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THEORETICAL IDEAS ON HEAVY FLAVOUR WEAK DECAYS 

I s t i t u t o  d i  Fisica, Universitd d i  Roma I ,  Roma, I t a l y  
I s t i t u t o  Nazionale d i  Fisica NucZeare, Sezione d i  Roma, I t a l y  

Weak d e c a y s  o c c u r  f o r  p a r t i c l e s  w i t h  w i d e l y  v a r y i n g  mass and 
o v e r  a  v a s t  r ange  o f  l i f e t i m e s .  An o v e r a l l  v iew o f  t h e  known weak 
d e c a y s  i s  g iven  i n  F ig .1 ,  where decay  r a t e s  have been  p l o t t e d  a g a i n s t  
t h e  maximum momentum o f  decay p r o d u c t s .  

Al though f i n e r  p o i n t s  such a s  Cabibbo s u p p r e s s i o n ,  non l e p t o n i c  
enhancement e t c .  a r e  n o t  v i s i b l e ,  t h e  f i g u r e  b r i n g s  o u t  c l e a r l y  t h e  
common o r i g i n  o f  weak d e c a y s ,  a l l  p o i n t s  f a l l i n g  c l o s e l y  n e a r  t h e  
l i n e  de t e rmined  by t h e  Fermi c o n s t a n t ,  G = I O ' ~ ( M ~ ) - ~ .  

I n t e r e s t i n g  i n v e s t i g a t i o n s  a r e  go ing  on abou t  p r a c t i c a l l y  a l l  
t h e  p r o c e s s e s  r e p o r t e d  i n  F i g .  1. Nuclea r  8-decays ,  and c l o s e l y  r e l a t -  
ed p r o c e s s e s  such a s  e l e c t r o n  c a p t u r e ,  a r e  i n v e s t i g a t e d  i n  c o n n e c t i o n  
w i t h  t h e  n e u t r i n o  mass;  hyperon 6-decays ,  i n  c o n n e c t i o n  w i t h  p r e c i s e  
t e s t i n g  of t h e  Cabibbo t h e o r y ;  T , D and B-decays, t o  d e t e r m i n e  t h e  
b a s i c  p r o p e r t i e s  o f  t h e s e  newly d i s c o v e r e d  p a r t i c l e s .  

F i g .  1  
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A l s o  v e r y  i m p o r t a n t  i s  t h e  s e a r c h  f o r  " s e c o n d a r y  l i n e s " ,  i n  
t h e  l? - p  p l a n e  o f  F i g . 1 ,  whose p r e s e n c e  would  s i g n a l  new, w e a k e r  
i n t e r a c t  i o n s :  f l a v o u r  c h a n g i n g  n e u t r a l  c u r r e n t s ,  d o u b l e  6 - d e c a y  a n d ,  
o f  c o u r s e ,  b a r y o n  d e c a y .  Upper b o u n d s  t o  o r  m e a s u r e m e n t s  o f  r a r e  
d e c a y  p r o c e s s e s  o f  t h e  known p a r t i c l e s ,  s u c h  a s  a 3 e  o r  KL+ u +  u -  , 
p o s e  a l r e a d y  s e v e r e  c o n s t r a i n t s  o n  new t h e o r e t i c a l  i d e a s  ( t e c h n i -  
c o l o r ,  p r e o n i c  m o d e l s ,  s u p e r s y m m e t r y ,  e t c .  1 .  

Most o f  t h e  above  s u b j e c t s  a r e  i l l u s t r a t e d  e l s e w h e r e  i n  t h i s  
C o n f e r e n c e .  I h a v e  b e e n  g i v e n  t h e  r e l a t i v e l y  s i m p l e  t a s k  t o  summar ize  
t h e  p r e s e n t  t h e o r e t i c a l  s i t u a t i o n  f o r  what  c o n c e r n s  t h e  weak d e c a y s  
o f  h e a v y  p a r t i c l e s  a s s o c i a t e d  w i t h  new f l a v o u r s .  Do we u n d e r s t a n d  T , 
charm and b e a u t y  d e c a y s ;  what  c a n  we s a y  a b o u t  t h e  mass  and d e c a y s  o f  
t h e ,  y e t  h y p o t h e t i c a l ,  t - q u a r k ?  

The way i n  w h i c h  I h a v e  o r g a n i z e d  my t a l k  g o e s  a s  f o l l o w s .  Weak 
d e c a y s  o f  'C and o f  charmed p a r t i c l e s  a r e  d i s c u s s e d  i n  S e c t . 7  and i n  
S e c t s .  3 t o  6 ,  r e s p e c t i v e l y .  I n  S e c t . 2 ,  t h e  i s s u e  o f  t h e  weak d e c a y  
c o n s t a n t s  o f  t h e  p s e a d o s c a l a r  mesons i s  r e v i e w e d .  The p r e s e n t  s i t u a -  
t i o n  r e g a r d i n g  t h e  Cabibbo-Kobayashi-Maskawa a n g l e s  i s  i l l u s t r a t e d  i n  
S e c t .  7. B-decays ,  w i t h  r e s p e c t  t o  " e x o t i c "  new i n t e r a c t i o n s  a r e  d i -  
s c u s s e d  i n  S e c t .  8. F i n a l l y ,  t h e  f o r e s e e a b l e  p r o p e r t i e s  o f  t h e  t - q u a r k  
a r e  summarized i n  S e c t . 9 .  

I h a v e  n o t  aimed t o  a  c o m p l e t e  r e v i e w ,  b u t  I h a v e  t r i e d  t o  
f o c u s  o n  t h e  more i n t e r e s t i n g  p o i n t s ,  a t  l e a s t  i n  my v i e w .  I t  i s  
t h e r e f o r e  n e c e s s a r y  t o  c l o s e  t h e  i n t r o d u c t i o n ,  g i v i n g  my a p o l o g i e s  t o  
a l l  t h o s e  whose c o n t r i b u t i o n s  t o  t h i s  w i d e  f i e l d  I h a v e  n o t  b e e n  a b l e  
t o  m e n t i o n .  

1. T - d e c a y s .  - The d e c a y  p r o p e r t i e s  o f  T seem q u i t e  n o r m a l .  The 
s t a n d a r d  model ,  w i t h  m a s s l e s s  v  and no weak m i x i n g  p r e d i c t s :  

where  t h e  e x p e r i m e n t a l  b r a n c h i n g  r a t i o  /1/  i s  u s e d :  

I n  t h e  l a s t  y e a r ,  two e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  - l i f e t i m e  
h a v e  b e e n  r e p o r t e d  / 2 ,  3/.  The l a t e s t  v a l u e ,  r e p o r t e d  b y  t h e  Mark I1 
c o l l a b o r a t i o n  a t  t h i s  C o n f e r e n c e ,  i s  i n  v e r y  good a g r e e m e n t  w i t h  ( 1 ) :  

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

W i t h i n  t h e  e r r o r s ,  a  c o n s i s t e n t  m i x i n g  o f  v w i t h  a  h e a v i e r  neu-  
t r i n o  i s  s t i l l  a l l o w e d .  Wi th  a  f u r t h e r  r e d u c t i o n T o f  t h e  e x p e r i m e n t a l  
e r r o r  o n e  c o u l d  s t a r t  p u t t i n g  a  s i g n i f i c a n t  bound  t o  t h e  v  mass .  I n  
f a c t ,  w i t h  mvT = 0.25 GeV ( t h e  p r e s e n t  u p p e r  b o u n d )  t h e  a r e d i c t i o n  
( 1 )  i s  i n c r e a s e d  b y  a b o u t  2 0 % ,  w h i c h  i s  q u i t e  c o m p a r a b l e  w i t h  t h e  
p r e s e n t l y  q u o t e d  s t a t i s t i c a l  e r r o r .  To c o m p l e t e  t h e  p i c t u r e ,  I r e c a l l  
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t h a t  t h e  b r a n c h i n g  r a t i o s  i n t o  a  number o f  Cabibbo a l lowed  and Cabib- 
bo f o r b i d d e n  decay modes of T have a l s o  been measured ,  always i n  good 
agreement w i t h  e x p e c t a t i o n ,  w i t h i n  e r r o r s  /4/. 

For l a t e r  u s e ,  it i s  i n t e r e s t i n g  t o  r e c a l l  t h e  QCD c o r r e c t e d  
p r e d i c t i o n  /5/ f o r  t h e  b r a n c h i n g  r a t i o  ( 2 ) :  

( f o r  a s  = 0 . 3 ) .  The s u c c e s s f u l  r e s u l t  (4) isobta ined i f  we a t t r i b u t e  a  
v e r y  sma l l  mass t o  t h e  f i n a l  q u a r k s  i n  t h e  semihadron ic  decay  ( s a y .  
m < 0 . 1  GeV). I f  we were t o  endow t h e  ii and d  q u a r k s  w i t h  t h e  " c o n s t i -  
t u e n t "  qua rk  mass,  m = 0.3 GeV, a  v a l u e  o f  B l a r g e r  t h a n  0.2 would 
r e s u l t ,  i n  c o n t r a d i c t i o n  w i t h  t h e  expe r imen t  /6/. 

We s h a l l  make u s e  o f  t h i s  o b s e r v a t i o n  i n  t h e  d i s c u s s i o n  o f  charm 
and b e a u t y  decays .  

2 . 5  and f - m e t e r s .  - An i m p o r t a n t  r o l e  i n  t h e  weak d e c a y s  o f  
char&edBand b e a u t y  p a r t i c l e s  i s  p layed  b y  t h e  weak decay  c o n s t a n t  o f  
p s e u d o s c a l a r  mesons, d e f i n e d ,  e.g. f o r  D+, b y  t h e  e q u a t i o n :  

The ana logous  c o n s t a n t  f o r  t h e  p i o n  i s  u s u a l l y  i n t e r p r e t e d  a s  t h e  
o r d e r  p a r a m e t e r  whose non v a n i s h i n g  v a l u e  s i g n a l s  t h e  spon taneous  
b r e a k i n g  o f  SU(2) a SU(2) c h i r a l  symmetry. For s y s t e m s  i n v o l v i n g  one  
heavy q u a r k ,  however, we a r e  r a t h e r  f a r  from t h e  c h i r a l  l i m i t ,  and a  
b e t t e r  i n t u i t i o n  on f  can b e  ga ined  w i t h  t h e  non r e l a t i v i s t i c  
fo rmula :  

M i s  t h e  heavy qua rk  mass and $ ( 0 )  i s  t h e  wave f u n c t i o n  a t  t h e  
o r i g i n  o f  t h e  c-u bound s t a t e .  Thus,  t h e  v a l u e  o f  f D  g i v e s  a  measure  
o f  t h e  size o f  t h e  p s e u d o s c a l a r  meson. 

