  achieved by b>> c so t h e

e ve n t ua l  h e a v y - p a r t i c l e  e f f e c t  in  A  ( 1 . 1 ) w i l l  be o f  t he  form:

A  ---- -—■ ~  [2. (1*5)

where 13 i s  some c o n s t a n t  dependent  on b / c  ‘£>1 .

In t h e  case  b) the  h i e r a r c h y  »i|.|^>in| i s  achieved by v >> vQ and

t h e  heavy p a r t i c l e s  w i l l  e v e n t u a l l y  g i ve  t h e  ef fec t ,  in A  ( 1 . 1 ) o f  t h e

form:
'L X.

'•< ^  v p/ \   {■) ' “  •)’ tj ̂ 1 \ / «♦ °  0 .6)

o r  they decouple  i f :

f )  -  8  * 0  ( 1 . 7 )

-5-



Now we ex pec t  A-0 by t h e  more general  p r i n c i p l e  o f  U(l )  gauge i n v a r i a n ­

ce.  Namely, a f t e r  t h e  f i r s t  s t a g e  o f  symmetry breaking  ( v / 0 , vo"0) when

t he  SU(3)xSU(2)xlJ(1) gauge i n v a r i a n c e  r e m a i n s ,  W and Z mesons a r e  mass-
2

l e s s  and t hey  can n o t  g e t  mass r a d i a t i v e l y  from v c o n t r i b u t i o n s  of h e ­

avy p a r t i c l e s  in  ( 1 . 4 ) .  They wi l l  remain mas s l es s  as a consequence o f  

t h e  o r d i n a r y  U( l )  gauge i n v a r i a n c e .  Only a f t e r  t he  second s t a ge  o f  sym­

metry b r eak ing  (vofO) when W and Z pick up t he  t r e e  l e v e l  mass they can 

g e t  mass r a d i a t i v e l y  c o r r e c t e d  from the  v c o n t r i b u t i o n s  of  heavy p a r -

t i d e s  in ( 1 . 4 ) .  T h e r e f o r e  t h e  v a l i d i t y  o f  t h e  decoupl ing  theorem a l on e

13depends on t h e  B t erm i n  ( 1 . 6 ) .  We have c a l c u l a t e d  both A and B terms 

in ( 1 . 6 ) and o b t a i n e d  t h a t  t h e  heavy p a r t i c l e s  do decouple  a t  low e n e r ­

g i e s ,  i . e .  ( 1 . 7 )  h o l d s .

We f i n d  t h a t  t h e r e  i s  a good r eason  no t  to  be s u p r i s e d  a t  t h e  de ­

coupl ing  o f  sup erh eavy  p a r t i c l e s :  i t  i s  t h e  SU( 2 ) j xU(1) gauge i n v a r i a n c e  

o f  the  1i g h t - p a r t i c l e  s e c t o r  a t  t h e  s t a g e  when heavy p a r t i c l e s  get  

t h e i r  masses .  In grand u n i f i e d  t h e o r i e s  ( c a s e  b) above) t h a t  happens

a f t e r  t he  f i r s t  s t a g e  o f  symmetry b r ea k i n g  (vfO,  vo=0 ) . . l r i  the  p r e v i o u s -
q

l y  found examples o f  t h e  low-energy m a n i f e s t a t i o n  o f  heavy p a r t i c l e s  

( case  a) above)  t h e  gauge i n v a r i a n c e  o f  t h e  1 i g h t - p a r t i c l e  s e c t o r  g e t s  

broken a t  t h e  s t a g e  when heavy p a r t i c l e s  g e t  t h e i r  masses because t h e r e  

i s  only one b a s i c  mass s c a l e  v . In such cas e s  the  heavy p a r t i c l e s  w i l l  

no t  n e c e s s a r i l y  d e c o u p l e .  In Chapte r  IV we d i s c u s s  t h i s  in  d e t a i l  by a-  

na l ys i ng  most  o f  t h e  found examples of  h e a v y - p a r t i c l e  e f f e c t s  a t  low 

e n e r g i e s .  We a l s o  draw t h e  p a r a l l e l  wi th  work de s c r i b e d  in t h i s  t h e s i s  

by p u t t i n g  t h e  s p e c i a l  emphas is  on the  gauge i n v a r i a n c e  o f  l i g h t  s e c t o r  

o f  the  t h e o r y .  We do n o t  o f f e r  any gene r a l  p roof s  but  we b e l i e v e  t h a t  

our  remarks do have a g e ne r a l  n a t u re  s i n c e  they  seem to  be a p p l i c a b l e



in a l l  the known c a s e s .

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

c o n t r i b u t i o n  to  s i n  0  i n  t h e  SU(5) t heo r y  which i s  needed t o g e t h e r

1A
wi th a l r ea dy  found ' l i g h t - p a r t i c l e  c o n t r i b u t i o n  in the  Wei nberg-Sa-  

lain model t o  make s i r T G  f i n i t e  a t  low e n e r g i e s .  Th er e f o r e  our  work 

a l s o  serves  t h e  purpose  o f  d e m on s t r a t i ng  e x p l i c i t o l y  how t h e  r e n o r m a l i ­

z a t i o n  works in a c o mp l ic a t ed  gauge t h eo r y .  The n e t  f i n i t e  r e s u l t  f o r
2 f

s i n ‘ 0  agrees  e x a c t l y  w i t h  p i o n e e r i n g  r e s u l t  o f  Georgi e t  a l .  who

used the  r e n o r m a l i z a t i o n - g r o u p  method and t he  decoupl ing  theorem.  The re ­

f o r e  t h i s  r e s u l t  can be viewed as an a d d i t i o n a l  c o n f i r m a t i o n  • that  t he  

heavy p a r t i c l e s  decouple  a t  low e n e r g i e s .

The r e s t  o f  t h e  work i s  o r ga n i ze d  in t he  f o l l owi ng  manner:

Chapter  I I  i s  used t o  rev iew some o f  t h e  r e l e v a n t  p r o p e r t i e s  o f

the  SU(5) model o f  Georgi  and Glashow and t o  e s t a b l i s h  t h e  n o t a t i o n .  We

15fol lowed c l o s e l y  t h e  work o f  Buras e t  a l .  bu t  we a l s o  i n c l ud ed  th e  

f u l l  phys ica l  spect rum o f  t h e  t h e o r y  completed by us and which i s  needed 

f o r  our  computa t ion.

In Chapter  I I I  which p r e s e n t s  t he  main body o f  our  work we d e s c r i ­

be our  computa t ion .  We a l s o  d i s c u s s  some o f  t h e  a s p e c t s  o f  t h e  renorma­

l i z a t i o n  program in t h e  t ' H o o f t ' s  gai/ge ( us i ng  n-d imens iohal  r e g u l a r i z a ­

t i o n )  which we employ in  t h e  paper .

Chapter  IV i s  devo t ed  t o  t h e  a n a l y s i s  o f  t h e  p r e v i o u s l y  found ex­

amples of-' t he  low-energy m a n i f e s t a t i o n  o f  heavy p a r t i c l e s .  The more p r e ­

c i s e  ve r s ion  o f  t he  d e co u p l i n g  theorem i s  o f f e r e d .
*

We conclude  wi th C ha p t e r  V in which we summarize t h e  r e s u l t s  o f  

the work.
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In the Appendix we g i ve  some p r o p e r t i e s  o f  the  SU(f>) group and 

the Feynman r u l e s  f o r  t h e  SU(5) t h e o r y  o f  Georgi  and Glashow which a r e  

needed f o r  our  c a l c u l a t i o n .  Many o f  t he  d e t a i l s  o f  the  s t r a i g h t f o r w a r d  

but  t ed i ou s  c a l c u l a t i o n  needed in Chapte r  I I I  a r e  g iven .



I ? . SU (5) Grand I In i t  ie d__T I 1 e o \ y  o f  Go or  pi ^iid^G^ashow

11Lei. us now c o n s i d e r  some o f  t h e  p r o p e r t i e s  o f  t h e  SU(!3) model .
1 ^

We wi l l  f o l low c l o s e l y  the  work o f  Burns e t  a l .  . I nc luded  i s  a l s o ,

f o r  the  f i r s t  t ime the  f u l l  p h y s i c a l  spec t rum o f  t h e  t heo r y  which i s

needed f o r  our computa t ion .

There a re  24 g e n e r a t o r s  I 1/2 TV ( a - 1 , 2 , . .  .24)  ( se e  Appendixu u

A) o f  the SU(5) group which s a t i s f y  the  f o l l o wi n g  commutat ion r e l a t i o n s

[ I c . l c ]  ‘ fa te  Tc ( a . e . c  * z^t )  (2 . 1)

where f ^ ' s  a r c t o t a l l y  a n t i s y m m e t r i c  in  a , b , c  i n d i c e s  ( se e  Appendix 

A).  We normal ize  the  g e n e r a t o r s  I so t h a t :
a

TV I e = i -  b~ClQ. (2.2)

The SU(B) group wi t h  the  b a r e  coup l i ng  c o n s t a n t  g° c o n t a i ns  the 

f o l lowi ng  subgroups:  c o l o u r  SU(3) group o f  s t r o n g  i n t e r a c t i o n s  (wi th

I 1 , . . . 1 ^ )  g en e r a to r s  and t h e  b a r e  c oup l i ng  c o n s t a n t  g ^ ) ,  SU(2) (wi th

*21 **22**23 52 ^1 *'*2 ’*3 9Gnera^o r s  onc* t '‘IG lJa re  c o u p l i n g ’ c o n s t a n t  g^) 

and U(l )  groups (wi th I ^  a  T g e n e r a t o r  and t h e  bare  coup l i ng  c o n s t a n t  

g°)  o f  t he  weak and e l e c t r o m a g n e t i c  i n t e r a c t i o n s .  The i n v a r i a n c e  under  

SU(IS) group impl ies  t h a t :

9,0 -  % i -  a : »  (2 . 3)

I f  t h e  charge o p e r a t o r  Q o f  t h e  t h e o r y  i s  given by:

a  *= t 3 - . k t o  ( 2 . 4 )
*

t h e  bare charge c ou p l i ng  c o n s t a n t  e Q i s  de te rmined  by:



so wo can indent i f ' y  t h e  usual  SU(2 ) and U( l )  c ou pl i ng  c o n s t a n t s :

9«'E 3" i 3o e i ~ -  <2-6>
K

and the  bare  mixing a n g l e  0 Q i s  d e f i n e d  by:

cx 4'1, I
#»l 0 o » "ej-r * - - - - -  (2.7)So g‘ •/ % I + K -

i . e .  i s  a f ix ed  c o n s t a n t  f o r  the  group,  l'n any r e p r e s e n t a t i o n  of  SU(5) 

we have from (2 .2)  and ( 2 . 4 ) :  _

TV t f  ( n  a5)  'IV ' i f  (2 8)

» — —  -  - — r  ■ ( 2 ' 9)

so t h a t  us ing  (2 .7)  and ( 2 . 8 ) :

- J r J l . ^
tv- 0 ?  '  2  e «

1*1
where t h e  summation i s  over  a l l  members o f  any given r e p r e s e n t a t i o n  of  

t h e  Sll(5) group.

The pure gauge meson l .agrangion o f  t h e  t h e o r y  i s :

2 g h  -- -  i  T -  ^  ( 2 *10)

where:

l >  f7>r , 2 > v ]  ( 2 . 11)

T>r -  '  ‘ So  ( 2 . 12)

and

^  = 2 2  I *  t o *  ( 2 .13)
iK~t

i . e .  a d j o i n t  24 r e p r e s e n t a t i o n  o f  t h e  SU((i) group.  We can w r i t e  e x p l i -  

c i t e l y  in a mat r ix  form:



0 V/u 1 { g  fy* -1-

y f

y
vf? /*

£ / *

'  V fo
w ;

w/»“ - \

A

v
( 2 . 1/i)

where Agis 3x3 gluon m a t r i x  wi th  SIJ(3) c o l o u r  i n d i c e s ,  i . e .  i t  i s  f o r -  

med o f " a = l , 2 , . . . 8  terms in  (2 .13)  (which i s  n o t  invo l ved  in  our  c a l c u ­

l a t i o n ) ,  1 i s  3x3 u n i t y  m a t r i x  and:

v t  ..+ • ..-I-

where:

x ;  -  ( x ; , , x v . , x s;  i  

#  » ( ,  v,;, y3; )
(2 .15)

(2 .16)

-1
are the gauge mesons with Q= ~ j >  T3= ~ 1‘ ancJ Q" *:‘J» T3= ^l* r e s Pec t i v e l y

and w J

&
( F ) "  T- c / ) ^ )

(2.17.)

a r e  t h e  gauge mesons wi th  Q- ' i ‘ l ,  Tg= £ 1 ,  w h i l e :

a , a ”  Ao * n 1’ - <2-18>
a r e  t he  gauge mesons wi t h  Qr 0 ,  T ^ O .

