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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  ½, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 
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o r ,  in the  no ta t ion  of r e f .  3), 

+  Icoso 
[ 1~ + 1~ + 

[~4c~ + ~54(~ ~.: ~ 5  + i + s i n  0 .  + 

We thus  ob ta in  a l l  the  f e a t u r e s  of C a b i b b o ' s  p i c t u r e  8) 
of the  weak  c u r r e n t ,  n a m e l y  the  r u l e s  I AI[ = 1, 
AY = 0 and I/x/[ =~,~ AY/AQ = +1, the c o n s e r v e d  
A Y= 0 c u r r e n t  wi th  coe f f i c i en t  cos  0, the v e c t o r  
c u r r e n t  in g e n e r a l  a s  a componen t  of the c u r r e n t  of 
the  F - s p i n ,  and  the a x i a l  v e c t o r  c u r r e n t  t r a n s f o r m -  
ing unde r  SU(3) a s  the  s a m e  c o m p o n e n t  of ano the r  
oc te t .  F u r t h e r m o r e ,  we have  3) the e q u a l - t i m e  
c o m m u t a t i o n  r u l e s  fo r  the fou r th  c o m p o n e n t s  of the 
c u r r e n t s  : 

- 2 f jk l  [ ~ 4 ( x ) ±  ~Z~(x)] 6 ( x - x ' ) ,  

i = 1 , . . .  8, yielding the group SU(3) × SU(3). We 
can a l so  look at  the  b e h a v i o u r  of the e n e r g y  d e n s i t y  
~44(x) (in the g r a v i t a t i o n a l  i n t e r a c t i o n )  under  equa l -  
t i m e  c o m m u t a t i o n  with  the o p e r a t o r s  ~ 2 4 ( x ' ) + ~ 4 5 ( x ' ) .  
Tha t  p a r t  which  i s  n o n - i n v a r i a n t  under  the g r o u p  
wi l l  t r a n s f o r m  l ike  p a r t i c u l a r  r e p r e s e n t a t i o n s  of 
SU(3) × SU(3), for  e x a m p l e  l ike  (3, 3) and (3, 3) if i t  
c o m e s  jus t  f r o m  the m a s s e s  of the q u a r k s .  

A l l  t h e s e  r e l a t i o n s  can now be a b s t r a c t e d  f r o m  
the f i e ld  t h e o r y  m o d e l  and  u s e d  in a d i s p e r s i o n  the -  
o r y  t r e a t m e n t .  The  s c a t t e r i n g  a m p l i t u d e s  fo r  s t r o n g -  
ly  i n t e r a c t i n g  p a r t i c l e s  on the m a s s  s h e l l  a r e  a s -  
s u m e d  known;  t h e r e  i s  then a s y s t e m  of l i n e a r  d i s -  
p e r s i o n  r e l a t i o n s  fo r  the  m a t r i x  e l e m e n t s  of the  
weak  c u r r e n t s  (and a l s o  the  e l e c t r o m a g n e t i c  and 
g r a v i t a t i o n a l  i n t e r a c t i o n s )  to lowes t  o r d e r  in t h e s e  
i n t e r a c t i o n s .  T h e s e  d i s p e r s i o n  r e l a t i o n s ,  unsub-  
t r a c t e d  and s u p p l e m e n t e d  by the n o n - l i n e a r  c o m -  
m u t a t i o n  r u l e s  a b s t r a c t e d  f r o m  the  f i e l d  t h e o r y ,  
m a y  be  p o w e r f u l  enough to d e t e r m i n e  a l l  the  m a t r i x  
e l e m e n t s  of the  weak  c u r r e n t s ,  inc lud ing  the e f f ec -  
t ive  s t r e n g t h s  of the  a x i a l  v e c t o r  c u r r e n t  m a t r i x  
e l e m e n t s  c o m p a r e d  wi th  t hose  of the  v e c t o r  c u r r e n t .  

It i s  fun to s p e c u l a t e  about  the  way q u a r k s  would 
b e h a v e  if  t hey  w e r e  p h y s i c a l  p a r t i c l e s  of f in i t e  m a s s  

( i n s t e a d  of p u r e l y  m a t h e m a t i c a l  e n t i t i e s  a s  they  
would  be  in the  l i m i t  of in f in i t e  m a s s ) .  S ince  c h a r g e  
and b a r y o n  n u m b e r  a r e  e x a c t l y  c o n s e r v e d ,  one of 

u3 o r  d-Y) would be  a b s o -  the  q u a r k s  ( p r e s u m a b l y  z 
l u t e ly  s t a b l e  *, whi le  the  o t h e r  m e m b e r  of the dou-  
b l e t  would go into the  f i r s t  m e m b e r  v e r y  s l owly  by  
H -de c a y  o r  K - c a p t u r e .  The i s o t o p i c  s i n g l e t  q u a r k  
would  p r e s u m a b l y  d e c a y  into the  double t  by weak  
i n t e r a c t i o n s ,  much  a s  A goes  into N. O r d i n a r y  
m a t t e r  n e a r  the e a r t h ' s  s u r f a c e  would be  c o n t a -  
m i n a t e d  by s t a b l e  q u a r k s  a s  a r e s u l t  of h igh e n e r g y  
c o s m i c  r a y  e v e n t s  th roughout  the  e a r t h ' s  h i s t o r y ,  
but  the  c o n t a m i n a t i o n  i s  e s t i m a t e d  to be so  s m a l l  
that  i t  would n e v e r  have  been  d e t e c t e d .  A s e a r c h  
fo r  s t a b l e  q u a r k s  of c h a r g e  -~  o r  +2 a n d / o r  s t a b l e  
d i - q u a r k s  of c h a r g e  -~  o r  +-~ o r  +-~ a t  the  h i g h e s t  
e n e r g y  a c c e l e r a t o r s  would he lp  to r e a s s u r e  us  of 
the  n o n - e x i s t e n c e  of r e a l  q u a r k s .  

T h e s e  i d e a s  w e r e  deve loped  dur ing  a v i s i t  to 
C o l u m b i a  U n i v e r s i t y  in M a r c h  1963 ; the au thor  
would l ike  to thank P r o f e s s o r  R o b e r t  S e r b e r  fo r  
s t i m u l a t i n g  them.  
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* There  is the a l te rna t ive  poss ib i l i ty  that  the quarks  a r e  

unstable under decay into baryon plus ant i -d i -quark  or 
anti-baryon plus quadri-quark.  In any ease, some p a r -  
t icle of fractional charge would have to be absolutely 
stable.  
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