We do n o t  e x p e c t  t h e  s i z e  o f  such hadrons  t o  v a r y  much, when we 
i n c r e a s e  t h e  mass o f  t h e  heavy q u a r k  ( e . g .  r e p l a c i n g  c w i t h  b - q u a r k ) ,  
so we e x p e c t  I q(0 )  1 t o  b e  e s s e n t i a l l y  independen t  f rom M ,  and f  t o  
s c a l e  a c c o r d i n  l y .  A n i c e  t e s t  o f  t h i s  i d e a  i s  g iven  b y  t h e  h y p e r f i n e  
s p l i t t i n g  o f  J' = 1- and J' = 0- mesons, which,  i n  t h e  non r e l a t i -  
v i s t i c  approx ima t ion  and w i t h  t h e  one-gluon-exchange p o t e n t i a l ,  i s  
g iven  by:  

M u l t i p l y i n g  b o t h  s i d e s  o f  t h i s  e q u a t i o n  b y  2M 2 ~ ( 1 - )  + M ( O - ) ,  we s e e  
t h a t  1 @ ( 0 )  l 2  i s  independen t  from M i f  t h e  mass-squared  s p l i t t i n g s  do 
S O .  
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I n  f a c t ,  e x p e r i m e n t a l l y  t h e  K* - K and t h e  D* - D mass-squared  s p l i t -  
t i n g s  a g r e e  w i t h  each o t h e r  b y  b e t t e r  t h a n  10%. 

Using AM'(D*, D )  w i t h  a s  = 0.3, m = 0.3 GeV, we o b t a i n  from 
( 6 )  and ( 7 )  t h e  v a l u e :  

0.38 GeV 

n o t  t o o  d i s s i m i l a r  from f  = 0.14 GeV. 
TT 

The c o n s t a n t s  f D ,  f F  and f B  have  been e s t i m a t e d  b y  v a r i o u s  
a u t h o r s ,  w i t h  d i f f e r e n t  t h e o r e t i c a l  approaches .  T a b l e  1  g i v e s  a l i s t  
o f  t h e  p r e d i c t e d  v a l u e s  ( o r  upper  bounds ) .  A l l  t h e  methods used sup- 
p o r t  a  d e c r e a s i n g  b e h a v i o u r  o f  f  w i t h  i n c r e a s i n g  M ,  r o u g h l y  i n  ag re -  
ement w i t h  e q . ( 6 )  w i t h  c o n s t a n t  1)10), and i n d i c a t e  t h a t  t h e  v a l u e  
(8) may b e  r e g a r d e d  a s  a  s a f e  upper  bound. 

Table 1 
T h e o r e t i c a l  e s t i m a t e s  o f  t h e  weak decay c o n s t a n t s  ( i n  GeV) o f  D ,  F  

and B mesons. 

Method 

P o t e n t i a l  models ,  Ref /7/  

Ref.  /8/ 0.15 

QCD sum r u l e s  Ref. /9/  0.22 

Ref.  / l o /  0.28 

-- 

Bag Model 

--- -- 

Ref. /11/  0.15 

A measurement o f  t h e  weak c o n s t a n t  f  f o r  D ,  F  and B mesons i s  
e x t r e m e l y  i m p o r t a n t  t o  t e s t  o u r  u n d e r s t a n d i n g  o f  quark-dynamics and 
t o  make a more r e a l i s t i c  d i s c u s s i o n  o f  i n c l u s i v e  non l e p t o n i c  weak 
d e c a y s  ( s e e  S e c t .  4 1 ,  so it i s  a p p r o p r i a t e  to d i s c u s s  h e r e  which a r e  
t h e  most p r o m i s i n g  p r o c e s s e s  t o  b e  used a s  f - m e t e r s .  

The b e s t  p r o c e s s  i s :  

whose r a t e  g i v e s  f F .  T h i s  p r o c e s s  i s  Cabibbo a l lowed ,  and it h a s  a  
r a t h e r  l a r g e  b r a n c h i n g  r a t i o  due  t o  t h e  l a r g e  T mass: B(F + TVT) = 
1.4% f o r  f F  = 0.15 GeV. To measure f D  i s  much h a r d e r .  One shou ld  be  
a b l e  t o  d e t e c t  t h e  Cabibbo suppres sed  modes: 
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The b r a n c h i n g  f r a c t i o n  o f  ( 1 0 )  i s  abou t  p r o c e s s  ( 11) h a s  a  
somewhat l a r g e r  b r a n c h i n g  f r a c t i o n  ( f o r  mvT = 01 ,  b u t  i f  T i s  obse rved  
t h r o u g h  t h e  p+, t h e  o v e r a l l  b r a n c h i n g  r a t i o  comes down t o  about  
0 . 5 ~  P r o c e s s  ( 11)  would g i v e  a d d i t i o n a l  and much v a l u e d  informa-  
t i o n  on v  mass: i t s  mere o b s e r v a t i o n  i m p l i e s  m v T <  82 MeV and a  20% 
a c c u r a t e  geasurement  o f  t h e  r a t i o  o f  t h e  r a t e s  ( 1  1 )  and ( 1 0 )  would b e  
s e n s i t i v e  t o  m = 60 MeV, s u b s t a n t i a l l y  improving on t h e  p r e s e n t  
bound (*I. v T 

The above b r a n c h i n g  f r a c t i o n s  may seem d i s c o u r a g i n g ,  b u t  it h a s  
been a r g u e d ( * )  t h a t  t h e  o b s e r v a t i o n  o f  ( 1 0 )  and ( 1 1 )  may no t  b e  e n t i -  
r e l y  f o r b i d d e n ,  b e c a u s e  t h e s e  p r o c e s s e s  a r e  a s s o c i a t e d  t o  e v e n t s  w i t h  
a  v e r y  c l e a r  s i g n a t u r e .  I n  f a c t ,  t h e  p r o c e s s e s :  

e +  e- + q " + D+ D- 

I L h a d r o n s  
.L 

obse rved  a s :  

e+e- + u +  + h a d r o n s  

have t h e  c h a r a c t e r i s t i c  s i g n a t u r e s :  

Fu r the rmore ,  t h e y  can  b e  o b v i o u s l y  d i s t i n g u i s h e d  from each  o t h e r  b y  
t h e  k i n e m a t i c a l  p r o p e r t i e s  o f  t h e  o b s e r v e d  muon. 

Another p o s s i b i l i t y  t o  measure  fD, which may become a v a i l a b l e  i n  
t h e  n e a r  f u t u r e ,  i s  t o  measure t h e  form f a c t o r s  o f  t h e  decay:  

and t o  u s e  so f t -kaon  theo rems  t o  e x t r a c t  f D  /12/ .  

F i n a l l y  t h e  non- s t r ange  B meson weak c o u p l i n g  cou ld  b e  measured 
i n  t h e  r e a c t i o n :  

.................................................................................. 
(*)  This observation is  due to N.Cabibbo, University of -me report (unpublished). 
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a t  t h e  Y" '  r e s o n a n c e ,  w i t h  a  s i m i l a r  s t r a t e g y  a s  t h a t  i n d i c a t e d  f o r  
f D .  The r e a c t i o n  ( 1 2 )  i s  s u p p r e s s e d  b y  a  s m a l l  K-M a n g l e ,  w h i c h  
s h o u l d  b e  m e a s u r e d  i n d e p e n d e n t l y  t o  g e t  f g ,  so  t h i s  seems  r e a l l y  f o r  
t h e  f u t u r e .  

3. S e m i l e p t o n i c  i n c l u s i v e  d e c a y s  o f  D + * O  and I\ . - A good a p p r o x i -  
m a t i o n  t o  t h e  s e m i l e p t o n i c  i n c l u s i v e  d e c a y s  o f  D C s  and A, i s  t h o u g h t  
t o  b e  g i v e n  b y  t h e  p a r t o n  model  a p p r o x i m a t i o n .  The d g c a y  o f  t h e  
h a d r o n  i s  s i m p l y  d e s c r i b e d  b y  t h e  f3 - d e c a y  o f  t h e  charmed q u a r k .  I n  
t h i s  a p p r o x i m a t i o n ,  t h e  t o t a l  d e c a y  r a t e  is g i v e n  b y  /13/ :  

and : 

M c ,  ms a r e  t h e  m a s s e s  o f  t h e  charmed and t h e  s t r a n g e  q u a r k  (I am 
s e t t i n g  c o s  Oc = 1 )  : 9  i s  a  p h a s e  s p a c e  f a c t o r  and f  e m b o d i e s  f i r s t -  
o r d e r  Q C D  c o r r e c t i o n s .  The t o t a l  r a t e  i s  m u l t i p l i e d  b y  t h e  K o b a y a s h i -  
Maskawa weak-mix ing  f a c t o r ,  c o s 2 y  , w h i c h  c o u l d  b e  c o n s i d e r a b l y  smal -  
l e r  t h a n  o n e ,  s e e  S e c t .  7 .  I n  p r i n c i p l e ,  c o s 2 y  c o u l d  b e  d e t e r m i n e d  
b y  c o m p a r i n g  ( 1 3 )  w i t h  t h e  e x p e r i m e n t a l  r a t e .  

Eq. ( 1 3 )  i s  o f  l i t t l e  u s e ,  h o w e v e r ,  u n t i l  we h a v e  a  p r e c i s e  i d e a  
a b o u t  t h e  v a l u e  o f  M c :  a  15% u n c e r t a i n t y  i n  M c  c o r r e s p o n d s  t o  a n  
u n c e r t a i n t y  i n  o f  a  f a c t o r  2. A l s o ,  we n e e d  t o  e s t i m a t e  t h e  e f f e c t  
o f  t h e  b i n d i n g ,  t h e o r e t i c a l l y  a  v e r y  d i f f i c u l t  q u e s t i o n ,  i n v o l v i n g  
c o r r e c t i o n s  t o  t h e  p a r t o n  p i c t u r e .  

Time ago ,  it was p r o p o s e d  t o  u s e  t h e  s h a p e  o f  t h e  c h a r g e d  l e p t o n  
s p e c t r u m  i n  t h e  same r e a c t i o n ,  t o  o b t a i n  i n f o r m a t i o n  o n  b o t h  p o i n t s  
/ 1 3 ,  14 ,  IS/.  T h i s  q u e s t i o n  h a s  b e e n  r e a n a l y z e d  r e c e n t l y  /16 / ,  u s i n g  
a  model  which  r e l a t e s  t h e  e f f e c t i v e  charmed q u a r k  mass  t o  t h e  mass  o f  
t h e  D-meson and t o  t h e  a v e r a g e  momentum s p r e a d  o f  t h e  u q u a r k  i n  t h e  
i n i t i a l  bound s t a t e ,  pF .  A good f i t  t o  t h e  e l e c t r o n  s p e c t r u m  i n  D 
d e c a y  i s  o b t a i n e d ,  f o r  v a l u e s  o f  pF r a n g i n g  f r o m  z e r o  t o  0 .15  GeV and  
u s i n g  " c u r r e n t "  t y p e  l i g h t  q u a r k  m a s s e s  ( m u , d  = 0  G O .  15 G e V ;  ms = 0 . 5  
i 0.3 GeV). ' I n  c o r r e s p o n d e n c e ,  t h e  e f f e c t i v e  charmed q u a r k  mass t o  b e  
u s e d  i n  ( 1 3 )  r a n g e s  f r o m  t h e  D-mass down t o  a b o u t  1.7 GeV, and o n e  
o b t a i n s  : 

2 rsL = ( 2  + 4 )  1 0 ' '  c o s  y (set)-l 

Assuming  a  15% s e m i l e p t o n i c  b r a n c h i n g  r a t i o  f o r  t h e  D +  / 1 7 ,  18/ o n e  
t h u s  p r e d i c t s :  

2  
c o s  y  T ( D + )  = ( 2 . 5  f 5 )  10-13sec  (16  

i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  p r e s e n t  w o r l d  a v e r a g e  / 4 / :  



w i t h  p e r h a p s  t h e  s u g g e s t i o n  t h a t  c o s 2  y may be  a p p r e c i a b l y  s m a l l e r  
t h a n  one.  