2Now we can f i n d  s i n  6 Q us ing  in ( 2 . 9 )  t h e  gauge mesons ( 2 . 1 6 ) ,  

(2 .17)  and (2 .18)  o f  t he  a d j o i n t  r e p r e s e n t a t i o n  (g luons  do n o t  c o n t r i ­

bute  because  they  have Q=Tg-0):

7 ^ - ( h y  <- ? - 3 # V; 

? . l ( y ) Xf  7 . Z ( f Y  4 L l *

- 1 1 -

3
T

(2 .19)



The SU(5) group i s  s p o n ta ne o us ly  broken i n  two s t a g e s :  f i r s t  su-  

p e r s t r o n g l y  down to  SU( 3 ) xSU( 2 ) xU(1) by t h e  a d j o i n t  24 r e p r e s e n t a t i o n  

S b  and then weakly down to  SU( 3 ) xU(1)  by t h e  s p i n o r i a l  £  r e p r e s e n t a ­

t i o n  cj> (as  in Weinbcrg-Salam model ) .

At the  f i r s t  s t a g e ,  t he  most  gene r a l  Higgs p o t e n t i a l  ( imposing a 

d i s c r e t e  -> - S h  symmetry f o r  s i m p l i c i t y )  i s :

■H •
V ( A ' )  f l , 1  f  - jL-a C l V . n . - ' r  + f  e  T r  dO,

where:

o r  in a ma t r i x  form:

V-'l

\f2  i-Qv -  1 o> v.Qj
Q.s I

( 2 . 20 )

( 2 . 2 1 )

^ iQj g i- iHi 0 T kQj lf2> s.

i & V  - f i t i f l

S l l
\ z

V ( 2 . 2 2 )

whore l I 2  g i s  3x3 m a t r i x  formed o f  a - l  , 2 , . . .8  terms in  ( 2 . 21 )  ( n o t  i n ­

volved in our  c a l c u l a t i o n )  and s immi la ry  as  f o r  gauge mesons:  

f  , _  + +■
, S l x z  , j Q v ;s )

42? y  r' i -&1-Z » • ^Yr r ' )

(2 .23)

where:
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_ _L. / /-s 7 + /■» _
( ^ 6  •/ i , o ,

ri1 ^
( Q -  i  j| - . T 3 £ * 4

iD.1 Y0
j _

~ \r£ ( -W. +.* s i
IM+ 7. t* ^ . -  i  

*3 - + *

S I '
j —
?L

( J?/*' * i i a
•ri. ) ( •- t  1 i T -  • *>■ l 1 1 o> ~ -  1

vf/.i *, "i -Cl •/ lQ ■I o ;s. L a , , 'i ( o  ; "I'-D -  0

The vacuum e x p e c t a t i o n  va lue  which -gives t h e  d e s i r e d  symmetry 

b r eak i ng  SU(5) -•> SU(3)xSU(2)xU(l) i s :

■V .........

< ^ >

f  V
0

V
-  3

0
\J

- 1 - S j

(2 .25)

where

(2 .25)s f  i s o l i -  y e ' )  yr

and t h e  c o n d i t i o n  f o r  minimum i s  b > 0 „  a > ( - 7 / 1 5 ) b .

At t h i s  s t a g e  the  e x o t i c  gauge mesons and g e t  s u p e r l a r g e

masses:
7 - 7 .

W»X -  VV)y
•7 S* , 7. ~L

(2 .27)

as  wel l  as *1X7 iCX^> ifX Higgs s c a l a r s :
j  0

W ) \ l Ka s i

IM

io  e v

.7 .
(2 .28)

i

^  = ( I S <1 t i e )  v '“ -- 7 ^

w h i l e  t h e  r e s t  o f  p a r t i c l e s  remain mass ! e s s .

I f  we now "swi tch  on" t h e  weak b r ea k i n g  we add t o  t h e  Higgs 
«

p o t e n t i a l

V \  ^  *' i f  > ( ‘t-’V 1) 7  ( 2 . 29 )
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term* where

f  *r

ClP r. • (2 .3 0 )

and where have T^- 0 ,  ^  have Q~ ~ 1,  i y -  -3r and cj? °  2

have Q~0, T^" -  |  and t h e  vacuum e x p e c t a t i o n  v a l ue  g i v i n g  t h e S U ( 3 ) x

xSU( 2 ) xU(1) —> SU( 3 ) xU(1)  b reak i ng  i s :

o  \  
e?

< »  r

where

and

o
o
\Jo
? £

n. T-
2S> s

( 2 .31)

(2 .32)

« V  (2 .33)

Now-we must  a l l ow the  c oup l i ng s  between J l »  and <J> so t h a t  t h e  

f u l l  Higgs p o t e n t i a l  i n c l u d e s  the

M'f.n,'!-') = <U<I>V) (2.34)
«

p i e c e  r e s p e c t i n g  t h e  gauge and t h e  d i s c r e t e  d h  symmetr ies

which in r e t u r n  induces  the  change in t h e  vacuum e x p e c t a t i o n  va l ue  

( 2 . 2b ) :

-14-



< n >  .<a)

\

v
V

7  v '

where

Zp) V 0£ ^  Q
706 v-1 [C$ri

/w

^  r

compared to  (2 .26)  and ( 2 . 3 2 ) .

Now t h e  o r d i n a r y  gauge mesons W*" and

~ z  2  f l - i  C/s- 1 0 0  -  f ) 0 J h V ,0 o

•t

c  ( _ I Sf t +  7 6 ^  v  O H- ° ( V o ‘̂ r ' )

T_

+• ( I 5 *  + f - / S  -  3 6/4 )  + 0  (Vo ~  )

g e t  masses:

m -  •hVO
1 Vo

m i.
z.

9o v i

w h i l e

~ H t ^ 7-0 o

/-) £ /? t, y-i 0  o ”** A  o © o

( 2 . 3 6 )

( 2 .3 6 )

( 2 .3 7 )

( 2 .3 8 )

( 2 . 3 9 )

i s  photon.

From ( 2 . 38 )  we see  e a s i l y  t h a t  t he  r e l a t i o n  (1 . 2 )  h o l ds :



where we exp l i c . i t . e l y  p u t  o index f o r  t h e  bore  q u a n t i t i e s  in ( 2 . 3 8 ) .

Also t he  e x o t i c  X.. and Y. gauge mesons g o t  the  v0 c o n t r i b u t i o n  

to  t h e  mosses so t h a t  ( 2 . 27 )  becomes:

»v»x - -~r 9 o ( H ** ) +- O (  Mw x ^

Wi ;  -  f  o c ^ x ' )o

( 2 . 4 1 )

where-

and

X &
nTz Mo

St r.

•*-

U L
H&-

Vo
O t  — • )

( 2 .43)

from (2 .38)  and ( 2 . 4 1 )  we see  t h a t :

wiw
X -

W\
(2 . 44 )

X

and we w i l l  need from ( 2 . 4 1 ) :

W\?f ~ M x  e, ( i-  2 S'?) +  0  (  « C x l )  ( 2 . 45 )

In t h e  Higgs s e c t o r  t he  mass m a t r i x  w i l l  c o n s i s t  o f  t he  f o l l o wi n g

■b
t e r m s :

1) l ( 1 X (  O  ( 2 . 46 )

(where 0 means z e r o  and t h e  summation o v e r  i =1>2,3 i s  under s t ood)

f  11 x7" 

M x

h x

n ( i -35 ' .x7')
■f- 0(w>toXZ ')

( 2 . 47 )

where

(2.48)



3)  (  X l.1' , cp" ) H ,  ( H . l - x - ' O  - M . S ' . , , '

-  M, t5T, >C M, S'.7' **

tQ,
*** O f ^ x 1 )

(2 .49)

where

H ,  - (2 .50)

4) (an..3jAn JOi cK )  Y  h| ( h |L X^  0 M l S', /

O Mx

H t 0 | x  I-*7,c>j x  M o

JL
z

+■ Of I ' M i t  xr )

~\

<
J —•

( 2 . 5 1 )

where

and f i n a l l y

i)

H z  -  ( IS’c'v + 7 O  v "̂

h o  E £ > Vo

5  - ^  t 2 £ *
Z 2. I J s t  76-

f  <  O ci>7°

(2 .52)

( 2 .5 3 )

From (2 .46)  and ( 2 . 47 )  we g e t  t h e  f o l l o w i n g  Golds tone  bosons

( n e c e s s a r i l y  p r e s e n t  i n  t h e  t ' H o o f t ' s  gauge which we employ):

_ + +
Gf. -  iD, >7.{»V \

Gy‘ - ( 1 - I "  ) û > y  *" XfrK ’ 0 ( * 0
( 2 .54)

wi t h  cha r ges  Q= i t -- and Q=t -»  r e s p e c t i v e l y  wh i l e  t h e  o r thogona l  combina-

- 1 7 -



t i o n :

H y \  « •» X v Q , ^ .  O f * 5 )  ( 2 .5 8 )

with charge Q-~ 3- lias the mass:

wiV K | [ m  C 1“ >«7 ]  + ( 2 . 56 )

From (2 .49)  t he  Golds tonc boson i s
-i

g *  *  ( i  -  x i )  <t>4  +  y , < + P I * ' * )

wi t h  charge  Q=--l  wh i le  t h e  o r thogona l  combi na t ion :  

i-i t  - - ? , x < r  +■ o ( * 3 ) (2 .58)

wi t h  charge  Q - - 1  has t he  mass:

h v  -  M, [  I + f  z>( \ *  38-,') S ]  + • (2-59)

From (2 .51)  we g e t  t h e  f o l l o w i n g  n e u t r a l  (Q-0) p h y s i c a l  e i g e n s t a ­

t e s :  •

h-s  -  ( ' - •  •'- o ( x ' ) ta 0 +• y ,  - i - o o ’ )

Ho ' C ' " “  x-1) ^  o + 4- >f <S>,° + 0(>p)

s'! - f;
n  = [ i  -  - j y _ l > ; 7 ]  4 , °  •- ir' > : -a ^ -  r ^ ' ° - o  •> o c x * )

( 2 . CO)

wi th  masses: .

-18-



Y A \  r.. I-'), I I I  ~  ( N 3 & 0  X * j  1- X7)

^  u o -  h z  (  * +  **?• x ^ )  ■*.■■ 0  (  ,v> iv x  )

M (1 -  M . ^ x * "  -  Mt  ^  X7 +- 0 ( w » ^ )  

w h i l e  from ( 2 .6 3 )

( 2 .6 1 )

ivu, - r

O
EG °  ̂ <$*.

i s  t h e  n e u t r a l  (Q=0) Golds tone  boson.

(2 .6 2 )

We w i l l  a l s o  need t h e  c ou pl i ngs  o f  t h e  l i g h t  f en n i on s  w i t h  t h e

11e x o t i c  superheavy gauge mesons.  The fermions  a r e  accomodated i n  t h e  

s p i n o r i a l  .6 r e p r e s e n t a t i o n  and t h e  a n t i symmet r i c  TO r e p r e s e n t a t i o n  (ob­

t a i n e d  from 5x6=15-i-lQ) o f  SU(5):

V

0
, tU3 - - u,

«U < 0 “Hz. -d z
) 10 -— u u£ - uJ; 0 -U 3

f H, 0 -t'b
\c

* *s
ct,

V
d z cl-5 e + 0

J

2 .63)

L

where u^*d.  a r e  up and down quarks  wi th  i = 1 , 2 , 3  c o l o u r  i n d i c e s ,  e** ,*0 

a r e  p o s i t r o n  and i t s  n e u t r i n o ,  s u p e r s c r i p t  c deno te s  cha r ge  c o n j u g a t i ­

on ,  s u b s c r i p t  L,R de no te s  l o f t -  and r i g h t -  handed components o f  t h e
4

f crmion  f i e l d s :

I 7 Xs
H' (2 .6 4 )

- 1 9 -



and we n e g l e c t e d  t h e  Cabbiho mixing f o r  s i m p l i c i t y .

15.The r e l e v a n t  c ou pl i ngs  a r e

^ r -  w J L y / - U / L 1- ^ r e f )  *' & . c

(2 . 65 )

( GV ‘< ^ k l ^ *  ~ I0 ' *" d ‘K Si7* f  4 .C .
i w

where i , j , k ~ l , 2 , 3  a r e  c o l o u r  i n d i c e s .

"20



I I I . Ca 1 e o l a t i o n and Commen ts

Lot  us now t u r n  t o  the c a l c u l a t i o n  i t s e l f .  As we promised in  t h e  

I n t r o d u c t i o n  we w i l l  c o n s i d e r  t h e  one - loop  c o r r e c t i o n s  due t o  t h e  heavy 

p a r t i c l e s  in SI)(13) to  t h e  e x p r e s s i o n :

^  lMvv -  Im \  C

which v an i shes  a t  t h e  t r e e  l e v e l  in the l i m i t  o f  i n f i n i t e l y  heavy p a r ­

t i c l e s - :

A - 0  r  (3.2)

where L,H s ta nd  f o r  l i g h t  and heavy p a r t i c l e s  r e s p e c t i v e l y  and index o 

d en ot es  t h e  ba r e  q u a n t i t i e s )  so i t  i s  c a l c u l a b l e  in  t h a t  l i m i t .  (Note 

t h a t  A q in ( 3 . 2 )  i s  e x a c t l y  equal  t o  ze r o  in  pure  Weinberg-Salam mo­

del  ) .

The c o n ne c t i on  between r e no rm al i ze d  and unr enormal ized  ( b a r e )  qu­

a n t i t i e s  i s :

m i -  + ■ £  i ^ w

W > 1 -  ■>- v  7 *
0  W z ( 3 . 3 )

*L  —
c a -j  g > -  c ^ a 0 o ■i- 0

We have by s u b s t i t u t i n g  ( 3 . 3 )  i n t o  ( 3 . 1 )  and us ing  ( 3 . 2 ) :

A  " A  o  +   r *  ”  7 * " ~  t a y 1 (1 ( 3 . 4 )

to t he  one- loop  l e v e l .  We w i l l  f u r t h e r  n e g l e c t  A 0 and a l l  q u a n t i t i e s



n p
o f  o r d e r ' 0 (ni|7 ni||) s i n c e  they mean t he  d ecou pl i ng  by d e f i n i t i o n .

