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i n v e s t i g a t e d .  They a r e  a l l .  based on hadronic  processes ;  , . in '  -an. .ef  f o r t  

t o  g e t  more model-independent answers.  From t h e  - K S  mass d i f f e r e n c e ,  

t h e  l i m i t  ob t a ined  i s  M(V2) t 370 GeV, I f  one n e g l e c t s  a p o s s i b l e  t o p  

quark i n f l u e n c e .  From non- lep tonic  hyperon decays,  one can only  d e r i v e  

a  bound on t h e  a n g l e  5 which mixes t h e  coupl ings  of  t h e  p r i m a r i l y  l e f t -  

and right-handed W-bosons : ltanr,l c, 1-2 %. &om hadron ic  K-decays, 

one o b t a i n s  a  l i m i t  M(W ) > 280 GeV, roughly s i m i l a r  t o  t h a t  found by 
2  Q 

B6g e t  a l .  from l e p t o n i c  charged c u r r e n t  d a t a ,  b u t  n o t  r e s t r i c t e d  by 
. . . . .  . ,  . 
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The Glashow-Weinberg-Salam (W-S) model of  . we=k . and e lec t romagnet ic  
. . . .  . . 

. .  I . . . . 
i n t e r a c t  i o n s ,  based on t h e  gauge group SU(2) lef t-is,ogpin ,x .U (1 ) .  . 

. . .. hypercharge '  

s t i l l  s t a n d s  uncont rad ic ted  by any exper imenta l  r e s u l t ,  almost twenty 

1 
y e a r s a f t e r  i t  was f i r s t  proposed . It has  become t h e  s t anda rd  model 

. . .  . . . . 

f o r  weak i n t e r a c t i o n s  up ' t o  present-day e r i e r g i e s ,  and kemains:;jalmost un-. 
. :  . , ,  

. . .  . . .  

:, challenged' ,  . so !uch s o  t h a t  i ts  v a l i d i t y  c a n '  @aua ib ly  be;;a.s.sumed . %. up t q  
. . . . . .  ..... 

' . energ ies :of  0(1016 GeV) . A t  t h a t  energy-sca l&, . the  gaug&groupC . . su (3 )  . ' 

. . . ., . 
. . 

c o l o r '  

S U ( ~ ) ~  , ~ ( 1 )  can a l l  be  i ncd rpora t ed  i n t o  b i g g e r  grgup, i r o v i d d  t h e  Y . . . . . . .;, , ;'.":h , .: , , . .  
..:!&:5>. .+s.:: .... :):;; ;*.. . . .  

2 
. . ' c o u p l i n g c d n s t a n t s  g and gl of SU(2) and ~ ( 1 1 :  s a t i s f y . "  ": 

" 2 2 2 
. . 

/ (gl  + g2 ) E s i n  0 -  3/8 . ' 
1 

This  p r e d i c t i o n ,  when e x t r a p o l a t e d  down t o  a v a i l a b l e  energies ' ,  y i e l d s  

2 3 
s i n  0 = ,.,212,: , , which s u c c e s s f u l l y  determines one .. . .of ,  . t h e  a r b i t r a r y  .. para- .............. . .. . ,. ..;:.,: ! ... .::;., -... : 

. . . . . . .  > r.. ,:, !,: 2: 7.:. .::;,:a 
,..;';';.." 

L . . . . .  . . . . . . . . .  ,$ , ., 
T:~.;'~;:.;y!,;:;::;..pc ::>:-;. . 

. meters  of t h e  W-s model, thus, enhancing i ts  c r e d i b i l i t y  up t o  e n e r g i e s  

... of  t h e  o r d e r ' o f  t h e  u n i f i c a t i o n  mass Mx 1. 0(1016 GeV). 1 , . 
. . . . .  . . .  . . . . . .  . . .  . . . . . .  . . 

. . .  

. . such sp rc t ac t t l a r  success  of t h e  s t anda rd  rnodel of weak arid e l ec t ro - ' .  . . I .  . . .  ,:.... . . . . . . . . . . .  

magnetic i r i t e r i c t i o n s ,  a s s o c i a t e d  wi th  t h e  grand unified:.'model:' basfid. 0.n 
. . . . . . .  . . . . .  

. -, . 
t he  gauge g roup  SU(5), shou1.d guide  us  t o  look a t  pos.s ible  . ,va,riations' .  on 

. . . . .  . . . .  

SU (2) x U'(1) and SU (5) , which m%gh t help'  s o l v e  '.some of': ' the =$ma$n:i.*i..:: , .  . . . .  
' .:_. . . . . 

. . pioblems, among them : . 
. . . .  

i )  The hiera ' rchy problem : The 'boson,  .mass,es ,, i n  any' grand. k i f i e d  - . . . . . . .  . . .. . -  . . . 
t heo ry ,  a r e  c l u s t e r e d  around.  the  uni'f i c a t io i i .  massL M exce.pt. f o r  ' the 

. . . . . .  . . . .  . . . . .  : . . . x7 . . ,  . , .  ... . . . . . . 
....... weak, g&ge bosons W and Z ,  and t h e  Higgs whi,ch . g i v e s  r i s e  to.lal.1. t h e i r '  . . . . . .  . . .  . . .  

. . 
. . . .  : ' ;  masses , , .which l i e  around GeV . The f i n e  



14 
t h e  Higgs p o t e n t i a l  necessary  t o  g e n e r a t e  a r a t i o  of masses % 10 i s  

u n n a t u r a l .  Together  w i t h  t h e  f a c t  t h a t  no Higgs p a r t i c l e  has  y e t  been 

o b s e r v e d , . i t  throws some doubt on t h e  s i m p l e s t  Higgs mechanism used i n  

t h e  W-s model and i n  SU(5). 

i i )  CP v i o l a t i o n  : S e v e r a l  mechanisms have been proposed t o  explain. ' . the - 

observed CP v i o l a t i o n  i n  weak, i n t e r a c t i o n s  ; a l though it appears .  natu- '  

r a l l y  w i t h  t h r e e  quark gene ra t ions  by r e q u i r i n g  t h e  most genera l  Cabibbo- 
. .  . 

l i k e  mixing m a t r i x ,  o t h e r  p o g s i b i l f t i e s  may give j u s t  aE ~ o t i o f a c t e r y  an 
' - 1  ' . .  

explana t . ion ,  based on t h e  same'argument of g e n e r a l i t y .  . . 

- 4 .  i i i )  Massive n e u t r i n o s  : It seems p l a u s i b l e  t h a t  a t  l e a s t . v e  is  massive , 

i t  i s  a l s o  q u i t e  p o s s i b l e  t h a t  s e v e r a l  g e n e r a t i o n s  , .  of . massive. n e u t r i n o s  
. . . . 

a r e  mixed l i k e  quarks ,  w i t h  a Cabibbo-like m a t r i x ,  and o s c i l l a t i o n s  may 

r e s u l t  i n  a v beam l i k e  i n  a K O  beam. The s t anda rd  models, SU(2) x U(1) 

and SU(5), do n o t  a l l ow f o r  massive n e u t r i n o s ,  .and must t hen  be  modif ied.  

2 
i v )  F i n a l l y ,  t h e  p e r s p e c t i v e  of a "big deser t ' '  ,extending from % 10 t o  - . . 

1. 1016 GeV, where t h e  s t a n d a r d  p i c t u r e  p r e d i c t s  t h a t  no th ing  d i f , f e r en r  

from what w e  a l r e a d y  observe  w i l l  happen, is  r a t h e r  u n i n t e r e s t i n g ,  and 

encourages a l t e r n a t i v e  model-building. One d r a s t i c a l l y  d i f f e r e n t  image 

i s  provided by t e c h n i c o l o r  t h e o r i e s ,  which may b e a r  some r e l evance  t o  t h e  

h i e r a r c h y  problem. Another is provided by t h e  l e f t - r i g h t  symmetric model 

of weak i n t e r a c t i o n s .  

Th i s  model, based on t h e  gauge group SU ( 2 ) L  x SU(2)R x U(l)B-Z; , is 

t h e  major  s u r v i v i n g  low-energy r i v a l  of t h e  s t a n d a r d  model. The reason  

fur. i t s  s u r v l v a l  is  . t h a t  i t  r e d u c e s . t o  t h e  s t anda rd  model i f  t h e  energy- . . 

s c a l e  where p a r i t y  i s  - spon ta i~eous ly  . . .  broken i s  moved up t o  . i n f i n i t y  : thus  

experiments  c o n f i r m i n g . t h e  s t anda rd  model can only push t h a t  energy-scale  

up, b u t  never r u l e  t he  mod,el o u t .  I t  i s  appea l ing  f o r  s e v e r a l  - mostly 



a e s t h e t i c  - reasons ,  bes ides .  a v o i d i n g + t h e  boredom of ' the b i g  d e s e r t  : 

i )  It. a s s i g n s  l e f t -  and right-handed fermions '  t o  symmetric doub le t s ,  - 
r a t h e r  t han  t h e  a r b i t r a r y  - and f o r  a long  t ime u n c e r t a i n  - s tandard  

assignment of  t h e  right-handed fermions t o  s i n g l e t s .  

i i ) , .  It r e s t o r e s  p a r i t y  a t  moderate ene rg i e s ,  t h u s  s a t i s f y i n g  t h e  g e n e r a l  - 
p r i n c i p l e  t h a t  symmetry shou ld  i n c r e a s e  wi th  energy. 

; ' 
i i i )  It provides  a  less a r b i t r a r y  d e f i n i t i o n  of t h e  hypercharge quantum - 
number a s s o c i a t e d  wi th  t h e  group U ( l ) ,  s i n c e  t h e  new hypercharge i s  now 

(B - L ) ,  i e .  de f ined  i n  terms of o t h e r  a l r e a d y  used quantum numbers. 
b I ' f , 

i v )  It l ends  i t s e l f  t o  u n i f i c a t i o n  wi th  t h e  s t r o n g  i n t e r a c t i o n  i n t o  an - 
SO(10) gauge group, i n  t h e  same way t h a t  SU(5) appears  i n  t he  s t anda rd  

. , 

p i c t u r e .  I n  S0(10),  a l l  t h e  fermions of one g e n e r a t i o n  belong t o  t h e  

. same r e p r e s e n t a t i o n  9 , which is  less a r b i t r a r y  than  t h e  - 10 and 3 which 

a r e  r equ i r ed  i n  SU(5). 

v) I t  provides  a n  exp lana t ion  f o r . C P  v i o l a t i o n  a t  the .Higgs  l e v e l .  - 

v i )  Like  S O ( ~ O ) ,  i t  n a t u r a l l y  i n c o r p o r a t e s  l e f t -  and right-handed neu- - 

t r i n o s ,  and t h u s  massive neu t r inos .  Furthermore i t  f i t s  n i c e l y  wi th  t h e  

favored exp lana t ion  t h a t  vL is l i g h t  ( much l i g h t e r  than  i t s  charged lep-  

t o n i c  p a r t n e r  ) because v i s  ve ry  heavy ( M(vR) Q N ( N  ) ). R R 

The l e f t - r i g h t  symmetric model can a l s o  ,accomadate some s t r a n g e  

and a s  y e t  unobserved phenomena l i k e  neutron o s c i l l a t i o n s  o r  n e u t r i n o l e s s  

double B-decay. In  s h o r t ,  t h e  l e f t - r i g h t  symmetric model i s  r i c h e r  than  

t h e  s t anda rd  model. F i n a l l y ,  i t  may r e c e i v e  a  d e c i s i v e  exper imenta l  boos t  

i n  t h e  next  few y e a r s ,  i f  f o r  i n s t a n c e  one would f i n d  t h a t  

M(e)/n(z) f C O S ~ ,  . 

We want t o  i n v e s t i g a t e  h e r e  t h e  i m p l i c a t i o n s  of e x i s t i n g  d a t a  i n  



non- lep tonic  weak p roces ses  . , f o r  SU(2) x SU(2)R x U(1) models, and 
. .. L B-L 

e s p e c i a l l y  t h e  in fo rma t ion  they p rov ide  about  t h e  right-handed W-boson 

of  t h i s  model. 

T h i s  t h e s i s  i s  organized  as fo l lows .  Chapter I d e s c r i b e s  t h e  l e f t -  
. . . . 

r i g h t  symmetric model, and t h e  s p e c i f i c  f e a t u r e s  of t h e  v e r s i o n  used 

l a t e r  on i n  t h e  gauge boson and ~ i ~ ~ s  s e c t o r s .  Chapter I1 reviews o t h e r  

approaches t o  t h e  same problem of de te rmining  t h e  mass M(WR) , and moti- 

v a t e s  ou r  own approach of s tudy ing  hadronic  weak processes .  Chapter I11 

c o n c e n t r a t e s  on t h e  % -' K mnss d i f f e r e n c e ,  and Chapter I V  on o t h e r  pro- s 
c e s s e s  which a r e  d e s c r i b e d  wi th  t h e  h e l p  of cur ren t -a lgebra .  The v a r i o u s  

bounds obta ined  i n  Chapters  I11 and IV a;e summarized i n  t h e  Conclusion. 



Chapter  . I j  . I. 

The l e f t - r i g h t  symmetric model. 

Charac ter ized  by t h e  gauge group SU(2)L x SU (2)k  x U( l )  t h e  
B-L ' 

l e f t - r i g h t  symmetric model needs an  e x t r a  s e t  o f ' gauge  bosons, compared 

. t o  t h e  s t anda rd  model based  on SU(2)L x U(1) a lone .  It a l s o  r e q u i r e s  a 

. more complex Higgs s t r u c t u r e  . t o  g i v e  masses t o  t h e  usua l  fermions ( t o  . . - 

wh5ch is added a right-handed v)  and t o  t h e  bosons. A quick comparis.on 

c h a r t  .with t h e  s t anda rd  model. can be  found i n  t h e  ~ ~ p e n d i x  on p.14. , , . 

H,ere we w i l l  give: asomewhat more d e t a i l e d  d e s c r i p t i o n  of t h e  masses . . 

' ,acquired by t h e  gauge bosons, t h e  fermions and t h e  Higgses ; #some of 

t hese  r e s u l t s  w i l l  be used i n  Chapter 111. The l e f t - r i g h t  symmetric 

.mid&lha , s  'been s t u d i e d  ex tens ive ly  -; t h i s  chap te r  i s  based e s s e n t i a l l y  
. .  . . . 

. . . . 
. '6 '  " 

,. . 

on p r e J i o b i  work "by G. Senjanovic . 

- A. P a r t i c l e  assignment i n  m u l t i p l e t s .  

i )  The l e ' f t -  and right-handed fermions a r e  ass igned  t o  i s o s p i n  double ts .  - 

accord ing  t o  ': 

where (TL , TR , B - L  a r e t h e  t h r e e  quantum numbers of each m u l t i p l e t  

under t he  t h r e e  gauge groups. The e l e c t r i c  charge ope ra to r  is  : 



i i )  There a r e  t h r e e  sets of  gauge bosons, one f o r  each group : - 

They combine i n t o  phys i ca l  s t a t e s  w r i t t e n  as : 

i i i )  Higgs bosons a r e  needed t d  g i v e  masses t o  t h e  fe rmioss  : (TL$+R) must - 

he  a  s i n g l e t ,  which i m p l i e s  a  Higgs m u l t i p l e t  (+,4*,0). One might t h ink  

of  g i v i n g  t h i s  m u l t i p l e t  a  composite s i r v c t u r e ,  l i k e  ($ @ '*) ; b u t  then  L R 

t h e  r equ i r emen t s ' o f  l e f t - r i g h t  symmetry f o r c e  $= and $ R  i n t o  havPng t h e  

same vacuum e x p e c t a t i o n  values, which i n  ' t u k  prcvcnts '  b u i l d i n g  n r e a ~ l ' i n ~ f u l  

'. . 
quark mass m a t r i t e s .  Therefore  one needs a  Higgs m u l t , i p l e t  of t h e  forin : 

(*,-+I (*.,*). , . 
Q = where I 3 1 a n ~ i R a r e i [  , ] . , a n d  

$2 $2' (-+,-+I (-&,*) 

where t h e  4's a r e  complex s c a l a r  f i e l d s .  

s i n c e  (B-L) 4 = 0  , t h i s  m u l t i p l e t  cannot break t h e  U(1) group. and 

mor'e Higgses a r e  needed t o  & a t .  e f f e c t  , Various assignments  a r e  p o s s i b l e ,  

which have no e f f e c t  on our  c a l c u l a t i o n  of Chapter 111, where we only d e a l  

w i t h  t h o s e  Higgs p a r t i c l e s  which couple t o  f e m i o n s .  We t a k e  h e r e  t h e  

s imp les t  s t r u c t u r e  , f o r  the a d d i t i n n a l  H ~ R R E  m u l t i p l c t n  : 

I r  
Another c u r r e n t l y  favored choice  i s  : (TL . TR . B-L) = (1.0.2) and 



( O , , ) .  Such Higgses can  b e  made of  fermion p a i r s  ($,0,1) x ($,0,1) ,  

which l eaves  open t h e  p o s s i b i l i t y  of  dynamica1,symmetry breaking  ; and 

they ,can c o n t r i b u t e  a heavy-Flajorana -mass t b  v ( s e e  Ch. 11 ) .  
R 

The vacuum expec ta t ion  v a l u e s  of  t h e  Higgs f i e l d s  chosen he re  a r e  : 

. . .: . _ . .  . 
Under a ' l e f  t - r i g h t  p a r i t y  . t ransformat ion ,  a l l  t h e  fermion and boson 

f i e l d s  t ransform i n t o  t h e i r  symnet r ic  p a r t n e r s  ; t h e  Higgs f i e l d s  obey : 

Since  t h e  coupl ing  c o n s t a n t s  a s s o c i a t e d  with SU(2)Land SU(2) a r e  equa l ,  
R. 

. . 
phys i c s  would not  change,&xceph t h a t  v # vl, which b reaks  t h e  S W e t r Y .  

It is  a remarkable f a c t ,  shown by Senjanovic , t h a t  a symmetric 

Higgs p o t e n t i a l  can have an a b s o l u t e  min imum~~for  , <xL,:,#,, cya> for  some 
. :, .. 

range  of t h e  c o e f f i c i e n t s  i n  t h e  p o t e n t i a l  (The same proper ty  h a s  a l s o  

been v e r i f i e d  f o r  t h e  a l t e r n a t e  choice'of'symrnetry-breaking Higgses) .  

Indeed Senjanovic showed t h a t  one can have <xL> = 0 ,  <xR> = v . which w e  

a r e  going t o  r e t a i n  f o r  s i m p l i c i t y  i n  t h e  gauge boson mass m a t r i c e s  ( s e e  

Ch. 1.11, Appendix A ,  t o  check t h a t  v '  f 0 does not  a f f e c t  o u r  r e s u l t ) .  

R. Gauge hoson masses and A weak c u r r e n t s .  -- 

From t h e  r e l e v a n t  p a r t  of t h e  Lagrangian which con ta ins  t h e  cova r i an t  

d e r i v a t i v e s  of  t he  Higgs f i e l d s  : 

from the  d e f i n i t i o n  of t h e s e  cova r i an t  d e r i v a t i v e s  : 



i + +  
= a y ~ R  - I g X .  