I f  we u s e  t h e  same r a t e  ( 1 5 )  f o r  t h e  s e m i l e p t o n i c  decay o f  A: 
and combine it wi th  t h e  r e c e n t l y  measured /19/ s e m i l e p t o n i c  b r a n c h i n g  
r a t i o  o f  about 5 % ,  we o b t a i n :  

The p r e s e n t  wor ld  a v e r a g e  i s  /4/:  

i n  agreement w i t h  t h e  e x p e c t  a t i o n .  

4 .  Non l e p t o n i c  i n c l u s i v e  r a t e s  o f  D + ' O  and kc. - The p a r t o n  model 
p r e d i c t i o n  of  e q u a l  non l e p t o n i c  r a t e s  and t h e r e f o r e  o f  e q u a l  l i f e -  
t i m e s  f o r  a l l  charmed p a r t i c l e s  seems not  t o  b e  s u p p o r t e d  b y  t h e  
d a t a .  E a r l i e r  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  a  r a t i o  o f  D +  t o  D o  
l i f e t i m e  o f  about 10 and t h i s  h a s  prompted a  l a r g e  number o f  conven- 
t i o n a l  and l e s s  c o n v e n t i o n a l  e x p l a n a t i o n s .  

The s i t u a t i o n  h a s  become much c l e a r e r  i n  t h e  l a s t  y e a r .  For one  
t h i n g ,  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  l i f e t i m e  r a t i o  h a s  s t e a d i l y  
d e c r e a s e d ,  t h e  p r e s e n t  wor ld  ave rage  b e i n g  /4/: 

A l so ,  t h e  t h e o r e t i c a l  p i c t u r e  h a s  been somewhat c l a r i f i e d .  The re  i s  
now a  widesp read  c o n s e n s u s  t h a t  t h e  d e v i a t i o n  from u n i t y  o f  t h e  l i f e -  
t i m e  r a t i o  i s  due  t o  p r e a s y m p t o t i c  c o r r e c t i o n s ,  i . e .  t o  t h e  f a c t  t h a t  
t h e  charmed qua rk  mass i s  n o t  l a r g e  enough t o  make t h e  p a r t o n  r a t e  
c o m p l e t e l y  domina t ing  o v e r  non-par ton  c o n t r i b u t i o n s .  The main s o u r c e s  
o f  c o r r e c t i o n s  t o  t h e  p a r t o n  p i c t u r e  have been f u r t h e r m o r e  i d e n t i f i e d  
a s  f o l l o w s :  

( i )  I n t e r a c t i o n  o f  t h e  c-quark  wi th  t h e  s p e c t a t o r  qua rk  o r  a n t i -  
qua rk  ( F i g . 2 ) .  T h i s  p r o c e s s  i s  Cabibbo a l lowed f o r  D o  and A c ,  
and Cabibbo s u p p r e s s e d  f o r  D', so i t s  e f f e c t  i s  t o  d e c r e a s e  D o  
and Ac l i f e t i m e  /20 ,  21/. Note t h a t  t h e  i n t e r a c t i o n  h a s  t o  t a k e  
p l a c e  i n  a  s t a t e  w i t h  J = 1, t o  avo id  h e l i c i t y  s u p p r e s s i o n  from 
t h e  s m a l l  f i n a l  s t a t e  qua rk  masses.  I n  t h e  c a s e  o f  D o  a  sub- 
s t a n t i a l  admix tu re  o f  t h e  b a r e  c;, J = 0  s t a t e  w i t h  s t a t e s  
c o n t a i n i n g  v a l e n c e  g l u o n s  i s  t h u s  r e q u i r e d .  

f i i )  I d e n t i c a l  p a r t i c l e  e f f e c t s  i n  D +  decay  /22/ ,  where t h e  qua rk  
e m i t t e d  i n  c-decay can have  a  n e g a t i v e  i n t e r f e r e n c e  w i t h  t h e  
s p e c t a t o r  3 ( i n  e a r l i e r  works /23/ t h i s  mechanism was r e f e r r e d  
t o  a s  " c o l o r  c l u s t e r i n g n ) .  T h i s  e f f e c t  i n c r e a s e s  t h e  D+ l i f e -  
t i m e  above i t s  p a r t o n  v a l u e .  
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( i i i )  The u s e  o f  " c o n s t i t u e n t "  q u a r k  masses  f o r  t h e  f i n a l  s t a t e s  

( m u  = 0.3 GeV; ms = 0.5 GeV) s u p p r e s s e s  t h e  D+ decay ,  which 
h a s ' a  t h r e e  body f i n a l  s t a t e ,  more t h a n  t h e  Do o r  A c  d e c a y s ,  
p rov ided  t h a t  t h e  l a t t e r  a r e  dominated  b y  mechanism ( i )  and 
t h u s  l e a d  t o  a  two body f i n a l  s t a t e  /24/. 

I n  what f o l l o w s ,  I s h a l l  d i s c u s s  o n l y  ( i )  and ( i i ) ,  which seem 
t o  me t h e  most l i k e l y  e x p l a n a t i o n s  o f  t h e  l i f e t i m e  r a t i o .  

- - 
C 

U 

'V"VV'" glue 
__C_ - U U - 
Fig .2  

P r o c e s s e s  i n v o l v i n g  t h e  s p e c t a t o r  quark  i n  D+, D O  and A c  decay .  

Mass e f f e c t s  a s  i n  ( i i i )  may a l s o  p l a y  some r o l e ;  however we 
have seen  t h a t  such e f f e c t s  a r e  n o t  p r e s e n t  i n  T-decay ,  so t o  a t t r i -  
b u t e  them a l e a d i n g  r o l e  i n  c-decay seems somewhat d o u b t f u l .  

A l t e r n a t i v e  t h e o r e t i c a l  p i c t u r e s  o f  charmed p a r t i c l e  decays  have  
a l s o  been p roposed .  Most a r e  b a s e d  on t h e  d i f f e r e n c e  between f i n a l  
s t a t e s  i n  D+ and Do d e c a y s  (Do decay may l e a d  t o  I = 1/2 f i n a l  s t a t e s  
w h i l e  D+ l e a d s  o n l y  t o  e x o t i c  c o n f i g u r a t i o n s )  /25/;  o t h e r s  i nvoke  new 
dynamica l  i d e a s  /26/. 

I w i l l  n o t  d i s c u s s  t h e s e  a t t e m p t s  a t  any l e n g t h  s i n c e  t h e  con- 
v e n t i o n a l  p i c t u r e  seems a l r e a d y  t o  work w e l l .  I n  t h e  l o n g  r u n ,  t h e s e  
approaches  may w e l l  t u r n  o u t  t o  b e  e q u i v a l e n t  t o  t h e  p a r t o n  p i c t u r e ,  
w i t h  t h e  p r e a s y m p t o t i c  c o r r e c t i o n s  i n c l u d e d .  

Cons ide r  D+ f i r s t .  I n  t h e  n o n - r e l a t i v i s t i c  approx ima t ion ,  w i t h  
f i n a l  s t a t e  masses  and Cabibbo s u p p r e s s e d  c o n t r i b u t i o n s  i g n o r e d ,  o n e  
f i n d s  t h e  v e r y  s imple  fo rmula  /22/:  

where C_+ a r e  t h e  l e a d i n g - l o g - c o r r e c t e d  c o e f f i c i e n t s  o f  t h e  weak 
h a m i l t o n i a n  ( Cf = 1 f o r  % = 0 )  and $ ( 0 )  i s  t h e  wave f u n c t i o n  a t  
t h e  o r i g i n  o f  t h e  c-a sys tem.  (Here  and i n  t h e  f o l l o w i n g  I am o m i t t -  
i n g  t h e  K-M mix ing  f a c t o r ,  c o s 2  y, which can b e  r e i n s e r t e d  a t  w i l l  
and,  i n  any c a s e ,  d r o p s  o u t  from l i f e t i m e  r a t i o s ) .  

Working i n  t h e  same approx ima t ion ,  one  f i n d s  f o r  Do: 
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r C+ + C- 
G~ M~ 

q- i n t  = (  ) 
3  IT 

P ( ~ )  i s  t h e  probabilft.. f o r  f i n d i n g  t h e  c-8 p a r  in '  a  B = 1, c o l o r  
o c t e t  s t a t e ,  and $ ( 0 )  t h e  c o r r e s p o n d i n g  wave f u n c t i o n  a t  t h e  
o r i g i n .  

D o  decay  from J = 1, c o l o r  s i n g l e t  s t a t e  cou ld  a l s o  b e  c o n s i d e r -  
ed ,  b u t  t h e  c o r r e s p o n d i n g  r a t e  i s  suppres sed  b y  t h e  s m a l l  combina t ion  
1 (2C+ - C-)/31 2. 

Eqs. ( 1 8 )  and ( 1 9 )  show c l e a r l y  t h a t  t h e  e f f e c t s  ( i )  and (ii) 
a r e  b o t h  de t e rmined  b y  t h e  s i z e  o f  t h e  bound s t a t e .  Fu r the rmore  t h e s e  
e q u a t i o n s  imply  t h a t  t h e  d e v i a t i o n s  from u n i t y  o f  t h e  l i f e t i m e  r a t i o  
shou ld  d i s a p p e a r  f o r  h e a v i e r  q u a r k s ,  s i n c e  we e x p e c t  ( S e c t .  2 ) :  

f o r  M + . 
To s e e  whether  t h e  e f f e c t s  (3.1 and (ii) r e a l l y  e x p l a i n  t h e  d a t a ,  

we need a  more p r e c i s e  e v a l u a t i o n  o f  t h e  r a t e s  and, i n  p a r t i c u l a r ,  a  
more p r e c i s e  d e f i n i t i o n  o f  t h e  phenomenologica l  p a r a m e t e r s  which 
a  p e a r  i n  t h e  above e q u a t i o n s .  T h i s  can b e  done i n  t h e  c a s e  o f  t h e  P D , i n  t h a t  o n e  can e x p r e s s  both rc-decay and r i n  t e r m s  o f  
t h e  same p a r a m e t e r ,  pF, which d e t e r m i n e s  t h e  shape  o f  t h e  e l e c t r o n  
spec t rum i n  t h e  s e m i l e p t o n i c  decay.  Thus,  a t  l e a s t  i n  p r i n c i p l e ,  a  
p r e c i s e  measurement o f  t h e  l a t t e r  can p r o v i d e  a  p r e c i s e  p r e d i c t i o n  o f  
t h e  t o t a l  non l e p t o n i c  r a t e .  