The squared-mass  s h i f t  S'm a r e  d e t e r mine d  from t he  p o l a r i z a t i o n  

t e n s o r s  ( see  (C.4)  in t h e  Appendix) .
p

We define s i n ~ 0  as:

. z  <?"VcA

G = T ~ 7 ” T  . (3 .5 )
$ eaiv f

where e ( 0 ) ( c a l l e d  e a f t e r w a r d s )  i s  t h e  r e n o rm a l i z ed  ( p h y s i c a l )  e l e c ­

t rom agne t i c  coup! ing c o n s t a n t  ( e l e c t r i c  cha r ge)  e v a l u a t e d  a t  s u b t r a c ­

t i o n  p o i n t  0 ( f t  (0)  s  c 2 C0)/47f  = 1/137)  and 9e ^ ^ ( |n̂ ) ( c a l l e d  g

a f t e r w a r d s )  i s  t h e  r e n o r m a l i z e d  weak c ou p l i n g  c o n s t a n t  between n e u t r i -

2 2no,  e l e c t r o n  and W meson e v a l u a t e d  a t  / a. =iu^. Not i ce  t h a t  g(m^) ,  t h e

way we d e f i n e  i t ,  can be de t e rmined  from fb  o r  decay once i s  

16known p r e c i s e l y  \  In t h e  r e n o r m a l i z a b l e  R gauge o f  t ' l l o o f t ,  which we
2

employ,  t he  r e no r m a l i z e d  cha r ge  s quared  e i s  g iven by:

(Cy -  _ (f)')
■7 TL ^-7.

e  - Go  —  ( 3 . 6 )
~<L

iee/>

where eQ i s  t h e  b a r e  c ha r ge  and t h e  r e n o r m a l i z a t i o n  c o n s t a n t s  Z3 

and Z-| a r e  d e f i n e d  in  t h e  Appendix C by ( C . 5 ) , ( C . 7 3 )  and (C.85) r e s p e c ­

t i v e l y .  Not ice t h a t  in R gauge Z - j ^ Z g ,  i . e .  t h e  Ward i d e n t i t y  does no t

17 18 5 5hold ( a l though  i t  ho l ds  f o r  the  p a r i t y - v i o l a t i n g  p i e c e s  : Z-|=

d ef i ne d  in t h e  Appendix C by (C.85)  and (C.73)  r e s p e c t i v e l y ;  see  (C.78)

and (C.90) )  and t h e  A-Z mixing i s  t o  be i nc l ud ed  in c a l c u l a t i o n  of

^leeA Usdng t h e  d e f i n i t i o n s  ( C . 5 ) , (C.73) and ( C . 8 6 ) we can w r i t e

( 3 .6 )  in  the  form:

1 1- c  T
e  - Co f  < 5V ( 3 . 7 )

- 2 2 -



where:

Se?' .-r Go ( - tf?ê  4- 2 4- ^   ̂ )  (3t8)
2The r en or ma l i zed  c ou p l i n g  c o n s t a n t  squared  g i s  g iven  by:

' (O') y ,  fu/')

3 - - 3« - - - - - - - - - — - - - - - - - - - -  (3.9)
I C  0  Va./

where gQ i s  the  ba r e  c ou p l i n g  c o n s t a n t  and t h e  r e n o r m a l i z a t i o n  cons*-
* i, ' *

t a n t s  7.3 >Zg and 7..j a r e  d e f i n e d  in t h e  Appendix C by ( C. 5 ) , (C.73) and 

(C. 87) r e s p e c t i v e l y .  Using t h e  d e f i n i t i o n s  ( C . 5 ) , (C.73) and (C.8 8 ) wo 

can w r i t e  ( 3 .9 )  in t h e  form:

wh e r e :

* ~L r (&S) ^  O>0 \
^ 3  '  3o  C ~ * 2 2 ie«w 'l_ ^  4-2^ ) (3 .11)

Now us ing  ( 3 . 5 ) , ( 3 . 6 )  ( 3 . 7 ) , ( 3 . 9 )  and ( 3 . 10 )  we can e xp r e s s  s i n ^ 0  in

t h e  form:
S r i  Q  '  $ r \M  0  0  S '  A '»  ^  0

where

(3 . 12 )

c  n f  S r -  \
0 H n  0  s. !o'« 9 0 ( - p c  ,. )  ( 3 .1 3 )

'  V  O

o r  us ing  ( 3 . 8 )  and ( 3 . 1 1 ) :

r \  r  (o)  n
5 Sot«/0  r. SriiA^Go 2. (•Sicjovm ** ^ l e c # )  ( 2 '2 ‘£ ~ r2v.c,r^ ~

+ ( ^ 3  '  ^ 3  7 ( 3 . 14 )
4

9  «— ?
F i n a l l y  us ing  f r e e s " 0 =  - <4s i n ' 0  we g o t  from ( 3 . 1 4 ) :



Before we s t a r t  w i t h  t h e  r e s u l t s  o f  our  c a l c u l a t i o n  l e t  us make 

few remarks .  The t r e e  l e v e l  r e l a t i o n :

in ( 3 .2 )  i s  t h e  consequence o f  t h e  SU(2) symmetry b r eak i ng  by p a r t i c u ­

l a r  Higgs mechanism. The heavy p a r t i c l e s  t h a t  cou ld  c o r r e c t  t h i s  r e l a -  

t i o n  a r e  in the  SU(2) m u l t i p l e t s  (wi th  equal  masses)  b e f o r e  t h e  weak 

symmetry b re ak i ng .  Suppose t h a t  t h e y ,  a f t e r  t h e  SU(2) symmetry b r eak ­

ing i s  " swi tched  o n" ,  " ap p r o x i ma te ly "  remain in  t h e  SU(2) m u l t i p l e t s  

( i . e .  t h e i r  masses can be s e t  equal  up t o  t h e  terms we n e g l e c t  in our  

a p p r o x im a t i o n) .  Then such p a r t i c l e s  " d o n !t  know" t h a t  t he  SU(2) -symme­

t r y  i s  broken and t h e r e f o r e  we should  e x p e c t  them no t  t o  c o r r e c t  A
i n  ( 3 . 2 ) ,  i . e .  t h e i r  c o n t r i b u t i o n  t o  .A in  ( 3 . 4 )  should  c a n c e l .

?Cons ide r ,  f o r  example,  t h e  q ‘-  dependent  terms o f  t h e  p o l a r i z a ­

t i o n  t e n s o r s  n ^ Z,A)(q) which have t h e  dimension o f  mass s quared .

2 2 2 Since  we pu t  q =111̂  (M=W,Z,A)^ m̂  t h e  masses  o f  t h e  heavy p a r t i c l e s
2 2 2ment ioned above can be s e t  equal  ( c o r r e c t i o n s  a r e  o f  o r d e r  0 [mL(mL/ni | j)])

should  c a nc e l .  In o r d e r  t o  check t h a t  e x p l i c i t e l y  l e t  us w r i t e  A  in 

( 3 . 4 )  in t h e  form:

x.

(3 .16)

Th e r e f o re  the  c o n t r i b u t i o n s  o f  t h e s e  terms t o  S'm^, ^ and in A



where s u b s c r i p t s  o and 1,  as e x p l a i n e d  in t h e  Appendix C by ( C . 5 5) ,  d e ­

s i g n a t e  the terms c a l c u l a t e d  from B ^  and B - j ^ ,  i . e .  q^=0 and q^f-O 

terms o f  B ^ ( q 2) r e s p e c t i v e l y .  The q u a n t i t i e s  o j Q  ̂ a r e  a l r e a d y  

d e f i n e d  by (C.G3) and (C.G4).  Using ( 3 . 1b )  we d e f i n e :

I , •» r , _  N , l ( ' )  ^  ( o )  N-q
“ •T-7  * ~ < d O ° [ Z  (5! .MW -  * , « „ }  *  ( Z ? z  - -  * t c , «  )JUo '(j l"

(3 .18)

and
S w ’ o  , ('•) (»') v

;  -  ‘ a S o  ( - i i  -  )or.]’10  o i (3 .19)

O
s i n c e  ZpZp  constaiTts i n  (3 .18)  a r e  c a l c u l a t e d  f o r  q '=0  as  d i s c u s s e d  in 

C . I I 1 .  and z 3 c o n s t a n t s  i n  (3 .19)  a r e  c a l c u l a t e d  from b | M̂ ( s e e  ( C . 6 9 ) ) ,  

i . e .  q'^O terms .
p

Now as we d i s c u s s e d  above t h e  "q ’- dependen t "  terms should  cancel  

in A  ( 3 . 1 7 ) , i . e . :

o

11/1IV - rw,z
(3 .20)

Rea ly ,  from (C.GG) and ( C . 68) we have 

f  8Tw

t u *  IV,£  ■,)  , ' i f e  - t )

(3 .21)

wh i l e  from ( C .7 0 ) , (C .7 1 )  and ( 3 . 1 9 ) :

^  r  .I?-. f  .  X .  / ) *  ^  j L  / ? „  _  . 1 —  / ) „  „  X  
^ 0 o / i  V 8  8  H o  1 l1

(3 . 22 )

where we used t g ' - Q  “ 3 / 5 .  from ( 3 , 21 )  and ( 3 . 22 )  we see  t h a t  (3 .2 0)  i s



s a t i s f i e d  as we expec t ed .

Let  us c a l c u l a t e  t h e  r e s t  o f  terms in ( 3 . 1 7 ) .  From (C.G5) and 

( C.67) we have:

0 lVi2 \  % o( .  _i!25_) . r .. IS- J- F)* +
'  IV\; IM.J '  o i f , , 1 <’

[ l . f V . H O -  +

+ ^  [ ^ z C v . y ' )  -  1  z ( x i ^  ^ z  ( x i^v*)  ~ ^-z C 7 , N ^ ' ]  (3 .23)

+• J li-  r x, ( t/o, -  *, ( i-/o ,iv) 3  [
Miwf l j

and from (3 .18)  s ( C . 7 7 ) , ( C . 7 9 ) , (C-.84), (C.89)  -and (C.91)  we have:

f  I 5 ™ J L  \  - ' -  j r  f i x  ( 3 .24)
I t/On 0 o / O  l f j f Z

We see  t h a t  (3 .24)  c a n c e l s  t h e  f i r s t  t e rm o f  (3 .23 )  in  A  ( 3 . 1 7 ) .
9

This  can be e x p la in ed  s imini lary as  t h e  c a n c e l a t i o n  o f  q ' - d e p e n d e n t  terms

( 3 . 2 0 ) .  Namely, z-j and Zg c o n s t a n t s  in ( 3 .1 8 )  a r e  d i me ns io n le s s  and as

d i s c u s s e d  in t h e  Appendix C . I I J  and C.IV we pu t  niy a  niy so t h e  p a r t i c l e s

X,Y " d o n ' t  know" t h a t  t he  SU(2) symmetry i s  broken.  The c or re s pond in g

c o n t r i b u t i o n  in ( 3 . 23 )  i s  t h e  f i r s t  t e rm which comes from S ' i n  (C.67)

and i s  c a l c u l a t e d  from diagrams in F i g . 2 w i t h  heavy p a r t i c l e s  Y , C y , G y

I / )  ?o f  t h e  same mass niy m^ c o n t r i b u t i n g  t o  B ' ~ ' ( q ’) .  Again ,  t h e  diagrams 

wi t h  one mass on ly  " d o n ' t  know" abou t  SU(2) symmetry b r eak in g  and above 

c a n c e l a t i o n  i s  exp ec t ed .



So f i n a l l y  -we have from ( 3 . 1 7 ) , ( 3 . 2 0 ) , ( 3 . 2 3 )  and ( 3 . 2 4 ) :

A  * J iL  i  
\(
f~  { ~ - r  [ 6.11,’) - I .  fv, Ur')] +[, j j i  / Z\vix L J

4- G [  x, .  (v.y' i  -  ( y . . y )  + t z ( X ,  i ;y)  • : i 2 ( Y, 4  ( 3 . 25)

*  t 7 J ' ( H + ' ^  T ,  ( l a . z )  -I- I ,  f H l l 2 )  -  T ,  f (#a ,vu*)]

jlL.I.

+ ! > ■ —  [ l \ ( n 0 ; z )  -  T, U / o > y j

2The q u a n t i t i e s  11/m̂ , (where 1̂  i s  d e f i n e d  by ( C. 27 ) )  o f  t h e  . f i r s t
••

row and the  I 2 q u a n t i t i e s  ( d e f i n e d  by ( C. 38) )  o f  t h e  second row in

2 2 2(3 . 25 )  a r e  d i m e n s i o n l e s s .  S ince  iriy - —■ ni  ̂ ( s e e  ( 2 . 4 5 ) )  t h e y  cancel

in t h e  l i m i t  m^~> 0 so f o r  a f i n i t e  t h e  c o r r e c t i o n  i s  o f  o r d e r
2 20 ( i ^ / m x ) which we n e g l e c t  in our  a p p r o x i ma t io n .

