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R e c e n t l y ,  m o d e l s  of s t r o n g  i n t e r a c t i o n  s y m -  
o 1-3) o merry have been pr posed involving f ur 

fundarnental Fermion fields tp i and approximate 
symmetry under SU.(4). Mesons are identified 
with bound states ~j and baryons with bound 
states ~itpitp k. In this note we examine a model 
of this kind whose principal achievements are 
these: a mass formula relating the masses of the 
nine vector mesons and predicting a ninth pseudo- 
scalar meson at 950 MeV, a description of weak 
interactions including all selection rules except 
the nonleptonic A I = ½ rule, and a significant 
"baryon"-lepton symmetry. A new quantum num- 
ber "charm '~ is violated only by the weak inter- 
actions, and the model predicts the existence of 
many "charmed" particles whose discovery is the 
crucial test of the idea. 

We call the four fundamental "baryons" ~ i = 
(Z +, X +, X o, yo) and assume the strong interac- 
tions a r e  a p p r o x i m a t e l y  i n v a r i a n t  u n d e r  4 x 4 u n i -  
t a r y  t r a n s f o r m a t i o n s .  F o r  c o n v e n i e n c e ,  we  l e t  
t h i s  r e p r e s e n t a t i o n  of SU(4) be  t he  4. We  f u r t h e r -  
m o r e  a s s u m e  t h a t  t h e  s t r o n g  i n t e r a c t i o n s  a r e  
e x a c t l y  i n v a r i a n t  ¢ u n d e r  i n d e p e n d e n t  p h a s e  t r a n s -  
f o r m a t i o n s  of e a c h  of t h e  f o u r  ~ i  a n d  i n v a r i a n t  
u n d e r  t h e  i s o t o p i c  g r o u p .  (Z + and  y o  a r e  i s o -  
s i n g l e t s  and  (X +, X °)  a n  i s o d o u b l e t ) .  T h e  f o u r  
c o n s e r v e d  q u a n t u m  n u m b e r s  we d e f i n e  to  b e  b a r y -  
on n u m b e r  B ,  c h a r m  C, c h a r g e  Q and  h y p e r -  
c h a r g e  Y, and  t h e i r  a s s i g n m e n t s  a r e  s h o w n  in  
t a b l e  1. 

T h e  e i g h t f o l d w a y  - p o s s i b l y  a m o r e  e x a c t  s y m -  
m e t r y  t h a n  SU(4) - i s  a s u b g r o u p  of SU(4) c o r r e -  
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¢ In this  model Q = T 3 + ½(Y +C). Thus, any s t rong 
violat ion of " c h a r m "  sa t i s f i e s  bY = hC. This  leads 
to weak in terac t ions  with AY = 2, ~L: = 0, which a re  
incompatible  with the smal l  K 1 - K  2 mass  di f ference.  

Table 1 
Quantum number s  of the fundamental  f ields.  

B C Q Y I I 3 

Z + 1 1 1 1 0 0 
x + 1 1 1 0 ½ ½ 
X ° 1 1 0 0 ½ -~ 
yO 1 0 0 0 0 0 

s p o n d i n g  to  u n i t a r y  t r a n s f o r m a t i o n s  of the  t h r e e  
f u n d a m e n t a l  c h a r m e d  f i e l d s  (Z+ ,  X+,  XO). T h e y  
t r a n s f o r m  u n d e r  t h e  SU(3) r e p r e s e n t a t i o n  3,  
w h i l e  y o  i s  a n  SU(3) s i n g l e t .  

We  a s s u m e  t h a t  t h e  p s e u d o s c a l a r  m e s o n s  
t r a n s f o r m  u n d e r  t he  ( ad jo in t )  r e p r e s e n t a t i o n  15 
c o n t a i n e d  in  4 x ~: 

- T ViWk'~ • 

T h e s e  15 m e s o n s  f o r m  f o u r  SU(3) s u b m u l t i p l e t s :  
a C = 0 s i n g l e t ,  a C = 0 o c t e t ,  a ~ w i t h  C = 1, a n d  
a 3 w i t h  C = -1 .  T h e y  a r e  c o n v e n i e n t l y  d i s p l a y e d  
a s  a 4 x 4 m a t r i x :  