The r e s u l t  o f  t h i s  c a l c u l a t i o n  /27/ i s  r e p o r t e d  i n  Tab le  2, 
where t h e  r ange  o f  v a l u e s  f o r  r c-deca ( D + )  and r ( D + )  
r e f l e c t s  t h e  p r e s e n t  u n c e r t a i n t y  on pF. 1% i s  seen  t h a t  t h e  i n t e r f e -  
r e n c e  e f f e c t  g i v e s  a  s u p p r e s s i o n  o f  l e s s  t h a n  10% o f  t h e  t o t a l  r a t e ;  
t h u s  t h i s  e f f e c t  can  p l a y  o n l y  a  minor r o l e  i n  i n c r e a s i n g  t h e  D+ 
l i f e t i m e .  

The D o  c a s e  i s  l e s s  f a v o r a b l e ,  i n  t h a t  we need t o  know b o t h  P ( ~ )  
and $ ( 8 )  ( 0 1 ,  which a r e  n o t  r e l a t e d  t o  o t h e r  p r o c e s s e s .  P ( 8 )  h a s  
been  computed p e r t u r b a t i v e l y  /2 1/ (one  g luon e m i s s i o n  f rom t h e  
i n i t i a l  l i g h t  q u a r k ) :  

f o r  a s  = 0.3 and m = 0.3 GeV. 

The p r e s e n c e  o f  t h e  l/m2 f a c t o r  s t r o n g l y  s u g g e s t s  t h a t  t h e  low 
momentum r e g i o n  domina te s ,  c a s t i n g  some d o u b t s  on  t h e  r e l e v a n c e  o f  
t h e  p e r t u r b a t i v e  c a l c u l a t i o n .  I t  i s ,  i n  f a c t ,  q u i t e  p o s s i b l e  t h a t  
p (  8, i s  o f  o r d e r  u n i t y .  

I n  T a b l e  2 , 1  have a l s o  r e p o r t e d  t h e  p r e d i c t i o n s  f o r  rq-int ( D o )  
o b t a i n e d  b y  Eq. ( 1 9 )  w i t h  P ( ~ )  = 1, and w i t h  t h r e e  d i f f e r e n t  e s t i m a t e s  
o f  t h e  wave f u n c t i o n ,  a lways  under  t h e  assumpt ion t h a t :  
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t h e  r . h . s .  b e i n g  t h e  w.ave f u n c t i o n  f o r  t h e  c o l o r  s i n g l e t ,  J = 0  o r  J 
= 1, c - ii s y s t e m .  

Table 2 

Non l e p t o n i c  r a t e s  f o r  D+ and  D a  f o r  c o s  0 ,  
= =. 

1  and  P ( ~ )  = 1 
( s e e  t e x t ) ;  PF i s  t h e  momentum s p r e a d  o f  t h e  c - q u a r k  i n  t h e  meson ( i n  
GeV) and t h e  two v a l u e s  c o n s i d e r e d  c o r r e s p o n d  to t h e  r a n g e  a l l o w e d  b y  
a  f i t  t o  t h e  e l e c t r o n  s p e c t r u m  i n  t h e  s e m i l e p t o n i c  d e c a y  , s e e  
S e c t  .3. The v a l u e s  o f  cis, c +  and c- u s e d  a r e  g i v e n  i n  Eq. ( 2 3 ) .  Next-  
t o - l e a d i n g  QCD c o r r e c t i o n s  t o  c - d e c a y  /28/  h a v e  b e e n  i n c l u d e d .  R a t e s  
a r e  i n  u n i t s  o f  I O ~ ~ S - ~ .  

0 .15 1.1 0.06 - 
D o  same same - 3 . 0 ( ~ )  

0 . 4 ( ~ )  

1 . 3 ' ~ )  

The t h r e e  e s t i m a t e s  c o r r e s p o n d  t o :  

a .  I $ ( 0 )  1 o b t a i n e d  f r o m  D-D* s p l i t t i n g ,  v i a  Eq. (71, w h i c h  g i v e s :  

b .  u s i n g  Eq. ( 6 )  ~ 4 t h  fD = 0 .15  G e V ;  + - 
c .  r e l a t i n g  t h e  D r a t e  t o  t h e  $ -t u 1.1 r a t e ,  v i a  SU(4)  symmetry,  

w h i c h  g i v e s :  

The n u m e r i c a l  v a l u e s  a r e  o b t a i n e d  w i t h :  

as  = 0.3,  C+ = 0 . 7 5 ,  C- = 1.75 

and u s i n g  i n  ( a )  and ( b )  t h e  ( l a r g e )  m a s s  v a l u e s :  

m = 0.3 

M = M D  = 1 .86  GeV 

t o  b e  o n  t h e  s a f e  s i d e .  
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I t  i s  e n c o u r a g i n g  t h a t  d i f f e r e n t  e s t i m a t e s  g i v e  r a t h e r  c l o s e  
r e s u l t s .  The c o n c l u s i o n  i s  t h a t  even w i t h  P ( ~ )  = 1, qua rk  i n t e r a c t i o n  
canno t  dominate  c o m p l e t e l y  o v e r  t h e  qua rk  decay  r a t e  b u t ,  a t  b e s t ,  it 
can b e  about  e q u a l l y  i m p o r t a n t .  The r e l a t i v e  impor t ance  o f  q - i n t e r -  
a c t i o n  v s  c-decay can b e  i n c r e a s e d  b y  r e d u c i n g  M c ,  b u t  t h e n ,  t o o  long  
l i f e t i m e s  would r e s u l t .  Without major  m o d i f i c a t i o n s ,  t h e  p r e s e n t  
p i c t u r e  i m p l i e s  t h a t  : 

and most l i k e l y  t h e  r a t i o  t o  b e  be tween 1.5 and 2. T h i s  i s  w e l l  
w i t h i n  t h e  p r e s e n t  r ange  o f  t h e  e x p e r i m e n t a l  u n c e r t a i n t y .  

I f  t h e  Cabibbo-suppressed  a n n i h i l a t i o n  d i ag ram i n  D +  decay  i s  
no t  v e r y  much enhanced,  we can expec t  a  b r a n c h i n g  r a t i o  f o r  t h e  Ca- 
b ibbo  u p p r e s s e d  modes n o t  much g r e a t e r  t h a n  t h e  n a i v e  e x p e c t a t i o n  B - = 5%. There  may be  a  problem here2 i n  t h a t  t h e  p r e s e n t  d a t a  
f o r  t h e  Cabibbo a l lowed  modes o f  D+ and DO seem t o  b e  s m a l l e r  t h a t  
e x p e c t e d ,  a l t h o u g h  w i t h  a  l a r g e  u n c e r t a i n t y  /18/:  

r ( ~ +  + K + ...I 
= ( 6 0  f 18) % 

r ( D +  + a l l )  
0 - 

T ( D  + K + . . . )  
0 = ( 5 3  f 21)  % 

r ( D  + a l l )  

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

Other  c o n c l u s i o n s  one  can draw from t h e  above d i s c u s s i o n  can b e  
summarized a s  f o l l o w s .  

i )  While t h e  t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  t o t a l  D +  r a t e  a r e  con- 
s i d e r a b l y  a f f e c t e d  b y  t h e  poor  knowledge o f  t h e  wave f u n c t i o n  
momentum s p r e a d ,  pF ,  t h e  s e m i l e p t o n i c  b r a n c h i n g  r a t i o  i s  much 
b e t t e r  de t e rmined .  Ref ./27/ e s t i m a t e s :  

q u i t e  c o m p a t i b l e  w i t h  d a t a ,  t h e  t h e o r e t i c a l  u n c e r t a i n t y  b e i n g  
e s s e n t i a l l y  due t o  v a l u e  o f  as. 

i i)  A p r e c i s e  p r e d i c t i o n  o f  t h e  t o t a l  DO r a t e  i s ,  a t  p r e s e n t ,  beyond 
r each .  A d i r e c t  measurement o f  f D  ( o r  f F ) ,  would b e  o f  t h e  g r e a t -  
est v a l u e ,  i n  t h a t  it would g i v e  an upper  bound t o  rq-int, much 
f i r m e r  t h a n  t h a t  g iven  i n  T a b l e  2. 

iii) The c-d p a i r  i n  Ac h a s  a  J = 1  component even i n  t h e  v a l e n c e  
qua* approx ima t ion .  The q u a r k - i n t e r a c t i o n  r a t e  i s  t h u s  de t e rmin -  
ed mainly  b y  t h e  wave f u n c t i o n  o v e r l a p .    he ore tical c a l c u l a t i o n s  
/29/ seem t o  g i v e  v a l u e s  ino g e n e r a l  agreement w i t h  t h e  o b s e r v e d  
l i f e t i m e .  A compar ison o f  D and A c  l i f e t i m e  can t e l l  how d i f -  
f i c u l t  it i s  t o  emi t  a  f u r t h e r  g luon ,  and whether  o r  n o t  P ( ~ )  
i s  o f  o r d e r  u n i t y .  

i v )  F i n a l l y ,  it i s  c l e a r l y  s u g g e s t e d  t h a t  f o r  B-mesons: 
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We w a i t  e a g e r l y  f o r  t h e  r e s u l t  o f  t h i s  c r u c i a l  t e s t .  An amusing 
s u g g e s t i o n  about  how t h i s  can b e  done h a s  been g iven  i n  Ref./30/. 

* 
5. F-decays.  - Non l e p t o n i c  d e c a y s  o f  F d i f f e r  from D d e c a y s  i n  t h a t  
t h e  a n n i h i l a t i o n  o f  t h e  c z  i n  J = 1  c o l o r  o c t e t  s t a t e  i s  c o n s i d e r a b l y  
s u p p r e s s e d  b y  t h e  s t r u c t u r e  o f  t h e  weak h a m i l t o n i a n ,  w h i l e  a n n i h i l a -  
t i o n  from J = 1, c o l o r  s i n g l e t  s t a t e ,  i s  f u l l y  a l lowed.  The l a t t e r  
s t a t e  can  be  o b t a i n e d  b y  r a d i a t i o n  o f  a t  l e a s t  two l u o n s .  However i f  
t h e  p r o b a b i l i t y  f o r  one  g luon  e m i s s i o n  ( i . e .  P ( a )  i s  l a r g e ,  t h e  
p r o b a b i l i t y  f o r  f i n d i n g  t h e  c-z  p a i r  i n  a  J = 1, c o l o r  s i n g l e t  s t a t e ,  
P('), cou ld  a l s o  b e  l a r g e  /31/. Thus we e x p e c t :  

( P ( " )  s m a l l )  

( P ( ' )  l a r g e )  

F iq .3 :  Quark a n n i h i l a t i o n  i n  F  semi- 
l e p t o n i c  decay.  The i n i t i a l  p a i r  i s  i n  a  
J = 1, c o l o r  s i n g l e t ,  s t a t e .  