The s immi la r  argument  ho lds  f o r  t h e  t h i r d  and f o u r t h  rows in

( 3 .25)  where I-j t erms cancel  in  t he  l i m i t  n y *  0 and f o r  f i n i t e  m^ t he

2 ?c o r r e c t i o n s  a r e  aga in  n e g l i g i b l e  o f  o r d e r  0 (m^/niy)..

T he re f o r e  we have f o r  t h e  o ne - lo op  h e a v y - p a r t i c l e  c o n t r i b u t i o n

t o

- 0 ( 4 )  ^3.26)

In c o n c l u s i o n ,  we have shown t h a t  t h e  s uperheavy  p a r t i c l e s  in  t h e  

SU(5) t h eo r y  do no t  m a n i f e s t  themse l ves  a t  low e n e r g i e s  in t h i s  p a r t i ­

c u l a r  r e l a t i o n  which we b e l i e v e  i s  a more gen er a l  r e s u l t ,  lie w i l l  d i s ­

cuss  our  f i n d i n g s  in d e t a i l  in the  s ub se qu en t  s e c t i o n .

As a byproduct  o f  our  c a l c u l a t i o n  we can g e t  t h e  c o n t r i b u t i o n  o f
2

the heavy p a r t i c l e s  t o  s i n  0  in  t h e  SU(2) t h e o r y .  Namely,  from t h e  

d e f i n i t i o n  (3 ,14)  and us ing  ( 3 . 1 8 ) , ( 3 . 1 9 ) , ( 3 . 2 2 )  and ( 3 .2 4 )  wo g e t :



.X

( " S i u t o )  ~ . L  —  ( " H .  f i x  -  J~  fiU\f -»• /■, o7 \
^ 'H 5  i c ^ z  V 77. £  Y >7-  '  ( 3 ‘ 27 '

p
whore wo put  u x p l i c i t e l y  s i n " 0 Q - :3 / 8 .  Using t h e  d e f i n i t i o n s  o f  A quan­

t i t i e s  ( C.£> 1) in  (3 .27)  we have f i n a l l y :

s - f  J L  { ]£?. (-J-  + -ty. i W i A
v /M 5 j(r,rz 1 rz. V /

+  - ~ r  *»• •— ■]  • ■ ( 3 . 28)

The c o e f f i c i e n t  o f  t he  i n f i n i t e  t e rm i s  equal  and o p p o s i t e  in 

s i g n  t o  the  same c o e f f i c i e n t  f o r  t h e  l i g h t  p a r t i c l e s  ^  o ne - loop  con-  

t r i b u t i o n  t o  s i n ‘0  as  i t  should  be ( i . e .  t h e  t o t a l  o ne - loo p  c o n t r i b u -
n

t i o n  i s  f i n i t e  s i n c e  s i n  0  i s  c a l c u l a b l e  in  t h e  SU(5) t h e o r y ) .  The 

notewor thy  f e a t u r e  o f  t h i s  r e s u l t  i s  t h a t  t h e  va l ue  f o r  s i n  0  o b t a i n ed  

in  R e f . 14 and here  i s  e x a c t l y  equal  t o  t h e  p i o n e e r i n g  r e s u l t  o f  Georgi  • 

e t  a l .  ^ who used t he  r e n o r m a l i z a t i o n - g r o u p  methods and d ec ou p l i ng  t h e ­

orem. The re f o r e  t h i s  r e s u l t  can be viewed as  an a d d i t i o n a l  c o n f i r m a t i o n  

t h a t  t h e  heavy p a r t i c l e s  decouple  a t  low e n e r g i e s .



I V D e c o u p l ing  Theorem and Heavy. P a r t i c l e s  a t  Low Energi e s

In the  p r ev i ous  s e c t i o n  we have seen how t h e  superheavy p a r t i c l e s  

i n  grand u n i f i e d  t h e o r i e s  decouple  a t  low e n e r g i e s .  The r e a s o n ,  we be­

l i e v e  i s  t he  gauge i n v a r i a n c e  SU(2)^xll(1) o f  t h e  s t a n d a r d  model 

which remains unbroken a t  t h e  e n e r g i e s  o f  o r d e r  o f  t h e  superheavy p a r ­

t i c l e s  masses .  Here we d i s c u s s  in d e t a i l  how t h e  l a c k  o f  t h e  gauge i n v a ­

r i a n c e  l eads  to  the  p hys ica l  low-energy e f f e c t s  due t o  t h e  heavy p a r t i ­

c l e s  which would a p p a r e n t l y  i n v a l i d a t e  t h e  d e co u p l i n g  theorem.

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

12e n e r g i e s  i s ,  we b e l i e v e ,  due t o  Veltman . He has c a l c u l a t e d  t h e  one-

loop c o n t r i b u t i o n  o f  t h e  heavy fermions  t o  t h e  r e l a t i o n  A =
7 7 2 2

( |nW ~ m£cos ® ) / n\.j ( t h e  same r e l a t i o n  t h a t  c o n s t i t u t e s  t h e  main body 

o f  t h i s  work) and found in a manner s i mm i la r  t o  o ur s  t h e  e f f e c t s  p r o ­

p o r t i o n a l  to  heavy fermion masses .  Let  us d i s c u s s ,  b r i e f l y ,  h i s  r e s u l t s .  

I f  we have two fermions  in a d o u b l e t  r e p r e s e n t a t i o n  o f  t h e  s t a n d a r d  mo­

d e l ,  then  one can show t h a t  t hey  l e ad  t o  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  

A ( se e  formula (C.27)  in t h i s  work) :

( s  p r  l-M ̂  o ^  i , ,  x  , x \  *] .r  . \

A  -  H O #  [  “ T  ^  ^  ( 4 J )

The above e x p r e s s i o n  i s  a c t u a l l y  q u i t e  g e n e r a l .  Namely, i t s  form hqlds

t r u e  f o r  any two p a r t i c l e s  in  a d o u b l e t ,  i n  p a r t i c u l a r  i f  such p a r t i c l e s

9 9a r e  Higgs s c a l a r s  as  shown by. T o u s s a i n t  and i n d e p e n d e n t l y  by us .



i . e .  t h e  heavy fermions  do n o t  decouple  a t  low e n e r g i e s  s i n c e  A i n ­

c r e a s e s  wi th  t h e i r  masses .  How i f  t he  gauge model i s  o f  t h e  s e q u e n t i a l  

Weinberg-Sal  am type then w i t h o u t  t h i s  d o u b l e t  t h e  t h e o r y  would be re*: 

n o r m a l i z a b l e .  Does i t  m e a n . t h a t  the  r e s u l t  ( 4 . 2 )  v i o l a t e s  t h e  decoup l i ng  

theorem o f  Ap pe l qu i s t  and Carazzonc ? The answer  would be yes  i f  we 

i n t e r p r e t  t he  d ecoup l i ng  theorem as o r i g i n a l l y  s t a t e d :  i f  t he  l i g h t  

s u b t h e o r y  i s  r e n o r m a l i z a b l e  then  t he  e f f e c t s  o f  heavy p a r t i c l e s  van i sh  

in t h e  l i m i t  o f  t h e i r  i n c r e a s i n g  mass.  However,  t h e  above s t a t e m e n t  i s  

■obviously not  compl e t e l y  p r e c i s e  s i n c e  ( 4 . 2 )  v i o l a t e s  i t .  The p o i n t  i s  

t h e  f o l l o w i n g :  i f  t he  heavy fermions  a r e  s up er he av y ,  i . e .  t h e i r  mass i s

many o r d e r s  o f  magni tude b i g g e r  than in^, t hen  we exp ec t  them t o  g e t  t h e

mass a t  t h e  l ev e l  when t h e  low energy gauge group i s  s t i l l  unbroken.  In 

such case  b) Ain a  m-| •• n ig^rm.  ( i - 1 , 2 ) .  I t  i s  easy  t o  s ee  t h a t  (4 . 1 )  

then  r educes  t o  the  f o l l o w i n g  e x p r e s s i o n  ( s e e  ( C . 32)

b) A c -  “ T -  (4. 3)
*V>,

which means decoup l ing .  What happened t hen  in  t h e  c a s e  a ) ?  Wel l ,  in 

t h i s  c as e  t h e  mass o f  a heavy fermion must  be o f  o r d e r  ni  ̂ s i n c e  o t h e r ­

wise  SU(2)^xU(l)  would be too  s t r o n g l y  broken.  In o t h e r  words ,  when he ­

avy fermion g e t s  mass,  SU(2)|X(J(1) g e t s  a l s o  broken - t h e r e  i s  no l i g h t  

gauge i n v a r i a n c e  p r e se r ve d  which would make t h e  e f f e c t s  smal l  as  in  

( 4 . 3 ) .

A l t e r n a t i v e l y  in  t h e  c a s e  a)  we co u l d  c o n s i d e r  p a r t i c l e  wi th  mass 

nig t o  be "heavy" and t he  o t h e r  one wi th  mass t o  be long t o  t h e  l i g h t  

s e c t o r .  Then,  o f  c o u r s e ,  t he  l i g h t  s u b s e c t o r  i s  no t  r e n o r m a l i z a b l c  by 

i t s e l f  and so t h e  decoup l ing  theorem i s  n o t  a p p l i c a b l e  anyway so we 

have the  h e a v y - p a r t i c l e  e f f e c t s .
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Let  us i l l u s t r a t e  t he  above p o i n t  in  more d e t a i l .  Le t  us concen­

t r a t e  on a f o u r - q u a r k  Wcinberg-Salam model .  We w i l l  c o n s i d e r  up and 

down quarks  as l i g h t  and charm and s t r a n g e  quar ks  as  heavy.  The t h eo r y  

wi th  only  up and down quarks  i s*  o f  c o u r s e ,  r e n o r m a l i z a b l e .  A p a r t i c u ­

l a r l y  i n t e r e s t i n g  example of  t h e  h e a v y - p n r t i c l e  e f f e c t  was d e v i s e d  by

9 —C o l l i n s  e t  a l . who found t h a t  the  a x i a l  i s o s c a l a r  c u r r e n t  u y ^ y ^ u  +

d ^ ^ y ^ d  (which i s  f orb idden  a t  the  t r e e  l e v e l )  g e t s  a c o n t r i b u t i o n  o f

t he  form: ■■■■•••" •

n 5- *  <*; u  ( 4 . 4 )
A* y a  f

which i n d i c a t e s  the  s t r o n g  dependance o f  t h e  heavy-quark  masses  ( c\ 

i s  t h e  s t r o n g  coup l ing  c o n s t a n t ) .  Again in t h i s  example SU(2)^xU( l ) 

i s  broken a t  t he  l eve l  o f  m and in o r  o t h e r w i s e  we would have 

m - in <£ m which we know i s  n o t  t r u e  ( o r  i f  i t  i s ,  h y p o t h e t i c a l l y ,  we
v O .. L

would expand ln(m /m ) = l n ( l + Am /m  )c:<dm/in and g e t  d eco up l i ng  s i  mini-
0 3 3 3

l a r y  t o  ( 4 . 3 ) ) .  What happens i s  t he  f o l l o w i n g :  now we have t h e  h i e r a r c h y  

o f  masses :  mc ^  ms m ^  mu . But o b v i o u s l y  t hen  t h e r e  i s  an i n t e r m e d i ­

a t e  s t a g e  where we can ignore  m compared t o  m . At  t h i s  s t a g e  m would») L o

belong t o  a l i g h t  s e c t o r  and as we know , t h e  l i g h t  s ub t heo r y  would no t

be r e n o r m a l i z a b l e .  That  prompts t h e  f o l l o w i n g  n e c e s s a r y  r e q u i re me n t  f o r

t h e  decoup l ing  o f  heavy p a r t i c l e s :  a t  e a c h s t a g e  o f  symmetry b reak i ng  

t h e  l i g h t  s ub theory  has t o  be r e n o r m a l i z a b l e . In o t h e r  words,  whenever  

we i s o l a t e  t he  heavy s e c t o r  o f  t h e  t h e o r y ,  t h e  gauge i n v a r i a n c e  o f  t h e  

remaining  l i g h t  s e c t o r  should no t  be broken.  Then i n  any weak m u l t i p l e t  

A in « in and so the  heavy p a r t i c l e s  decoup le  as  e x p l a i n e d  above.  This  

i s  e x a c t l y  what  happened in the c a s e  o f  superheavy  p a r t i c l e s  i n  SU(5)

as d i s c u s s e d  in Chapter  111.
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J t  i s  obvious t h a t  the  r eq u i re me nt  o f  t h e  l i g h t  unbroken gauge 

i n v a r i a n c e  i s  n e c e s s a r y ,  lie wore no t  a b l e  t o  show t h a t  i t  i s  a l s o  s u f ­

f i c i e n t ,  a l though  the  p r ev i ou s  examples and our  new c a l c u l a t i o n  i n d i c a ­

t e  so .  The problem steins from t he  f a c t  t h a t  in  such c as e s  A m ^ - ^  niL 

(L,H s tand  f o r  l i g h t  ang heavy p a r t i c l e s  r e s p e c t i v e l y )  where A i s  

t he  mass d i f e r e n c e  o f  heavy p a r t i c l e s  in some weak i s b m u l t i p l e t .  We do 

no t  s ee  why the  e x p r e s s i o n s  which a r e  o f  o r d e r  111̂  do no t  p i ck  up any 

c o n t r i b u t i o n  o f  o r d e r  A  iii|| but  r a t h e r  n e g l i g i b l e  c o n t r i b u t i o n s  o f  o r d e r  

(Ani | | )  /»Yj. S ince  t he  decoup l ing  theorem was proved r i g o r o u s l y  on l y  in 

t h e  s imple  case  o f  mass ive  fermions  coupled  t o  a non-Abel i an  mas s le s s  

gauge f i e l d  in which c as e  such a problem w i l l  n o t  a p pe a r  s i n c e  m^=0 t o  

a l l  o r d e r s  in p e r t u r b a t i o n  t h e o r y ,  we b e l i e v e  t h a t  a more g ener a l  p r o o f  

s ho ul d  be o f f e r e d  which would g u a r a n t e e  t h e  decou pl ing  o f  heavy p a r t i ­

c l e s  when two or  more mass s c a l e s  e x i s t  as  in  t h e  c a s e  o f  t h e  s p o n t a n e ­

o u s l y- b r oken  gauge t h e o r i e s .