+ -* 

R  R  where T = a (1.4) 

and from the vacuum. expectat ion values : 

one can derive the  following mass matrices (The gauge boson mass matrices 

in Ref. 6 are all ia'error by a factor 2) 

i) for the, charged W's : - 

which. can' be diagonalized 'according t o  : 

where tan ,25 = - 4 kk' 
72- 

The phenomenologic~l requirements that 1; be small (see Ch. 1V.A and Kef.16) 

and that N(WZ) >> M(W1) imply that, 

In that approximation, 



M ~ ( W  ) 
One can s e e  t h a t  1 2 .  , 0 ( t an<)  , u n l e s s  k and k '  a r e  n o t  of  t h e  same 

M2 (w2 1. 
o r d e r  of  magnitude. I n  f a c t  we a r e  i n t e r e s t e d  i n  checking whether  v a l u e s  

of  M(W ) much lower than  M(el)/= are p l a u s i b l e ,  and so w e  have t o  2 

assume, f o r  example, k' << k.  ' I n  Chapter  I11 we w i l l  t a k e  k '  = 0 ,  and 

e v e n t u a l l y  see how ou r  r e s u l t  changes f o r  k' # 0. 

The charged weak c u r r e n t s  c a r r i e d  by W and W2 a r e  : 
1 

J~ = J cost + JR s i n <  ; J2 = -J s i n <  + JR COSC , 
L L 

- u + =  - lJ IJ 
(1.9) 

wi th  JL veLr lJ eL +; p L ~  vL  + . . . + UoLy DoL 

where U 0  and D o  a r e  column v e c t o r s  made of u- and d-type quark weak 

e i g e n s t a t  e s  . 
i i )  f o r  t h e  n e u t r a l  Z ' s  : . - 

The same p a r t  of t h e  Lagrangian (1.3) c o n t a i n i n g  t h e , H i g g s  cova r i an t  . . ?. . . '  

d e r i v a t i v e s  a l s o  y i e l d s  t h e  fo l l owing  mass m a t r i x  : 
. , .  

2 - 1 2 2  2 1 
Mz - W3R 1 - 5 g ( k  + k v 2 )  g2 (h2 + k v 2  + v ) - - gg'  v2  1 (1.10) 2  

+ . .  
i f  we d e f i n e  t h e ' a n a l o g  of  t h e  Weinberg a n g l e ,  0 , by ,: 

2 - s i n  o = g '  
2 

(g  + 2g12) 
9 

then t h e  fo l lowing  combination is mass less  and corresponds t o  the  p h o t u l ~  : 

The mass m a t r i x  f o r  t h e  o t h e r  two p a r t i c l e s  can be  w r i t t e n  i n  a  b a s i s  

where i t  i s  almost d iagonal  : 



where 

For v >>k ,k t  , t h e  above m a t r i x  i s  approximately d i agona l ,  and one 

(1.13) 

Zl =(IJ C O S ~  - W sinOtanO - ~ t a n ~ m ) ,  
3L 3 R  

M2 = 

= (W ., 
m - B tanO),  

'2 . 3 R  cosO 

recogn izes  t h e  l i g h t e r  boson mass : 

t \ 

a - - LGZE 
2' 

cos  0 .  
2 

c o s  0 

-a 
r'cosZa cos20 + 

2 cos 0 2 
cos 0 

I 

& M(W1) 
M(Z1) Q - % - 

coso  coso  

whereas M(Z2) Q . b % M(W2) 
coso  

Gzz 

The n e u t r a l  weak c u r r e n t s  a r e ,  i n  t h e  same approximation : 

cuso - 
J ~ ( Z , )  % g 

2 2 
$ y IT3(R + Ltan 8) - Qtan 01 IJ 

Go= lJ 

1 
where R,L a r e  t he  h e l i c i t y  p r o j e c t o r s  7 (1 f y5).  

The u s u a l  r e l a t i o n s  f o r  t h e  mass and the c u r r e n t  of t h e  l i g h t e r  ~ ~ e u t r a l  

boson thus  r eappea r  i n  t h e  l i m i t  where t h e  mass of t h e  h e a v i e r  one ( ie .  v )  

i n c r e a s e s  t o  i n f i n i t y .  

C. Ferminn masses.  

Fermion masses stem from t h e  vacuum e x . x c t a t i o n  va lue  of o i n  (1.5). 

The o t h e r  Higgs p a r t i c l e s  do not  co r . t r i bu te ,  s i n c e  they a r e  s i n g l e t s  nf 

The r e l e v a n t  p a r t  of t h e  ~ a g r a n ~ i a n ,  con ta in ing  t h e  Yukawa terms, can 
. . . . 



be  w r i t t e n  i n  t h e  most gene ra l  form compatible  w i th  h e r m i t i c i t y  and l e f t -  

r i g h t  symmetry : 

* where % t u 2 @  u2 

a n d  ( u O ) ~  is a  fermion i s o s p i n  double t ,  i be ing  t h e  gene ra t ion  index. 

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  we are d e a l i n g  w i t h  weak e i g e n s t a t e s ,  

and t h e r e f o r e  w e  want t o  gene ra t e  t h e  Cabibbo ang le  by having off-dia-  

gonal  terms r e l a t i n g  d i f f e r e n t  gene ra t ions  : t h i s  is why t h e  Yukawa 

coupl ings  A and B must be  m a t r i c e s  ( 2x2 f o r  two quark gene ra t ions  ). 

One then  o b t a i n s  t h e  fo l lowing  mass matrices f o r  t h e  U- and D-type 

quarks : . . 

+ 
Under l e f t - r i g h t  symmetry : I+, * QR ; 4 * @ . Then t h e  inva r i ance  

of  t h e  Lagrangian (1.16) imp l i e s  t h a t  A and B b e  he rmi t i an .  We w i l l  t ake  

thcm, ac w e l l  as d4>, t o  ha real ; a more gene ra l  approach would only  be  

u s e f u l  t o  s tudy  CP v i o l a t i o n .   hen % and a a r e  r e a l  symmetric ; they 

can b e  d iagonal ized  by r o t a t i o n s  RU and R,., : 

. . 

The phys i ca l  f i e l d s  (mass e i g e n s t a t e s )  form m u l t i p l e t s  U and D ob ta ined  

from t h e  weak e i g e n s t a t e s  m u l t i p l e t s  U0 and Do by t h e  above r o t a t i o n s  

R ~ , ~  . Thi s  fo l lows  from cons ide ra t ion  of t h e  Lagrangian (1.16) : 



The Cabibbo a n g l e  t hen  appears  i n  t h e  charged weak c u r r e n t s  a s  t h e  

d i f f e r e n c e  between t h e  a n g l e s  of % and- % : 
. , 

, .;- . . .. ' I  .. . 

and s i m i l a r l y  f o r  t h e  right-handed c u r r e n t .  So t h e  l e f t  and r i g h t  Cabibbo 
. , . . . , 

~ --1 a n g l e s  are t h e  same : t h e  ~ a b i b b o  m a t r i x  i s  R = +I Rn , and t h e r e  are 
. . 

no f lavor-changing n e u t r a l  c u r r e n t s .  
. . . . . . . . :: 

. . .  
D. Higgs  bosons. 

. . . - , . . . .  

The r e p r e s e n t a t i o n s  f i l l e d  by Higgses a r e  (+,+*,0) , (+ ,0 ,1)  and 

(0,31,1) , which correspond , to  : 
. . 

4 + 2 + 2 = 8 r e a l  n e u t r a l  f i e l d s  ; 

2 x ( 2  +. 1 + 1) = 8 charged f i e l d s .  . . .; : . .  * I .  

S e v e r a l  o f  t h e s e  become l o n g i t u d i n a l  degrees  of freedom of massive gauge 

bosons : . . 

2 x 2 f o r  t h e  charged W and W . , 
1 2 '  

2 x 1 f o r  t he  n e u t r a l  Z and Z 
1 2 .  

We a r e  l e f t  w i th  t h e  fo l lowing  p h y s i c a l  Higgses : 

6 n e u t r a l  , 4 charged. 
C 

The mass spectrum, qf  t h e s e  p a r t i c l e s  h a s  been s tud ied  by Sepjanovic O : 

a l l  a r e  heavy, w i t h  a  mass O(M(WR)) ,, e x c e p t  for o n e  n e u t r a l  Higgs w i t h  a 

mass  o(M(w~)). The mass m a t r i c e s  f o r  . charged . and n e u t r a l  Higgses w i l l  b e  

needed i n  Chapter 111, :and a r e  d isp layed  i.n Ch.111, Appendix A ,  p . 5 3 .  



The Yukawa coupl ings  of  cP are g iven  by 1 1 . 1 6 ) .  I t  i s  worthwhile 
Y 

t o  wr i te ,down t h e  coupl ings  e x p l i c i t 1 y ; ' s i n c e ' t h e y  w i l l  a l s o  be used i n  

f . - 
f o r  : (;[q(R-lA)DR + uR(-R-lB)DL) , + 4; [%!.-BR) uR + ~ ( A ! ) U ,  ] .. 

. . 

2 + f .  . 8 

, f o r  (2 : same, $I- * $ 2  , A * -B 
. . . .. 

f o r  $ 2 0  : same, * ( 2 0 *  , A * +B. 

I n  t h e s e  formulae,  we'.have assumed t h a t  a l l  ' t h e . ' ~ a b i b b o  r o t a t i o n  was 

conta ined  i n  t h e  U-quark s e c t o r  : Do = D '; U ' O '  =.' RU : Thi s  s i m p l i f  i c ' a t i on  

does n o t  change t h e . r e s u l t s  of  Chapter  111, a s s h o w n  i n  Ch. 111, Appendix 
. .. ,. 



Appendix ... . .-. :. 

Comparison be tween t h e  s t a n d a r d  model and our  model. 

Gauge group 

Coupling c o n s t a n t s  g g ' 8 g g ' 

. . 
Y E l e c t r i c  cl~arys (( = T3 + - 
2 

2 ,2  2 g'  2 Weinberg ang le  s i n  0 = 
W 

s i n  O = 
( g 2  + gt2)  (g2 + 2g.12) 

FermLons L-H"doub1ets ; -R-H s i n g l e t s  .L-H doub le t s  ; R-H doub le t s  

Gauge bosons 

+ - 
$ ; Z O ; ~  w 1,2 i. %,2O ; y 

masses m(y)  = . O  m ( ~ )  = 0 

m(z) = m ( ~ ) / c o s 8 ~  3 92 GeV m(Z1) = m(wl)/cosB 

m(W2) a 80.5 GeV 

Higgs c o n t e n t  0 = ( + , I )  

P h y s i c a l  Higgses 1 n e u t r a l  

. . 
masses f r e e  (6 O(300 GeV)) 

X - ( l  ; xR = iU,4,1) 

<XL> = 0 ; <X > = v 
R , which 

breaks  t h e  symmetry. 

6 n e u t r a l  , 4 charged 

1 n e u t r a l  O(m(IJ1)) 

9 o t h e r s  O(m(W2)) 



. . . .  . . : .  ...". . . .  . . ;, ;.,<. . . 
. . . . .  . . . . . . . . . . .  

Chapter. '11. . , . 
/ . . 

Choosing a probe f o r  t h e  right-handed se=to;. 
. . . . .  

. . .  

. . 
. . : . . . . . . . .  . . . .  . : .  .' 

, . .  ' . . .  
. . 

. . . . . . 
. 8  

Our aim, l i k e  t h a t  of many o t h e r s  bdfore  , is t o  check. the  s t ruc -  

t u r e  o'f t h e  weak current , :  and t o  see .whether  i t  dev ia tes  from t h e  (V-A) 
. (' 

form predic ted  by the  s tandard  model; . . 

. . . ,- . . . .  . . . . . . .  . . 

For charged cur ren t  :processes ,  : i f  w e  no" have t"o gauge bosons -. W .I 
. . . , 

' a n d W  with  couplings given by ( . l . f ) , t h g  e f f e c t & e i n t e r a c t i o n  Hamilto- 
2, 

nian  i s  : 

, . 

where B M(W ) 2 / ~ ( ~  ) 2  and z a r e  both expected t o  c e  ..small.., ..Keeping .. . . . . . . . , . .  . . .  . 1 ...;. :: 2 i: . . . .  . . . . . . . . . .  4 .. . . . . .  . . . , . . 
. . .  only the  leading corr .ect ions . , i n  (2.1).  yi'elds : . . 

. . . . . .  

. . .  . . . . . . . . . . . . . . .  . . . . . . . . . .  . . ;;:,'.,.::::. ::. . . .  ii' I 

' >? . .  , .  . . : . . .  . ' .  
Since we a r e  in te res te 'd"here  . i n  measuring 6, independently of 

. . 
5 i f  poss ib le ,  we should look f o r  purely right-handed processes.  

. .  2 

. ~~r n e u t r a l  c u r r e n t s ,  t h e  of H. ' e f f  is more model- 
I . . .  

. . . . .  
'dependent. Keeping the  r e s u l t s  o f ,  (I.B),;, we:.g'et n the: Ikadi'nk .order" : . . 

a s  . i n  the  s tandard  model.. Obtaining a more accura te  expression requ i res  
. . .  . .  . . I ,  . , . .  ... . .  , . . . . . , .. :, . I .  '.. 

g6i*g back t o  the  s i m p l i f i e d  mass rna t r igZ ' ( l .  13) .' Iti  eigenvalues a r e  
. . . . 



2 
cos a 

2 
s in2a2  ] A2 + [ 2 

+  HI.^^ = [ 2 * ( z ~ )  2 
+ (2.4) 

M(Z1) 

2 'cosa] and '-sina] 

where A and B a r e  the  c u r r e n t s  corresponding t o  the  f i e l d s  defined i n  (1.13). 

It is  easy t o  show t h a t  t h e  q u a n t i t i e s  i n  b racke t s  i n  (2.4) a r e  

- 2  -2 
M ( Z i )  . M(Z2) times t h e  diagonal  c o e f f i c i e n t s  of t h e  ma t r ix  (1.13). 

r e spec t ive ly .  
cosa 

Fl(z1l2 , M(Z2) , and i t s  e igenvectors  

Y  hen "a ob ta in ,  a f t e r  e l imina t ing  t h e  hypercharge - = Q - T3i -, T3R : 

s ina  

2 coso - Qsin 0) ; B = g 2 + tan @ (T3L - Jizz 

Then : 

- 2 .pff - s2 a - ~ s i n ~ o ) ~ [ l  + (?]+[T,R + t a n  8 (T,L - a c o s .  3 

cos 0 

i. 

(2.5) 

2 2 2 2 2 
where a = $ g (k + k '  ) and b = +(g + g'  ) v2 can be  expressed i n  

\ 

terns of M ( W ~ ) '  , tl and 5, with t h e  h e l p  of ( 1 . 6 )  and (1.7) : 

. - 

2 2 
2 

a  B + t a n C  a = M(W1) cos 5 

Obviously the  a n a l y s i s  of n e u t r a l  c u r r e n t  d a t a  i s  r a t h e r  complicated ; 

i t  involves  four  parameters sim!ll.t.anenr~sl,y : M(lJ1), 6 ,  6 ,  and 0 ,  t h e  cqui- 

valene of the  Weinberg angle  ( see  Ch.1, Appendix). This e x t r a  parameter 

has  been erroneously f ixed ' t o  an "accepted" value  i n  some of t h e  previous 

analyses  of weak c u r r e n t  processes i n  the  context  nf t h e  l e f t - r i g h t  

symmetric model, which we a r e  now going t o  review. We w i l l  look a t  

r e s u l t s  a l ready obtained from n e u t r a l  ' c u r r e n t . d a t a . . ( p a r t  A ) ,  and then 

from charged cur ren t  da ta  ( p a r t  B) ; t h i s  w i l l  motivate our own approach 

( p a r t  C) . 



A. Neutral  cu r ren t  processes. .  

. . .  

The n e u t r a l  cu r ren t  d a t a  can a l l  be f i t t e d  wi th in  1.5 a wi th  only 

the  two parameters of the  W-S model, M(W) and Ow ( i e .  wi th  B = c = 0 i n  

9 .  our  model) ; t h e  r e s u l t s  , ' inc luding renormal iza t ion  e f  f e.ct.s , a r e  .:. 
. - . . .  

. 2  s i n  = .233 i- .009 
. . 

M(W) = 80.5 i- 1.5 GeV 

(Some uncer t a in ty  remains a s  t o  the  agreement wi th  atomic p a r i t y , v i o l a t i o n  

d a t a ) .  

Addit ional  c o n s t r a i n t s  can be introduced from t h e  l i m i t  on t h e  proton 

30 l i f e t i m e  ( 2 x 10 years10), 'with'  t h e  use of grand un i f i ed  t h e o r i e s .  

The s tandard  SU(2)L x U(1) gauge group can b e  "unified" wi th  t h e  SU(3) 

gauge group of s t rong  i n t e r a c t i o n s .  A t  some very high energy, a l l  these  

groups' a r e  embedded i n  a l a r g e r  group ( a t  l e a s t  SU(5)) ; l ep tons  and 

quarks are- mixed i n  the  m u l t i p l e t  assignment of t h e  uni fy ing gro;p ; 

a*d a l l  the  gauge bosons a r e ,  too  (weak-electromagnet i c  bosons, gluons . 
and o t h e r s  r e l a t i n g , l e p t o n s  t o  quarks).  This  u n i f i c a t i o n  occurs a t  t h e  

energy where the  t h r e e  running coupling cons tan t s  of t h e  t h r e e  gauge 

groups a l l  become equal .  A t  t h a t  energy t h e  normalizat ion of t h e  group 

2 genera to r s  f i x e s  t h e  va lue  of s i n  , which g e t s  renormalized a t  lower 
W 

energies .  This  scheme, f i r s t  devised by Georgi and Glashow 2 ,  expla ins  

t h e . q u a n t i z a t i o n  of e l e c t r i c  charge ( s i n c e  quarks and l ep tons  a r e  mixed 

i n  t h e  same m u l t i p l e t s ,  t h e i r  charges a r e  r e l a t e d ) ,  and r e l a t e s  0 t o  
W 

t h e  measurable va lue  of astrong a t  low energy. The success  of t h e  model 

2 .  2 3 
stems from the  value obtained f o r  s i n  6" ( sin C!" = .21 f o r  as = 0.1  a), 

and from the  high value o f  the  u'*ification m a s s  ( 5 2. 1015 GeV f b r  t h e  



above set of v a l u e s ) ,  compat ib le  w i t h  t h e  k n b k  ' l i m i t  on-,thk pro ton  l i f e -  

-1 t ime ( s i n c e  T a~~ Eb SlEk4 , . 1 P . : .  

. . 

The same' u p i f  i c a t i o n  .cdn' b e  c a r r i e d  o u t  f o r  ' SU(2) x . ' s u ( ~ )  L R 

x U(l)B-L x ' s u ( ~ ) ~ . ~ ~ ~ ~ ' .  T h e  un i fy ing  g roup '  must b e  a t  l e a s t  ~ 0 ( 1 0 ) ,  t o  

accomodate t h e  i n c r e a s e d  number of gene ra to r s .  The fundamental represen-  

t a t i o n  of  t h a t  group is a 16 , which s u i t s  t h e  fo l lowing  pa r t i . c lo  , . ass ign-  

ment : 

. , 
J + 1 .  

e 2 1  
i, j c o l o r  i n d i c e s .  - 

e 
j L 

2 The v a l u e  of s i n  0 (GUM) is de r ived  as f o r  SU(5) ,: . 
. . . . 

2 2 
, f o r  t h e  - 16 r e p r e s e n t a t i o n ,  T r  TjK = Tr ,T:3L = 2 . , . 