I n  t h e  l a t t e r  c a s e ,  t h e  s e m i l e p t o n i c  decays  o f  F+ would a l s o  b e  
a f f e c t e d ,  i n  t h a t  t h e y  would r e c e i v e  c o n t r i b u t i o n s  from t h e  d iagram 
o f  Fig.3.  No h e l i c i t y  s u p p r e s s i o n  is p r e s e n t ,  s i n c e  t h e  a n n i h i l a t i o n  
p r o c e e d s  from a  J = 1  s t a t e  so t h i s  mechanism y i e l d s  a s  many e l e c -  
t r o n s  a s  muons, and we e x p e c t :  

( P ( ' )  l a r g e )  

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

6. E x c l u s i v e  charm decays .  - There  i s  no new e x p e r i m e n t a l  i n f o r m a t i o n  
on h a d r o n i c ,  e x c l u s i v e ,  charm d e c a y s  s i n c e  t h e  Madison Confe rence  
( s e e  t h e  r ev iew pape r  / 1 8 / ) ,  and v e r y  l i t t l e  new t h e o r e t i c a l  develop-  
ments  on t h e  s u b j e c t s ,  so  I w i l l  l i m i t  myself  t o  a  few comments. 

I n  e a r l y  works ,  assuming comple te  c-decay dominance and t h e  f r e e  
quaric model r u l e s  f o r  c o l o r  r e c o m b i n a t i o n ,  p r e d i c t i o n s  o f  t h e  r a t e s  
f o r  t h e  two body d e c a y s  o f  D + ,  D o  and F have been  d e r i v e d  /32/, i n  
t e r m s  o f  v e r y  few phenomenologica l  p a r a m e t e r s .  Most n o t a b l y ,  an 
a lmos t  comple t e  s u p p r e s s i o n  o f  t h e  n e u t r a l  decay  modes o f  D o  was 
p r e d i c t e d :  
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Eq. ( 2 3 )  t u r n e d  o u t  t o  b e  i n c o m p a t i b l e  w i t h  t h e  e x p e r i m e n t a l  r e s u l t  
/18/:  

The r e s u l t  ( 2 4 )  s u p p o r t s  i n  f a c t  t h e  i d e a  t h a t  q - i n t e r a c t i o n  dominat-  
e s  o v e r  qua rk  decay ,  t h e  fo rmer  p r o c e s s  l e a d i n g  t o  t h e  a c c e p t a b l e  
r a t i o  o f  1/2 a s  a  consequence  o f  pu re  I = 1/2 f i n a l  s t a t e s .  

More i n  g e n e r a l ,  t h e  e x p e r i m e n t a l  r e s u l t  ( 2 4 )  prompted a  recon-  
s i d e r a t i o n  o f  t h e  whole s u b j e c t .  The r o l e  o f  t h e  f i n a l  s t a t e  i n t e r -  
a c t i o n s  h a s  been i n v e s t i g a t e d  i n  v a r i o u s  p a p e r s  /33,  34/, t h e  c o l o r  
combina t ion  r u l e s  have been q u e s t i o n e d  i n  Ref. /35/ ,  t h e  u s e  o f  t h e  
"vacuum i n s e r t i o n "  approx ima t ion  h a s  been a l s o  c r i t i c i z e d  /36/, a s  
w e l l  a s  t h e  v e r y  u s e  o f  t h e  Q C D  c o r r e c t e d  e f f e c t i v e  h a m i l t o n i a n  /37/. 
More r e c e n t l y ,  phenomenologica l  p i c t u r e s  o f  two body decays  (2 pseu- 
d o s c a l a r ,  PP, o r  p s e u d o s c a l a r  p l u s  v e c t o r ,  PV, f i n a l  s t a t e s )  i n c o r -  
p o r a t i n g  b o t h  t h e  q - i n t e r a c t i o n  mechanism and t h e  i d e n t i c a l  p a r t i c l e  
i n t e r f e r e n c e  e f f e c t s  have  been  deve loped  /38/. 

The s i t u a t i o n  r ema ins  c o n f u s e ,  and a  c l a r i f i c a t i o n  must w a i t  f o r  
more p r e c i s e  d a t a .  

I n  c o n n e c t i o n  w i t h  t h e  p u z z l e  posed b y  Eqs ( 2 3 )  and (241,  how- 
e v e r ,  t h e  f o l l o w i n g  o b s e r v a t i o n  can b e  u s e f u l .  The n e u t r a l  PV decay 
modes o f  D o  have a l s o  been  o b s e r v e d ,  w i t h  t h e  r e s u l t s  /18/: 

o e 
B ( D O  + E P ) = O.? 

t 0 .6  
-0.1 % 

t o  be  compared w i t h  t h e  o b s e r v e d  b r a n c h i n g  r a t i o s  o f  t h e  cha rged  
modes: 

The n e u t r a l  mode s u p p r e s s i o n  i s  v e r y  w e l l  b o r n e  o u t  b y  ( 2 5 )  v s  (271,  
and t h e  r e s u l t  ( 2 6 )  i s  a l s o  c o m p a t i b l e  w i t h  z e r o .  T h i s  i m p l i e s  t h a t  
t h e  q - i n t e r a c t i o n  mechanism d o e s  n o t  c o n t r i b u t e  t o  t h e  PV decay  
modes. Hf t h i s  i s  t h e  c a s e ,  and i f  t h e  q - i n t e r a c t i o n  mechanism was 
c o m p l e t e l y  dominant i n  t o t a l  r a t e s ,  one  would e x p e c t  an o v e r a l l  sup- 
p r e s s i o n  o f  PV decay modes, which i s  n o t  b o r n e  o u t  a t  a l l  b y  t h e  
d a t a ,  e .g . :  

The n e a r  e q u a l i t y  o f  PP and PV modes s u p p o r t s  n i c e l y  what found 
i n  S e c t . 4 ,  namely t h a t  q - i n t e r a c t i o n  and c-decay c o n t r i b u t e  about  
e q u a l l y  i n  D o  decay.  A c o n v i n c i n g  e x p l a n a t i o n  o f  q-decay dominance i n  
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PV d e c a y s  r e m a i n s  e n t i r e l y  t o  b e  f o u n d ,  o f  c o u r s e .  However ,  i f  we 
assume t h i s  t o  b e  t t u e ,  t h e  b r a n c h i n g  r a t i o s  ( 2 7 )  and ( 2 8 )  d e t e r m i n e  
t h e  unknown p a r a m e t e r s  i n  t h e  a n a l y s i s  o f  R e f .  /32 / ,  and l e a d  t o  
u n i v o c a l  p r e d i c t i o n s  f o r  t h e  o t h e r  PV modes. I n  p a r t i c u l a r ,  o n e  
f i n d s :  

f o r  a b o u t  e q u a l  F and D O  l i f e t i m e s .  A t e s t  o f  t h i s  s i m p l e  r e l a t i o n  
c a n  b e  v e r y  i n t e r e s t i n g .  

7. Weak m i x i n g  a n g l e s .  - The q u a r k - c h a r g e d  weak c u r r e n t  i n  t h e  
s t a n d a r d  model ,  h a s  t h e  f o r m :  

w h e r e  u  = ( u ,  c ,  t, ... ) ,  d = (d, s,  b ,  . . . I  and U i s  a  NxN u n i t a r y  
m a t r i x  f o r  N g e n e r a t i o n  o f  q u a r k  d o u b l e t s  ( i . e .  2N q u a r k  f l a v o u r s ) .  
I f  N 5 3 ,  U c o n t a i n s  o n e  o r  more C P - v i o l a t i n g  p h a s e s  /39 / .  

The p r e s e n t  i n f o r m a t i o n  on  t h e  m a t r i x  e l e m e n t s  o f  U h a s  b e e n  
summar ized  a t  t h i s  C o n f e r e n c e  b y  S . P a k v a s a ,  whose t a l k  may b e  c o n s u l -  
t e d  f o r  more d e t a i l s .  

The m a t r i x  e l e m e n t s  UUd and U U s  a r e  w e l l  d e t e r m i n e d  f r o m  h y p e r o n  
and kaon  8 - d e c a y s  ( f o r  a  r e c e n t  a n a l y s i s  s e e  Ref . / l o / ) .  I n  e a r l i e r  
w o r k s ,  i n f o r m a t i o n  a b o u t  Ucd  and U c s  was o b t a i n e d  f r o m  c a l c u l a t i o n s  + - o f  t h e  K L  - KS m a s s  d i f f e r e n c e  and o f  t h e  KL + ,, ,, r a t e .  T h e s e  
c a l c u l a t i o n s ,  however ,  s u f f e r  f r o m  many a m b i g u i t i e s  and t h e  c o r r e s -  
p o n d i n g  b o u n d s  s h o u l d  b e  t a k e n  w i t h  some s u s p i c i o n .  F o r t u n a t e l y ,  a s  
p o i n t e d  o u t  r e c e n t l y  / 4 1 ,  4 2 / ,  s i m i l a r ,  b u t  more r e l i a b l e ,  i n f o r m a -  
t i o n  may now b e  o b t a i n e d  f r o m  n e u t r i n o  dimuon d a t a  /43 /  and f rom t h e  
p r e s e n t  i n f o r m a t i o n  on  B-decays .  

T a b l e  3  s u m m a r i z e s  t h e  s i t u a t i o n  f o r  what c o n c e r n s  t h e  p r e s e n t  
knowledge  a b o u t  t h e  m a t r i x  e l e m e n t s  o f  U .  I f  t h r e e  g e n e r a t i o n s  a r e  
assumed,  weak b u t  s i g n i f i c a n t  b o u n d s  c a n  b e  o b t a i n e d  f o r  t h e  t - q u a r k  
c o u p l i n g s ,  f rom t h e  u n i t  a r i t y  c o n d i t i o n s .  

I n  t h e  t h r e e  g e n e r a t i o n  model ,  U c a n  b e  p a r a m e t r i z e d  i n  t e r m s  o f  
t h e  Cabibbo  a n g l e ,  O c ,  and o f  t h r e e  o t h e r  p a r a m e t e r s :  two r e a l  a n g l e s  
and o n e  C P - v i o l a t i n g  p h a s e .  

To f i r s t  o r d e r  i n  a l l  m i x i n g  a n g l e s ,  t h e  f o r m  o f  U i s  u n i q u e l y  
d e t e r m i n e d  t o  b e :  



Table 3 

P r e s e n t  i n f o r m a t i o n  o n  t h e  m a t r i x  e l e m e n t s  o f  t h e  Kobayashi-Maskawa 
m a t r i x .  
( a )  f r o m  h y p e r o n  and kaon @ - d e c a y s ,  R e f .  / 4 0 / ;  
( b  f rom d imuon,  n e u t r i n o  and a n t i n e u t r i n o  d a t a ,  CDHS C o l l a b o r a -  

t i o n ,  Ref .  / 4 3 / ;  
( c )  f r o m  t h e  u p p e r  l i m i t  o f  B - l i f e t i m e ,  JADE C o l l a b o r a t i o n ,  Ref .  