Let  us comment on few o t h e r  examples o f  h e a v y - p a r t i c l e  e f f e c t s

d i s c u s s e d  in l i t e r a t u r e .  One i s  t h e  decay o f  Higgs boson i n t o  two g l u -

20ons d i s c u s s e d  by Wilczek . The p r oc es s  i s  p o s s i b l e  a t  t h e  on e- lo op  l e ­

vel  th rough  th e  quark loop.  He observed  t h a t  t h e  p r oc es s  i s  i ndependen t  

o f  t h e  i n t e r n a l  quark mass m^. Namely, l /m^ from t h e  i n t e r n a l  p r o p a g a t i ­

on g e t s  cance l ed  by t h e  Yukawa c ou pl i ng  which in  t h e  s t a n d a r d  model i s  

gm /mw. Again we have t h e  c o n t r a d i c t i o n  wi t h  t h e  d ec ou p l i n g  theorem.  

However the  e x p l a n a t i o n  i s  t h e  one g iven  above:  t h e  Yukawa c ou pl i ng  i s  

p r o p o r t i o n a l * t o  in  ̂ only i f  t he  heavy quark  g e t s  t he  mass from t h e  same 

Higgs s c a l a r  t h a t  b reaks  SU(2)^xlJ(l )  symmetry.  In t h i s  c a s e ,  t h e r e  i s  

ag a i n  no unbroken l i g h t  gauge i n v a r i a n c e  and t h e  d e co u p l i n g  theorem does



not  app ly .  I f  on the o t h e r  hand t he  quark  i s  s upe r heavy ,  i . e .  m ■$> tn  ̂ - 

so t h a t  W i s  s t i l l  ma ss l e s s  when Hit! quark g e t s  the  mass then  l/ in(̂  w i l l  

no t  g e t  k i l l e d  and such superheavy quarks  then  decouple  a t  low e n e r g i e s .
PI

Simmilor  example i s  p rovided  by t h e  c a l c u l a t i o n  o f  the  axion 

mass which i s  p r o p o r t i o n a l  to t h e  number o f  f l a v o r s ,  so t h a t  t h e  heavy 

quarks  c o n t r i b u t e  as  mush as l i g h t  ones .  Again t h e  e x p l a n a t i o n  f o r  t h e  

decoup l ing  i s  e x a c t l y  t h e  same as in t h e  above example ( i t  has no th i ng  

t o  do wi th  t h e  a x i a l  anomaly as i s  commonly t h o u g h t ) .

F i n a l l y ,  we would l i k e  t o  emphasize t h a t  t h e  examples d i s c u s s e d  

above a r e  genuine  of  heavy p a r t i c l e s  which can n o t  be absorbed  in  t he  

r e n o r m a l i z a t i o n  o f  t h e  c ou p l i ng  c o n s t a n t s  o f  t h e  t h e o r y .  I t  i s  maybe 

worth n o t i c i n g  t h a t  t h e  e f f e c t s  o f  heavy p a r t i c l e s  t o  t h e  c o u p l i n g - c o n ­

s t a n t  r e n o r m a l i z a t i o n  may sometimes be p h ys i c a l  t h e  b e s t  example being 
2

provided  by s i n ' 0  in  grand u n i f i e d  t h e o r i e s .  The same w i l l  be t r u e  

whenever  some cou pl i ng s  a r e  f i x e d  due t o  t h e  symmetry o f  t h e  t h e o r y .
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V, Summary

Let  us now summarize our  r e s u l t s .  Our mo in achievement  i s  t h e  ex­

p l i c i t  computat ion o f  s u p c r h e a v y - p a r t i c l e  e f f e c t s  on a low-energy r e ­

l a t i o n  which i s  d i r e c t l y  e x p e r i m e n t a l l y  t e s t a b l e .  As was e x pe c t ed ,  bu t  

no t  proved b e f o r e ,  t hey  d e c o u p l e ,  g i v i n g  us p r a c t i c a l l y  v an i s h i n g  con­

t r i b u t i o n  a t  the  o r d i n a r y  e n e r g i e s  much below t h e i r  t h r e s h o l d s .  This  r e ­

s u l t  i s  somewhat n e g a t i v e  s i n c e  t h e i r  low e n e r g y - e f f e c t s  w i l l  be only 

welcomed. Namely*, t h e  main problem in t h e  u n i f i e d  gauge t h e o r i e s  steins 

from t h e  f a c t  t h a t  t h e  s uperheavy  p a r t i c l e s  which t h e  t h e o r i e s " p r e d i c t

a r e  n o t  o bs e r vab l e  due t o  t h e i r  d e c ou p l i ng .  The p o s s i b l e  e xc e p t i o n  seems

22t o  be t h e  p ro ton  decay * , which a l th o ug h  e x t r e me l y  s low,  appea r s  to

23be in  t h e  reach  o f  ex pe r imen ta l  v e r i f i c a t i o n  * . lie would d e f i n i t e l y  

p r e f e r  a s i t u a t i o n  in which t h e  superheavy  p a r t i c l e s  g i v e  a l s o  n o n e g l i -  

g i b l e  c o n t r i b u t i o n s  i n  t h e  usual  weak o r  s t r o n g  i n t e r a c t i o n s  which would 

en ab le  us to  t e s t  t h e  grand u n i f i e d  t h e o r i e s  more p r e c i s e l y .

Admitedly , we have checked on ly  a p a r t i c u l a r  r e l a t i o n .  A more ge­

ne r a l  r e s u l t  would be d e s i r a b l e  s i n c e  t h e  d ec ou p l i n g  theorem was proved 

on l y  in  t he  case  o f  one mass s c a l e  w i t h  unbroken gauge symmetry.  As we 

d i s c u s s e d  a t  l eng t h  in  t h e  p r ev io u s  s e c t i o n  t h e  govern ing  p r i n c i p l e  

seems t o  be t he  gauge i n v a r i a n c e  o f  t h e  l i g h t  s u b s e c t o r  o f  t h e  t h e o r y .  

When i t  i s  p r ese r ved  a t  t h e . e n e r g i e s  o f  t h e  h e a v y - p a r t i c l e  masses then  

t h e  heavy p a r t i c l e s  decoupl e  whereas  in  t h e  o p p o s i t e  c a s e  t hey  do no t  

decouple .  T I M  e x p l a i n s  why t h e  superheavy p a r t i c l e s  in  t h e  grand u n i ­

f i e d  t h e o r i e s  decouple :  a t  t h e  u n i f i c a t i o n  s c a l e  we can i g n o r e  t h e  b r e ­

ak ing  o f  the  low-energy gauge group SU(3)c x S U( 2 ) j x U( l ) .  T h e r e f o r e  t h e
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s u p e r h e a v y - p a r l i c l e  mass d i f f e r e n c e s  in t h e  weak i s o m u l t i p l e t s  a r e  

ex t remely  small  ( ^ m , , )  compared lo t he  masses i t s e l f  which in  t u r n  i sVi

r e s p o n s i b l e  f o r  t h e i r  d e c ou p l i n g .

The p a r t i c u l a r  r e l a t i o n  /A which'we ana l yzed  was chosen f o r  i t s  

high l e ve l  o f  d i ve r ge nc e  o f  i n d i v i d u a l  c o n t r i b u t i o n s .  That  makes t h e  

e f f e c t  o f  superheavy p a r t i c l e s  r a t h e r  l i k e l y  so we b e l i e v e . t h a t  our  r e ­

s u l t s  have more genera l  n a t u r e  and t h a t  they  co nf i rm the d ecoup l ing  o f  

superheavy p a r t i c l e s  in any  g r a n d  u n i f i e d  t h e o r y  ( t h e  SU(5) t h eo r y  Was 

chosen f o r  i t s  s i m p l i c i t y ) .  The l a s t  s t a t e m e n t  s t i l l  n eeds -a  p r oo f .

Our r e s u l t  p r obab l y  d i d  no t  come as  a s u p r i s e  t o  t h e  r e a d e r  but  

we b e l i e v e  t h a t  t he  more formal  arguments  ‘ a r e  n o t  compl e t e l y  j u s t i f i e d  

in  a compl ica ted  gauge t h e o r y  wi t h  two w i d e l y  d i f f e r e n t  mass s c a l e s .  I f  

a n y t h i n g ,  our  c a l c u l a t i o n  s hould  s e r v e  t h e  purpose  o f  demo n s t r a t i ng  ex-  

p l i c i t e l y  t h e  renormal  i n a b i l i t y  o f  such a t h e o r y .  Al so ,  t h e  computa t ion 

o f  t h e  h e a v y - p a r t i c l e  c o n t r i b u t i o n  t o  s i n  0  comple tes  t h e  prev ious  

program o f  c a l c u l a t i n g  s i n  0  in  p e r t u r b a t i o n  t h e o r y .  The r e s u l t  i s  

compl e t e l y  in agreement  wi th  t h e  p i o n e e r i n g  work o f  G e o r g i , Quinn and
g

Weinberg who used t h e  r e n o r m a l i z a t i o n - g r o u p  arguments  and assumed t he  

decoupl ing  o f  t he  s uperheavy  p a r t i c l e s  in  t h e  r e n o r m a l i z a t i o n - g r o u p  eq­

u a t i o n s .  Our r e s u l t  can bo viewed as  an u s e fu l  check and c o n f i r m a t i o n  

o f  such a program.
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whore;

S s  5n n © „  *

The g e n e r a t o r s  o f  t h e  SU(5) group:

C £ s \ff

l a - ( a. ' -  i , 2 , ... z h ')

( A. 3)

(A.fl)

The t h i r d  component  o f  i s o s p i n  i s :

T s . I „  ■- A x -

f  0  O  O O O  ^

0 o o o o
o o o o  o
O o O S'! O
o o o o

( A . 5)

The hypercharge  i s :

x
z. ■i 'i

I c_  
?  5"

r

/ ’►& 0  © o  o

o -'/£  o o  o

o O o o 
o o  o o

O O O O V-L

( A. 6)

The charge  i s :

Q. = "Hs ^

o  o o o
0 o o o

O o * '/£ o 0

o o o I o

O O o O 0

(A.7)
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S t r u c t u r e  c o n s t a n t s  f  ^  ( a , b , c - l , 2 , . . . 2 4 )  d i f f e r e n t  from z e r o :

f 123"f ( 2 1 ) ( 2 2 ) ( 2 3 ) :=1

f 1 5 C > ~ f  19 ( i 2 ) ” ~^l (10)  (11 ) = f l (15) ( 1 8 ) =”"f 1 (16)  ( 1 7 ) " f 246=^257~ 

= f2 9 ( n ) =f2 ( 1 0 ) ( 1 2 ) = f 2 ( i r ; ) ( 1 7 ) = f 2 ( 1 6 ) ( 1 8 ) :=:f345= f 39( 10) = f 3 ( 1 5 ) ( 1 6 ) := 

=""f 367=~ ^ 3 ( n ) ( 1 2 ) =" ^ 3 ( 1 7 ) ( 1 8 ) =^49( 14)~" f 4(10)  ( 1 3 ) =f4 ( 15 ) ( 20 )~  

=” t?4(16)(19)-= f 5 9 ( 1 3 ) !=f5(.10) ( 1 4 ) =^5(15)  ( 1 9 ) = f 5(16)  ( 2 0 ) =f6 ( l l ) (14)  = 

=“ f 6 ( 1 2 ) ( 1 3 ) :sf6 ( 1 7 ) ( 2 0 ) =“f 6 ( 1 8 ) ( 1 9 ) :::f7 ( n ) ( 1 3 ) r:f7 ( 1 2 ) ( 1 4 ) = f 7 ( 1 7) ( 1 9 )  = 

~f 7(18)  ( 20 ) =^9(15)  ( 2 2 ) =~i?9(16)  (21 ) ="^9(10)  ( 2 3 ) ” ^(10)  (15)(21 ) = 

= f ( 1 0 ) ( 1 6 ) ( 2 2 ) =" f ( n ) ( 1 2 ) ( 2 3 ) = f ( n ) ( 1 7 ( 2 2 ) =" f ( n ) ( 1 8 ( 2 1 ) = f ( 1 2 ) ( 1 8 ) ( 2 2 )  

= f ( 1 2 ) (17)(21 ) =~f ( 1 3 ) ( 1 4 ) ( 2 3 ) = f ( 1 3 ) ( 1 9 ) ( 2 2 ) =~ ^ ( 1 3 ) ( 2 0 ) ( 2 1 ) = 

= f ( 1 4 ) ( 2 0 ) ( 2 2 ) = f ( 1 4 ) ( 1 9 ) ( 2 1 ) = f ( 1 5 ) ( 1 6 ) ( 2 3 ) = f ( 1 7 ) ( 1 8 ) ( 2 3 ) = 

= f ( 1 9 ) ( 2 0 ) ( 2 3 ) =1/2

(A.8)

f 458= f678= ^ 2

f 8 9 ( 1 0 ) =f8 ( l l ) ( 1 2 ) = f8 ( 1 5 ) ( 1 6 ) =f8 ( 1 7 ) ( 1 8 ) = 1 / 2 ^

f 8 ( 1 3 ) ( 1 4 ) =f8 ( 1 9 ) ( 2 0 ) =~1 / ' ^

f 9 ( 1 0 ) ( l l ) = f ( l l ) ( 1 2 ) ( 2 4 ) = f ( 1 3 ) ( 1 4 ) ( 2 4 ) s f ( 1 5 ) ( 1 6 ) ( 2 4 ) = f ( 1 7 ) ( 1 8 ) ( 2 4 ) = 

= f ( 1 9 ) ( 2 0 ) (24) = ̂ 1 / 2 ^

where c / s  =  ̂5 /3  from (A.3)

•*39-



B. Feynman Rules

N o ta t io n :

1. Colour  i n d i c e s :  i = 1 , 2 , 3  ; -  t o t a l l y  an t i sy mme t r i c  t e n s o r  -

2.  Loreh tz  i n d i c e s :  . 0 , 1 , 2 , 3  ; ~  ^  q  “ 1 °

3.  s a  s i n 0 o = \[3 / 8  , c s  c o s Q 0 = ^ 5 / 8  .