, .  . . . 

n u t  t h e  I 3 L ,  I g R a n d  I B-L a s s o c i a t e d w i t h  T , TjRand (B-L)/2 
. . . . 3L 

must b e  normalized i d e n t i c a l l y ,  and the , same  coupl ing  c o n s t a n t  g  must 
. .  . CUM . 

appear  i n  each term of t h e  Lagrangian : 

Then Tr IgL 2 . -  
" 2 ' - -  2 

- t?- - -  g . 2 = g '2 .  413 

2 9' 2 -:3 ..: . s i n  Q "' And = - 
. 2  ' 

(g + 2g'2) , . . 

. . 
j u s t  a s  f o r  .SU(S) o r  f o r  any provfdkd: ther  i s o s p i n  and e 1 e c t r . i ~  

., . 
charge  assignmentsof  t h e  elemen.t'a'ry lef t -handed'  fermibns rdinain t h e  u s u a l  

, ! . .  , ' / .  . .  . . ones.  

. . ... : . 
a , .  

. . :  

2 The renormalized va lue  of s i n  0 a t  low energy d i f f e r s  from t h e  SU(5) . ' I  

, .. . .  

v a l u e ,  however. The p a t t e r n  of symmetry b reak ing ,  i f  on,e assumes t h a t  
. '  i . . .  , . (  



l e f t - r i g h t  p a r i t y  i s  the  last symmetry . . t o  be  broken when going .down i n  

energy from 5 t o  M(Wl) , . must b e .  : , . .  , 

.The evolut ionsof the  coupling constant's a r e  derived from . the  .usual ' 

expression f o r  t h e '  $-function i n  an SU(N) group wi th  f fermion genera t ions  : 

A t y p i c a l  p a t t e r n  of running coupling constants  is shown i n  Fig. 2.1. 

I n  p a r t i c u l a r  one ob ta ins  : 
. . 

Mc 2 
s i n  O(M(W1)) = 3. -- 3  - Log - - - n 8 M(W1) 8 ( 2 . 7.) 

. . . . . 3 

2 ' Obviously, a lower va lue  f o r  M(W ) implies a h igher  va lue  fo r  s i n  O(N(W1)). 
2 

11. This f a c t  has lead  some t o  conclude t h a t  M(W2) had t o  be a t  l e a s t  

9 10 GeV , s i n c e  s i n 2 % ( ~ ( w ) )  = . 2 3  . However t h i s  l a t t e r  -value f o r  the  

Weinberg angle  is  obtained only i n  the  s tandard  model, which i t s e l f  

9 
implies M(W2) = Y( . The l i m i t  of 10 GeV i s  the re fo re  meiely evidence 

of t h e  consistency of t h e  s tandard  p ic tu re .  A c o r r e c t  a n a l y s i s  r equ i res  

a f i t  t o  t h e  low-energy data f i r s t  wi th  the  four  parameters M(Wl), .M(lJ2), 

2 
5 and s i n  o(M(W1)), and then a determination of which values  of these  

parameters a r e  s t i l l  compatible with a grand un i f i ed  model based on SO(10). 

The low-energy d a t a  have been analyzed by many 12, hut  the  most 

i n t e r e s t i n g  r e s u l t s  come from Rizzo and ~ e n j a n o ~ i c  '3. They use a s  an 



i n p u t  t h e  numbers of  K i m  e t  al .  e x t r a c t e d  from : 

- t h e  SLAC asymmetry experiment (and , t he  atomic p a r i t y  v i o l a t i o n  

experiments)  ; 

- neutrino-hadron s c a t t e r i n g  experiments  ; 

- v . -  e s c a t t e r i n g  r e s u l t s  ; 
IJ 

They choose t h e  more f a s h i o n a b l e  Higgs assignment ( s e e  Ch . I ,A , i i i ) ,  and 

a l low t h e  vacuum e x p e c t a t i o n  v a l u e s  of t h e  le f t -  and right-handed Higgses 

t o  b e  bo th  non-zero. The ranges of values which then  s a t i s f y  a l l  t h e  
. . 

d a t a  w i t h i n  1.50 is : 

. . 
M(W2) : 150 GeV, ie. B ; .24 

2 
.23 s i n  0 .28 . . 

l t a n  251 ; .1 

The v a l u e  of M(W1) is  f i x e d  by t h e  o v e r a l l  s t r e n g t h  of t h e  i n t e r a t t i o n  

( t h e  v a l u e  of GF) when t h e  o t h e r  t h r e e  parameters have been dete,rmined ; 
. . .  

f o r  t h e  range of parameters  i n d i c a t e d  above, one f inds : 

70 GeV M(W1) 78 GeV 

The same a u t h o r s  a p p l i e d  t h e s e  r e s u l t s  t o  t h e  grand u n i f i e d  .model 

based on SO(10) j u s t  desc r ibed ,  even t a k i n g  i n t o  account t h e  e f f e c t  of 

Higgses i n  t h e  6- func t ion  ( They b r i n g  M(W ) down, f o r  a  g iven  va lue  o f ,  
2 .  

2 15 
s i n  ) . T h e i r  r e s u l t  i s  t h e r e f o r e  rat .her  rnnrl~I-dependent bu t  can be 

summarized a s  fo l lows  : 

I f  M(W2) ,: 1 .TeV . t he  presence  of t h e  right-handed s e c t o r  does 

2 
not  ap ,prec iab ly  modify t h e  f i t  of s i n  O t o  t h e  1ow.energy d a t a .  One 

2 must have s i n  O = .23 a s  i n  t h e  s t anda rd  mod'el. Then, a s  po in ted  out i n  

11 
previous  ana lyses  , i t  is d i f f i c u l t  t o  accomodate an  in t e rmed ia t e  mass 



s c a l e  between M(W) and 5 , un less  i t  is almost a s  high a s  MX , : and dbes  

not  s e r i o u s l y  a f f e c t  t h e  c o n s i s t e n t  standar'd p i c t u r e .  of grand ui.lific'&tion. 

. . I  . .  s . "  

Hence : 
. . 

> 10' GeV M(W2) ' 1 TeV + GUTS ==> M(W2) ?r (2.8) 

2 .  Otherwise M(W ) must be '  very  low, s o  t h a t  s i n  Obe increased to, = .27 . 2 

Such values  a r e  s d l l  compatible with. grand u n i f i c a t i o n ,  simply pushing 
. . 

I t o  2. lo1' GeV,  and making proton-decay very hard  t o  observe. k 
I n  conclusion, according t o  Ref. 1 5  : 

2 e i t h e r  M(W,) 4 150-250 GeV and s i n  0 = .27 
L 

9 .or  M ( w ~ )  ?r 10 GeV 2 and s i n  O = .23 

This  ana lys i s ,  of course,  depends f o r  a good p a r t  on d e t a i l s  of t h e  model, 

l i k e  t h e  parametr iza t ion  of t h e  n e u t r a l  s e c t o r ,  the  Higgs s t r u c t u r e  and 

t h e  number of - ~ i ~ g s  m u l t i p l e t s ,  t h ings  which might be l e s s  c r u c i a l  i f  

one s t u d i e s  charged-current processes.  

B. Charged cur ren t  processes. 

The l i m i t  M(W ) >  200-300 GeV i s  s t i l l  widely quoted i n  the  l i t e r a -  
R % 

t u r e .  It w a s  obtained by BLg et  a l .  l6 from charged cur ren t  d a t a ,  with 

the  i m p l i c i t  assumption t h a t  neu t r inos  a r e  massless o r  a t  l e a s t  extremely 

l i g h t .  The e f f e c t i v e  Hamiltonian they use  is exac t ly  (2.1),  and they 

ob ta in  the  l i m i t s  : 

M(W2)/M(Y1) c '  2.76, ie. M(WZ) 220 G e V  

Among t h e  var ious  processes analyzed, the  most s t r i n g e n t  c o n s t r a i n t s  come 

from the  longi tudinal '  e- p o l a r i z a t i o n  i n  pure Gamow-Teller 8-decay, and 



from t h e  p parameter  i n  p decay. A l l  th,e p roces ses  considered i n  t h a t  

paper  a r e  semi-leptonic  : a n e u t r i n o  is  produced i n  each case ,  which w i l l  
.. . 

i n  g e n e r a l  be lef t -handed i f  t h e  gauge boson exchanged is  W1 , and r i g h t -  

handed i f  i t  i s  W2. . . 

One of t h e  . .. a t t r a c t i v e  f e a t u r e s  of t h e  1e.f t - r i g h t  symmetric model, 
, . 

though, i s  . .  t o  . a l low f o r  a massive n e u t r i n o ,  and fur thermore  t o  e x p l a i n  
I > .  . . 

i n  a n a t u r a l  way why the usua l  - . lef t -handed - n e u t r i n o  is  s o  much l i g h t e r  

t han  i t s  charged l e p t o n l c  p a r t n e r .  Thic mechanism, f i r s t  suggesred by 
, . 

17 
Cell-Mann e t  a l .  , involves gf vine  both  a Majorana and a Dirac  u l a s s  

. . 

t d  t h e  n e u t r i n o  ( s e e  Appendix fo r  d e t a i l s  on Majorana' s p i n o r s )  , s o  t h a t  
. ,. . 

t h e  mass m a t r i x  f o r  t h e  two h e l i d i t y  components of  a  g iven  s p e c i e s  of  . , 

n e u t r i n o  becomes . : . 
1 :  . . , . . ,  . . 

where d  i s  t h e  u s u a l  Di rac  mass term ( d ". me i n  any grand-unif ied pic-  

t u r e  ) , and m and M a r e  t h e  Majorana mass terms f o r  both n e u t r i n o  com- 
. . 

ponents .  Grand u n i f i c a t i o n  does no t  c b n s t r a i n  them t o  any p a r t i c u l a r  

v a l u e ,  s i n c e  t h e  n e u t r i n o  is t h e  only  p a r t i c l e  t o ' e n j o y  t h e  p o s s . i b i l i t y  

of a  Majorana m a s s .  But we ' e x p e c t ,  frbm n a t i k a l n e s s ,  t h a t  they  a r e  of 

t h e  same o r d e r  of magnitude a s  t h e  v a c u b  e ipkk ta t i , on  v a l u e s  of thk 
. 

Higgses which give r i s e  t o  them. Furthermore m has  t o  be  ve ry  sma l l ,  such 

t h a t  indeed m(v ) << m. , .vl 1 be ing  t h e  usua l  mostly-left-handed n e u t r i n o .  e  . , 

18 Seve ra l  schemes have been proposed, where m = 0 ,  and M % O ( s )  , 

o r  O(U~$) 19, y i e l d i n g  extremely sma l l  masses m(vl)  a s  shown below,. , The 
. . . . 

l e f t - r i g h t  symmetric model f i t s  t h e  phenomenology i n  a very  e l e g a n t  



manner 20 : t he  d i f f e r e n t  va lues  of  m and M r e f l e c t  the  breaking of p a r i t y .  

One should expect,  given the  Higgs s t r u c t u r e  A (1,0,2) and AR(0,1,2) (see  p.6-7) : L 

m % O(<ALO>) and m = 0 f o r  <AL'> = 0 

Taking < A  = 0 - which is s t i l l  compatible with a l e f t - r i g h t  sym- 
L 

met r i c  Higgs p o t e n t i a l  - t he  eigenvalues of t h e  mass matr ix  become : 

m m ' / M ( w ~ )  and m2 M(wZ) 
1 e 

Then ml ?. O(1 eV), i n  the  expected range ( see  Ref. 1 5  f o r  d e t a i l s ) ,  

- 8 
i n s t e a d  of the  minuscule masses of o rde r  10 e V  obtained when M % MX 

The e igenvectors  a r e  : 

cosd s in6  

-sin6 cos6 

with 6 1. me/M(W;) ; 0 ( 1 0 - ~ ) .  , 

In  conclusion, i t  is  l i k e l y  t h a t  : 

i )  The predominantly right-handed neu t r ino  i s  s o  heavy t h a t  i t  cannot - 

be produced a t  present-day energies ,  and c e r t a i n l y  not  i n  any of the  low- 

energy processes analyzed i n  B6g e t  a l .  
1 6  

ii) The usual  predominantly left-handed neut r ino  does have right-handed - 

couplings,  although by a minute amount. 

These conclusions modify of course the  previous s t u d i e s  of charged-current 

da ta .  The low-el~ergy e f f e c t i v e  Hamil.tonian (2.1) now becomes, fo r  semi- 

l ep ton ic  processes, when the  p ieces  r equ i r ing  production of v a r e  de le ted :  
R 



+ 2 2 + ' 2 2 
H~ 

ef f  = [ JLJL cos6 (cos  c + 8 s i n  4) - JRJR s i n 6  ( s i n  i + Bcos c)  

+ + + (J J cos6 - J J s i n 6 ) s i n c  cosc (1-B) R L L R 

and f o r  a pu re ly  l e p t o n i c  p roces s  : 

+ 2 2 2 + 2 2 2 
H~ J J cos  6 (cos 5 + Bsin 5) + JRJR s i n  6 ( s i n .  + Bcos c)  L.L , , . 

Obviously, a l l  d e v i a t i o n s  f r0m.a  (V-A)(V-A) . s t r u c t u r e  a r e  m u l t i p l i e d  by 
I 

, E and become inobse rvab le ,  except  f o r  a semi- lep tonic  , p roces s  where t h e  
, . .  , . .  . .  , 

r ight-handed c u r r e n t  i s  a l l  hadronic .  However t h e  two processes  s e l e c t e d  
, *  . .  

i n  Ref. 1 6  both  invo lve  t h e  obse rva t ion  of a right-handed leptonic cur- 

r e n t  : t hen  t h e  smal lness  o f  6 obscures  any e f f e c t  of a p o t e n t i a l l y  very  

l i g h t  right-handed boson. 

Therefore ,  i n  o r d e r  t o  e l i m i n a t e  t h e ' e f f e c t s  of 6 , a charged-cur- 

r e n t  a n a l y s i s  should  only  r e l y  o n . p u r e l y  had ron ic  p roces ses ,  o r  semi- 

l e p t o n i c  processes  where t h e  presence  of a right-handed c u r r e n t  should 

b e  looked f o r  i n  t h e  had ron ic  s e c t o r .  That  kind of had ron ic  p o l a r i z a t i o n  

experiment  seems extremely d i f f i c u l t  t o  c a r r y  o u t ,  g iven  t h e  mass d i s c r e -  

pancy between t h e  usua l  hadrons and l e p t o n s  ( s e e  however Ref.21, on 

19.- p o l a r i z e d  Ne B-decayj. I n  any case ,  one would only g e t  a l i m i t  on t h e  

nex t  s m a l l e s t  parameter  a f t e r  6 , namely 5 .  

The c o r r e c t  probes.  

We w i l l  f ocus  on t h e  a n a l y s i s  of pu re ly  had ron ic  charged p roces ses ,  

because  they  a r e  l e s s  model-dependent (and because . . they have not  been 
. I ( .  



s t u d i e d  y e t ) ,  namely : 

- t h e  % - K mass d i f f e r e n c e ,  i n  Chapter I11 ; 
S 

- hadronic  hyperon decays and K decays,  i n  Chapter I V .  

Of course  t h e  presence of s t r o n g  i n t e r a c t i o n s  dec reases  t h e  accuracy 
, . 

- 
of t h e o r e t i c a l  c a l c u l a t i o n s ,  b u t  a t . l e a s t  t h e  KO- K O  gystem has  proved t o  

b e  an ou t s t and ing  test f o r  weak - and super-  o r  milli-weak - . i n t e r -  

2 2  
a c t i o n s  i n b  t h e  p a s t  . 

However t h e r e  a r e  a t  l e a s t  two o t h e r  phenomena worth a t t e n t i o n  : 

i )  Neut r ino less  double 6-decay (66) '  : - 
Majorana neu t r inos  a r e  s e l f - con juga te  and can t h e r e f o r e  be exchanged 

i n t e r n a l l y  i n  a  double 6-decay even t ,  l e av ing  no n e u t r i n o  i n  t h e  f i n a l  

s t a t e  ( s e e  F ig .  2.2) : 

M , f o r  t h e  
The ampl i tude  f o r  such a  process  i nc ludes  a  f a c t o r  

(P2 - M2) 

n e u t r i n o  propagator  of mass M wi th  h e l i c i t y  f l i p ,  which a f t e r  Four i e r  
* 

t r ans fo rm g ives  r i s e  t o  a  Yukawa p o t e n t i a l  and a  f a c t o r  M exp(-hP1). 

Such a  f a c t o r  goes t o  0  f o r  bo th  M + 0 and M + m ; b u t ,  g iven  t h e  upper 

bound on t h e  mass of t h e  u s u a l  n e u t r i n o  ve, t h e  exp res s ion  

exp(-).M) f o r  M < 60 eV i s  two o r d e r s  of magnitude s m a l l e r  than  4- % 
M(WL) 

Mexp(-hM) f o r M % M ( W R )  % 300 CcV. 
M(WR) 

4 

Double 6-decay is  thus  a  good p l ace  t o  look f o r  n o t  too  heavy Plajorana 

23 
~ l e u t r i n o s  . The a n a l y s i s  has  been c a r r i e d  out  i n  more d e t a i l  f o r  t h e  

s p e c i f i c  model we a r e  cons ide r ing  l5 . For t h e  same mass M % 300 G e V ,  t h e  

r a t e  f o r  double B-decay sho'uld be  l e s s  than an o r d e r  of magnitude below 

* 
, A i s  ' the c h a r a c t e r i s t i c  range of t he  nucleon-nucleon in te racc ion(h- I% 506e17) 



t h e  p r e s e n t  expe r imen ta l  l i m i t ,  and such decays  should be observable  i n  

t h e  n e x t  g e n e r a t i o n  of  experiments .  That  p r e d i c t i o n ,  however, rel ies 

h e a v i l y  on t h e  "na tu ra lnes s "  of  t h e  model : a l l  t h e  coupl ing  c o n s t a n t s ,  

i n  t h e  Yukawa coup l ings  and t h e  Higgs p o t e n t i a l ,  should be  of  t h e  same 

o r d e r  of  magnitude, s o  t h a t  one can r e l a t e  M(W2) and M(v ) through t h e  
R 

Higgs vacuum e x p e c t a t i o n  v a l u e s .  It i s  d i f f i c u l t  t o  dec ide  a t  which 

p o i n t  t h e  rat50 M(W )/M(v ) becomes u n n a t u r a l  ; none the l e s s  t h e  obser- 2 R 

v a t i o n  of  double  B-decay, whatever t h e  rate, would b e  a very  strong 

argument i n  f a v o r  of  t h e  l e f t - r i g h t  symmetric model. 

i i )  V a r i a t i o n  of t h e  Fermi cons t an t  : - 

For pu re ly  l e p t o n i c  p roces se s  (eg. p decay) ,  t h e  J ~ J ~ +  p a r t  of HI  e f f  

(2.1) i s  t h e  o n l y  one t o  c o n t r i b u t e  (We t a k e  6 = 0 f o r  s i m p l i c i t y ) .  

One can thus  i d e n t i f y  : 

Now f o r  semi- lep tonic  p roces se s  ( IT, K decays ,  B-decay ) ,  t h e  hadronic  

c u r r e n t  can be  r ight-handed a s  w e l l ,  s o  t h a t  t h e  decay rates w i l l  b e  t h e  

ones  t h a t  one would o b t a i n  n o t  w i t h  t h e  above v a l u e  of ~ ~ / f i  , b u t  

r a t h e r  w i t h  : 

Measurements on t h e  l e p t o n  p o l a r i z a t i o n  w i l l  n o t  b e  a f f e c t e d ,  s i n c e  they 

depend on t h e  s t r u c t u r e  of t h e  l e p t o n i c  c u r r e n t ,  which remains pu re ly  

l e f t -handed .  