/44 / ,  combined w i t h  t h e  CUSB r e s u l t ,  Eq. ( 3 6 ) ;  
( u )  f r o m  t h e  u n i t a r y  c o n d i t i o n s ,  f o r  t h r e e  g e n e r a t i o n s  o n l y .  

A c o m p a r i s o n  w i t h  E q . ( 3 1 )  shows t h a t  O = O c ,  and g i v e s  a  s i m p l e  
i n t e r p r e t a t i o n  f o r  t h e  o t h e r  two a n g l e s :  6 d e t e r m i n e s  t h e  b-u ( o r  t- 
d )  t r a n s i t i o n  a m p l i t u d e  and y  d e t e r m i n e s  t h e  b - c  ( o r  t - s )  o n e .  To 
t h i s  o r d e r ,  no C P - v i o l a t i o n  c a n  b e  p r e s e n t .  The f o r m  r e s u l t i n g  f o r  U 
when we a l l o w  a r b i t r a r y  v a l u e s  f o r  O , @ , y  a s  w e l l  a s  f o r  t h e  CP- 
v i o l a t i n g  p h a s e  6 , h a s  b e e n  g i v e n  i n  Ref .  / 45 /  and is:  

and where  c g  = c o s @  e t c . ,  and t h e  c o n d i t i o n s :  

a r e  u n d e r s t o o d .  

The b o u n d s  t o  t h e  m a t r i x  e l e m e n t s  o f  U summar ized  i n  T a b l e  3 
i m p l y  an a l l o w e d  r e g i o n  i n  t h e  s i n B  - s i n y  p l a n e  ( h e r e  and i n  t h e  
f o l l o w i n g  I s e t ,  f o r  s i m p l i c i t y ,  6 = O),  a s  shown i n  F i g .  4 .  We see  
a t  o n c e  f r o m  T a b l e  3  t h a t  s i n B < < l  so  t h a t  I h a v e  u s e d  i n  t h e  f i g u r e  
t h e  v a r i a b l e  s i n *  / t a n  0 r a t h e r  t h a n  s i n  B i t s e l f .  

The h o r i z o n t a l  c o n t i n u o u s  l i n e  i n d i c a t e s  t h e  maximum v i o l a t i o n  
2 o f  Cabibbo  u n i v e r s a l i t y  ( l u u d l  + I U u s  1 = 1 )  t o l e r a t e d  i n  AS = 

1,O 6 - d e c a y s  /40 / ,  t h e  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  C D H S  measure-  
ment /43 / :  

lUcd I - = 1.05 f 0.14 ( i . e . >  0.91)  
s i n  

( 3 4 )  

The  c o n t i n u o u s  l i n e  a r o u n d  t h e  o r i g i n  r e p r e s e n t s  t h e  l i m i t a t i o n  a r i s -  
i n g  f r o m  t h e  u p p e r  bound  t o  t h e  B-meson l i f e t i m e  /44 / :  
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F i n a l l y  t h e  d o t t e d  l i n e s  c o r r e s p o n d  t o  t h e  l i m i t :  

F ig .  4 :  A,B: 
r e g i o n s  i n  t h e  p l a n e  
s i n  B / t a n  oc - s i n  
a l lowed b y  t h e  p r e -  
s e n t  e x p e r i m e n t a l  
r e s u l t s ,  s e e  t e x t .  

r e p o r t e d  t o  t h i s  Confe rence  b y  t h e  CUSB C o l l a b o r a t i o n ,  s e e  /4/ ( a  
s i m i l a r  l i m i t  h a s  been o b t a i n e d  b y  t h e  CLEO C o l l a b o r a t i o n ) .  The a l -  
lowed r e g i o n s  i n  Fig .4  imp ly  t h e  lower  bound f o r  B - l i f e t i m e :  

A f u t u r e  s t r a t e g y  f o r  a  comple te  d e t e r m i n a t i o n  o f  t h e  K-M a n g l e s  
can b e  o u t l i n e d  a s  f o l l o w s :  

i )  I c o s  y  1 and I sifi y 1 c o u l d  b e  de t e rmined  from t h e  i n c l u s i v e  semi- 
l e p t o n i c  r a t e s  o f  charmed and b e a u t y  mesons r e s p e c t i v e l y ,  o n c e  
t h e  momentum spnead ,  PF, o f  t h e  bound q u a r k  h a s  b e e n  d e t e r m i n e d  
from an a c c u r a t e  measurement o f  t h e  l e p t o n  spect rum,  s e e  S e c t .  3 ;  

ii) t h e  r a t i o  is in^/ s i n y l c o u l d  b e  de t e rmined  from an a n a l y s i s  o f  t h e  
end-po in t  spec t rum o f  t h e  e l e c t r o n  i n  B-semi lep ton ic  decay /16/ .  
F ig .  5 shows t h e  t h e o r e t i c a l  s p e c t r a  f o r  t h e  t r a n s i t i o n s :  

no rma l i zed  t o  u n i t  c o u p l i n g s .  I t  i s  c l e a r  t h a t  an i n v e s t i g a t i o n  
o f  t h e  spec t rum above t h e  AC = 1 end-po in t  can p r o v i d e  a  s e n s i -  
t i v e  bound - o r  a measurement i f  we a r e  lucky  - f o r  t h e  r e l a t i v e  
s t r e n g t h  of t h e  two t r a n s i t i o n s ;  
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F i g . 5 :  T h e o r e t i c a l  c u r v e s  / 16 /  
f o r  t h e  e l e c t r o n  spec t rum i n :  
B  -+ e + y  + ( C  = 0 s t a t e s )  c u r v e  + ( a )  and: B  -+ e  v + ( c  = 1  
s t a t e s )  c u r v e  ( b ) .  The meson B 
i s  a t  r e s t .  The c u r v e s  i n c l u d e  
QCD c o r r e c t i o n s ,  bound s t a t e s  
e f f e c t s  and a r e  no rma l i zed  t o  
u n i t  c o u p l i n g .  The momentum 
s p r e a d  o f  t h e  b  q u a r k ,  pF, i s  
t a k e n  t o  b e  t h e  same a s  f o r  
charmed mesons: shaded a r e a s  
c o r r e s p o n d  t o  0 ,< pF  4 0 .15  GeV. 

iii) t h e  s i g n  of  s i n y  a p p e a r s  t o  b e  more d i f f i c u l t  t o  d e t e r m i n e .  
One p o s s i b i l i t y  i s  g i v e n  b y  Bo - 'Bo m ix ing  / 4 6 ,  4 7 / ,  t o  b e  
measured i n  t h e  e+e' r e a c t i o n :  

e +  . . . ( o r  e- + .. .)  

e  + ... ( o r  e +  + ... ) P -  
The f r a c t i o n  o f  w r o n g - s i g n a t u r e  d i l e p t o n s :  

1s v e r y  s e n s i t i v e  t o  t h e  s i g n  o f  s i n y  . E x p l i c i t  c a l c u l a t i o n  shows 
t h a t  t h e r e  i s  a  l i n e  o f  z e r o s  p r e s e n t  i n  t h e  s i n y  > 0 r e g i o n ,  which 
s t r o n g l y  s u p p r e s s e s  B~ - 'Bo m ix ing  t h e r e ,  w h i l e  a  ( p e r h a p s )  o b s e r v -  
a b l e  s i g n a l  i s  e x p e c t e d ,  i f  s i n y  < 0 .  

8. E x o t i c s .  - The p r e s e n t  d a t a  on weak d e c a y s  e x c l u d e  t o  a  r emarkab le  
a c c u r a c y  t h e  p r e s e n c e  o f  f u r t h e r  i n t e r a c t i o n s ,  b e s i d e s  t h o s e  o f  t h e  
SU(2) u U(1)  t h e o r y .  Such e f f e c t s  a r e  u s u a l l y  c l a s s i f i e d  a s  
" e x o t i c s " ,  a l t h o u g h  t h e y  a r e  n o t  v e r y  much bizarre, w i t h i n  t h e  
framework o f  a  u n i f i e d  gauge t h e o r y .  Here f o l l o w  some r emarks  about  
t h e  most s i m p l e  p o s s i b i l i t i e s  and t h e  way t h e y  a r e  exc luded .  
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Charged Higgs  p a r t i c l e s .  Many gauge t h e o r i e s ,  ( and  a l l  supe r -  
symmetric e x t e n s i o n s )  r e q u i r e  more t h a n  one  Higgs  m u l t i p l e t ,  t h e r e b y  
imply ing  t h e  e x i s t e n c e  o f  cha rged  s c a l a r  p a r t i c l e s ,  n o t  n e c e s s a r i l y  
w i t h  l a r g e  masses .  The s i m p l e s t  o p t i o n ,  n a t u r a l l y  l e a d i n g  t o  f l a v o u r  
c o n s e r v a t i o n  i n  n e u t r a l  c u r r e n t  i n t e r a c t i o n s  /48/ ,  i s  t h a t  o f  two 
Higgs  d o u b l e t s ,  w i t h  t h e  c h a r g e  p a t t e r n :  

A f t e r  symmetry b r e a k i n g ,  one  r ema ins  w i t h  t h r e e  n e u t r a l  f i e l d s  coupl-  
ed t o  A f l a v o u r  = 0 t r a n s i t i o n s ,  p l u s  a charged s c a l a r  Hf, coupled  t o  
f l a v o u r  chang ing  p r o c e s s e s .  The Yukawa l a g r a n g i a n  f o r  t h e  l a t t e r  i s  
u n i q u e l y  de t e rmined  by t h e  qua rk  ( d i a g o n a l )  mass m a t r i c e s ,  M U  and M d r  
and b y  t h e  K-M m a t r i x  U ,  Eq. ( 3 1 ) :  

L = e + - 
{H / X U M ~ U ( ~ - ~ ~ ) ~  - -1- - 

2  s i n  0 x 
uUMd( I+ y 5 ) d  1 + h . c .  ) ( 3 8 )  

w M W  

A s  b e f o r e ,  u  = ( u ,  c, t ,  ... ) ,  d  = ( d ,  s ,  b ,  . . . I  and x  i s  t h e  r a t i o  
o f  t h e  vacuum v a l u e s  o f  t h e  two n e u t r a l  s c a l a r  f i e l d s .  