2 1 + ×) . _ _ _  Ko Sp 

Ro g 1 1 ~ I 
~, ~-6 ~ +~--~ a'.'+d]- ~ Dp 

M =  
_ i i  1 o I o 

K- 7r ~/-~ W-~-~ 7r +~ X) Dp 

S; D; --O 3 
Dp -/~2 X 

T h e  n i n t h  p s e u d o s c a l a r  m e s o n  w i t h o u t  c h a r m  i s  
c a l l e d  X. T h e  c h a r m e d  p a r t i c l e s  c o m p r i s e  an  i s o -  
s i n g l e t  S~ w i t h  C = Y = 1 a n d  a n  i s o d o u b l e t  
(D~, D°)%ci th  C = 1, Y = 0 ,  and  t h e i r  a n t i p a r t i c l e s  
w i t h  C "= - 1. 

In a n a l o g y  w i th  G e l l - M a n n  and  Okubo  4) ,  we  
o b t a i n  a m a s s  f o r m u l a  if  we a s s u m e  t h a t  s y m m e -  
t r y - b r e a k i n g  e f f e c t s  t r a n s f o r m  l i k e  a m e m b e r  of 
t h e  a d j o i n t  r e p r e s e n t a t i o n  of SU(4). T h u s  m a s s  
s p l i t t i n g s  m a y  t r a n s f o r m  l ike  C o r  Y. F o r  p s e u -  
d o s c a l a r  m e s o n s  t h e  m a s s  f o r m u l a  c o n t a i n s  o n l y  
t h r e e  t e r m s ,  and  a l l  m a s s e s  a r e  d e t e r m i n e d  in 
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t e r m s  of t h o s e  of ~, K and  ~/. We o b t a i n  * ( u s i n g  
t h e  s q u a r e s  of m e s o n  m a s s e s )  m(×) = 950 M e V ,  
m(Dp) = 760 M e V ,  and  m(Sp) = 900 MeV.  T h e  
n i n t h  p s e u d o s c a l a r  m e s o n  X i s  t e n t a t i v e l y  i d e n t i -  
f i e d  w i t h  t he  r e c e n t l y  d i s c o v e r e d  yv~ r e s o n a n c e  6). 
T h e  c h a r m e d  m e s o n s  h a v e  no t  b e e n  o b s e r v e d .  
T h e y  would  be  p r o d u c e d  in  s t r o n g  i n t e r a c t i o n s  
on ly  in a s s o c i a t i o n  w i th  o p p o s i t e l y  c h a r m e d  p a r -  
t i c l e s .  T h e y  would  d e c a y  weak ly .  

T h e  v e c t o r  m e s o n s  a r e  a l s o  a s s i g n e d  to  t he  
a d j o i n t  r e p r e s e n t a t i o n  15. T h e  c o r r e s p o n d i n g  
4 × 4 m a t r i x  i s  o b t a i n e d  f r o m  t h a t  of t h e  p s e u d o -  
s c a l a r  m e s o n s  b y  t h e  r e p l a c e m e n t s  K -~ K*,  

~ p ,  7 /~w8,  X~COl, Sp~  Sv, a n d D D - ~ D  v. 
Again two triplets of oppositely charmed'particles 
are required in addition to the usual nine vector 
mesons. The mass formula is of the same form, 
but we apply it to the inverse squares of the vec- 
tor meson masses. This point of view has been 
advocated by Coleman and Schnitzer 7), and fol- 
lows naturally in a gauge-invariant tadpole theo- 
ry • *. Fitting the three parameters to the masses 
of K*, co and q~, we obtain re(p) = 740 MeV, 
m(Dv) = 770 MeV and m(Sv) = 940 MeV. The p 
mass is correctly predicted and the masses of the 
charmed vector mesons come out (coincidentally 
very close to the masses of the charmed pseudo- 
scalar mesons. 

The physical particles ¢0 and ~ are mixtures 
of w I and ~8" In this m -2 formalism we obtain 
q~ =cos ~ co 8- sinX ~01with X= 27 °. The form 
of vecton-vecton-meson coupling is unique, so 
t h a t  g(~pTr)/g(CZpTr) .~ ½ i s  d e t e r m i n e d  by  t he  m i x -  
i ng  a n g l e .  T h e  s u p p r e s s i o n  of t he  d e c a y  ¢ -~ p= 
c a n  be  u n d e r s t o o d  w i t h i n  t h i s  m o d e l  o n l y  if a l l  
v e c t o n - v e c t o n - m e s o n  c o u p l i n g s  a r e  s m a l l  ( o r  if 
t h e r e  i s  a 16th v e c t o r  m e s o n ) .  