This apparent  v a r i a t i o n  of GF should make i t  poss ib le  t o  s e t  l i m i t s  

on 5 ,  almost independently of 0. Indeed i t  has  been argued l3 t h a t  the  

2 
f a c t o r  ( 1  + 5)  should take  c a r e  of a  discrepancy of 3 2 1 % between 

t h e  value  of f n  = 93 MeV measured from nR2 decay, and the  t h e o r e t i c a l  

va lue  obtained from t h e  Goldberger-Treiman r e l a t i o n  by evaluat ing  t h e  

2 4 
nNN hadronic coupling . 



Appendix 

Ma j orana neu t r inos .  

A genera l  fermion mass term i n  t h e  Lagrangian should b e  a Lorentz 

s c a l a r  made of two fermion sp inors .  These s p i n o r s  a r e  associa ted  with 

t h e  fol lowing r e p r e s e n t a t i o n s  on t h e  SU(2) x SU(2) decomposition of t h e  

Lorentz group L i e  a lgebra  : 

A s c a l a r  can then b e  made by combining two i d e n t i c a l  r ep resen ta t ions  : 

(4,O) x (3,O) = (0,O) + (1,O) (same f o r  (0 ,4) )  

There a r e  two ways of p a i r i n g  the  r ep resen ta t ions  : 

- making a Dirac mass term 

- making Maj orana mass terms 

-c - C L - 
( vL vL + vL vL ) and ( vR v + vR vRC ) R 

3, 
where vC 5 i y 2 v  

* 1 + Y 5  [ ] = * C Note t h a t  v E (vLIC = i y 2  L v = ( v I R  

Then TC : ($,O), l i k e  vL. 

Such Majorana terms would have a n e t  non-zero e l e c t r i c  charge i f  the  



fermion were charged : t h i s  i s  why t h e  neu t r ino  i s  t h e  only p a r t i c l e  

which may have a Majorana mass. S t i l l  a Majorana term v i o l a t e s  lepton 

number conservation : t h a t  has j u s t  r e c e n t l y  become "acceptable", with 

the  advent of grand un i f i ed  t h e o r i e s  where n e i t h e r  baryon nor lepton 

, . number is conserved. 

One C&I d e f i n e  proper se l f -conjugate  Majorana f i e l d s  : 

The mass terms a r e  then reexpressed : 

- - 
a xx and ww %a j orana 

Under t h e  SU(2)L x SU(2)R x U(l)g-L' group, t h e  mass terms have quantum 

s numbers : . . 
'8 .., '  . . . . , . 

(4,4,0) f o r  t h e  Dirac term ; 

(1,0,-2) and (0,1,-2) f o r  the Majorana terms. 

These rep resen ta t ions  can be  combined wi th  4, A and AR r e spec t ive ly  t o  
L 

y i e l d  s l r ig ler  mass terms organized into t h e  fnl lbwing mass matr ix  : 

I 

x Y <bLO> +Y, 
A~ 

i 
w ' lYI 

0 
where Y .  a r e  t h e  r e spec t ive  Yukawa couplings,  and <4> = 

1 



Chapter 111. 

The KL - K mass difference. 
S 

The mass difference between KL and K is due to a AS = 2 interaction 
S 

between the otherwise degenerate states KO and XO. Since we are not con- 

cerned here with CP violation, we can write KL and K as eigenstates of 
S 

The effective Hamiltonian between KO and X0 states takes the matrix form : 

The mass eigenvalues are ( m + M ) (M is real if CP is conserved), and 

the mass difference is : 

- 
Now the KO - KO interaction is a AS = 2, second order weak process ' . 

between two quark-antiquark pairs, complicated by strong interaction 

effects in the initial and final states ( We will not consider the once 

attractive alternatives provided hy milliweak or bS = 2 ~ I ~ ~ P . W P F ~  inter- 

2 2 
actions . We can calculate the weak amplitude for sd - sd scattering, 
and then estimate the effect of strong interactions, 

There is of course a theoretical uncertainty in that estimation. 

which is very difficult to evaluate. However, a fairly simple method 

2 5 of including strong effects, first adopted by M. K. Gaillard and B. W. Lee . 
has proved very successful. Indeed these authors, using the standard 



W-S model f o r  t h e  weak i n t e r a c t i o n s ,  p red ic ted  a  charmed quark mass 

m Q 1.5 GeV j u s t  a  few months before  the  discovery o f  the  J / Y  2 6 .  One 
C 

might argue t h a t  t h i s  r e s u l t  is merely a  lucky c a n c e l l a t i o n  between a  

weak amplitude obtained from the 'wrong electroweak model, and a  poor 

e s t ima te  of  s t r o n g  i n t e r a c t i o n  e f f e c t s .  Nonetheless the  p red ic t ions  

of the  W-S model i n  a l l  o t h e r  circumstances (up t o  - perhaps - atomic 

p a r i t y  v i o l a t i o n  experiments) come extremely c l o s e  t o  the  a c t u a l  measu- 

rements ; and s t rong  i n t e r a c t i o n  e f f e c t s  were evaluated ,  i n  t h i s  case ,  

along a  d i f f e r e n t  approach us ing t h e  NIT bag model 27 , with similar  

. r e s u l t s .  Therefore w e  th ink ,  r a t h e r  conservat ive ly ,  t h a t  the  way -. 

Gai l l a rd  and Lee took s t rong  e f f e c t s  i n t o  account should mimic ,the a c t u a l  

s t rong  i n t e r a c t i o n s  wi th in ,  say ,  a  f a c t o r  of th ree .  . . . . . ,. 

Our approach is then t h e  fol lowing : we review Gai l l a rd  and Lee's 

way of c a l c u l a t i n g  ( p a r t  A) ; then we c a l c u l a t e  t h e  f r e e  sz - g d  S 

amplitude i n  our.mode1 ( p a r t  B ) ,  which depends on a  number of .mass  

parameters ; f i n a l l y  (pa r t  C), w e  r e l a t e  t h a t  weak s c a t t e r i n g  amplitude 

t o  t h e  K t - K  mass d i f fe rence  along t h e  l i n e s  of p a r t  A ,  and deduce 
S 

r e s t r i c t i o n s  on our parameters from the  requirement : . . 

In  appendices A, B,  C, we s e e  whether t h e  var ious  s i m p l i f i c a t i o n s  t h a t  

we made i n  our ca lcu la t ion  of t h e  weak amplitude s e r i o u s l y  a f f e c t  the  

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

A. How t o  c a l c u l a t e  ~m 
1.s ' 

Given a s p e c i f i c  model f o r  wcnk i n t e r a c t i o n s ,  one can c a l c u l a t e ,  :, 
. . 

with t h e  he lp  of Feynman diagrams, the  s c a t t e r i n g  amplitude A(s d + s d ) 
1 1  2 2  



f o r  z e r o  e x t e r n a l  momenta. I n  t h e  s t anda rd  model, wi th  le f t -handed  

charged weak c u r r e n t s  on ly ,  A w i l l  be a sum of terms - one f o r - e a c h  

diagram - of  t h e  form : I .  

wh ere . . 

- a r e  t h e  quarks s 
1 , 2  

arranged i n  t h e  o r d e r  r equ i r ed  
' i , j , k , l .  

by the Feynman diagram cons idered  , and the $J'S t h e  c n r r e s p o n d i n g  sp, inors  ; 

- .  0, 0 '  are Y-matr ix  opera to ' r s  ; ' . .  

- B. is a  s c a l a r  f u n c t i o n  of t h e  masses of  t h e  p a r t i c l e s  exchanged : 

- a , ,  b y  c ,  d a r e  c o l o r  . i n d i c e s ,  and t h e  6 's j u s t  exp re s s  t h a t  t h e  
f j  

weak bosons exchanged a r e  c o l o r  s i ' ng l e t s :  

I n  our model,  w i t h  r ight-handed,  c u r r e n t s  a l s o ,  (1-y5) w i l l  be  ( 1 ' ~ ~ )  . 

- 
From A(s d + s d  ),  one can then e x t r a c t ,  i n  p r i n c i p l e .  an e f f e c -  

1 1  2 2 

t i v e  Han i l t on i an  d e n s i t y  Jfeff , ie .  an o p e r a t o r  de f ined  by : 

def w i l l  t h u s  c o n t a i n  2 s- and 2 d - f i e l d  o p e r a t o r s ,  which can  be  con- 

t r a c t e d  wi th  t h e  4 s p i n o r s  i n  4 d i f f e r e n s t  ways, each amounting t o  a  

d i f t e r e n t  F i e r z  rearrangement  o f  glcff .  Then t h e y - m a t r i x  s t r u c t u r e  of 

~l~~~ will be d l f f e t e n t  from t h a t  of  A ,  91eff c o n t a i n i n g  s p u r i o u s  terms 

which w i l l  c ance l  o u t  a f t e r  a  F i e r z  t r ans fo rma t ion .  S p e c i f i c a l l y .  f o r  

t h e  s t anda rd  model, A w i l l  b e ,  u p  t o  a ' f a c t o r  B mentioned above : 

a l -  d  -c 1 - Y  b  
'5 6ad d (dl)  . $ ( s2 )  Y, -F- + Ta(s , )  Y 7 5. nbc c ( d Z ) . ,  

. 1 1  . ,  



e f f  . which can only be obtained from. t h e  fol lowing 9( , 

- - -k 
i j l - 5  

6 a x 5 6  0'(d) . 0 ( s )  ya k l  el(d) 

(3 .6 )  

-k a 5  .6 a * 5  6 0'(d) . 0 ( s )  ya + $(s) Y 2 
il . k j 

] 
. , 

where the  8 ' s  are f i e l d  opera to r s  ( t h e  9's being spinors) .  

I n  t h i s  case A ef does  no t  look too  d i f f e r e n t  from A : only the  . 

c o l o r  opera tor  s t r u c t u r e  changes, because t h e  y-matrix opera to r  (V-A) 

x (V-A) has t h e  property of being F i e r z  i n v a r i a n t .  However, terms i n  

(V-A) x (V+A) which a r i s e  i n  our model genera te  s c a l a r  and pseudo- 

s c a l a r  operdtor  products whose appearance w e  want t o  postpone, us ing  

a n o t a t i o n a l  t r i c k  devised l a t e r .  

This d i s t i n c t i o n  between 0 ' s  and $ ' s ,  between ' 4' eff  (opera tor)  and 

A (ampl'itude obtained a f t e r  performing a l l  p o s s i b l e  wick c o n t r a c t i o n s ) ,  

i s  important,  and has  sometimes been misunderstood i n  the  l i t e r a t u r e .  

The next s t e p  toward c a l c u l a t i n g  b y d s  t o  sandwich 41eff between 
- 

the  a c t u a l  meson s t a t e s  K O ,  K O ,  and t o  recover an e f f e c t i v e  s c a l a r  

amplitude. This approach would be  p e r f e c t  i f  we knew t h e  e f f e c t  of 

s t r o n g  i n t e r a c t i o n s ,  i e .  t h e  wave-functions of t h e  s t rong ly  bound quark 

and ant iquark  which make up each meson. Two ways around t h a t  problem 

have been t r i e d  : 

i )  Approximate the  meson s t a t e s  a s  p a i r s  of f r e e  quarks, and r e q u i r e  - 
t h a t . t h e y  a l l  i n t e r a c t  a t  t h e  same point  by' i n s e r t i n g  vacuum pro jec t ion  

opera to r s  ICx 0.1 i n  a l l  poss ib le  ways i n  t h e  e f f e c t i v e  amplitude 

M = c X o  IA eff  ~ K O >  . This I s  t he  o r i g i n a l  approach of Ref .  25. 

i i )  Approximate the  quark wave-functions a s  bes t  one can. us ing  t h e  - 



MIT b a g  model,  and c a l c u l a t e  d i r e c t l y  t h e  e f f e c t i v e  ampl i tude .  T h i s  was 

c a r r i e d  o u t  
27 

a s  a  check  o f  t h e  G a i l l a r d  and Lee c a l c u l a t i o n  ; t h e  

r e s u l t  was : 

M 
b a g  ' M~~ 

- . 4  
.. . 

which s h o u l d  make u s  r a t h e r  c a u t i o u s  when s e t t i n g  l i m i t s  on t h e  theore -  

t i c a l  u n c e r t a i n t y  .of t h e  c a l c u l a t i o n .  ' ,  ' 

Here a g a i n  t h e  i s s u e  abou t  t h e  l e g i t i m a c y  of  approach i )  i s  extre- - 

mely confused .  It .has been  a rgued ,  even by the .  "au thors  o f  Ref.  27-, ' t h a t  

approach  - i) would b e  improved i f i  one would c o n s i d e r  n o t  o n l y  a  vacuum 

i n t e r m e d i a t e  s t a t e ; b u t  a l s o  s i n g l e  n o  i n t e r m e d i a t e  s t a t e s ,  w i t h  t h e  

u n d e r s t a n d i n g  t h a t  a n  e x a c t  r e s u l e  would b e  o b t a i n e d  i f  one could  sum 

o v e r  a l l  p o s s i b l e  i n t e r m e d i a t e  s t a t e s .  C a l c u l a t i o n s  i n v o l v i n g  s i n g l e -  

p i o n  p r o j e c t o r s '  have been c a r r i e d  o u t  28 , and y i e l d  r o u g h l y  : 

which d i s c r e d i t s  M as a good approx imat ion  t o  t h e  sum of  a converg ing  
GL . 

s e r i e s .  T h i s  argument ,  a l t h o u g h  wide ly  a c c e p t e d ,  i s  wrong : i f  one 

cou ld  sum o v e r  a comple te  se t  of i n t e r m e d i a t e  s t a t e s ,  one would r e c o v e r  

t h e  f r e e  quark  a m p l i t u d e  A ,  s i n c e  i n  approach 2)  t h e  meson s t a t e s  a r e  

approximated by f r e e  qq p a i r s .  I t  must b e  s t r e s s e d  a g a i n  t h a t  t h e  

reascn f o r  t h e  vacuum i n n ~ ~ t - i o n  i s  to l u i l u i ~  t i t rong I n t e r a c t i o n s  by 

- 
f o r c i n g  f r e e  q q  p a i r s  t o  i n t e r a c t  i n  a  p o i n t - l i k e  f a s h i o n ,  and t h a t  t h e  

v a l u e  o f  M / MGL h a s  n o t h i n g  t o  do w i t h  t h e  v a l i d i t y  of t h e  vacuum 
1 

i n s e r t i o n  method. 

Another  " re f inement"  h a s  been t o  c o n s i d e r  t h e  r e n o r m a l i z a t i o n  o f  

- 
t h e  weak o p e r a t o r s  r e s p o n s i b l e  f o r  t h e  I(" - K O  a m p l i t u d e  caused by 



29 
s t r o n g  i n t e r a c t i o n s  , w h i l e  s t i l l  keeping t h e  s&e vacuum i n s e r t i d n  

method. The f i n a l  r e s u l t  changes by an  o r d e r  of magnitude, bu t  t h e  

j u s t i f c c a t i o n  of  i n s e r t i n g  vacuum p r o j e c t o r s  is  l o s t ,  and t h e  o v e r a l l  

approach seems r a t h e r  less r e l i a b l e  than  t h e  o r i g i n a l  one. 

I n  any case., approach - i i )  is probably t h e  most a c c u r a t e ,  i n  view 

of  t h e  c a l c u l a t i o n a l  succes se s  of  t h e  bag model'. Never the less ,  f o r  

s i m p l i c i t y ,  we w i l l  h e r e  fo l l ow  a p p r o a c h ' i ) ,  bu t  w i l l  a l low f o r  a  theo- - 

r e t i c a l  u n c e r t a i n t y  o f .  a - . f a c t o r  3 .  ' 

The l a s t  s t e p  toward c a l c u l a t i n g  t h e  m i s s  d i f f e r e n c e  has  a l r e a d y  

been expla ined  i n  (3 .2)  : 

We now want t o  perform a l l  t h e  s t e p s  o u t l i n e d  h e r e ,  u s ing  t h e  

l e f t - r i g h t  symmetric model of weak i n t e r a c t i o n s  desc r ibed  i n ' c h a p t e r  I. 

ef  f  
W e  w i l l  avo id  e x h i b i t i n g  t h e  a c t u a l  3 def ined  by (3.4)  by u s i n g  t h e  

. . 

' f o l l owing  t r i c k  : w e  w r i t e  ins't 'ead a  p seudo-3  e f f  (which a l s o  s a t i s f i e s  

(3 .4) )  ob ta ined  from t h e  ampli tude A by r e p l a c i n g  t h e  s p i n o r s  $ by f i e l d  

o p e r a t o r s  8 ,  and only  a l lowing  those  "na tu ra l "  .Wick c o n t r a c t i o n s  .which 

reproduce A * .  These c o n t r a c t i o n s  a r e  i n d i c a t e d ,  when neces sa ry ;  by 'an 

arrow above each f i e l d  o p e r a t o r ,  p o i n t i n g  t o  t h e  s p i n o r  w i t h  which t h e  

o p e r a t o r  should be  c o n t r a c t e d .  Thus we w r i t e ,  f o r  i n s t a n c e ,  (3 .6)  a s  : 



B. The sd - s d  s c a t t e r i n g  ampl i tude  i n  t h e  l e f t - r i g h t  symmetric model. 

We can s o r t  t h e  many p o s s i b l e  diagrams d e s c r i b i n g  sd -t s d  according 

t o  t h e  h e l i c i t i e s  of t h e  incoming and outgoing  p a r t i c l e s .  Each p a r t i c l e  

can  be  l e f t -  o r  right-handed, s o  t h e r e  a r e  24 = 16 p o s s i b i l i t i e s  i n  

p r i n c i p l e .  Half  of  t h e s e  h e l i c i t y  combinat ions w i l l  n o t  c o n t r i b u t e  t o  

t h e  s c a t t e r i n g  ampli tude,  f o r  t h e  fo l lowing  reason  : 

Each diagram, describing a second.order weak p roces s ,  w i l l  con ta in  

B l oop  wPLll L w u  buson and ewo termion propagators .  The Fevnman ampl . i t~ i c l~  

w i l l  be ob ta ined  by i n t e g r a t i n g  over  tho 4-momentum k c i r c u l a t i n g  around 

t h e  loop .  I f  t h e  fermion propagator  does n o t  i nvo lve  any h e l i c i t y - f l i p  

(say t h e  fermion remains l~ft-handed), i t  w i l l  t a k e  t h e  f o r ~ u  ; 

And i f  t h e r e  is  a h e l i c i t y - f l i p  : 

A h e l i c i t y - f l i p  fermion propagator  c o n t r i b u t e s  an odd power of k  t o  a  

* 
Feynrnan i n t e g r a l  o the rwi se  symmetric i n  k *-k . Therefore  non- 

v a n i s h i n g  diagrams must i nvo lve  0 o r  2 h e l i c i t y - f l i p s  ; t h e  8 h e l i c i t y  

combinat ions thus  l e f t  t o  cons ide r  a r e  depic ted  i n  F ig .  3.1. 