4.

5 * *1 «y*y(iDi »i52 *^3) s  ^ i “P 2 ^  g *J/3 g^y  -Kp s - P i )

6. /Sdp,%S  — 9 cip 9^5 ~ + g , ( j  9^ ,y)*

7. S , =  3 | S / 4 b  ; ?z = ( f i 5 / 2 ) ( 3 / H - 1 0 r t / 1 5 a + 7 b )  .

8. L = (l/2)(l-y5) , R = (l/2)(l+2rs) •
9. T r i l i n e a r  c o u p l i n g s :

$ 3

■V'  P 3

P i P x
------- >-------- -------- ^ -------

" i g oa l a 2a 2

R:

10. Qu a r t i c  c o u p l i n g s :

- 213obl b2b3



I ,  T r i l i n e a r  Coupl ings  

• Table  1.1

Heavy gauge mesons Xr (Q=i ' | - )  and YT ( Q- -^ - )  (and c or r e s pond in g  g h o s t s )

a , =  -  F e y y ,  ( P ' j p z / P y ' )  (  s  P ‘/ 0

F i  t f ) z n 3 a 3

%  

( C x f i  ( C , / )
w /

1 i

xh y4 0
(CO fcx^ I

y ,-; y , ;
Z y « c

- c l
( CV.) (C yy)

y  *  y *■* y s n

(Cxc-)  CcXf') z

Y.I Y,.;
f i / , s

J _

f c O  ( C y. 1 3

- 4 1 -



Ta b le  1,2

£  /l £  1
"Heavy" Golds tone  bosons Gy (Q=±^-) and heavy Higgs s c a ­

l a r s  H y ( Q =

a ,

. - ..... . . ,,

=  i  ( p i - p . ^  .

FI i R t . f l s a * a 3

< £ i

G x ;

W <

HvT
w ;

n

1 -  - ^ - X 2  

X

G?< 0

. H -,'-

& £ i

c

H - H Vi. ' 2 X

i
Gxc G ? t

ZL.
Z '

G * G v C S'
JU
3

H i Hy*
• i

3  \  /



Table  1.3

Heavy gauge mesons and mixed wi th  "heavy" Golds tone  bosons Ĝ  

Gy and heavy Higgs s c a l a r s  Hy .

•
0 1 , r  ~ $ ^ 0

R ,  f i x f)z a z <*3

&n- *1
K

w j
J -
fz

f  I -  2  S', ^  

M y  [ i + 2 x n- f F 1- 0 l

2  M x  X

Cxi- x , j

Hy,- ^

x
c

0

W y  f - C 7- ■#- X1 )

V̂ x X

4  v , ;
s

£
X.  IV)y



Tabic  1 .4

"Li gh t "  Golds tone  bosons G~ (Q= i  1) sG° (Q-0 ) , heavy H~ (Q« ± 1) ,H3 (Q=0) , 

Ho (Q=0) and l i g h t  (Q-0) Higgs s c a l a r s .

a ,  = i  Cpz- p ' V

F), R z Ha a * a 3 -

Gt ' i £  [ i  + «■*!]

G± Hs y >*

G1 Ho £  * ' *
G t Go

w * i f ' "  i

H i iTz
& * , *

H i h 3 - < s  C i ■ t  r f * ‘ )

H i Ho 0

H i G0 t  i  5r.x

G1 G + •«- c* ^ x  r,l x z z  z  1
H i H * c?- ~ £  s f x *

6-i H +■ i  f lXi . z  '
•

*1 Go c

Hs G o i t * - . *
Ho Go i  —• J iX  

€■»

G i 1

H i H +
5“

1



Ta b le  ,1.5

Fermions wi th heavy gauge mesons and Y^.

Cl, - -

f ,  it. R ctz
u K

e* d e
i

\Tz
L

1

dj u^

et Uv 
d,:

Y-;
_i__
fz

6 ij'k L 
-L

*



I I .  Q u a r t i c  Coupl ings> I H * I » lull ■, I ■■ ml I » « II IIW II «

Table  I I . 1

Heavy gauge mesons X• and .

fl, ft* Rz R'i t . . . .
 ̂3

Xu Wjf w ; 1

Y* y£ w j w* (& ? 1

6 -t -

x 5  ><£

Y^ y£
z * CiY

O

f - e 'y

Xc* x£ 

YiJ Yt̂
fly fly 7.5 & ) '

' f t ) 1

X«T< X* 
Yu1 Y^

fljr . ?*
S '

C
0

- K



Table  11.2

"Heavy" Golds tone bosons Gv ,GV and Higgs s c a l a r s  Hv .X. Y. Y.

f r . U 1 <-

a ,  n  z A 3 G*i & 3

G x“- Grit

Gv* < 4

Hy* H y*

w ? ( < ? y

J -
•z.

i  ( • - * ' )

T » *

g J ,

Gy* G y* 

H y“- Hy*

2 v ( i f

0

c'L-  s V

<- * V

Gx1,

Gy' Gy;  

HyT* Hy?

(•) •$ PifA ' ( i f

( t y

Gx'o Gx^- 

G y;  G y !  

H y<- Hy?

Z-0 Ẑ yM
S _
C

0

- K



Tabic  11,3

"L i gh t "  Golds tone bosons G“  ,G°,  heavy 11“  HQ and l i g h t  

Higgs s c a l a r s .

s -

---- ------  ----  - « ..

f l , Hz P)^ 6z 03

G'- G + £  ( i+  s ? x 1 ' )

H * H + 1- £  s f x *

*1 + /• 1 i  [ |  + X * - C z s 7 -

H z H3
w j W '

2(1 -  - f-  f i V )

H e Ho

Go Go J -
z

G* G + 1

H* H *
e/« 1

G* G + ( ' ^ • c a F  +

H 1 H * ? ? ? X Z

*2 . 7
X  £ , ~xa £S,7> r* t:) ]

H z H3
Zo (t ) X  f  7 x7

H e Ho j .  * i v

Go G*o X
H

G* G + s - sr •*- Cl  +■ ^  5"i

H i H*
Zo C

■tx -  J; s f * *

-48-



C. Calculation of Self-Energy Functions and Vertex Functions

C.I. Introduction *

Consider a theory with two widely different mass scales m^«m^

(L stands for l ight and H stands for heavy): for example the SU(5) the­

ory with and m ^ v  where vQ« v .  We will be calculating the di-

mensionless quantities A for which we have the expansion of type:

and the quantities B with the dimension of mass have the expansion of

since their presence or absence means coupling or decoupling of heavy 

particles in the sense of the Appelquist and Carazzone's theorem. In

which mean decoupling by definit ion,  i t s  presence should be understood 

in the subsequent calculations.

ned as ( - i )  times the sum of a ll  proper Feynman diagrams with two ex­

ternal vector-meson M legs only and where these legs are amputated. The 

general structure of the polarization tensor is:

(C.I)

type:

We will calculate only a0 »bQ and b-j terms of the above quantities

2 2 2 2 2order to avoid the proliferation of symbols 0[m (̂mL/m^)] and 0(m /̂m )̂

C.II. Vector-Meson Polarization Tensor

The polarization tensor vector meson M is  defi

- 4 9 -



n £ \ < o  « b ‘" W ) s /** * c fMV ) v ^  (c.3)

The squared-mass  s h i f t  Sn^j and t h e  v e c t o r  meson wave f u n c t i o n
/  m \  •

r e n o r m a l i z a t i o n  c o n s t a n t ^  '  a r e  then g iven  by:

StviJ,  = R e  B f" W ) ,   ̂ (C.4)
<) * >*m

Z f *  s  I + z f 1 = i t i R e  B ' " W )
<  ( c - 5 )

We s h a l l  p r e s e n t  in some d e t a i l  t h e  e v a l u a t i o n  o f  t h e  one - loop  

h e a v y - p a r t i c l e  c o n t r i b u t i o n  in  t h e  SU(5) t h e o r y  t o  t h e  where

M mesons w i l l  be W,Z mesons and photon A. Our c a l c u l a t i o n s  a r e  p e r f o r ­

med in  t h e  t ' H o o f t ' s  R gauge us in g  n - d imens i ona l  r e g u l a r i z a t i o n .

Le t  us c o n s i d e r  f i r s t  some t y p i c a l  i n t e g r a l s  which a p p e a r  in  c a l ­

c u l a t i o n  o f  a gener a l  I ~ l j ^ ( q )  in  a g en e r a l  gauge t h eo r y .  For  t h a t  

p u r p o s e . l e t  us i n t r o d u c e  two a r b i t r a r y  p a r t i c l e s  1 and 2 wi th  masses 

m.| and nig c o n t r i b u t i n g  i n  a c l o s e d  loop.

1 ) .  The t r i l i n e a r - c o u p l i n g  diagram w i t h  gauge mesons 1 and 2 in  

a loop  ( f o r  example F i g . l a  wi th  1=X and 2=Y) g i v e s  up t o  a s p e c i f i c  

f a c t o r  t h e  i n t e g r a l :

= J (iir)" ( « ' _ • , } )  ]

. (C.6)

Fol lowing t he  usual  sequence o f  s t e p s :  u s in g  Feynman p a r a m e t r i z a t i o n  

f ormula :

" o 6 (C.7)

s h i f t i n g  t h e  i n t e g r a t i o n  v a r i a b l e  k-Q-qx,  pe r fo r ming  .some a l g e b r a i c  ma­

n i p u l a t i o n s  ( r e s p e c t i n g  t h e  r u l e s  o f  t he  n -d imen s i on a l  a l g e b r a )  and t h e

- 5 0 -



o
symmetr ic i n t e g r a t i o n  Q ^ Q v -MQ / r O g ^  we end up w i t h :

+ fx+iy] + q^qv(»-i)(2 x - iY j  (c.s)

where

CttCX!^') a w f +  ( M r - * » } ) x  +• q’ x f " - ' )  ' (c g)
I

2 ) .  The q u a r t i c - c o u p l i n g  diagrams wi th  gauge mesons 1 and 2 in

a loop ( f o r  example F i g . l b  wi th  1=X and 2=Y) g i v e  r e s p e c t i v e l y  up t o  a

s p e c i f i c  f a c t o r :

.  f £ K. .  f i ^ L
s  J ^ y *  J(Tir)" ’(u*-n?)l (K+(l)x -

• - r;-1,'v  ""f  *
+ j (c. 10)

and - i \
- t < * )  \  r £ ! i i -  - ( * - • ) $ / * ' '  _ r  j  _
Jr v f r )  s  A ^ i r y i  J  ( u \  W? ) [ ( K  + fl)1 -

'  K ^ 7 f ^ ) T  { - ^ ® V  ' (n ' h
+ (*•*} } (C,11)

3) .  The c o n t r i b u t i o n  o f  g hos t s  C-| and C2 up t o  a s p e c i f i c  f a c t o r  

( f o r  example F i g . l c  w i t h  1=C^ and 2=Cy):

-r(iVi7-o-s'i - r i i i  — =J/*  r ■ - J (W,h
i , ( C . 12)

i n -  f t ? ^  ^ ^

4 ) .  The graphs  t h a t  mix Higgs s c a l a r s  H-j and gauge meson 2 and 

Higgs s c a l a r  H2 and gauge meson 1 ( f o r  example F i g . I d , e )  g i v e  t y p i c a l l y

- 5 1 -



“ Cm,a  (* ‘«*1TY] 
and . ■

^ ( ’ 1 ( W  ( c - u )

r e s p e c t i v e l y  where m^ and m^ a r e  masses o f  Ĥ  and and 3 6 ,  a r e  

some pa r ame t e r s  w i t h  dimension o f  mass s qu ared .