T h e  b a r y o n  o c t e t  m u s t  be  a s s o c i a t e d  w i t h  one  
of t he  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of SU(4) c o n -  
t a i n e d  in  4 × 4 × 4. T h e  s i m p l e s t  p o s s i b i l i t y  i s  
t he  2 0 - d i m e n s i o n a l  r e p r e s e n t a t i o n  o b t a i n e d  b y  

• The mass  formulae  a re  

(~_r 9 (×_~) = 2 (K_r 9 (2~+2k - rT - 3 K) 
3S+v = 2(~+)0 

S + ~ = D + K  

The ag reemen t  between our predic ted  value of 
m(×) = 950 MeV and the observed mass  of ~]rr~ of 
959 MeV is very  sens i t ive  to the input m a s s e s .  If 
we vary  re(K) by + 2 MeV, we obtain mOO - 950 ~ 50 
MeV. A ]2 MeV var ia t ion  of m(~) sends m(×) to ~. 
These  mass  formulae have been der ived indepen- 
dently by M. Nauenberg 5). 

• * In a tadpole theory mass  d i f ferences  a r i s e  from 
nonvanishing expectat ion values of s ca l a r  meson  
fields.  If the coupling of the s ca l a r  mesons  ~ to the 
vector  mesons  is gauge- invar iant ,  ~fq~ V~,jV~ v, then 
the vector  meson  mass  becomes  m~)(1 +f(~>)- l .  

a n t i s y m m e t r i z i n g  a n d  m a k i n g  t r a c e l e s s  t h e  e x -  
p r e s s i o n  B~i = ~ i ~ j ~  ~. I t s  SU(3) d e c o m p o s i t i o n  
y i e l d s  f o u r  ~ u b - m u l t i p l e t s :  t he  f a m i l i a r  C = 0 
b a r y o n  o c t e t ,  a 3 and  6 w i th  C = 1, and  a 3 w i th  
C = 2. T h e  m a s s  f o r m u l a  c o n t a i n s  f i ve  t e r m s ,  
t h r e e  g i v i n g  t he  u s u a l  G e l l - M a n n - O k u b o  f o r m u l a  
f o r  the  SU(3) s u b m u l t i p l e t s  a n d  two d e s c r i b i n g  
t h e  s p l i t t i n g s  a m o n g  t h e m .  T h e  two new  p a r a m -  
e t e r s  m a y  be  c h o s e n  in s u c h  a f a s h i o n  t h a t  t h e  
b a r y o n s  a r e  t he  l i g h t e s t  s u b m u l t i p l e t .  T h e  
c h a r m e d  s u b m u l t i p l e t s  m a y  be  m a d e  a r b i t r a r i l y  
h e a v i e r .  

3 
T h e  d e c u p l e t  of J = ~ m e s o n - b a r y o n  r e s o n a n c e s  

a r e  u n i q u e l y  a c c o m o d a t e d  in  one  of t he  r e p r e s e n -  
t a t i o n s  c o n t a i n e d  in 15 x 20. I t  i s  a d i f f e r e n t  20-  
d i m e n s i o n a l  r e u r e s e n t a t i o n  g i v e n  by  t he  s y m m e -  
t r i z a t i o n  of  R i j k  = ek lmnBi lmMJ  n . I t s  SU(3) d e -  
c o m p o s i t i o n  y i e l d s  a C = 0 d e c u p l e t ,  a C = 1 s e x -  
t u p l e t ,  a C = 2 t r i p l e t ,  a n d  a C = 3 s i n g l e t .  T h e  
m a s s  f o r m u l a  p r e d i c t s  e q u a l  s p a c i n g  in  c h a r m  a s  
w e l l  a s  e q u a l  s p a c i n g  in h y p e r c h a r g e .  

A f u n d a m e n t a l  s i m i l a r i t y  b e t w e e n  t he  w e a k  a n d  
e l e c t r o m a g n e t i c  i n t e r a c t i o n s  of t h e  l e p t o n s  a n d  t h e  
~p/ i s  e s t a b l i s h e d  w i t h  t h e  c o r r e s p o n d e n c e  1 ,3 )  

~+ ~ Z + 
e + ._. X + 
v *-~X ° c o s 0  - y o  s i n 0  = X '  
v ' * - ~ Y ° c o s 0  + X  ° s in  ~ = Y .  