I n  t h e  s t a n d a r d  model. chi? hosons which can be exchnngcd a r e  W' , Z O ,  

and $ O .  But- n e i t h e r  Z0 nor  4' can change quark f l a v o r s  ; s o  G a i l l a r d  

* Thi s  k <+-k symmetry is a consequence of  o u r  s e t t i n g  t h e  e x t e r n a l  

momenta t o  0. Actua l ly  t h e  s c a l e  of t h e  e x t e r n a l  momenta i s  determined 

by t h e  kaon mass, and t h a t  of t h e  loop  momentum by t h e  boson masses : 

hence when s e t t i n g  t h e  e x t e r n a l  momenta t o  0, we neg lec t  t e r n s  which a r e  

down by a  power of M(KO)/M(W). Thi s  procedure i s  j u s t i f i e d  h e r e  because 

we-sum ove r  a l l  t he  e x t e r n a l  quark h e l i c i t i e s .  



and Lee. only h a d ' t o  c a l c u l a t e  t he '  two s i m i l a r  diagrams o f . '  Fig.  3.2, ' w i t h  

+ - 
exchange of a W W pair.  In.;bur: model t h e  s e t  of p h y s i c a l .  bosons i s  

enlarged  t o  : W1 ' , W; , :Z . O , z20 , 4 charged ~ i g ~ s e s  (2  of which 1 

couple t o  ' fermions) '  , 6 n e u t r a l  .Hig.gses (4 -of which couple t o  ferrriions). 

* 
The Z 's cannot change f l a v o r ,  bu t ,  , ihe n e u t r a l  Higgses .can '.-:;..-.:so t h e  

n e u t r a l  boson p a i r s  which can b.e .exchanged a r e  : , . . . ... : . y .: , . . . .. ' 

- 
w+ - w 

. . .  . . , . . . + 
W- - charged Higgs , o r  Z O  - n e u t r a l  Higgs 

. . . .  . . : 3 . . . . , . .  

2 charged Higgses , o r  2 n e u t r a l  Higgses.  ..- . . ' . . .. . . . . . . 

The s e t  of diagrams t o  c a l c u l a t e  can b e  narrowed down because of 
. . . . .. . 

our s p e c i f i c  purpose t o  t e s t  whether r e l a t i v e l y  l a r g e  v a l u e s  f o r  : 
* !  

-1 . are p o s s i b l e ,  i e .  6 T, -0(10 ) For such v a l u e s ,  t h e  phenomenological 

succes ses  of t h e  s t anda rd  model. (corresponding t o  = 5 = 0 h e r e ) '  i n p l y :  

3 '  

' where c i s  t h e  mixing ang le  between W and' W 
L R 

Theref o r e  i t  is  suf  f i- 

c i e n t  to .  s e t  : . . .  . .  . . . . . .. . 

5 = 0 , i e .  kk'  = 0 , say  k '  = 0 

t o  o b t a i n  an upper l i m i t  on l3.  he ampl i tudes  corresponding t o  mixed W 

* Although i n  our  s i m p l i f i e d  c a l c u l a t i o n  t h e  n e u t r a l  Higgses do not 

couple t o  D-quarks ( s ee  next  page) ,  t hese  p a r t i ~ l ~ s ~ s h o u l d  i n  gene ra l  

+ - 
permit t h e  decay K p  + IJ IJ , althoLgh a t  a minute r a t e  g iven  t h e  smal l  

. . 
magnitude of t h e  ~ u k a w a  c o u p l i l ~ ~ s  ' ( s ee  '(3.23')). 



couplings would be of t h e  same o rde r  a s  the  ones t h a t  we a r e  going t~ 
-i 

2 4 tanLc 
c a l c u l a t e ,  except  f o r  an e x t r a  f a c t o r  t a n  5 ,  t a n  5 ,  o r  a t  b e s t  

B 9 

L 
t an'< , , which i n  a l l  cases  is  small  compared t o  B .  These amplitudes 

8' 
would not  a f f e c t  our l i m i t  on e ( t h e  mixing f a c t o r  tan< always comes i n  

even powers because t h e  only h e l i c i t y .  combinations t h a t  con t r ibu te  a r e  

l e f t - l e f t -  o r  right-right-handed by p a i r s ,  as explained above). 

For the  p a r t i c u l a r  case  k '  = 0 ,  t h e  physica l  Higgses a r e  simple 

l i n e a r  combinations of  $ ' s  and X 's .  The mass ma t r i ces  f o r  the  charged 

Hlggses, and f o r  t h e  r e a l  and imaginary p a r t s  of t h e  n e u t r a l  Higgs f i e l d s ,  

a r e  reproduced i n  Appendix A, p.53. The only s t a t e s  coupling t o  

fermions a r e  : 

+ 1 k - two charged Higgses 4- - -- -f/z ( - kxRt 

with  mass 'O(M(W2).) and fermion couplings (see  (1.22),  with BIZ = 0) : 

- two n e u t r a l  Higgses $ O 
, with masses O(M(W2)) and couplings : 

2 r , i  

- one n e u t r a l  Higgs wi th  a l i g h t  mass O(.M(W ))  and one with a mass O(M(W2)), 
1 

which only couple t o  U-quarks and are of nn i n t e r e s t  here. 

This  reduced s e t  of physical  Higgses makes i t  appealing t o  work 

30 . i n  u n i t a r y  gauge (no g h o s t s ) ,  where t h e  gauge boson propagaLor i s  . 

Power counting shows t h a t  loga r i thmica l ly  d ivergent  diagrams may be  p resen t .  



Indeed such diagrams a r e  shown i n  Fig.3.3. They a l l  a r e  of t h e  "mixed" 

(L-R) type  . Diagrams where t h e  i n i t i a l  and f i n a l  quarks a r e  a l l  l e f t -  

o r  right-handed (L-L o r  R-R) a r e  convergent ,  a l though na ive  power 

count ing  would l e a d  t o  t he  o p p o s i t e  r e s u l t .  The reason  is  p r e c i s e l y  

due t o  t h e  G I M  mechanism * : 

- I n  t h e  L-R diagrams, t h e  u o r  c quarks propagat ing  must f l i p  h e l i -  

c i t y  ; as seen  e a r l i e r ,  t h e  corresponding sandwiched propagator  i s  then  

m 
u, C 

2 , and t h e  ampli tude con ta ins  a f a c t o r  : 
k2 - m 

u , c  

- In  t n e  L-L o r  K-K a lagrams,  t h e  propagator  i s  
2 , a n d t h e  

k - m  

coupl ings  a r e  such ( thanks t o  GIM) t h a t  t h e  ampli tude c o n t a i n s  a f a c t o r  :- 

2 L L 
2 2 2 2 k (m -mu) 

cos o s i n  [* - = cos  0 c s i n  0 c 
C 2 2  2 2  

, c6 
k -m k -mc (k  -mu) (k -mc) 

which makes t h e  i n t e g r a l  convergent.  

The same f e a t u r e s  r e c u r  i n  t h e  c a l c u l a t i o n  of a l l  t h e  Feynman 

ampli tudes of Fig.3.3.  A s  an example, l e t  u s  d e r i v e  i n  some d e t a i l  t h e  

ampli tude f o r  W1-W2 exchange. Since we assume 5 = 0, t h e r e  a r e  only  

f o u r  h e l i c i t y  combinations f o r  which such an exchange i s  p o s s i b l e .  The 

corresponding diagrams a r e  t h e  f i r s t  f o u r  i n  Fig.3.3.  For each of 

t h e s e ,  t h e  Feynman ampli tude can be  w r i t t e n  : 

* I n  t h i s  c a l c u l a t i o n ,  we only cons ider  two quark gene ra t ions .  The 

p o s s i b l e  consequences of t h e  e x i s t e n c e  of  h e a v i e r  quark gene ra t ions  a r e  

examinpa i n  Appendix C, p .  58. 



2 2 
cos 0 sin D (i) 

C C 

Or, after summing the four diagrams, separating the various terms and 

symmetrizing in 4-space : . . .  

4 m m 1 1 
2 

4 2 g cos .sinZQj+ c [+-+I .. 2 2 
(2s) k -mc k -mu k - M(w~)~ k - M(W2), 

In (3'.16), the first term is logarithmically divergent and the second term 

convergent. Both terms are calculated by dimensional regularization, in 

n-dimensional space : 



I n  (3.17a) t h e r e  is no f i n i t e  p i e c e  t o  t h e  i n t e g r a l  i n  a d d i t i o n  t o  t h e  

-1 
d i v e r g e n t  p i e c e  p r o p o r t i o n a l  t o  (n - 4) , This  f e a t u r e  reappears  i n  a l l  

t h e  diagrams we have t o  e v a l u a t e  : t h e  p o l e  terms,  a f t e r  c a n c e l l a t i o n  

among a l l  t h e  d ive rgen t  diagrams, do no t  c o n t r i b u t e  t o  t h e  f i n i t e  ampli- 

tude .  I n  (3.17b) we s e t  m t o  ze ro ,  'and we kep t  s e p a r a t e  t he  cont r ibu-  
U 

t i o n s  coming from t h e  g'v p a r t  of t h e  W-propagators ( l i k e  i n  Feynman 

kPkV gauge) and from t h e  - p a r t ,  which is  s p e c i f i c  t o  t h e  u n i t a r y  gauge 
M(W) 

and should  account  f o r  t h e  ghos t  terms o the rwi se  p r e s e n t ,  i n  Feynman 

gauge f o r  i n s t a n c e .  One can s e e  t h a t  bhe ghos t  c o n t r i b u t i o n  is  ve ry  

s m a l l  ( f i n a l  f a c t o r  i n  (3.17b)) .  I n  f a c t  we approximate (3.17b) t o  : 

I where 6 E The ampli tude (3.16) can bc further ~ l ~ ~ l p l l f i e d  
M (W2 

wi th  t h e  u s e  of t h e  i d e n t i t y  : 
(3.18) 

I n  f a c t  t h e  l a s t  term i n  (3.18) i s  i d e n t i c a l l y  ze ro ,  a s  can be  v e r i f i e d  

us ing  : 

F i n a l l y ,  t h e  gauge boson W mass, t h e  U-fermion masses and t h e  H5ggs 
1 

coupl ings  can a l l  b e  r e l a t e d  i n  t h e  fo l lowing  f a sh ion .  

m = ( k A +  klB) ( s e e  (1 .18 ) ) .  So: u 

(mc - mu) 
2  2 2 ' 

cos  5 s i n  C = (kA12 + k1B12) 2  
C C 



I n  our  c a s e  where kk'  = . O  (no mix ing) ,  this l a s t  express ion  i s  equa l  t o  

2 2 2 2 1 2 2  2 
(k + k'  ) (Al2 + B12 2, , w i t h  M(W ) = - g (k  + k '  ). Hence : 1 2 , . 

2 2 2 2 2 
(mc - mu) c o s  O s i n  B = 2 

C.. C 2 (Al2 + B12 1. (3.21) 
g 

I .  .. .. 
I f  w e  f u r t h e r  choose k '  = 0 ,  t h k  requirement  t h a t  t h e  ~ - ~ u a r k  mass 

. . 
m a t r i x  be  d iagonal  imposes . :  

. . 
These r e l a t i o n s  s 1 l o w . u ~  t o  e l i m i n a t e  m , ' 0 from a l l  ampl i tudes ,  

u c '  C 
'. .; 

a n d  t o  compare-them e a s i l y .  I n c i d e n t a l l y ,  t h e  Yukawa coupl ings  a r e  v e r y  

. . 
sma l l ,  as shown by. : .: . 

. . 

2 2 2 2 .  G 

cA12 + B12 ) = 4 cos O s i n  O (m - mU12 0 ( 1 0 - ~ )  (3.23) C C c fi 
. . 

whereas : .. .. . . 

Using (3.21),  (3.16) can be  c a s t  i n  t h e  f i n a l  form : 

The c e n t r a l  c o e f f i c i e n t  i n  (3.. 25) h a s  been w r i t t e n  underneath ' the  co r r e s -  

ponding diagrams of Fig.3.3.  The same t r ea tmen t  can be  r epea t ed  on a l l  

t h e  o t h e r  diagrams ; t h e  r e s u l t s  a r e  a l s o  w r i t t e n  under each group of 

diagrams,  a f t e r  removal of t h e  same o v e r a l l  f a c t o r  : 

2 
lg2AI2 

2 PLR , where 
16n 

- 1-y l+y 
ALR f $(d l  1 5  s ( d )  -5 2 $ ( s )  :. 



One can check t h e  c a n c e l l a t i o n  of the  divergences i n  Fig.3.3. 

To ob ta in  t h e  ind ica ted  ' r e s u l t s  concerning t h e  l a s t  set of diagrams 

(ZO and +O exchange), one must t r e a t  t h e  Z O ' s  and 4 O ' s  couplings ca re fu l ly .  
? 

They always appear i n  t h e  same combination : 
s. 

. . 

(g(ZDLDL) - g(zDRDR)) 
2 

F Z  x (3.27) 
Z1 , Z 2  ~ ( 2 )  

where g(ZDLDL) and g(ZDRDK) a r e  t h e  eoupliiips uf a Z *  boson t o  l e f t -  and 

right-handed D-type quarks ( these  couplings are independent sf t h c  iuark 

genera t ion s i n c e , t h e  Z ' s  do not change f l a v o r ) .  The sum is over the  two 

n e u t r a l  bosons, because t h e  a m p l i t u d e s f o r  diagrams where Z o r  Z2'  1s 
1 

exchanged are otherwise i d e n t i c a l .  

To eva lua te  (3.27) exac t ly ,  w e  should f i r s t  rewrite t h e  Z 0  mass 

mat r ix  (.1'. 13) i n  a d i f f e r e n t  h a s l s  : 

cus$ -sin$ 
I f  t h e  eigenvectors a r e  lSinj ind  [ cos(i i n  t h i s  b a s i s ,  then the  

: 1  3 3 - W L  - WR ) 

f a c t u r  w e  want t o  evaluate  is  : 

f 
2a + 

2 cos 0 + r = 9 [-ii 
M(Z+ +I M(ZZ) 

2 2 
where M(Z ) and M(Z ) a r e  the  eigenvalues of t h e  same matrix (3.28). 

1 2 

bcos28 - b&zz '  

It is  a s t ra ight forward mat te r  t o  v e r i f y  t h a t ,  f o r  any symmetric matrix 

fi 

1 - ((wL3 + wR3) Jcos28 - 2Bsin8) 
JZ 

-sin$ 
with eigenvalues h , X 1  and e igenvectors  

2. 
2cos 8 2 2 cos 8 

- bJcos28 b 
2 

2 cos 8 2 2 cos  0 , 



r e s p e c t i v e l y ,  t h e  fo l lowing  is t r u e  ; 

2 
- cos 9 2 

s i n  $ + - =  Y 
X X ' 2 

ay - B .  

The ambiguity which a r i s e s  when w e  want to .  use.  t h i s ,  formula , h e r e ,  namely 

which of t h e  two d iagonal  e lements  t o  t ake ,  i s  so lved  i f  we remember t h a t  

t h e  h e a v i e r  Z2 is t h e  one wi th  t h e  more l e f t - r i g h t  symmetric coupl ings .  

2 b  2 2 Then F = U 8 L  2 
' 2cos 0 a b 4 a 

s o  t h a t  f i n a l l y  : 

The f i n i t e  ampli tude ~ ( s d  + g d )  can be obta ined  by summing a l l  

d ive rgen t  and convergent diagrams. ~ e $ i d e s  t h e .  d ive rgen t  diagrams a l l  

l i s t e d  i n  F i i . 3 . 3 ,  only one p a i r  of convergent  diagrams must b e  taken 

i n t o  account  a s  w e l l  : t h e  o r i g i n a l  diagram eva lua t ed  by G a i l l a r d  and 

+ Lee (Fig.3.2a) and i t s  "synnnetric" p a r t n e r .  Some diagrams invo lv ing  4- 

+ 
and W- exchange, which might o the rwi se  g i v e  a s i z e a b l e  ampli tude,  van i sh  

because of  t h e  p e c u l i a r  Higgs coupl ings  ( s e e  Fig.3.4a f o r  an example).  
\ 

The o t h e r  non-divergent diagrams can s a f e l y  he  neg lec t ed  i n  t h i s  calcu-  
M(1gl) 

2 

l a t i o n  where we a r e  only i n t e r e s t e d  i n  t h e  l e a d i n g  e f f e c t s  i n  B z -- 
M(N2) 

2 '  

t h e y . a r e  of t h r e e  types ( i l l u s t r a t e d  i n  Fig.3.4b,c ,d)  : 
. . 

- diagrams invo lv ing  t h e  exchange of two W 's : t h e  ampli tude would 
2 

2 
be  p ropor t iona l  t o  6 ; 

- diagrams invo lv ing  two ~ i g g s  exchange : compared t o  t h e  same diagram 

wi th  a W and 4 exchange, t h e  ampli tude i s  t y p i c a l l y  down by a f a c t o r ,  a t  
1 



2 
M(W1) 

2 
*12 

< 10 
-4 

b e s t  : - 
~ ( $ 1 ~  

2 2 % 
g s i n  OC 

- 
where t h e  numerical  e v a l u a t i o n  uses  (3.21). 

- h i g h e r  o r d e r  diagrams,  i nvo lv ing  t h e  exchange of .more Higgses,  weak 

bosons o r  photons,  which a r e  suppressed  by powers of  t h e  r e s p e c t i v e  

coup l ing  c o n s t a n t s .  

. . 

Iu Llle en&, t h e  sd - s d  ampl i tude  can b e  w r i t t e n  : 

1 cos2e  -.-,":. - - 1 
2 2 2 

cos20 M(.gO) - M(W2) cos 0/cos28 
~. 

where . * .  

- t h e  5 succes s ive  terms come respec t iveJ .y . f rom t h e  exchange of : 

- t h e  2 n e u t r a l  Hlggses .have been gfiren t h e  same mass M ( $ O )  f o r  s impl i -  

c i t y  ( t h e y  should both  have a mass .of o r d e r  M(W ) , whereas t h e  o t h e r  
2 

. l i g h t e r  n e u t r a l  Higgs does no t  couple t o  -&quarks : see p.38 and.App.A,p.53); 

- a l l  t h e  i n t e g r a l s  have been approximated us ing  : 

m u < C  m c << M(W1) < M(IJ ) and M ( < I )  > M(W ) f o r  a l l  4's (3.34) 
2 1 



- kR is  g iven  by (3.26).  o r ,  f o r  co lo red  qua rks  : 

-a a l - y  b  -c d  
and itL = $ ( s )  dab Y ~5 Q (d l  . Q ( s )  dcd  y a 9 5  Q (d) 

I n  t h e s e  exp re s s ions ,  a , b , c , d  a r e  c o l o r  i n d i c e s ,  and 6  
ab 'cd 

stems 

from t h e  f a c t  t h a t  a l l  t h e  bosons exchanged a r e  c o l o r - s i n g l e t s .  

C. C a l c u l a t i n g  5m 
- LS " 

From t h e  ampli tude (:3.33), we can i n  p r i n c i p l e  w r i t e  t h e  e f f e c t i v e  

Hamil tonian,  a f t e r  (3 .4)  ; l e t  u s  d e f i n e  e f f e c t i v e  o p e r a t o r s  0  and OLR : 
LL 

Using t h e  t r i c k  descr ibed  i n  s e c t i o n '  A,  (3 .9) .  and remembering t h a t  

we always sum diagrams by p a i r s  symmetric under  i n t e r change  of  t h e  two 

d-quarks, we can w r i t e  :- 

f + 
' = p ( , )  ya 9 5  ei (d)  . <j (.s) ya +5 2 (d)  OLL 2 

Now we want t o  e v a l u a t e  < k O l  OLL [ K O >  and <l('I OLR I K O >  where t h e  



mesons a r e  approximated t o  f r e e  quarks ,  b u t  s t i l l  w i t h  t h e  r i g h t  c o l o r  

s i n g l e t  s t r u c t u r e .  Namely : 

Let  us  f i r s t  apply  t h i s  equa t ion  t o  0 
LL ' 

Cont rac t ing  t h e  f i e l d  

o p e r a t o r s  wi th  t h e  s p i n o r s  i n  t h e  f i r s t  term of  (3.36a) i s  s t r a i g h t f o r w a r d  : 

t h e . t w o  o p e r a t o r s  on t h e  r i g h t  a n n i h i l a t e  K O ,  t h e  two on the l e f t  c r e a t e  
-. 
K O , '  So t h e  VRSUUID p r o j e c t o r  can oiily be inserted i n  t h e  middle ,  y i e l d i n g  

a n  e f f e c t i v e  amp l i t ude  w r i t t e n  * : . . 