5). The t r i l i n e a r - c o u p l i n g  diagrams wi t h  Higgs s c a l a r s '  H-j and Hg 

( f o r  example F i g . I f )  g ive  t y p i c a l l y  up t o  a f a c t o r :

i < f \ „  u \    .

'  ■ (c.15)

6 ) .  The q u a r t i c - c o u p l i n g  diagrams wi th  Higgs s c a l a r s  H-| and Hg 

( f o r  example F i g . l g )  g i ve  t y p i c a l l y  up t o  a f a c t o r :

- i « \ u n  .  r d - K  - a - >  .  f £ 2 L  [ ( « ' < > ? - .
r *  1 ” ^ ( n o H J ( w ) h [ ( t + t j * -  *>#\ ]

“ I **f So- ^  ' Wz ^ 3
(C.16)

and

h K V  V C d^K, - ? / • »  f  ~ ( “ ~ M " '  )  .
V  l ( *l * !(,*)« '  J (7J1p

1 (C.17)

-5 2 -



Let us consider the several combinations of the above integrals  

which we will  need for the subsequent calculations:

i)  First consider the contribution of gauge mesons (C.8),(C.10), 

(C.11) ,  ghosts (C.12) and Goldstone bosons mixed with gauge mesons 

(C.13),(C.14) (for example F ig . la ,b ,c ,d ,e )  up to specif ic  factors:

£  -  r t f  ( h ' l t ' i ' 1 )  + *- $  ( * )  +
£ft* (C.18)

♦ r ^ , ° r )  *  ' % ! ? ( • ' *  i <ir )

where we remind the reader that in integrals Golds tone bosons in

t'Hooft's gauge have masses of corresponding gauge mesons, i . e .
2 ^  2m̂j = m-j, m̂j = and the coupling masses are *3d.= m-j ,?<. = n^.

Now we have from (C .8 ) , (C .10) , (C . l l ) ,(C.12),(C.13),(C.14) and 

(C.18):

S

+ ^  U * ' 7?  + ( * + • ? ]  -

-  C‘/>'»N) <T V ' '  [ ( x ^ ' h + [ ( ” - ' ) ( ' z x " ) 7' * '

(C.19)

2 2 2 2Since in the calculations we will  put q = m^~niL we will expand in q
2and keep only zeroth and f i r s t  order terms in q due to the discussion 

in the Introduction of the Appendix C. Using the expansion:

I________________ *________ ’Z<l'LX ( X n )

[c? - c,,.(*■, f ) f  ' [eT-cn (*)y * c,Tt*)]T
p

where C-jg(x;q ) i s  defined by (C.9) and we put:

(C.20)

C l z ( x ) 2  C,7 ( x i o ) z  m i }  +  ( w i -  (c.21)

-5 3 -



we obtain: r , N t  ^

;TT n  o J  t1" ) "  '  [ t f -

l t f - e n c * i T

1 ~ ‘1<l[(u- l)(z><-''f ■< Z x ( l - x ) 1  Z<f x ( X’ l) [~0r (U' ^  Q J9a")

+

[  O-"1*- Ctr  ( 0  J Z [ ® Z ~

Z  ( X ~ i ) (  z )  ( l « ?  *■ :■ tM T )

[ « ' -  C „ f O ] 3
}  (C.22)

p
The zeroth-order term in q gives: 

“ (rt
£  ^ ! v  (<•* I r )  I ,  -- - f"-*'! V  - f -  I ,  0 .* ' )  (C.23)
i«i ^  U - o  ^  37

where we defined:

I  O.z') .  If / < *  f ^  (C,24)
1 , 1 , 7  • 0 J ( w > ■ [ e ? - c „ < * ) ] z

The integral 1^(1,2) is  evaluated via the known formula

(&*T t c - V " 1*  r - M * a .

J c * r ( f f - c r  - ( . ^  r h j Y r * ) —

(C.25)

and using the expansion of T (2 -n /2 )  around n=4:

r C z ' r )  = -  ( c .2 6 )

where Jf is  Euler's constant we get the f in i te  result:
*

i , M  -  - 4 4 - * " —  -  <c - 27>
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so f i n a l l y  wo can p u t  n-4 in  (C.2 3 ) :

g a ’ 9̂  2 l , ( u z )  (c.28)

We w i l l  en c o u n te r  two p o s s i b l e  c a s e s  f o r  th e  r e l a t i o n  between ma­

s s e s  m.|‘and mg which w i l l  a l s o  s i m p l i f y  t h e  c a l c u l a t i o n  o f  t h e  i n t e g ­

r a l s :

a)  -  t o \ \  ^  Wij: (C.29)

in  which case  i t  w i l l  t u r n  o u t  from t h e  Feynman r u l e s  t h a t  we can neg-

2 ‘ l e c t  q -dependen t  terms in  our  app rox im a t ion  so t h a t  (C.28)  becomes:

*» ' V

£ 2  ( i . T q 1-') -  ~ ^  2 T  | (C.30)

b) m ? -w  J <sc vw? ( iti.z) (c.3i )
0 o p o p

i . e .  m, -  mi r* m, and m. ~ m . .  0 * 1 , 2 )  in  t h e  n o t a t i o n  o f  t h e  I n t r o d u c -1 C L I n

t i o n  C . I .  In t h i s  c a se  we g e t  from (C .2 7 ) :

W[

(where m-j^mg—m) in  ou r  approx im ation  so we drop such te rms from t h e
2

fo r thcom ing  e x p r e s s i o n s .  Now th e  only  c o n t r i b u t i o n  w i l l  come from q -  

dependant  terms o f  (C.22) and we g e t  u s in g  (C.25) and (C .2 6 ) :

-  k » z { i r  + f a w i ' )  -  ( C .33)

i i )  We*will need th e  c o n t r i b u t i o n  o f  g raphs  t h a t  mix Higgs s c a ­

l a r s  w i th  masses m  ̂ and m  ̂ with  gauge mesons w i th  masses m-j and nig
1 2 o n

( f o r  example F i g . I d , e )  < 

from (C.13) and (C .14) :

2 2( f o r  example F i g . I d , e )  and where m ~  mL and -  ’X  . We have

-55-



^  (Hi.2 ! I 1) * ^  (  I,  H i  i - <?’)  =
• , (C .34)

-O ,  f c U  f  £ 15-  / ----------— !-----    1--------:-----  X
v*0 i  j  f i n) *  I r r .. . fx-.«iYlz r o’-. /• ^ o iW -  3

« f « U c f £ & . / ------------ ■—
( ™ ) h i

2 2 which n e g l e c t i n g  q -  terms in  view o f  m ^  mL becomes in  ou r  approxima­

t i o n :

(  f o ’- _ r „ .  fklT1 '  ro-’.f . . .  rAV-} (C’35)
-  m

o r '
o ( « ) " '  [ « f - c  „ * ( > . ) ?

F i n a l l y  u s ing  ( C .25) and (C .26) :

F6j i z
 ̂ ma £ 1^. (  U t , -  T z  ( 11 J

(C.36)

where f

I z f ' - z )  s- J  £v\ C a  (v )  d'X' (C.37)
o

and C-jg(x) i s  d e f in e d  by (C .2 1 ) .  We g e t :

T_
*Z

 1 ( c - 3 8 )

2 2 2In t h e  c a se  b) m-| -  m2 « m . .  ( i = l , 2 )  I 2 ( l , 2 )  becomes:

J z (\,z') a  im7- (C.39)

(where m-j^n^cim) in  our  ap p ro x im a t io n .

i i i )  Cons ider  f i n a l l y  t h e  pure c o n t r i b u t i o n  o f  Higgs s c a l a r s  w i th  

masses and m2 ( f o r  example F i g . l f , g ) :

E  ^  e r )  ^ (c.4o)

We have from ( C .1 5 ) , (C .1 6 )  and (C .17) :



6

U  r  ■ ; o J  P * ) "  [ S i ' -  C n ( x  i f ) ] 1- (C.41)

* 1 3/W r  [ ( * - , ) *  *  X ' ] }

The simtiii lar c o n s i d e r a t i o n s  a s  in  t h e  c a s e  i )  g iv e :

6

£  .  = -  1 ~ ,  I s - i ' 1 ' ( , ’7)  ' ( C-42 )
i : S r  J l <fz 0 IfJI* r  ’

2 2 2and aga in  we have c a s e s  a)  -  m2 ~  m.. ( i = l ,2)  when (C .42) .becomes:

2 3  o . * - , < ? x )  -  ( C 4 3 )

and b) -  m2 « m ?  ( i = l , 2 )  when (C.41) becomes:

+ i * -

-  ^1*7(37 + ( C.44)

, Now we w i l l  p r e s e n t  in  some d e t a i l  t h e  e v a l u a t i o n  o f  t h e  o n e - lo o p  

h e a v y - p a r t i c l e  c o n t r i b u t i o n  in  t h e  SU(5) t h e o r y  t o  ( q ) : •

i )  The c o n t r i b u t i o n  o f  gauge mesons X. ,Y.  ( F i g . l a , b ) ,  g h o s ts  Cv ,1 I A.j

Cv ( F i g - l c )  and Golds tone  bosons t h a t  mix w i th  gauge mesons ( F i g . I d , e )  
i

- | 3 o  { £  ^  f x . Y i ^ ) -  4 ^ \ x , 7  ; +

4 4 S ,  $  ( x , Y  •, w *  , < T )  -  i s ,  ( x , y  ; I ^ w  , <p)  (C,45)

where we pu t  1=X and 2=Y in  d e f i n i t i o n s  (C.8)  -  ( C .14) and (C .1 8 ) .

i i )  The graph t h a t  mixes p h y s ic a l  Higgs s c a l a r  Hy w i th  gauge me-
i

son Xj (Fig.*le) g iv e s :

^  C ^ i W y  / I ^ 7)  (C.46)
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2 2 2 2 2
Since  in  (C.45) we have c ase  b) (C.31) because  ni y -  niy‘ ~  < £ mx , t i i y

se e  ( 2 .4 5 ) )  we can sum up (C.45)  and ( C.46) u s in g  (C.33) and (C .36) to  

g e t  t h e  c o n t r i b u t i o n  o f  heavy gauge mesons,  g h o s t s ,  Golds tone  bosons 

and Higgs s c a l a r s  mixed w i th  gauge mesons t o  n f f l ( g ) :

~ ^  i   ̂ ^  I  ^  (  v h n  *  i  V  ~ ^ 1  ^  "

~ t j  -f- ( x , y )  -  I z  e x ' ,  ^ y \ * ]  }  ( C . 4 7 )

i i i )  The c o n t r i b u t i o n  o f  Goldstone bosons and Higgs s c a l a r s  w i th  

c h a rg e s  Q=±- | ,  on ly  (which belong n a t u r a l l y  t o  t h e  X-Y system) to

n j ^ t q )  i s  ( F i g . I f , g ) :
• **. 6

^  z  & r * . H y • , * ' )
X ( - >

(C.48)

Where we p u t  H-j = X, Hg = Y f o r  Golds tone  bosons and Ĥ  = X, Hg = Hy 

f o r  Golds tone bosons mixed w i th  Higgs s c a l a r s  in  (C.15)  and (C.16) ( r e ­

member t h a t  masses o f  Golds tone  bosons a r e  equal  t o  t h e  masses o f  

c o r re s p o n d in g  X,Y gauge mesons) .  F i r s t  te rm  in  (C.48)  s a t i s f i e s  t h e  c a ­

s e  b) (C.31) and second term in  (C.48) s a t i s f i e s  t h e  ca s e  a)  (C.29)  so 

we have u s in g  (C.43)  and (C.44) t h e  c o n t r i b u t i o n  o f  t h e  heavy Higgs 

s c a l a r s  and Golds tone  bosons w i th  cha rges  Q = t  o n ly ,  t o

" i f f i -3 [ ' i ( w  + z y 'Id Jf
T.

T, ( X,  $r \) ]  (C.49)
2 l w \

4

The s im m ila r  bu t  more t e d i o u s  c a l c u l a t i o n  g iv e s  t h e  c o n t r i b u t i o n  

o f  heavy Higgs s c a l a r s  a lo n e  and mixed w i th  l i g h t  Higgs s c a l a r s  and 

Golds tone  bosons w ith  ch a rg es  Q = £ 1 , 0  o n ly ,  t o  n j i f f ? (q)  (F i g . I f , g ) :

-5 8 -



+ V - - ^  [  r . C H j . w )  4  I ,  ( H +,<v{) 4- I ,  ( H+ , 2 ) ]  9 ^  (C.50)
I 1̂1 *

+ - V -  - ^ T  ^  }M w»^ J  .. .

At t h i s  p o i n t  l e t  us i n t r o d u c e  t h e  n o t a t i o n  f o r  th e  i n f i n i t e  qu­

a n t i t i e s  which w i l l  f r e q u e n t l y  ap p e a r  in  t h e  su b seq u en t  e x p r e s s i o n s :

f>x  5  - I S  (  7 ^ 5  *■ { *  -  4- f a M x )

f i n  H ^  ^  4- ^  y  -  f / n  z ' f n  4- i n  tAty-*-') (C.51)

f l « Y  E Z  (  J r q  * Z * '  ('“ i f r i  4- e «  H 4 H , )

where t h e  numbers in  f r o n t  o f  p a r e n th e s e s  a r e  c h a r a c t e r i s t i c a l  f o r  t h e

p a r t i c l e s  gi.ven by i n d i c e s .