E v i d e n t l y  t he  e l e c t r o m a g n e t i c  i n t e r a c t i o n s  of 1 i 
and  ~ i  a r e  i d e n t i c a l .  W e a k  i n t e r a c t i o n s  (of t he  
f o r m  G J ~ J ~ , )  i n v o l v e  a l ep ton  c u r r e n t  
~+y~(l+ys)v + ~+ 7u(l+75)v' and a "baryon" cur- 

f -  

rent which is obtained from the lepton current by 
the above substitution together with the replace- 
ment 7u(I+~5) --Yu(1-76). The baryon current is 
thus ~)~g(l-T5)Wt~', with the 4 × 4 matrix W given 
by 

0 0 sin O cos 0 ) 
W= 0 0 c o s  O - s i n  0 

0 0 0 0 
0 0 0 0 

T h e  r e l a t i o n  [ W, W +] = 2Q - 1, i n d e p e n d e n t  of 0, 
s u g g e s t s  a p o s s i b l e  i n t i m a t e  c o n n e c t i o n  b e t w e e n  
w e a k  and  e l e c t r o m a g n e t i c  i n t e r a c t i o n s  t No te  
a l s o  t h a t  e a c h  of t h e  t h r e e  b a s i c  i n t e r a c t i o n s  i n -  
v o l v e s  j u s t  f o u r  of t he  e i g h t  f i e l d s  ~Pi and  1/: 

E l e c t r o m a g n e t i s m  c h o o s e s  ~ + ,  e +, X +, Z +. 
S t r o n g  i n t e r a c t i o n s  c h o o s e  Z +, X +, X o,  y o .  
W e a k  i n t e r a c t i o n s  c h o o s e  ~ + +  Z~,  e ~ + X ~ ,  

T T 

u r +X{, v r + Y1 , 

t It is also interesting that {W, W +} = I. 
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Table 2 
Decays of charmed vector  mesons * 

C=1 meson Y Channel Strength Est imated rate  

S+(940) 

D+(770) 

D~(770) 

D~(770) 

1 rm cos 4 O ~1013-1014 sec -1 
K~ cos 2 0 sin 2 O ~ 1013-1014 

0 ~ c o s  2 0 s i n  2 0 ~ 1013-1014 
Kv sin 4 e ~1011-1012 

O rrrm cos 2 e sin 2 e ~1014 
K~ cos 4 0 ~1013-1014 
r ~  c o s  2 0 s i n  2 O ~ 1013-1014 

0 K~ cos 4 9 ~1013-1014 

* Computed on the basis that the mixing of the 15 vector 
mesons by the weak interactions is the dominant p r o -  
cess .  

Table 3 
Decays of charmed pseudoscalar  mesons.  

C=1 meson Y Channel Strength Est imated rate  

S+(9O0) 1 ~ cos 4 0 ~1011-1012 sec -1 
rm~ cos 4 O ~ 1010 
K~ cos 2 0 sin 2 0 ~1010 
~v cos 2 0 ~109-1010 

D+(760) 0 K~ cos 4 e ~ 1011-10 "12 
~ cos 2 0 sin 2 8 ~1010 
~v sin 2 e ~108-109 

D~(760) 0 K~ cos 4 e ~ 1011-1012 
rr~ cos 2 % sin 2 e ~I010-i0 II 
~ cos 2 0 sin 2 0 ~1010 

D2(760 ) 0 K~ cos 4 0 ~1011-1012 

w h e r e  r and 1 r e f e r  to c h i r a l i t i e s .  In t e r m s  of 
t h e s e  f i e l d s  w e a k  i n t e r a c t i o n s  c o n s e r v e  " p a r i t y " .  