For t h e  second term o f (3 .36a ) ,  a  .F ie rz  t r ans fo rma t ion  must b e  performed, 

bo th  on t h e  co lo r -ope ra to r s  and on t h e  y-matrix o p e r a t o r s  : 

a 1-y 1- a 1-y 
(Y ~ 5 )  i1 (yci +5)hj = (Y y 5 l i j  (y, -i-5) 1-Y kl , i n v a r i a n t  (3.38b) 

So we g e t ,  summing both terms o f  (3.36a) : 

. I n  each f a c t o r , o n l y  t h e  a x i a l  v e c t o r  p a r t  w i l l  c o n t r i b u t e ,  hacause KO i~ 

a pseudosca l a r .  Now by d e f i n i t i o n  of  f K  : 

* Through t h e  rest of  t h i s  s e c t i o n ,  we w i l l  n o t  w r i t e , t h e  f i e l d  upera- 

t o r s  e x p l i c i t l y ,  Thus <01 [ K O >  f o r  i n s t a n c e  s t a n d s  f o r  

i 
01 F~ (x) r Od(x) IK'> , where i s  any y-matrix o p e r a t o r .  It should he 

S 

c l e a r  t h a t  such a  s c a l a r  p r o d u c t  i m p l i e s  on  i n t e g r a t i o n  ove r  3-space. 



q being the  momentum c a r r i e s  by t h e  kaon. Therefore here  : 
a 

where 2% is  the  normalizat ion f a c t o r  of I K 0 7 ,  which must be  taken i n t o  

account when we perf0nn.a  3lspace i n t e g r a t i o n  (see footnote  p.46). 

/ 

. . 
w e  can proceed by applying (3.37) t o  OLR def ined i n  (3.36b). The 

P i e r z  i d e n t i t i e s  requi red  f o r  t h e  second term i n  (3.36b) a r e  (3.38a) f o r  

the  color-operator ,  and : 

Only the  second operqtor  i n  t h i s  decomposition can a n n i h i l a t e  a K O  and 
- 

. c r e a t e  a K O .  So i n  the  end the  two terms i n  (3.36b) y i e l d  : 

- 1 - l-y K OLR I K O >  = - < K O 1  
l+Y 

2 -5 2 (c>  < 0 1 1 5  I K O >  

1 - a - 68 C K " I  Y y5 10, <01, *yay5 ] K O >  

The s c a l a r  opera tors  do not c o n t r i b u t e  t o  (3.43). The pseudoscalar  terms 

can be  evaluated through the  divergence equation : 

Hence : 



The quark masses used i n  the divergence equation (3.44) should be 

c u r r e n t  masses, bu t  t h e i r  exact  values-quite  c o n t r o v e r s i a l  (see l a t e r  

d i scuss ion) .  I n  any case ,  the  LR amplitude i s  enhanced with respect  t o  

, t h e  LL amplitude. There i s  an i l lumina t ing  physica l  explanat ion  f o r  t h i s  

enhancement ( f o r  which I am endebted t o  Mary K. Ga i l l a rd )  :. t he  quark and 
- 

an t iquark  i n s i d e ,  say ,  K O  must have the  same h e l i c i t y  i n  o rde r  t o  form' 
- - 

a  pseudoscalar  (eg. sLdL , t h a t  i s  s (d )) ; i n  L-L diagrams, one of them 
'\ 

L R 

is  forced i n t o  the  wrong h e l i c i t y ,  with a  r e s u l t i n g  suppression O(m / ) .  
s m~ 

The s i t u a t i o n  i s  s i m i l a r  t o  t h a t  which enhances r over n decays. ~2 t? 2 

W e  can now w r i t e  t h e  K -K mass d i f f e r e n c e ,  us ing  equatcons (3.8, 
L S 

3.33, 3.41 and 3.45) : f . . 

-1 . - 1 
2 2 

M(4O) cos 8 

L L 

*12 where t h e  cons tant  f a c t o r  f~ - 
2 can be r e w r i t t e n ,  with (3.21) 

16n M ( w ~ ) ~  6  
and (3.24) : 

2 
G~ - 2 2  2 ' . 2  

m cos 0 s i n ?  f 
6  n 

2 c  C c, K m 

2 This  i s  Ga i l l a rd  and Lee's r e s u l t  (Ref.25 , formula (2.8) w i t h  a f a c t o r  - 
3 

f o r  3-color  quarks) .  With m % 1.5 GeV. and f  = 1 . 3  f n  , i t s  value  is 
c K 



about  5.10-l5 , whereas t h e  measured va lue  i s  7.10 
-15 . A l l  t h e  

c o r r e c t i o n  te.rms come from l e f t - r i g h t  diagrams. It is  r e a s s u r i n g  t o  s e e  

t h a t  t h e  s t anda rd  r e s u l t  is  recovered f o r  B + 0 ( i e .  M(W2) + , and 
C * + )' . 

N($ , 4O) II O(M(W2)) + - t o o ) ,  'eGen i f  t h e  diggs masses go t o  i n f i n i t y  

independent ly .  The magnitude of t h e  Higgs terms depends c r i  t i c a l l p  on 

t h e i r .  mass, which should be  "of t h e  same o r d e r  of magnitude" a s  t h a t  of 

W2 . Even though t h e e f f e c t s  of t h e  n e u t r a l  Higgses and of t h e  charged 

Higgs tend t o  cance l ,  a c t u a l  c a n c e l l a t i o n  would only  occur  wi th  a f i n e l y  

tuned Higgs p o t e n t i a l ,  and i n  r e a l i t y  . , t h e  n e t  e f f e c t s  can  be  ve ry  s i z e -  

a b l e ,  a s  we s e e  below. The l a s t  term i n  (3.46) h a s  been kep t  s o  f a r  

because i t  was t h e  l ead ing  term i n  t h e  ampli tude f o r  its c l a s s  o f  diagrams 

(Z2 - @' exchsnge),  bu t  i t  can now b e  s a f e l y  neglec ted  r e l a t i v C  td 

. .  . 

26 Log % 168 . Numerically,  f o r  M(W ) II 80 GeV and . 1 

m . % 1 .5  GeV, t h e  express ion  (3.46) reads  : 
C 

where '-I 

-1 . . - 1 
~(@f ; ' M(@0)2cos20 ~ ( 6 ' )  cos  8 '1 [- M(w112 1, '%[ "(el) - '* 2 2 1  

Given t h e  u n c e r t a i n t y  f a c t o r  of t h r e e  (3 .2 ) ,  we now want t o  e x t r a c t  l i m i t s  

on B from : 



( t h e  upper bound is  i r r e l e v a n t  he re ) .  The r e s u l t  is : 

b 31 
A r e c e n t  a n a l y s i s  along t h e s e  l i n e s  , neg lec t ing  e n t i r e l y  the  Higgs 

s e c t o r ,  and t a k i n g  a  set of  low c u r r e n t  quark masses (m = '150 MeV, 
S 

m = 7 MeV, and hence a  = l o ) ,  has  quoted t h e  l i m i t  M(W ) > 1.6 TeV which, 
d - 2 Q 

taken a t  f a c e  va lue  i n  the  context  of grand u n i f i c a t i o n ,  implies 

9 
M(W2) ,: 10 GeV ( s e e  (2 .8) ) .  

Taking i n t o  account t h e  Kiggs s e c t o r  l eads  u s  t o  more conse 'mative 

+ + cla ims.  Fig.3.5.shows t h e  v a r i a t i o n  of p ( r e spec t ive ly  pO)  with M($ ) 

( r e sp .  M(4")). I f  t h e  charged Higgs comes c l o s e  i n  mass t o  W but  not  . 
1 ' 

t h e  n e u t r a l  Higgses t o  Z t he  e f f e c t  of t h e  Higgs s e c t o r  on (3.52) i s  
1 ' 

maximum. In  any case ,  

' ( I n  t h e  even tua l i ty  t h a t  t h e  Higgses become l i g h t e r  than W1, var ious  
- 

t e r n s  neglected In the  c a l c u l a t i o n  of t h e  KO - K O  amplitude become 

important ,  and (3.33) is no longer v a l i d .  That s i t u a t i o n ,  which i s  

dis favored experimental ly,  would a l s o  r e q u i r e  some t w i s t i n g  of t h e  

Higgs p o t e n t i a l ) .  

The enhancement f a c t o r  - a  (3.49) depends c r u c i a l l y  on t h e  numbers 

used f o r  m and m The r a t i o s  of current-quark masses a r e  r a t h e r  we l l  s d  ' 

es tab l i shed  : m 
U : m d  :rn = 1 : 1.82.2 : ~ 4 0 - ~  

S 
, depending on the  

author  32. The o v e r a l l  s c a l e  is much more uncer t a in .  Leutwyler 33 

obta ined an equation based on SU(6)U symmetry : 

5.4 MeV 



s o  t h a t  mu = 4 MeV , md = 7 MeY , ms = ,150 MeV , as adopted in .Re f .31  . 
But o t h e r  au tho r s  34 have argued t h a t  t h e s e  v a l u e s  should  b e  m u l t i p l i e d  

by 2 o r  3. Then - a (3.49) v a r i e s . f r o m  Q 1 0  t o  Q I. 

The r eade r  can t ake  t h r e e  d . i f f e r e n t . a t t i t u d e s ,  depending o n  h i s  

confidence ' i n  t h e  Higgs mass spectrum p r e d i c t e d l b y  ou r  model, and h i s  

op in ion  about  current-quark masses. 

i )  The m o s t , c o n s e r v a t i v e  l i m i t  on 8 is  ob ta ined  by s a t u r a t i n g  t h e  upper - 
bound f o r  (p+ - pO)  and t h e  lower bound f o r  - a. One f i n d s  M(W2) : 370 GeV 

only.  Even wi th  - a = 10 , M(W2) 440 G e V ,  f a r  from 1.6 TeV. 

i i )  Another approach is  t o  dec ide  t h a t  t h e  Higgses have a minimum mass - 
+ 

g r e a t e r  than  80 GeV, say  1. 300 GeV. Then 1 p - p ' 1 ; 0.2  . The bound 

becomes M(W2) ; 530 GeV f o r  2 = 1, and M(W ) > 900 GeV f o r  a = 10. 2 'L - 

i i i )  S ince  a f t e r  a l l  t h e  Higgses a r e  supposed . to b e  about  a s  massive a s  - 
+ 

W2 , one may assume, somewhat adventurous ly ,  t h a t  t h e  unbalance l o  - p O  1 
w i l l  never  exceed t h a t  ob ta ined  when one Higgs h a s  t h e  same mass a s  W2 , 

and t h e  o t h e r  ones a r e  i n f i n i t e l y  heavy. Then 

The l i m Z t  on @ ' then v a r i e s  wi th  2 accord ing  t o  Fig.3.6,  y i e l d i n g  

M(IJ2) ; 590 GeV f o r  - a = 1, and M(W2) 1.8 TeV f o r  2 = 10.  

We p r e f e r  t o  t ake  a t t i t u d e  - i )  and concl'ude 

M(W2) 2 370 GeV (3.56) 

which might be compatible with t h e  c o n s t r a i n t s  of grand u n i f i c a t i o n  

' (see d i scuss ion  pp.20-21 and Ref.15'). There may s t i l l  e x i s t  a mass 
. . 



"window" below.400 GeV where one could f i n d  a right-handed boson, b u t  

i t s  presence  t h e r e  would very  much r e s t r i c t  t h e  parameters  of t h e  Hfggs 
. . 

s e c t o r  as w e l l  a s  t h o s e  of a grand u n i f i e d  theory .  

. Our c o n s e r v a t i v e  l i m i t  is e s s e n t i a l l y .  model-independent, i n  a 2-quark- 

. .genera t ion  world.  A d i f f e r e n t  model .would y i e l d  a s l i g h t l y  modif ied 

+ 
c o e f f i c i e n t  i n  f r o n t  of (p - p O )  i n  (3.52) ,  b u t  we f e e l  t h a t  w e  have 

+ 
been c o n s e r v a t i v e  e n ~ u g h ,  hy s a t u r a t i n g  Ip - p a l  t o  1 ,  +n allow f o r  a 

s l i g h t l y  g r e a t e r  i n f l u e n c e  of t h e  Higgs s e c t o r  i n  another  model. The 
. . 

presence  of wo.re quark g e n e r a t i o n s ,  however, may a l t e r  our  r e s u i t ,  as 

d i s c u s s e d  i n  Appendix C. p.58. 



Appendix A . 

Higgs mass ma t r i ce s .  

. . 

\ 

The Higgs mass matrices.  a r e  taken from Ref .6  , where they a r e  

de r ived  from the  fo l lowing  gene ra l  s c a l a r  p o t e n t i a l  : 

v = -  + + 
IJ 1 

Tr(@+@) + A1 ( ~ r ( $ @ ) ) ~  + h2 T r ( @  @ @  @) + $  A3 (Tr(@Q) + ' f r (P@))* 

1 +% 2 + *  * +QJ + -  h ( r )  - + h5 T r ( @  G4 4) + $  A 6  ( T r ( @ 4 4  @) + + h . c . )  2  4 

'-b 
where @ i s  def ined  by (1 .17) . .  I f  we relax t h e  a r b i t r a r y  requirements  

made i n  Ref. 6 t h a t  t h e  minimum of V occurs  f o r  < x O >  = v' = 0 and k t  = 0 ,  
L 

and only ma in t a i a  k' = 0 , new terms appear  i n  t he  mass mat r i ce s  a t  t h e  

elements  marked * b.elou ( ze ro  i.f v '  = 0 ) .  The zero-mass e i g e n s t a t e s  

of  t hese  m a t r i c e s  become l o n g i t u d i n a l  degrees  of freedom of massive 

gauge bosons. The m a t r i c e s  a r e  t he  fo l lowing .  

i) Charged Higgs s e c t o r  : - 



where ba 5 a - a' 2 2 -  
The only  massive e i g e n s t a t e  wi th  fermion coupl ings  

i i )  Neu t r a l  Higgs s e c t o r  : - 

A ,  A '  and B a r e  complicated exp re s s ions  of t h e  Higgs p o t e n t i a l  parameters  ; 

2 
but .  a l l  c o n t a i n  a v p i e c e .  The p h y s i c a l  n e u t r a l  Higgses  a r e  t h u s  : 

( a )  Two heavy n e u t r a l  Higgses m20r and m20i w i th  masses o ( M ( N ~ ) )  ; 

(b). One l i g h t  n e u t r a l  -Higgs w i t h  Inass O ( M ( W  I ) ,  and one wi th  mass O(Pl(ld2)), 
1 

b o t h  l i n e a r  combinat ions o f  I) O and x 0. , which only  coup1.e t o  U-type 
1 r R r 

quarks .; . . 

(c)  Two heavy Higgses X " which do n o t  couple  tu  q u a r k s .  
L i , r  

I f  we r e l a x  t h e  c o n d i t i o n  v' = 0 ( s ee  Ch.I,A) , but  keep v"<< v 

t o  ma in t a in  a  s e n s i b l e  p a t t e r n  of symmetry b reak ing ,  the 'new terms which 

appear  i n  (3.A.2, 3 and 4 )  a t  p l a c e s  marked by * a r e  sma l l  compared t o  

2 
v , , , s o  they w i l l  n o t  a f f e c t  t h e  mass spectrum of t h e  Higgses s i g n i f i -  



cant ly .  Moreover, t h e r e  s t i l l  w i l l  not  be any mixing between 9 and $2 , 1 

n e i t h e r  . in the  charged n o r . i n  the  n e u t r a l  s e c t o r  . :  t he  mass ma t r i ces  w i l l  

remain block-diagonal, because t h e r e  is no term i n  the  Higgs p o t e n t i a l  

(3.A.1). d e s p i t e  i ts  appearance and i t s  g e n e r a l i t y ,  t o  m i x  with -$2 . 
Thus t h e  couplings of t h e  physica l  H i g g s e s ' t o  fermibns wi l l .  only be 

changed by O(v'/v) o r  less, and our  r e s u l t  '(3.56) w i l l  not  be g r e a t l y  

a f fec ted .  

* 



... Appendix. B . .  . . 

Cabibbo ' a n g l e  i n  f u l l  g e n e r a l i t y .  . . . . 

. . .  . . ..- , . . I  . . 

.We have,  s e e n  (cf . (1 .21))  , t h a t  t h e  Cabibbo m a t r i x  appea r s  a s  : 
5 .  . . . . .  . . .  . . ; I 

. . 

where Ru and R,, are t h e  r n t a r i n n s  nraded t o  d ingonn l i r a  t h e  1- alrll D- 

quark  mass m a t r i c e s  r e s p e c t i v e l y .  Hqwever we c a r r i e d  o u t  our computatiull 

w i t h  t h e  s i m p l i f y i n g  assumption : 

I n  o r d e r  t o  show t h a t  t h e  above assumption does no t  r e s t r i c t  t h e  

g e n e r a l i t y  of ou r  r e s u l t ,  l e t  u s  i n t r o d u c e  an o v e r a l l  r c t a t i o n  S on both 

t h e  U- and D-type f i e a d s  : 

The v a r i o u s  elements  of ou r  c a l c u l a t i o n  a r e  changed i n  t h e  fo l l owing  

f a s h i n n  : 

i) gauge boson coupl ings  : - 
- - 

The Z ' S  couple  t o  fermions d i a g o n a l l y  : D O D O  = DD , unchanged : 
- - 

The W ' s  couple  t o  fermions accord ing  t o  : D O U O  = DRU, unchanged. 

i i )  fermion masses and Higgs coupl ings  : - 

The new Higgs coup l ings  a r e ,  a f t e r  (1.22) : 

+ -  -1 -1 -1 f o r  + 1 ' : [u~(R-'(sAs) ID, + %(-R , (.s BS) ) D  1 
I L I 



2 + - 
f o r  g2 : same, * g2 , A u -B 

(3.B.4) 

f o r  (20: same, ++ )20* , A cr +B. 

Therefore  t h e  new r o t a t i o n  S amounts, n o t  s u r p r i s i n g l y ,  t o  a  r o t a t ' i o n  of 

t h e  coupl ing  m a t r i c e s  A and B : 

i i i )  r e l a t i o n s h i p  between gauge boson mass and Higgs couplings : - 
Once A and B have been r ep laced  by A '  and B ' ,  t h e  fo l lowing  r e l a t i o n s  

a r e  s t i l l  preserved : 

.Then, f o r  kk'  = 0 ,  we s t i l l  have : 

And t h e  c r u c i a l  equat ion  (3.21) remains t h e  same 2 

2  
2 2M(W1) - (m - r n l 2 c o s ~  s i n 2 0  = 

(A' l2 
2  2  

C U C C + Bt12 ) (3.B.6) 
g 

i v )  diagrams t o  cons ide r  : - 

They a r e  unchanged, s i n c e  t h e  s p i n o r s  i n  t h e  s c a t t e r i n g  ampli tude a r e  

phys i ca l  s t a t e s  (unaf fec ted)  and not weak e i g e n s t a t e s  ( r o t a t e d ) .  