Most l i k e l y ,  a  l i g h t  ~f would have been o b s e r v e d  i n  e+e- p roces -  
s e s .  A t  any r a t e ,  from weak d e c a y s  a l o n e ,  we can conc lude  t h a t :  

i )  c  7 / H  + S: b e c a u s e  t h e  l i f e t i m e  would be  t o o  s h o r t ;  
ii) b  P H  + c  ( o r  u )  : g iven  t h e  measured s e m i l e p t o n i c  b r a n c h i n g  r a t i o ,  

t h i s  decay l e a d s  t o  a  t o o  low ene rgy  a s s o c i a t e d  w i t h  cha rged  
p a r t i c l e s ,  i n  c o n t r a s t  w i t h  what o b s e r v e d  b y  t h e  CLEO and CUSB 
c o l l a b o r a t i o n s ,  s e e  /4/. 

What about  v i r t u a l  e f f e c t s ?  A s i m i l a r  fo rmula  t o  ~ q .  ( 38 )  h o l d s  
f o r  t h e  H-lepton c o u p l i n g s ,  so t h a t  t h e  b e s t  s i g n a t u r e  would be  a  
d e p a r t u r e  from e- u u n i v e r s a l i t y  i n  s e m i l e p t o n i c  decays .  

For t h e  H-exchange c o n t r i b u t i o n  i n  such a  p r o c e s s ,  however, we 
e x p e c t  : 

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

I n  agreement wi th  t h i s  c o n s i d e r a t i o n ,  e- u n i v e r s a l i t y  i s  w e l l  
t e s t e d  i n  T and b  decays .  

It has b e e n  s u g g e s t e d  t h a t  t h e  anomalousfy  s m a l l  v / v  r a t i o  
r e p o r t e d  i n  t h e  beam dump e x p e r i m e n t s  /49/ may be  due  t g  2 Higgs- 
exchange e f f e c t  /50/ i n  c-decays .  

Al though such an e f f e c t  would no t  a r i s e  i n  t h e  s i m p l e s t  scheme, 
a s  we have  seen ,  one  shou ld  keep an open mind t o  t h i s  p o s s i b i l i t y .  An 
e x p e r i m e n t a l  v e r i f i c a t i o n  o f  e- l~ u n i v e r s a l i t y  i n  charm d e c a y ,  l a c k i n g  
a t  p r e s e n t ,  i s  s t r o n g l y  c a l l e d  f o r .  

Is b-quark  d i f f e r e n t ?  I n v e s t i g a t i n g  a  c l a s s  o f  models w i t h o u t  
t h e  t - q u a r k ,  Georg i  and Glashow where l e d  t o  s p e c u l a t e  t h a t  t h e  b  
q u a r k  h a s  a  new quantum number, conse rved  i n  t h e  u s u a l  SU(2)  u U( 1 )  
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i n t e r a c t i o n s ,  a s  w e l l  a s  i n  t h e  a d d i t i o n a l  i n t e r a c t i o n s  r e s p o n s i b l e  
f o r  b  decay /51/ .  

The new quantum number must a l s o  b e  sha red  b y  some o t h e r  l i g h t e r  
t h a n  b - p a r t i c l e s ,  t h e  o n l y  p o s s i b l e  c a n d i d a t e s  b e i n g  T and v . I f  

T t h i s  was t h e  c a s e ,  t h e  f i n a l  s t a t e s  i n  b  decay would a lways  i n v o l v e  
a t  l e a s t  one  l e p t o n ,  and a g a i n ,  g i v e n  t h e  known v a l u e  o f  t h e  semi- 
l e p t o n i c  b r a n c h i n g  r a t i o ,  a  c o n f l i c t  would a r i s e  w i t h  t h e  o b s e r v e d  
charged p a r t i c l e  ene rgy  f r a c t i o n .  

The n a i v e  t o p l e s s  model. It i s  p e r f e c t l y  a d m i s s i b l e  t h a t  b o t h  bL 
and bR a r e  SU(2) s i n g l e t s  (no t - q u a r k  needed)  and t h a t  b  d e c a y s  
b e c a u s e  o f  i t s  mixing w i t h  s and d.  The " r a i s o n  d 1 8 t r e "  o f  t h e  
d o u b l e t  ass ignment  o f  bL i s  t h a t  A S  = 1 n e u t r a l  c u r r e n t s  would i n  
g e n e r a l  b e  p r e s e t t  i n  t h e  s i n g l e t  c a s e ,  l e a d i n g  t o  a  c o n t r a d i c t i o n  
w i t h  e.g.  K + : s u p p r e s s i o n .  

I t  i s  p o s s i b l e ,  t hough  a d m i t t e d l y  u n n a t u r a l ,  t o  t u n e  t h e  mixing 
a n g l e s  i n  Eq. ( 3 3 )  so t h a t  t h e  AS = 1 n e u t r a l  c u r r e n t  v a n i s h e s  e x a c t -  
l y .  

T h i s  happens f o r :  

t a n y  = s i n  6 
t a n  @ 

(40 
C 

However, ( b e a u t y )  # 0  n e u t r a l  c u r r e n t s  cannot  b e  f o r b i d d e n  a t  t h e  
same t i m e ,  and it i s  s t r a i g h t f o r w a r d  t o  p r e d i c t  /52/: 

R = 
r ( b  + e+e- + s )  1  2 s 2 ) 2  + 4 s 4 1  c o s  y = [( l  - 2  

( 4 1  I r ( b +  e v  + C )  

2  
= 0.126 cos y  

where s2 = s i n 2  o w  = 0.23, b e i n g  t h e  Weinberg-Salam a n g l e  ( t o  b e  
s a f e ,  I have s e t  t o  o n e  t h e  phase  space  r a t i o  which u n f a v o u r s  t h e  
normal  d e c a y ) .  I f  t a n y  i s  g iven  b y  Eq. (401 ,  however,  it must s a t i s f y  
t h e  c o n s t r a i n t  posed b y  t h e  o b s e r v e d  Cabibbo u n i v e r s a l i t y ,  i . e .  
co s2 y  > 0.84, s e e  Tab le  3 .  

Thus Eq. ( 4 1 )  i m p l i e s  t h e  a b s o l u t e  bound: 

which is  c o n t r a d i c t e d  b y  t h e  CLEO r e s u l t  /4/ :  

R < 0.08 
exp 

( 4 2 )  

The t - q u a r k  i s  t h u s  n e c e s s a r y ( * ) ,  a l t h o u g h  a  b e t t e r  e x p e r i m e n t a l  
l i m i t  would b e ,  pe rhaps .  d e s i r a b l e .  

9. t - q u a r k .  - I do n o t  know o f  any f i r m  p r e d i c t i o n  o f  t h e  t - q u a r k  
mass. I n  t h e  s i m p l e s t  SU(5) model t h e  masses  o f  t h e  charged l e p t o n s  
a r e  r e l a t e d  successfully /54/ t o  t h e  masses  o f  down-type q u a r k s ;  i n  

.................................................................................. 
(*I  A similar chain of arguments has been used ea r l i e r  to rule out  rmdels of T 

without its own neutrino, see Ref. /53/. 
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t h e  s i m p l e s t  0 ( 1 0 )  t h e  m a s s e s  o f  u p - t y p e  q u a r k s ,  s u c h  a s  t ,  a r e  
r e l a t e d  t o  n e u t r i n o  m a s s e s ,  s o m e t h i n g  w e  know e v e n  l e s s  a b o u t .  

More e l a b o r a t e  g r a n d - u n i f i e d  m o d e l s  y i e l d  t h e  p r e d i c t i o n  /55/ :  

w h i c h ,  a f t e r  r e n o r m a l i z a t i o n  g r o u p  c o r r e c t i o n s ,  ( s e e  e .g.  / 5 6 / )  
g i v e s :  

m = -= Mt' 25  GeV 
t 2 

The same f o r m u l a  a r i s e s  i n  a  c o m p l e t e l y  d i f f e r e n t  c o n t e x t ,  b y  r e q u i r -  
i n g  t h e  H i g g s  i n t e r a c t i o n s  t o  o b e y  a  s p o n t a n e o u s l y  b r o k e n ,  d i s c r e t e  
p e r m u t a t i o n a l  symmetry / 5 7 / .  Even t h o u g h  n o t  v e r y  c o m p e l l i n g ,  t h e  
v a l u e  p r e d i c t e d  b y  Eq. ( 4 3 )  may b e  a  u s e f u l  t a r g e t  f o r  t h e  n e x t  r o u n d  
o f  e x p e r i m e n t s .  

What a b o u t  u p p e r  b o u n d s ?  A f i r m  bound  t o  t h e  t - q u a r k  mass h a s  
b e e n  o b t a i n e d  b y  Vel tman  /58 /  who o b s e r v e d  t h a t  when t h e  t - b  m a s s  
s p l i t t i n g  i n c r e a s e s ,  o n e  g e t s  an i n c r e a s i n g l y  l a r g e ,  p o s i t i v e  c o r r e c -  
t i o n  t o  t h e  p a r a m e t e r :  

G n e u t r a l  c u r r e n t  
P = 

G c h a r g e d  c u r r e n t  

I n  t r e e  l e v e l :  p = 1  f o r  t h e  Weinberg-Sa lam t h e o r y ,  b u t  i n  ad- 
d i t i o n ( * ) ,  mt - independent  r a d i a t i v e  c o r r e c t i o n s  d e c r e a s e  p b e l o w  o n e  
b y  a b o u t  1 %  /59/ .  Thus  f r o m  t h e  e x p e r i m e n t a l  v a l u e  /60/ :  

we o b t a i n :  

and : 

mt < 20 0  GeV ( 4 4  

A s i m i l a r  bound  is obta ined /61 /  i n  SU( 5 )  i f  o n e  r e q u i r e s  t h e  Yukawa 
i n t e r a c t i o n  o f  t h e  t - q u a r k  n o t  t o  l e a v e  t h e  p e r t u r b a t i v e  domain be-  
f o r e  t h e  GUT m a s s  i s  r e a c h e d  (Yukawa i n t e r a c t i o n s  a r e  n o t  asympto-  
t i c a l l y  f r e e ) .  

A much more r e s t r i c t i v e  bound  t o  t h e  t - q u a r k  mass  h a s  b e e n  
o b t a i n e d  f r o m  t h e  o b s e r v e d  v a l u e s  o f  t h e  KL-KS m a s s  s p l i t t i n g  and o f  
t h e  KL+ l.l+l.l- r a t e  /62/ .  T h i s  d e r i v a t i o n  h a s  b e e n  r e c e n t l y  c r i t i c i z e d  
on  v a r i o u s  g r o u n d s :  
i )  it r e l i e s  h e a v i l y  on  t h e  b a g  model  c a l c u l a t i o n  o f  

< KO I HW (AS = 2 )  1 R 0  > , which  h a s  b e e n  a r g u e d  t o  b e  e x t r e m e l y  
d e p e n d e n t  upon t h e  v a l u e s  o f  n o t  w e l l  c o n t r o l l e d  b a g  p a r a m e t e r s  
/6  3/;  

.................................................................................. 
(*)  This  point  has  been brought up by A.Sirlin i n  t h e  discussion Session. 



i i )  i n  t h e  c a l c u l a t i o n  o f  t h e  KL + u + p -  a m p l i t u d e ,  t h e  d i s p e r s i v e  
c o n t r i b u t i o n  f r o m  v i r t u a l  yy i n t e r m e d i a t e  s t a t e s  h a s  b e e n  u n d e r -  
e s t i m a t e d  a s  shown b y  c o m p a r i s o n  w i t h  t h e  a n a l o g o u s  0 + Jp- d e c a y  
/64/ .  