S e l e c t i o n  r u l e s  f o r  l ep ton ic  w e a k  i n t e r a c t i o n s  
fo l l ow  f r o m  the  f o r m  of the  c u r r e n t .  " F a s t "  l e p -  
ton ic  d e c a y s  h a v e  m a t r i x  e l e m e n t s  p r o p o r t i o n a l  
to c o s  e and s a t i s f y  A y  = bC  = 0, AQ = ± 1 ,  
h i =  1, o r  b Y = b C  = b Q  = ± 1 ,  h i = 0 .  " S l o w "  
l ep ton ic  d e c a y s  h a v e  m a t r i x  e l e m e n t s  p r o p o r t i o n a l  
to s in  0 and s a t i s f y  b Y  = AQ = ± 1 ,  AC = 0,  A/ = ½ 
o r b C  = b Q  = ± 1 ,  ~LY=0,  h i = ½ .  T h e a n ~ l e  0 
m a y  be  i den t i f i ed  wi th  t he  Cabbibo  ang l e  v / ,  but  
in t h i s  m o d e l  the  w e a k  c u r r e n t  t r a n s f o r m s  under  
SU(3) l ike  t he  s u p e r p o s i t i o n  of a m e m b e r  of a 
t r i p l e t  and a m e m b e r  of an  oc te t .  

Non lep ton ic  i n t e r a c t i o n s  a r e  of t h r e e  k inds .  
" F a s t "  d e c a y s  i nvo lve  c o s  2 0 and s a t i s f y  b Y  = 
b C  = + 1. " S l o w "  d e c a y s  i nvo lve  s in  e c o s  0 and 
s a t i s f y  AY = 0 ,  b C  = ± 1 ,  o r A C  = 0 ,  b Y  = ± 1 .  
" V e r y  s l o w "  d e c a y s  i nvo lve  s in  2 0 and s a t i s f y  
AC = - ~Y = ± 1. T h e r e  i s  no b u i l t - i n - n o n l e p t o n i c  
AI = ½ r u l e ,  and the  f a m i l i a r  b C  = 0, b Y  = ± 1 
p r o c e s s e s  a r e  s u p p r e s s e d  by s in  2 0 in r a t e .  The  
p r o b l e m  of the  r a p i d  r a t e  of AI = ½ n o n - l e p t o n i c  
p r o c e s s e s  r e m a i n s ,  and i t  a p p e a r s  to be n e c e s s a r y  
to invoke  s o m e  m e c h a n i s m  ( t adpo les  .~ f o r  the  s e -  
l e c t i v e  e n h a n c e m e n t  of t h i s  channe l  8 ,10)  c o m p a r e d  
to AI = 3. 

The  m o d e l  i s  v u l n e r a b l e  to r a p i d  d e s t r u c t i o n  
by the  e x p e r i m e n t a l i s t s .  The  m a i n  p r e d i c t i o n  i s  

• t he  e x i s t e n c e  of the  c h a r m e d  S ~  v and ~_p,vr~+'° m e s o n s  
which  can  be  p r o d u c e d  in p a i r s  m ~-p ,  K - p  and 
~ - p  r e a c t i o n s ,  f o l l owed  by w e a k  but r a p i d  d e c a y s  

in to  both  Y - c o n s e r v i n g  and Y - v i o l a t i n g  c h a n n e l s .  
The  b a r y o n - l e p t o n  ana logy  l e t s  us  g u e s s  t he  o r d e r  
of m a g n i t u d e  of the  d e c a y  r a t e s ,  and a l though  the  
n u m b e r s  cannot  be  t aken  too  s e r i o u s l y ,  we s u m -  
m a r i z e  t h e m  in t a b l e s  2 and 3. 

U n l e s s  the  c h a r m e d  b a r y o n s  have  m a s s  l e s s  
than  o r  the  o r d e r  of 2 GeV they  d e c a y  s t r o n g l y  
into the  m e s o n s .  If t hey  axe  a l i t t l e  l i g h t e r ,  t h e y  
p r o b a b l y  d e c a y  n o n l e p t o n i c a l l y  wi th  r a t e s  > 1011- 
1012 s e c  -1 ,  and wi th  b r a n c h i n g  r a t i o s  into l e p -  
ton ic  m o d e s  of a f ew  p e r c e n t .  

It i s  a p l e a s u r e  to thank P ro f .  A a g e  Bohr  and 
the  Ins t i t u t e  f o r  T h e o r e t i c a l  P h y s i c s  f o r  t h e i r  
hosp i t a l i t y .  One of us  (B. J .  ) t hanks  M. N a u e n b e r g  
f o r  s t i m u l a t i n g  d i s c u s s i o n s  of SU(4). 
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