I n  t he  end, a  r e d e f i n i t i o n  o f  A a ? d ' . ~  (3.8.5) is. t h e  only consequence 

of t h e  i n t r o d u c t i o n  o f  S. Our f i n a l  r t isul t . .  . .  . which does no t  depend on A 

o r  B. i s  una f fec t ed .  ' . 
. . . . .  



.. . 
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Appendix C 

More 'quark gene ra t ions  . . - -- 

The f a c t o r s  a r i s i n g  i n  t h e  'Feyrnnan i n t e g r ' a l  f rom t h e  U-type quark 

p ropaga to r s  and t h e i r  coupl ings  can b e  c a s t  i n  a  g e n e r a l  m a t r i x  form, 
. . . . 

3 .  - .. . . . . ,  . . . . .  . . 
v a l i d  f o r  any number of  gene ra t ions  : 

- f a r  L-L (o r  TI-R) diagrams : 

- f o r  L-R, diagr.ams, : 

. . 

where R i s  the  g e n e r a l i z e d  ( r e a l  o r thogonal  : no CP v i o l a t i o n  h e r e )  
1 (mi 1 

Cabibbo matrix, anrl otandn f a r   lie <d.agunal maerfx : 

1 

The d i f f e r e n c e  between (3.C. 1) and (3.C.2) .comes frpm t h e  fermion 
' . , .  

h e l i c i t y - f l i p  (see,  (3.10. a .and b).). F0.r .one g,iven heavy quark wi th  mass . . 
<< M(W1) , t h e  ampli tude i s  p r o p o r t i o n a l  to .  : . . 

mHL f o r  A 
LL 

2 M(wllL 
mH Log f o r  A LR 



Hence i f  A~~ 
, i s ' c o r r e c t e d  by a f a c t o r  (1 + o ) t o  a l l o w , f o r  t h e  presence  

H 

w i l l  b e  c o r r e c t e d  by a f a c t o r  '41 A~~ 

Our l i m i t  (3.56) was e s s e n t i a l l y  ob t a ined  by s t a t i n g  : 

where %R is  p i o p o r t i o n a l  t o  . ~ ~ u a t i o n  ( 3 . ~ 3 )  now becomes (.for a s m a l l )  
H 

which y i e l d s  a  new l i m i t  $ i n s t e a d  o f  8, such t h a t  : 
H 

B i s  pushed up, and t h e  lower bound on M(W ) is pushed down ($ i s  posi- 2 

t i ve  i f  one j u s t  "adds" a"new quark  g e n e r a t i o n ,  whatever  t h e  mixing 

a n g l e s ,  because t h e  coupl ings  are a l l  squared  i n  our,  box d iagrams) .  

The problem is  t o  e v a l u a t e  41. Many c a l c u l a t i o n s  have been performed 
.. 

35 
of  ALL i n  t h e  s t anda rd  model wi th  t h r e e  quark g e n e r a t i o n s  . They a l l  

express  t h e  h a s i c  f a c t  : ' 

. . 

where6 ( a c t u a l l y  some f u n c t i o n  of  0 and 8 '  i n  t h e  Kobayashi-Maskawa 
,. 2 ? . .  . , 

matr ix)  r e p r e s e n t s  t h e  mixing between t h e  t h i r d , g e n e r a t i o n  and t h e  f i r s t  

two. S ince  m can be  anywhere from 1.20 CeV ( t h e  p re sen t  exper imenta l  
t 



l i m i t )  t o  % 80 GeV ( t h e  W-mass : o u r  c a l c u l a t i o n  h a s  assumed throughout 

t h a t  m < c  M(W ), and i t  would need a more d e t a i l e d  t rea tment  f o r , h e a v i e r  
q  1 . - 

q u a r k s ) ,  i t  is c r u c i a l  t o  o b t a i n  l i m i t s  on El2 and8, .  One knows t h a t  
.J 

L L L 
s i n  El3: 0.06 from s e p a r a t e  measurements of cos OC.,and s i n  9 C '  

But 

most pub l i shed  l i m i t s  on e2  are u s e l e s s ,  s i n c e  they  a r e  based on t h e  

assumption t h a t  t h e  Gail lard-Lee c a l c u l a t i o n  of AmLS s h o u l d  not  b e  upse t  

by t h e  presence  of a top-quark', which is  p r e c i s e l y  t h e  hypothes is  t h a t ' .  . . 

w e  want t o  check. The only independent l i m i t ,  n h t a i n ~ d  frmn trip-q~zark 
+ - 

c o n t r i b u t i o n c  t o  5 -) p p -  , .docs not  s i g n i f l ~ g n t l y  restrict A 
36 

. . 2 ' .  

So we can only  assume reasonably  t h a t  c) < 0 ( t h e  wider  t h e  mass gap 
% C 

between two g e n e r a t i o n s ,  t h e  sma l l e r  t h e  mixing)  ; aH can s t i l l  b e  

much g r e a t e r  t han  u n i t y ,  and push down o u r  l i m i t  on M(IJ ) cons iderably .  2 

A s  a n  extreme case ,  let  u s  imag ine . tha t  m % O(M(W1)), and aH >> 1. 
t 

Then t h e  % - 'KS mass d i f f e r e n c e  comes most ly  from t h e  top-quark 

c o n t r i b u t i o n .  We can r e p e a t  ou r  c a l c u l a t i o n  of II1,B and C,  simply 

r e p l a c i n g  t h e  charmed quark (now n e g l i g i b l e )  hy t h e  t o p  quark. 

2  2  log(.M(B1) /mt ) i s  now % 1, s o  (3.51) becomes : 

1 1 + 
0' 6 % ~  + x  (P - P O )  (3.C.8) 

+ 
(p - p O )  is  more l i k e l y  t o  t a k e  v a l u e s  f a r  from zero ,  s i n c e  M(W ) is  

2 

now c l o s e r  t o  E.l(W1). Therefore  : 

Whether we b e l i e v e  i n  low o r  h igh  current-quark masses does not  make 

much d i f f e r e n c e  a t  t h i s  p o i n t .  For a = 1' , we o b t a i n  : 



. . . .  . . 

o r  M ( w ~ )  ; 105 GeV (3.C.10) 

The presence of Higgses andlor  W j u s t  ;above 100 G@V i s  now requ i red  
2 

t o  cancel  t h e  huge ALL amplftude genera ted  by heavy t-quark exchange. 

Our l i m i t  (,3.56) is t h e r e f o r e  q u i t e  s e n s i t i v e  t o  t h e  presence of . , 

heavy quarks i f  they a r e  s i z e a b . 1 ~  coupled t o  s a n d ' d  . The p reva i l ing  
. .. . a ' >  . 

31 ,a5 
opinion,  however,, i s  tha t  a should be  0 . 1  o r  less. , ne may genera te  

H. . . 

more.self-confidence i n  t h a t  opinion by checking MIT bag r e s u l t s .  
37 

developed f o r  any combination of opera to r s  between K O  and X O .  They 
. . 

reproduce our r e s u l t s  f o r  tR wi th in  a f a c t o r  2 , but  the  bag model 

i t s e l f  is  b u i l t  around 2 quark genera t ions  only.. .  We conclude thaf 

our l i m i t  (3.56) f o r  N(W2) is v a l i d  f o r  twogenera t ions ,  but  t h a t  we 

need mire da ta  t o  confirm its v a l i d i t y -  i n  a 3-generat ion world. It . 

might be  pushed down s l i g h t l y ,  o r  i n  t h e  worst case t o  - 105 GeV. 



Chapter  I V .  

Other  p roces ses  i n v e s t i g a t e d .  

- 
Although t h e ,  K' - .  K" system, cons idered  in.  Chapter  I11 .is a "clean" 

system which can  be desc r ibed  i n  d e t a i l  a s  f a r  as weak i n t e r a c t i o n s  go, 

t h e  l a r g e  u n c e r t a i n t y  (a f a c t o r  3) i n  s t r o n g  i n t e r a c t i o n  e f f e c t s  

l i m i t s  i ts a t t r a c t i v e n e s s .  Here we s tudy  o t h e r  p roces ses  whose mecha- 

nism cannot  be desc r ibed  i n  complete d e t a i l ,  b u t  which can b e  analyzed 

i n  terms of  c u r r e n t  a l g e b r a  and s o f t  pion theorems whose accuracy is  

b e l i e v e d  t o  be  Q 10 % ( y i e l d i n g  p o t e n t i a l l y  b e t t e r  l i m i t s  o v e r a l l  than  
- 

Ko - KO ) . we' w i l l  look a t  non- lep tonic  hyperon decays ( p a r t  A) and 

K  decays  KZn and K ( p a r t  B ) .  377 . . . . .  . . ! >  . :  

. . . ~ ;. ' . 
A.   on-leptonic hyperon decays.  

. . . . 

Apart from 1. + AY , which is e l ec t romagne t i c ,  non-leptonic  hyperon 

decays  a r e  a l l  f i r s t - o r d e r  weak p roces ses ,  w i th  emiss ion  of  a pion.  They 

a r e  l i s t e d  i n  Table 1, wi th  t h e i r  main c h a r a c t e r i s t i c s .  The s p i n  and 

p a r i t y  of t he  i n i t i a l  and f i n a i  s t a t e s  a r e  : 

The decay can thus  proceed v i a  an  S-wave, which w i l l  be p a r i t y - v i o l a t i n g  

(PV), o r  a par i ty-conserv ing  (PC) P-wave. We can paramet r ize  t h e  ampli- 

tude  a s  : 

o r ,  making a n o n - r e l a t i v i s t i c  approximat ion ,  wi th  S = A ,  P = LB: 
Efin+ mfin 



-+ 
where c is  a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of  t h e  momentum q of t h e  

f i n a l  baryon. Th i s  exp re s s ion  makes c l e a r  t h e  a p p e l l a t i o n  of S and P 

f o r  t h e  S- and P-amplitudes. 

S and P can be  determined from,experiment  i n  t h e  fo l l owing  way : 

+ -+ -+ 
i )  For a po l a r i zed  i n i t i a l  hyperon w i t h  d e n s i t y  'mat r ix  xx = 5 ( 1  + ~ . n ) ,  - 
i t  i s  s t r a i g h t f o r y a r d , t o  c a l c u l a t e  t h e  d i f f e r e n t t a l  decay r a t i o  i n  t h e  

d i r e c t i o n  : 

i i )  The phases  o f  S and P a r e  determined independent ly .  I f  we s a f e l y  - 

n e g l e c t  minute  CP v i o l a t i o n  e f f e c t s ,  t h e  Hamil tonian is  T- invar ian t  ; t hen  

- t h e  R-wave ampli tude a - <Bn ~ H I Y > ~ ~  s a t i s f i e s  : 
R - o u t  

<Bn 1 T - ~ H T  I Y > ~ ~  - a t  = ou t  - o u t  <Y I H I B ~ > ~ ~  (4.4) 

where s p i n s  and momenta have been r eve r sed .  But we a r e  i n  a f r ame 'w l~e re  

Y i s  a t  r e s t ,  and a R  does no t  depend on s p i n s  ; s o  : 

216 
Now IY>out = I~~~~ ; and I B ~ >  i n  .r e 11 IBn4 o u t  d e f i n e s  6 II " t h e  

phase - sh i f t  due t o  f i n a l  s t a t e  i n t e r a c t i o n s .  Hence : 

- 
The phases  of S and P a r e '  + and 6 + . phase - sh i f t s  which can be  

'r 

measured from low-energy BIT s c a t t e r i n g  i n  p r i n c i p l e .  

i i i )  If needed, a d d i t i o n a i  in format ion  on t h e  r e l a t i v e  magnitude and - 
phase of S and P can be  ob t a ined  by measuring t h e  p o l a r i z a t i o n  of t h e  



final baryon (for instance by measuring the differential cross-section 

in a subsequent scattering experiment). 
. . ..  . i' 

S and P can also, in principle, be fitted to the data for all the 

decays of Table 1 with only two parameters D and F, if one assumes SU(3) 
. . . . 

symmetry and octet dominance. The weak Hamiltonian, which 'consists of 
. . 

. . 
the symmetrized product of two octet-currents, can be decomposed into . . . . 
SU(3) representat ions according to : 

Under the assumption of octet dominance, the 27 part of this decomposition - 
is suppressed, and the.weak Hamiltonian transforms like an octet. Applying 

a soft pion theorem to ariy.of'the hyperon decays that we are considering 

yields : 

lim <Bn(q)1~'61~>=~ < B I H ~ E I . I > + ~ O ~ ~  temscontainingafactor 
qU* £77 

< B  1~~6113~) 
. . 1 

PV where HPC and H are the parity-conserving and parity-violating parts 

of the Hamiltonian H, which mediate P- and S-wave decays respectively, 

and a is a function of the isospins of n, B and Y. Now, hy SU(3) sym- 

metry and CP invariance : 

so that only the smooth first, term (equal-time commutator term) will 

contribute f o ~  S-wave, and only the pole terms.,for P-wave decays. 

PC Furthermore, since H is an SU(3) betet,' the non-zero elements < B I H  I Y >  
PC 

and B1 I H  I B ~ >  ark the projections on an SU(~) singlet of (8 x 8 x 8). 

, , 



and thus can all be expressed as functions of only two independent 

parameters, because ; 

8 x 4 = 1 + 8  4-8 + 1 0 + x + 2 7 .  - -s -a - - 

These parameters are called D (coupling strength of the symmetric octet) 

and F.(for the antisymmetric octet). Given D and F, the data of Table 1 
. . . . . .  . . . . . . 

should be equally well fitted for all hyperon decays, and for S- and 
. . 

P-waves. Actually the fit can be.made very good for S, but remains 
. . 

rather poor for P : the P-wave predictions are too small by a fairly 
. . . .  

consistent factor of 1. 2 (see Table 1 and Ref.38). The disagreement with 
. . 

% t 

experimental data can be expressed by : 

Let us now change the Hamiltonian from its expression in the standard - 
G F . + / 

model,' - JL JL , to what it would be in a left-right symmetric model, 
fi I 

namely (2.1). The coefficients in front of parity-violating and conser- 

ving terms are : 

- S-wave (PY) : . - (YA .+ .AY) (1-6) cos25 ' (4.7a) 

- P-wave (PC) : (.W + AA) (l+B) + (W - AA) (1-6) sing cosr; (4.7b3 

where 6 and g , defined in (2.1) and (1.7b), are the squared mass ratio 

and the mixing.angle of the two charged weak bosons. If we first assume 

5 = 0, then the ratio p (4.6) is' modified according to : 

A correction by a factor 2 would th'en be achieved for B = 1/3 , ie. 
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 his p r e d i c t i o n  however looses  i t s  v a l i d i t y  when one considers  the  

genera l  c a s e  5 # 0. 

I n  t h a t  case ,  i t  has been argued 39 t h a t  t h e  l e f t - r i g h t  (W - AA) 

opera to r  must be  Fierz-transformed, which b r ings  about 'a combinati-on 

2 (SS - ,PP) ,  and t h a t  the  amplitude obtained from a PP opera tor  is much 

l a r g e r  than t h e  one obtained from t h e  u s u a l  AA opera tor .  The 'reasoning 

i s  q u i t e  s i m i l a r  t o  t h a t  i n  Chapter I I 1 , C  : even though the  mathematical 

j u s t i f i c a t i o n  f o r  performing a Fierz-transformation on t h e  l e f t - r i g h t  

opera to r  is r a t h e r  complicated, the  enhancement of t h e  L-R amplitude 

which r e s u l t s  is. very n a t u r a l .  

The decay Y -* Bn can be described by t h e  quark diagrams of F i g . 4 i l a  

and 4 . l b . .  The weak i n t e r a c t i o n  i s  po in t - l ike  however, s o  t h a t  diagram 

4. lb  is  suppressed wi th  r e spec t  t o  4 . l a  by a f a c t o r  propor t ional  t o  the  

overlapping of t h e  wave-functions of t h e  two weakly i n t e r a c t i n g  quarks 

i n s i d e  t h e  hyperon. For t h i s  reason,  we w i l l  only consider  t h e  specta tor-  

quark diagram of Fig. 4 . l a .  The quark and ant iquark  which make up t h e  

pion i n  tha t  case  a r e  produced a t  both ends. of t h e  ~ - ~ r o ~ a ~ a t o r ' ,  and 
- 

w i l l  have t h e  same h e l i c i t y  (eg. qLqL = qLK(r ) only i n  the  presence 

of a L-R mixing opera tor  ; b u t  t h e  pion i s  a pseudoscalar ,  and outgoing 

- 
quarks  q (q ) , produced by t h e  l ~ s u a l  1,-6 operator ,  t-nllld never make 

L L 

a pion i f  they were massless.  Therefore the  r egu la r  L-L amplitude is  

suppressed by a fact 'or o(A.: /m ) with respec t  t o  the  L-R term. More 
' .q n . . 

. . p r e c i s e l y  : .. .. 
. . 



5 
and c ~ l j  I Y ? ' -  m 3 - m  ap < ~ [ j  5 1 ~ >  

s q 
IJ 

. . . . 

where.m r e p r e s e n t s  a l i g h t  quark mass (m ,m ) << m Hence : 
q u d s 

The quark masses t o  b e  used a r e  a g a i n  ambiguous, b u t  Ref.39 claims t h a t  

t h e  above r a t i o  is about  20. Then : 

One can s e e  t h a t  a very  sma l l  (<O) mixing ang le  5 is  s u f f i c i e n t  ' t o  e x p l a i n  

the  discrepancy ('4.61, f o r  any v a l u e  of 6. In f a c t  i t  makes more sense  
, . 

t o  cons. ider  this r e s u l t  a s  a l i m i t  on 5 ,  independent of B, which b r i n g s  . . . . , . 

f u r t h e r  a p o s t e r i o r i  j u s t i f i c a t i o n  t o  o u r  s e t t i n g  5 = 0 i n  Chapter 111. . .  , . .  , 

The a n a l y s i s  of Ref.39 i s  more r e f i n e d  i n  t h a t  i t  cons ide r s  s t r o n g  
. . 

i n t e r a c t i o n  e f f e c t s  ("penguin" diagrams] which. b r i n g  a f u r t h e r  enhan-. 
, , 

cement by. a f a c t o r  Q 6 t o  t h e  mixing terms ; b u t  i t  ignores  a l t o g e t h e r  

t h e  p o s s i b l e  i n f l u e n c e . o f  a second, most ly right-handed, gauge boson. 

Inco rpora t ing  such a c o l o r  enhancement f a c t o r  i n  (4 .11) ,  one f i n d s  : 

from which one concludes : 



Thi s  i s  t h e  same r e s u l t  a s  i n  R e f . 3 9 ,  b u t  we  have shown h e r e  t h a t  i t  is  

e s s e n t i a l l y  independent  of t h e  mass MCW ). 
2 

F i n a l l y ,  i t  should  a l s o  b e  mentioned t h a t  t h e  v a l i d i t y  of t h e  s o f t -  

p ion  procedure i n  t h e  c a s e  of P-waves,'as used i n  (4.10) ,  i s . r a t h e r  

u n c l e a r  : i n  t h e  hyperon res t - f rame,  t h e  P-wave ampli tude is  p r o p o r t i o n a l  

t o  t h e  p ion  momentun, and t h e r e f o r e  vaniohes  i n  the s o f t  pion l i m i t  q  + 0. 

For  t h a t  reason  t h e  disagreement  between theory  and experiment i n d i c a t e d  

i n  (4.6)  i s  g e n e r a l l y  b e l i e v e d  no t  t o  be a compell ing reason  t o  modify 

t h e  s t a n d a r d  s t r u c t u r e  of  t h e  weak hami l tonian  ; t hus  (4.9) should n o t  

b e  taken  t o o  s e r i o u s l y .  