A more c o m p l e t e  a n a l y s i s  c a n  b e  p e r f o r m e d  /64 / ,  b u t  no r e a l l y  
f i r m  bound r e s u l t s ,  i n  my o p i n i o n .  

R a r e  d e c a y  modes o f  B-mesons a r e  e n h a n c e d  when t h e  t - q u a r k  mass 
i n c r e a s e s .  W i t h  mt r e s t r i c t e d  a s  i n  E q .  ( 4 4 )  r e a l l y  low b r a n c h i n g  
r a t i o s  a r e  e x p e c t e d ,  however .  A s  an e x a m p l e ,  o n e  c a n  e a s i l y  e s t i m a t e  

+ - 2 
r ( ~ + e  e  + . . . I  = 

( a  
2 IUts 'Zbf [ "'t \ 4 

2 )  l ' ~ b 1 ~  \T, '(3 ( 4 5 )  r ( B + e  v + ... ) 16.T s i n  OW 

w i t h :  

F o r  mt = 200 G e V ,  and w i t h  MW = 80 GeV, c o s  0 = c o s y  =1, t h e  b r a n c h i n g  
C 

r a t i o  i s  a b o u t :  4 lo-', t o  b e  compared  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  
l i m i t ,  E q .  ( 4 2 ) .  O t h e r  r a r e  d e c a y  modes s u c h  a s :  

h a v e  b e e n  s t u d i e d  i n  Refs .  / 4 7 ,  65 / .  B r a n c h i n g  r a t i o s  a r e  f o u n d  t o  
d e p e n d  v e r y  s t e e p l y  f rom m t ,  b u t  a g a i n  v e r y  s m a l l  b r a n c h i n g  r a t i o s  
r e s u l t .  

F i n a l l y ,  t h e  d e c a y :  

w i t h  a  qq p a i r  c r e a t e d  b y  a  v i r t u a l  g l u o n ,  i s  a l s o  s e n s i t i v e  t o  mt 
and may h a v e  a  r e a s o n a b l e  b r a n c h i n g  r a t i o  (*6)6/. The i s s u e ,  h e r e ,  i s  
how t o  i d e n t i f y  t h i s  p a r t i c u l a r  f i n a l  s t a t e  . 

I n  c o n t r a s t  w i t h  i t s  m a s s ,  p r e s e n t  t h e o r i e s  make v e r y  p r e c i s e  
p r e d i c t i o n s  f o r  t h e  d e c a y  modes o f  t h e  t q u a r k ,  w h i c h  may b e  a  
w o n d e r f u l  s o u r c e  o f  new p a r t i c l e s ,  i f  it i s  h e a v y  enough .  B e s i d e s  t h e  
s t a n d a r d  d e c a y  mode: 

t + b  + ( u p  f e r m i o n )  + (down a n t i f e r m i o n )  ( 4 6 1  

t h e  d e c a y s :  
t + b  H+, b  w+, ( s b )  + e +  + ( s v ) ,  ( s b )  + w-ino ,  b  + X++ +x- /67 /  ... 
.................................................................................. 
(*)  This a u l d  be attempted by looking f o r  +meson t r a c k s  with one break only, as 

opposed to t h e  normal case where a  second break should a l m  be  seen, due t o  
charm decay. I thank Dr.Eilam f o r  t h i s  observation. 
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may o c c u r  w h e r e  ( s b ) ,  ( s  v) a r e  t h e  s u p e r s y m m e t r i c  s c a l a r  p a r t n e r s  o f  
b  and v ,  X++ and X- a r e  t h e  s c a l a r  mesons  p r e d i c t e d  b y  t h e  G e l m i n i -  
R o n c a d e l l i  model  /68/  e t c .  Decay r a t e s  a r e  a l l  c a l c u l a b l e ,  w i t h i n  a  
g i v e n  model .  

An i m p o r t a n t  i s s u e  w i l l  b e  t h e  v a l u e  o f  t - l i f e t i m e .  t - l i f e t i m e  
w i l l  c e r t a i n l y  b e  t o o  s h o r t  t o  b e  m e a s u r e d  d i r e c t l y .  I n  t h i s  s i t u a -  
t i o n  a  u s e f u l  s u g g e s t i o n  /69 /  i s  t o  o b t a i n  t h e  t - q u a r k  d e c a y  r a t e  
f r o m  a  measurement  o f  t h e  t o p o n i u m  ( t f )  w i d t h  ( i n  e + e -  p r o c e s s e s ) .  
F o r  s u f f i c i e n t l y  l a r g e  m t ,  a  s i z e a b l e ,  o r  e v e n  d o m i n a n t ,  f r a c t i o n  o f  
t E  d e c a y s  is  d u e  t o  t h e  weak d e c a y  o f  t h e  t o r  E bound  q u a r k s .  

F i g .  6:  C o n t i n u o u s  
l i n e : -  d e c a y  r a t e  
f o r : t t  + y or z + fZ 
a s  f u n c t i o n  o f  m t .  
Dashed l i n e :  d e c a y  
r a t e  f o r  t h e  weak 
d e c a y  ( 4 6 )  o r  f o r  
t + b  + W .  D o t t e d  
l i n e :  d e c a y  r a t e  f o r  
t +  b + H ,  w i t h  MH = 
10 GeV. 

F i g .  6  shows t h e  r e s u l t s  o f  a  r e c e n t  a n a l y s i s  /70 / .  It i s  s e e n  
t h a t  t h e  mode ( 4 6 )  a c c o u n t s  f o r  more t h a n  10% o f  t h e  t o t a l  ( t f )  d e c a y  
r a t e ,  f o r  mt > 25  GeV ( e x c e p t  when ~ ( t f )  i s  v e r y  n e a r  M Z ) ,  and it i s  
t h e  dominant  mode f o r  mt > 60 GeV. I n  t h e  e v e n t  t h a t  t h e r e  i s  a  l i g h t  
c h a r g e d  H i g g s  ( s a y  MH = 10 GeV),  t h e  semiweak d e c a y :  t + b  + H+ domi- 
n a t e s  c o m p l e t e l y ,  o v e r  t h e  e n t i r e  mass r a n g e .  T h u s ,  t h e r e  seems  t o  b e  
some p r o s p e c t  f o r  a measurement  o f  t h e  a b s o l u t e  r a t e  o f  t - d e c a y ,  and 
t h e r e f o r e  o f  p r o c e s s  ( 4 6 ) .  

9 .  C o n c l u s i o n s .  - w e  h a v e  s e e n  t h a t  T d e c a y s  p o s e  no m i s t e r y .  Do we 
u n d e r s t a n d  charm d e c a y ?  My c o n c l u s i o n  i s :  y e s  ... b u t .  The t h e o r e t i -  
c a l  d e s c r i p t i o n  o f  non l e p t o n i c  charm d e c a y s  i s  s t i l l  o b s c u r e d  b y  
u n c o n t r o l l e d  s t r o n g  i n t e r a c t i o n  e f f e c t s ,  and a  f i r s t  p r i n c i p l e  c a l c u -  
l a t i o n  o f  bound  s t a t e  e f f e c t s  and t h e  l i k e  ( l a t t i c e  QCD?) i s  s t i l l  
n o t  i n  s i g h t .  I n  t h e  m e a n w h i l e ,  t h e  p h e n o m e n o l o g i c a l ,  QCD i n s p i r e d ,  



p i c t u r e  I have  i l l u s t r a t e d  seems t o  work r e a s o n a b l y  w e l l ,  and it may 
b e  q u i t e  u s e f u l ,  e .g .  a l l o w i n g  t o  e x t r a c t  from t h e  d a t a  t h e  v a l u e s  o f  
fundamen ta l  p a r a m e t e r s  such  a s  t h e  weak mix ing  a n g l e s .  More p r e c i s e  
t e s t s  o f  t h e s e  i d e a s  a r e  needed,  however,  b e f o r e  we can  b e  s u r e  t h a t  
t h e r e  is r e a l l y  no new dynamics  i n  charm d e c a y s ,  and t h e r e f o r e  more 
p r e c i s e  e x p e r i m e n t s  a r e  c a l l e d  f o r .  A shopp ing  l i s t  f o r  t h e  n e a r  
f u t u r e  i n c l u d e s  more p r e c i s e  d a t a  on:  

( i)  charmed p a r t i c l e  l i f e t i m e s ;  
( i i) s e m i l e p t o n i c  i n c l u s i v e  b r a n c h i n g  r a t i o s  and l e p t o n  e n e r g y  

spec t rum;  
(iii) t h e  v a l u e  o f  f F ,  and f D .  

( i v )  b r a n c h i n g  r a t i o s  f o r  i n c l u s i v e ,  Cabibbo f o r b i d d e n  d e c a y s  o f  D+ 
and D o ;  

( v )  e  - y u n i v e r s a l i t y .  

D a t a  on e x c l u s i v e  d e c a y s  may a l s o  b e  q u i t e  u s e f u l .  

A l l  i n d i c a t i o n s  a r e  t h a t  B  d e c a y s  a r e  q u i t e  c o n v e n t i o n a l  and 
t h a t  t h e  p i c t u r e  deve loped  f o r  charm decay  works f o r  B  a s  w e l l .  A 
measurement o f  B - l i f e t i m e  i s  o f  c o u r s e  c r u c i a l .  F i n a l l y ,  t h e  d i s c o v e -  
r y  o f  t h e  t - q u a r k  w i t h i n  t h e  e x p e c t e d  mass r a n q e  h a &  now become man- 
d a t o r y .  
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Discussion 

J.M. FRERE (U.L.B.1.- You have insisted on the uni tar i ty  of the mi&ng matrix for 
quarks ; t h i s  however only obtains when one has ex t~ac ted  the correct coupling cons- 
tant.  This i s  tradit ionally taken from li decay ; however i f  more generations are 
present, or simply i f  vT is massive, t h i s  rate w i l l  be modified. The only way out I 
know i s  t o  compare t o  the neutral currents. Heavy neutrinos would increase 
p = ( M d M z  cos8)Z. Gne should thus keep an open mind i n  t h i s  direction between 
di f ferent  experiments contributing t o  t h i s  f i t .  

L. MAIANI. - I have assumed only f o r  simplicity that  neutrinos are  very l igh t ,  hence 
unmixed. In general, I agree w i t h  your remark. 

A. S i r l in  (New York Univ.).- 1- have a coment regarding the upper bound of m by 
using the Veltman argument. The res t  of the ~ a d i a t i v e  corrections ( i .e .  every%%ng 
except the VeZtinan term) decreases P&, /p%C . I f  t h i s  i s  taken in to  account, the 
derived upper bound for m will increase. 
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