So f i n a l l y  we have from ( C . 4 7 ) , (C.49) and (C.50)  t h e  h e a v y - p a r -  

t i c l e  c o n t r i b u t i o n  t o  flj i .wCq) in  the .SU (5)  t h e o r y :J2?-

-- ^  - °ir v )  *■ >)  -

-  JlL m3 { JL, J ,  ( x , n r )  +  e [  i z (x,y) -  T i ( x , n - , ) 1  +- (c.52)
I ZHAx L J

£ r , ( W 5 > )  +

where s u b s c r i p t  H d e n o te s  t h e  h e a v y - p a r t i c l e  c o n t r i b u t i o n .

We w i l l  o n ly  l i s t  t h e  r e s u l t s  o f  our  c a l c u l a t i o n  f o r  Z meson 

( F i g . 2 ) :

n^ l H f + ^ y  +v l  -
" i f c  * * v '   ̂ T ' h  ^  e f  r *

X *

- I J ' / . H v ) ]  f Z 2 r ( V , w )  * T . 0 * j l ,z ) }  +  ( C 5 3 )
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and photon A ( F i g . 3 ) :

n r " V )  °  ^  '  V J  A  ( ' %  Q *  + T flH + + n ' >
H | { , T  ( C . 5 4 )

We w i l l  need o n ly  B ^ ( q ^ ) - t e r m s  d e f i n e d  by (C.3)  from n ^ ( q )

in  o r d e r  t o  c a l c u l a t e  S’mjjj and a c c o rd in g  t o  (C.4)  and (C .5 ) .  For

t h e  conven ience  o f  c a l c u l a t i o n  we w i l l  w r i t e  B ^ ( q ^ ) i n  t h e  form (ne-  

2 2g l e c t i n g  0 [ ( q  ) ]  te rms  in  ou r  approximation) . :

B (^  (<r)  *  B ,MV) + r i  B I • f  e
l ( J - O  ( C . 5 5 )

-  B [ V

2and p r e s e n t  a l l  t h e  su b se q u e n t  r e s u l t s  in  ’such a form: d i v i d e  q =0 
2

terms and q te rm s .

We have from ( C .5 2 ) , (C.3)  and (C .5 5 ) :  

w I z w $
= -  i \ / W w  /  X ,  (X.Hv) + 6  f  ( X , y)  -  X *  K H r -) ]  + 

, S n  l W *  ( C . 5 6 )
X

+  W  + T ,  f H o . w ) ]
X X ^

and x

6 ‘ =  1 7 ^ 7  f  f  r  +  ' )  ( C . 5 7 )

From ( C .5 3 ) , (C .3)  and (C.55) we have:

^ T E  T .  CV.Hy")  +• ff  [ X j f Y . Y ) -  
l f ”  l 6 " 2  1  ( C . 5 8 )

[ U ,  fH+> ' )  + I . f U s . z ) ]  -f ^  r .fH o.'z ’)'! 

and 4 ^

^  = (c' 59>

- 6 0 -



From (C .5 4 ) , (C.3)  and (C.55)  wo have:

-  O

and

B l f ) ,  J L  ( J Z - f i K  + Z - f l H  +  i f - )
'  I G j i 7- '  1 H  8  2 1  , z  J

(C.60)

(C .6 1 )

2 , 2Nov/ we can c a l c u l a t e  S 'm ^ /m ^ - q u a n t i t i e s  d e f in e d  by ( C .4 ) :

€• S~ SAXJ (

Hi, w .'M . «  v

where in  view o f  (C.4)  and (C .5 5 ) :

Mi H
(C.62)

~L „ (h)
R e

Hi

Hi M
= R e  5 ' ,

(C.63)

(C.64)

We have from (C.56)  and (C .6 3 ) :
a
V\J

Ml

J o -
Ift? r  {  ^ ,Wy)  *  £  [ T i ( X ' V )  -  +

*  „  ( C . 6 5 )

and from (C.57)  and (C .6 4 ) :

S mi

h i

_Vw 

^  ’ ’
f -  — f  r -  / ) x  - t  / )  h  •»* f>\  
l » | 6 n l  v z  ' (C.66)

S m/i
Im J

A lso ,  we have from (C.58)  and ( C .6 3 ) :

J i  - l L  J JL-. r, (y.u-i) + e[Tz (Y,y) -
\ C J I Z  6  I G j i x  I  Z ^ l

(C.67)

and (C.59) and (C.64) we have:

9 q

ICjt1
(C.68)
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We w i l l  f i n a l l y  need - q u a n t i t i e s  c a l c u l a t e d  from u s in g  

t h e  d e f i n i t i o n s  (C.5)  and (C .5 5 ) :

(C.69)

We have from (C.57)  and (C .6 9 ) :

* ŝ  -  U + + ' )  <c -70>

and from (C.61) and (C.69)  v/e have:

s w )  = _£«. ( ] L  / ) X + /9Hy + £  )  (c .7.1)
ISM1 '  Z‘l 8  JM Y \ z  )

C . I I I .  Fermion S e l f -E n e rg y  F u n c t io n s

The s e l f - e n e r g y  f u n c t i o n  2 ^ ( 3 )  o f  t h e  fermion f  (where 

q s. q^y /* )  i s  d e f in e d  as  i t im es  t h e  sum o f  a l l  amputa ted  p ro p e r  Feyn­

man diagrams w i th  two e x t e r n a l - f e r m i o n  f  l e g s .  The g e n e ra l  s t r u c t u r e  of .  

t h e  fermion s e l f - e n e r g y  f u n c t io n  in  a t h e o r y  w i th  p a r i t y - v i o l a t i n g  i n ­

t e r a c t i o n  i s  2/*:

£ H ) r $ )  -  . . .
> . <c - 72> 

t * ) ' . ,  c M \

The l e f t - h a n d e d  ( r i g h t - h a n d e d )  fermion f  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 t a n t  i s  d e f in e d  by:

s (C.73)

» z f Z r »  ( . ♦ * ? > ( . * 3 * r )Z * - z

i . e .  e x p l i c i . t e l y :

.  8 w - >  •,

- _ W ) .  » ) *  ' ( C - 7 4 )
A  -  O  - n  Z 2 Z +■ z - z
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The on ly  c o n t r i b u t i o n  to  B ^  and from heavy p a r t i c l e s  con­

s i s t e n t  w i th  o u r  ap p rox im a t ion  comes from heavy gauge mesons X and Y 

( t h e  c o u p l in g s  o f  t h e  l i g h t  fermions  which we o n ly  c o n s i d e r  t o  t h e  hea­

vy Higgs s c a l a r s  a r e  s u p re s se d  by f a c t o r  11̂ / 11̂ ) .  S ince  and

a r e  d im e n s io n le s s  q u a n t i t i e s  o f  type  A ( C . I )  where we c a l c u l a t e  on ly
2 2 2aQ term in  ( C . I )  we can pu t  m^ciniy (remember t h a t  my. -  nix ~  mw ~ 0 ) ,

2fe rm ions  t o  be masSless  and q =0.
( a"  p+1 ( p ” p + 1

Now i t  i s  e a s y  to  f i n d  B \  * 'and  Av * c o n s t a n t s  f o r  e l e c ­

t r o n  ( p o s i t r o n )  ( F i g . 4 a ) :

5 ' e‘ ,c+ )  -  1 $  (c' 75) 

fl«r,e+1 _ t  _ J o _  „ 1 _ \  (c.76)
I f n *  v lz  8  '

so u s in g  t h e  d e f i n i t i o n s  (C .7 4 ) :

2 ^  = _ ! • _  r - j - d x  + f )  (c.77)
}G 71 V *» s /

g < c V _  (  J - f i x  -  l S )  . (C.78)
1  '  I 6 n *  '  12 3

(e'* f „ J _ A  + J _ \  (c.79)
-  | 67li  <■ 6  h x  *  )

which now hold  f o r  bo th  e l e c t r o n  and p o s i t r o n  ( e ) .

Also we f i n d   ̂ and  ̂ c o n s t a n t s  f o r  n e u t r i n o  ( a n t i ­

n e u t r i n o )  ( F i g . 4 b ) :

B * T J  (c.8o)

. ‘a  . J» r -  j _ «  \
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so u s in g  t h e  d e f i n i t i o n s  (C .7 4 ) :

s  _ i L  r  L j - a *  +  z . )
Z 1631* '  I* * '

.  Z ' l *  r  3 « ( C . 8 3 )
Z  , c „ l  '  IZ «  '

( C . 8 2 )

ICJI1
•u

= .  _ I i _  (  _ J - / } ,  *  .2 -\ (C>84)
' Z l -R "  i S x i  t  « 11 '

which now hold  f o r  bo th  n e u t r i n o  and a n t i  n e u t r i n o  ( t f ) .

C.IV. V er tex  F unc t ions

C ons ide r  t h e  p r o p e r  v e r t e x ' Feynman diagram VeeA( q ^ , q 2 ) w i th  e l e c -
M M  «f* 4-

t r o n s  e ( q - | ) , e  (q2 ) ( p o s i t r o n s  e (q-j) , e  (q2 ))  and photon A ( e „ )  as  e x ­

t e r n a l  l i n e s .  Then t h e  v e r t e x - r e n o r m a l i z a t i o n  c o n s t a n t s  Z-j A and
5

ZleeA a r e  d e f in e d  by:

Vee#(l . . lO  . m* , =
(C.85)

-  «'«0 6 "  e- [  2 ; ; e f l  +  ( 2 ^ ) " ' ^  - i ] e ( p )

Again we w i l l  d e f i n e :

Z  ,eeA) 51 I + ^» ee /?

s’ rZ.„„„ s i + e
(C.86)

»ee/) w
For t h e  p r o p e r  v e r t e x  Feynman diagram Ve ^ w(q-j ,q2 ) w i th  e l e c t r o n  

( p o s i t r o n )  e L R(q-|) ,  n e u t r i n o  ( a n t i n e u t r i n o )  and W(£^,) meson

as  e x t e r n a l  ‘l i n e s  t h e  v e r t e x - r e n o r m a l i z a t i o n  c o n s t a n t  Z-je ^ w i s  d e f i n e d  

by:

- 6 4 -



V eaw  (<)., ,<\C) =lMc '  (C .87)

. * < 15 .  6 " e ( ? , V *  ( Z u , ) w - 1' )  s > t % )
and we d e f i n e  a l s o :  ^

2 ~ ic0 v\j e  ' ■*' ^ i c ^ w  (C.88)

S ince  t h e  v e r t e x - r e n o r m a l i z a t i o n  c o n s t a n t s  a r e  d im e n s io n le s s

t h e  same app rox im a t ion  as  f o r  s e l f - e n e r g y  c o n s t a n t s  B and A a p p l i e s  f o r  

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

Again i t  i s  n o t  d i f f i c u l t  t o  g e t  from ( F i g . 5 ) :  .

h
\6 ji 2

. t .

2 - ,  = ■ S ° ■ +  — )  
,ee f l  16m ^ I IS ^ S ' (C .89)

Z S  ;  f  - l -  f i x  -  — ^  ( c -9°)
16m 1 v ' 2  

and from ( F i g . 6 ) :

_  _ . 3°__ ( +. 3 \
^ICOWJ “ | 6 jtZ  ̂ Z j (C .9 1 )
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Figure Captions:

Fig. 1 The one-loop heavy-particle contribution to the W-meson pola­

rization tensor n ^ ( q )  (1=1,2,3):

(a) ,(b)  The pure contribution of heavy gauge mesons XT (Q=-4/3) and 

Yf(Q*Sl/3)s •

(c) The contribution of ghosts Cv and Cv ;
1 i

(d ) , (e )  The graphs that mix "heavy" Gx~ (Q=*4/3), Gy“ (jQ-±1/3) Goldstone
+ < , + + 

bosons and the heavy Higgs scalar H7 (Q=*l/3) with X7 and Yr
Yi 1 1

gauge mesons.

(f)»(g) The set  of diagrams with Higgs particles only. G stands for

G* Gv~ and the "light" G* (Q=£l), G_(Q=0) Goldstone bosons, 
*i  r i .  0

H stands for Hy , the heavy H (Q=±l), H j^O ) and Hq(Q=0)

Higgs scalars and ^  for the l ight  Higgs scalar. The set  con­

s i s t s  of all  the diagrams consistent with charge conservation 

and with at lea st  one heavy Higgs particle .

Fig .2 The one-loop heavy-particle contribution to the Z-meson pola­

rization tensor H j^ (q ) . (F o r  the explanation of the particle  

content see F ig . l . )

Fig .3 The one-loop heavy-particle contribution to the.photon A and

A-Z mixing polarization tensors n<A>(q) and n<„A,rZ)(q).
(For the explanation of the particle content see F ig . l ,  except 

note that G and H particles do not mix when coupled to photon.)



Fig,4 The one-loop contribution of heavy gauge mesons X,. and to

the (a) electron (positron) and (b) neutrino (antineutrino) 

self-energy functions, u and d stand for up and down quarks.

Fig.5 The one-loop contribution of heavy particles to the Vee  ̂ ver­

tex. The blob on the A-Z line stands for all  such graphs depic 

ted on Fig.3. (For the explanation of the particle content see 

Fig.l and Fig.4 )

Fig.6 The one-loop contribution of heavy gauge mesons and to

the Ve* W vertex-

) •

* ,
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