B. Hadronic K decays. 

The decays K and K have bocn o u c c e s s f a l l y  relaced t o  each o t h e r  "2 =j 

by t h e  u s e  of s o f t  pion theorems, under  t h e  assumption t h a t  the  weak cur- 

r e n t s  had t h e  u s u a l  (V-A) s t r u c t u r e ,  We want t o  see h e r e  how t h e s e  

r e l a t i o n s  a r e  a f f e c t e d  when t h e  Hamiltonian t akes  a  more g e n e r a l  form. 

Any s o f t  p ion  theorem s t a t e s  t h a t  : 

i -i J? i 
1 i m  < B n  (q)  I H I A >  = - 

(I,,+ 0  f 
< B I  IQ5 , H I  IA> 

TI 

i 
where Q is  t h e  a x i a l  charge  : 

5 

. . 
i 

A. i s  t h e  time-component of t h e  a x i a l c u r r e n t  (and i is  t h e  i s o s p i n  

index  of t h e  s o f t  pion ' .under  c o n s i d e r a t i o n ) .  The theorem i s  v a l i d  f o r  

any - l o c a l  - o p e r a t o r  H ,  i n  o u r . c a s e  where t h e  e x t e r n a l  p a r t i c l e s  a r e  

a l l  pseudosca lars .  



Now i f  H is t h e  u sua l  cu r r en t - cu r r en t  H a m i l  t on i an  , t h e  r i g h  t -handside 

o f  (4.14) can be  simp1ifie.d because : 

T h i s  stems from t h e  s imple formal  i d e n t i t y  between any two .opera tors  

l a b e l l e d  V and A : 

However : 

2 
' Therefore ,  i f  H = (V-A) + B ( v + A ) ~  , which i s  t h e  form o f  (2.1) w i t h  

5 = 0 (no mixing) : 
I '  

That s i g n  change r u i n s  t h e  u s u a l  r e l a t i o n s  : 

2 2  s i n c e  h e r e  H~~ = (1-6) (-AV-VA) ; gC = (.l+B) (V +A ) . The new 

cor responding  r e l a t i o n s  a r e  : 

i PV 1-8 IQi, *PCl I Q , .  H I = -  (4.20a) 1+6 

i PC 1+R I Q i , H P V J  IQ, , H 1 = - (4.20b) 1.- B 

Such e x t r a  f a c t o r s  appear i n  p a r t i c u l a r  i n  t h e  correspondence between 

K and K n j  ampl i tudes .  With t h e  assumption of CP i n v a r i a n c e ,  one can 
n 2 

r e l a t e ,  f o r  i n s t a n c e .  t h e  ampli tude a (.p ,p  .po) f o r  t h e  decoy L .  4- - 
+ - \ -+ n n n o  t o  t h e  K n 2  ampl i tudes  a .a+.aS d e s c r i b i n g  t h e  2n decays - 
+ 

bf K-,K ,K by t a k i n g  s u c c e s s i v e l y  the' z e ro - l imi t  of  p+. p- and po : '1 
S . .  



(4.21) (a) and (b) a r e  r e l a t e d  through CP i n v a r i a n c e  ; s o  we have two 

independent  equa t ions .  

Fur cumparlson wich experlmeneal d a t a ,  a must b e  e x t r a p o l a t e d  i n t o  L 

t h e  unphys ica l  region where only  two nf thp  p ions  a r c  on s h e l l ,  t o  t h e  

. . , .poin, t  where t h e i r  momenta s a t i s f y ,  a s  r e q u i r e d  by K + 2n : 

where we work i n  t h e  K res t - f rame,  and %, p a r e  t h e  kaon and pion masses.  

The Kn3 amplitude is  o f t e n  paramet r ized  l i n e a r l y  i n  t h e  form : 

where A = a ( ~ ~ ' p ~ = p ~ ) , a  is  c a l l e d  t h e  s l o p e  parameter ,  and : 

The p ion  n i n  (4.23a) i s  t h e  "odd" p ion ,  t h e  a n t i - p a r t i c l e  of which i s  
3 

no t  produced i n  t h e  decay cons idered .  The unphys ica l  p o i n t  of i n t e r e ~ t  

2 2 
d e f i n e d  i n  (4.22) corresponds t o  s j  = r4( , sl = s2 = rr ; s o  : 

Our two s o f t  p ion  r e l a t i o n s  from (4.21) become : 



+ 
The 1 AI 1 = 11 r u l e  r e q u i r e s  a+(n no)  = 0 , s o  t h a t  one should have .  : -: 

t h e  exper imenta l  v a l u e  be ing  'L 0.6  ( s e e  Table  2) .  Th i s  r e s u l t  is  indepen- 

dent  of  6. A i s  a l s o  determined from (4.24) : 

-6 
Experimental ly  t h e  l e f t -hands ide  i s  .(0.82 2.03).  10 ; and t h e  e q u a l i t y  

. . 
is  s a t i s f i e d  f o r  : 

Formula (4.27) must b e  compared w i t h  t h e  v a l u e  ob ta ined  from t h e  

Goldberger-Treiman r e l a t i o n  f n  " 87 MeV, a n d . t h a t  measured from n + PV 

d e c a y . f  = 93 M e V .  . I n  Chapter I 1 , C  , we a l r e a d y  mentioned t h a t  f wouid 
71 l r  

be l a r g e r  i n  a semi-.leptonic p roces s  than i n  a hadronic  p roces s  by a  

f a c t o r  'L ( 1  + 2 5 ) .  .Other a t t e m p t s  have been made t o  e x p l a i n  a t  l e a s t  

40 .  
p a r t  of this apparen t  i n c r e a s e  by n e u t r i n o  mixing ; s o  we would r a t h e r  

t r u s t  t h e  lower v a l u e . o f  f h e r e ,  I n  any c a s e  ou r  r e s u l t  (4.27) i s  
71 

c o n s i s t e n t  w i th  6 i= 0 .  W e  can only conclude : 

7 5 - ' > 80 , bl lowing  f o r  l o  d e v i a t i o n s  i n  (4 .27) .  o r  - with  23 d e v i a t i o n s .  
1 + B %  9 3  9 3 

o r  M(WZ) ; 280 GeV f o r  l o  d e v i a t i o n s  (240 G e V  f o r  20) (4.28) 

+ - 
The same, t rea tment  a s  a p p l i e d  h e r e  t o  + T n n o  can be  r epea t ed  on 

c , o t h e r  K n j  ampl i tudes .  A l l  t h e  r e s u l t s  a r e  c o n s i s t e n t  w i th  B = 0.  and 



y i e l d  t h e  same l i m i t  as (4.28). 

Before  t h i s  l i m i t  can b e  taken s e r i o u s l y  however, i t  is necessary,  

t o  check whether  t h e  so f t -p ion  l i m i t  o f  t h e  K ampli tude is a genuine 
n3 

Kn2 
ampli tude : namely t h e  two "hard" p ions  might form a mix tu re  of L = 0 

and of h i g h e r  angu la r  momentum s t a t e s ,  a c c e s s i b l e  i n  a  K decay b u t  not  
. . n3 

The f a c t  t h a t  t h e  t o t a l  angular  momentum of t h e  3 p ions  must be  ze ro ,  

and t h a t  t h e  t o t a l  wave-function must b e  symmetric under t h e  in te rchange  . . 

of any 2 pions., t o g e t h e r  with CP i n v a r i a n c e  and t h e  1 ~ 1 1  = 4 rule, res- 

t r i c t s  t h e  angu la r  momentum of a p ion-pa i r  t o  even v a l u e s ,  b u t  no t  &xclu- 

s i v e l y  t o  L = 0 ( s ee  Ref .41) .  True, c e n t r i f u g a l  b a r r i e r  e f f e c t s  w i l l  

t end  t o  suppres s  high-L s t a t e s , .  bu t  t h e r e  may b e  a  s i z e a b l e  L = 2 

f r a c t i o n  among t h e  3 n  f i n a l  s t a t e s . ,  Such a n  admixture would r u i n . t h e  

r e l a t i o n s h i p .  Then t h e  appa ren t  succes s  o t  such reiafions raighe i(n3 - Kn2 . . 

b e  due t o  a lucky c a n c e l l a t i o n  between L = 2 contaminat ion and r i g h t -  

handed bosoil e f f e c t s  (with M(W ) < 280 GeV) ! 2 

The wave-function d e s c r i b i n g  a  2f L = 2 f i n a l  s t a t e  must b e  of t h e  

form : 

where q = p1 - p2 and p = pI + p2 , s i n c e  i t  is  a rank-2 t e n s o r  

s a t i s f y i n g  : 

$" = 0 ; pP $"' = 0.  

A corresponding r a n k - 2 , t e n s o r  can b e  b u i l t  fo 'r  t h e  t h i r d  pion from t h e  



s i n g l e  v e c t o r  p 3 '  

So t h e  amplitude f o r  K + n (p ) n (p ) n (p ) wi th  L(n n ) = 2 w i l l  be : 1 1 '  2 2 3 ' 3  1 2  

I f  we now express t h e  right-hand s i d e  i n  terms of s 
1,2,3,8 

e f ined  i n  (4.23b), 

(4.31) becomes ' : 

+ cubic terms (4.32) 

I f  we f i n a l l y  symmetrize A proper ly  and s e l e c t  n as t h e  "odd" pion,  3 

we ge t  : 

2 2 2 
: A ( K +  3n0) a 1 + 2 a ( s  -s ) +-a  ( s  -s ) + cubic  terms 

3 0 3 1 2  
(4.33a) 

5 2 1 2 
A(K + n n n ) a 1 + f ( s  -s ) + -a ( s  -s ) + cubic  terms 1 2  3 3 0 2 1 2  (4.33b) 

2 
1 "kr - 3iJ where a - 

(5u2 - m,2/3)(2p2 - a2/3) 

Equation (4.33b) does not  conta in  any l i n e a r  terms. The presence of an 

L = 2 f i n a l  s t a t e  shows up through a quadra t i c  dependence i n  the  ampli- 

, tude ( t h e  da ta  a r e  not  accura te  enough t o  test h igher  o rde r  terms) .' 
Equation (4.33a) should, not con ta in  any l i n e a r  term anyway, because the  

t h r e e  pions a r e  . ident . ical ,  but  the  s i z e  of the  quadra t i c  c o e f f i c i e n t  w i l l  

measure t h e  admixture of L = 2 s t a t e & .  



The exper imenta l  d a t a  a r e  u s u a l l y  f i t t e d  w i t h  t h r e e  parameters  q',rr,E : 

( 4 . 3 4 )  
"k('4( - a )  I . :  . . 

2 where X - 
3 2  

IJ 

The minu te  d i f f e r e n c e s  i n  n and K masses f o r  t h e  v a r i o u s  decays b r i n g  

v e r y  s i g n i f i c a n t  d i f f e r e m e s  i n  11 and n , sn we averaged m' ' / p2ccpora tc ly  K 

f o r  each process .  Comparison between t h e  p r e d i c t i o n s  f o r  a and B i f  t h e  

f i n a l  s t ' a t e  is a l l  .L = 2 f o r  t h e  two p ions  and t h e  measured v a l u e s  i s  

d i f f i c u l t ,  s i n c e  t h e r e  a r e  ve ry  'few exper imenta l  r e s u l t s  and they  do no t  

always over lap .  Nonethe less  i t . c a n  b e  concluded-from Table 2  t h a t ,  i f  t he  

L = 2 f i n a l  s t a t e s  a r e  t h e  s o l e  s o u r c e  of q u a d r a t i c  terms i n  t h e  ampli- 
. . . . 

t ude ,  t h e y .  a r e  n o t  p re sen t  above a  l e v e l  1-2 %. 

This r e s u l t  g i v e s  us  i nc reased  conf idence  i n  t h e  v a l i d i t y  of t h e  

- K relations, and i l l  Lllt! llmir derived through them ( f o r  zero- 
Kn3 n2 

* 
mixing a n g l e  < ) : 

M(W2) E 280 GeV. 

* Unfor tuna te ly  t h e  conimuta'tor [Q (Y+A) (Y-A)] cannot be reduced t o  5 '  

an i s o s p i n  commutator, and t h e e f f e c t s  of a  L-R mixing term have not  been 

determined y e t .  



Conchsion. 

Our criterion in choosing ways to determine the mass-scale for 

parity-breaking was model-independence. All the processes investigated 

here depend essentially on the charged weak sector, which is rather 

rigidly determined by the choice of the gauge group SU(2) L x SU(2)R x 

U(.l)B-L . But we discarded leptonic processes on the presumption that 

right-handed neutrinos might well be too heavy to be produced at all 

. at present-day energies. ~ence 'we were left with hadronic processes, 

contaminated by poorly known strong interact ions. ~odel-independence 

was thus achieved at the expense of accuracy. 

We could in several cases take advantage of a - high, but numeri- 
cally uncertain - enhancement factor of new mixed . lef t-right terms over 
the usua1.W-S terms, which appears whenever the quark and antiquark 

which interact weakly are bound in a pseudoscalar meson. But even so, 

various effects contribute, which limit the accuracy of our results : 

- 
i) .Fromthe Kn - K O  system, the lirnit(cnnservative in some sense - see.p.51) - 

. . 

But strong interaction effects are very difficult to evaluate. And 

model-dependence reappears in the Higgs contribution to the K~ - K~ 
mass difference. Furthermore, the influence of the top quark may be 

very important, but has been neglected for want of data. In case the 

top quark indeed has sizeable couplings to the first two generations, 

the mass of W may very well lie in the 100-300 CeV range. 
2 



i i )  From hyperon and kaon decays,  t h e  limits obta ined  were : - 

M ( w 2 )  ; O(280 GeV), depending on t h e  p r e c i s e  v a l u e  of f  and t h e  
ll 

al lowance f o r  t h e o r e t i c a l  u n c e r t a i n t y .  
I t a n i  ( - 2  % 

Besides  o t h e r  r e l a t e d ' a p p r o x i m a t i o n s  l i k e  SU(3),symmetry, t h e  theory 

behind  b o t h  p roces ses  relies on s o f t  p ion  theorems, which should no t  be  

expec ted  t o  be  v e r i f i e d , w i t h i n  a b e t t e r  accuracy t h a n . %  10 %. 

Thus i n  both  c a s e s  L) and g) ,  i t  seems d i f f i c u l t  t o  reach a  b e t t e r  

which a l r e a d y  corresponds t o  a change i n  t h e  usua l  W-S ampli tude by less 

than  10 %. 

When viewed i n  t h e  con tex t  of a grand u n i f i e d  SO(10) model, t h e s e  . . . '  . 

r e s u l t s  a r e ,  u n f o r t u n a t e l y ,  no t  q u i t e  o u f f i c i e u ~  t o  rule o u t  a  low mass 

f o r  W2 . The grand u n i f i e d  l e f t - r i g h t  symmetric model h a s  many more 
. . 

parameters  than t h e  s t anda rd  SU(5)  model, and i s  t h e r e f o r e  much more 

a d a p t a b l e  t o  phenomenological requirements .  For t h a t  reason ,  t h e  accu- 

mula t ion  of  more low-energy d a t a  and t h e  improvement on t h e  accuracy 

of  t h e  n e u t r a l - c u r r e n t  d a t a  w i l l  no t  l i k e l y  be  a b l e  t o  r u l e  o u t  t he  

l e f t - r i g h t  symmetric model, althougt-1 they might g i v e  t h e  s t anda rd  mode la  

l e s s  f i r m l y  e s t a b l i s h e d  s t a t u s .  It seems however t h a t  t he  presence  

of a f a i r l y  (less than  % 500 GeV) W would p l a c e  s o  many c o n s t r a i n t s  
2  

on t h e  parameters  of o u r  model t h a t  s e v e r a l  p i e c e s  of i n d i r e c t  evidence 

should b e  accumulated very  soon i n  such a  c a s e ,  t o  h e l p  us  d i f f e r e n t i a t e  



between SO(10) and SU(.5) : 

i )  No proton decay'should be observed i n  the  next  genera t ion  of expe- - 
r iments,  because the  grand u n i f i c a t i o n . m a s s  i n  SO(10) is too high.  

i i )  Neutr inoless double-B decay should be ,obse rvab le  soon, provided - . . 

t h a t  t h e  right-handed neut r ino  h a s  i t s e l f  a mass of order  300 GeV. 

i i i )  The mass spectrum of the  usua l  W and Z should be s h i f t e d  down, - 
w i t h '  M(W) < 80.5 GeV and M(Z) < 92 GeV . 

These experimental r e s u l t s  w i l l  soon decide t h e  f a t e  of t h e  l e f t - r i g h t  

symmetric model. 
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T a b l e  1 : Non-leptonic  hyperon  d e c a y s  ( a f t e r  Ref.  10 and 38) .  
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Table 2 : 
3 

decays ( a f t e r  Ref. 10 and 42). 

I 

e ( 2  1 
a l l  L=2 exp . 

-30.8 

-17.7 

-55 

Decay 

+ - 0  

+ O O  

0 0 0 

\ 

I+ 

mK2 

p av. 

13.0 

13.1 

13.6 

4 1.27 

u 

('exp. ) 

0.50 

( .58-. 66) 

0.49 

(.SO-.55) 

0 

-1.58 

' h 

1.46 

1.49 

1.69 

(.215-.22) 11 - -- 

(-0.03- M.08) 

((a+B) = -0.02- M.06) exp. 

( ( c x + B ) ~ ~ ~ . =  -0.02- M.26) 

4 
a l p  

-2.41 

-2.66 

-12.7 

a (a 1 exp . a l l  L=2 

-10.3 

(-0.05- -0.30) 

-29.5 

(-0.38- -0.41) 

-7.6 
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Figure captions, 

2.1. Typical evolution of the running coupling constants in an SU(5) or 

SO(10) grand unification scheme. The low-energy values of a a 
EM' 2 

and, with a large uncertainty, of a3, are determined by experiment. 

Their energy-dependence is fixed by the choice of a gauge group and 

of corresponding particle representations, according to renormali- 

zation theory. One sees how the unification mass mX changes 

between an SU(5) and an SO(10) grand unifying group. 

3.1. The eight helicity combinations contributing to s';i + sd. 

3.2. The two diagrams to consider in the standard model. . 

3.3. The'Feynman amplitudes for the logarithmically divergent diagrams. 

They have been evaluated in unitary gauge, by dimensional regulari- 

zation. The expression under each set of diagrams represents the 

2 2 corresponding amplitude, up to a factor g A 12 ALR/4n2 (see p.41). 
. . 

One can see how the divergences cancel. 

3.4. Examples of vanishing or negligible diagrams. 

+ 
3.5. Variation of the normalized Higgs contribution p or p0 to the 

KL - K -  m a s s  difference as a function of the Higus mass. See S 

Eq. (3.50). . .  
. . , . . . , .  . 

. . 
. . 

3.6. Variation of the 1ower'bo"nd on M(W ) as a function of the enhan- 
2 

cement factor 2 (3.69); bndei the following assurnpt ions : 

+ 
i) maximum Higps contri,bution (M($ ) 1 M(I\'~) ; M(I$') 2 ') : - 



i i l  ~(4'1 4 300 GgY ; M(gO) I. . - 7 

t 
jiil M O  L I. MCWZl ; MOD) " - - ? 

+ i v )  no Higgs a t  a l l  (M($ , I)'). I. =). - . . 

4 1  The two quark di.agrams which mediate  t h e  hyperon decay Y + Bn. 
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Figure 3.2 .  
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