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The Enrico Fermi I n s t i t u t e  f o r  Nuclear  S t u d i e s  

and t h e  Department of Phys ics  

The U n i v e r s i t y  of Chicago, Chicago, I l l i n o i s  

I .  INTRODUCTION 

There are  a l r e a d y  s e v e r a l  p i e c e s  of d e c i s i v e  evidence 

s u p p o r t i n g  t h e  " e i g h t - f o l d  way" v e r s i o n  of SU( 3) symmetry, 

proposed b y  Gell-Mann and Ne'eman,' t o  be t h e  dominant f e a t u r e  

o f  t h e  s t r o n g  i n t e r a c t i o n s .  

as 

The symmetry i s  recognized by t h e  f a c t  tha t  p a r t i c l e s  and 

resonances can be grouped i n t o  m u l t i p l e t s ,  and t h a t  c e r t a i n  regu-  

l a r i t i e s  hold among va r ious  r e a c t i o n  ampl i tudes ,  decay w i d t h s ,  

e t c .  

resonance decup le t  BlO, a pseudosca la r  meson o c t e t  P8, and a 

.vector.  meson o c t e t  ( p l u s  a s i n g l e t ? )  v8 (v8 + v ~ ) .  

We know s o  f a r  t he  e x i s t e n c e  of a baryon o c t e t  B8, a baryon 
* 

The SU(3) symmetry i s  a n a t u r a l  enlargemerit of t h e  w e l l -  

e s t a b l i s h e d  SU(2) ( i s o t o p i c  s p i n )  symmetry. A s t r i k i n g  f e a t u r e  

of t h e s e  i n t e r n a l  symmetries i s  tha t  t h e y  a r e  not  e x a c t ,  ye t  t h e  

* 
This  work i s  suppor ted  by t h e  U .  S. Atomic Energy Commission, 
COO-264-219, and A i r  Force O f f i c e  of S c i e n t i f i c  Research, 
Grant No. AF-AFOSR-42-64. 

'Present addres s :  I n s t i t u t e  f o r  Advanced Study, P r ince ton ,  N. J. 



2 .  

deviation from perfect symmetry also follows a regular pattern. 

9.) 
It was primarily on this basis that the various multiplets have 

been identified. 

To understand the origin of these internal symmetries as 

well as their deviations will be one of the fundamental problems 

of elementary particle physics. 

tant notions which are relevant to this problem. 

There seem to be three impor- 

1. Symmetries of fundamental fields. Suppose that there 

is a basic law governing all the elementary particles, in the 

form of equations of motion involving some fundamental fields. 

All the information about the actual world is explicitly or 

implicitly contained in such equations, and especially the funda- 

mental symmetry should be manifest in them. 

the Hamiltonian) can be divided in two parts, one of them having 

the symmetry while the other n o t ,  and if the latter is "small" 

compared to the former in some sense, then we expect that 

symmetry to be manifest in actual phenomena with a definite 

If an equation (or 

pattern of deviation due to the existence of the second term. 

The question whether there can be higher symmetries, e.g. SU(4), 

is definitely related to how many fundamental fields there exist. 

2. Spontaneous breakdown of symmetry. There is a possi- 

bility that not all the symmetries, exact or approximate, that 

are present in the equations of motion, are manifestly present in 

the world of observed phenomena. This is due to the fact that the 

same system of equations of motion for quantized fields may be 
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d realizable in a number of different Hilbert spaces which are not 

invariant under the symmetry in question. In such a case, the 

ground state of a possible world (the "vacuum" as usually referred 

to) as well as its low lying excited states (the elementary 

particles" or elementary excitations") will not show the normal 

multiplet structure corresponding to a representation of the 

symmetry group. Examples of this kind are abundant in many-body 

problems. 

'. 
I I  

I I  

3. Spontaneous creation of symmetry. The so-called 

bootstrap mechanism of creating particles and resonances is not 

easy to characterize precisely because it is not based on well- 

defined equations of motion (Hamiltonian) but rather a system of 

truncated S-matrices. One rather seeks a possible set of states 

and symmetries which are self-consistently closed within them- 

selves. If, however, such a possible solution can also be derived 

from some form of Hamiltonian or equations of motion, then this 

procedure will become equivalent to finding t h e  basic equations 

of motion having the desired properties, and the remarks made in 

1. and 2. will apply here too. 

Our primary concern is whether the SU(3) symmetry is the 

ultimate ,one in the sense that it is the one exhibited by the 

fundamental fields and that no higher symmetries are meaningful. 

Such would be the case if, f o r  example, the "quark" or ''ace" 

models were true, except that with six two-component spinors 

there is a room for the "chiral" or y5 SU(3) symmetry in 

addition. The fact that such a symmetry indeed has a meaning is 

. 
53 
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0 w e l l  known. 

'. On t h e  o t h e r  hand, i f  t h e  number of fundamental  f i e l d s  were 

al lowed t o  i n c r e a s e ,  c e r t a i n l y  we have a p o s s i b i l i t y  f o r  even 

h i g h e r  symmetries.  

fermion f i e l d s ,  and SU(3)  x SU(3)  symmetry,3 w i t h  combinat ions of 

fundamental  boson and fermion f i e l d s ,  have been proposed r e c e n t l y ,  

which have t h e  v i r t u e  ., of a v o i d i n g  n o n - i n t e g r a l  cha rge  u n i t s .  

It i s  indeed p u z z l i n g  why t h e  o c t e t  model r a t h e r  t h a n  t h e  l o g i c a l l y  

For example, t h e  SU(4) symmetry* w i t h  f o u r  

s imple  Saka ta  model seems to be adopted b y  n a t u r e .  

S i n c e  we do no t  y e t  know comple te ly  what t h e  fundamental  

f i e l d s  and symmetries a r e ,  we w i l l  a t t a c k  t h i s  problem s t e p  by 

s t e p ,  s t a r t i n g  w i t h  e m p i r i c a l  ev idences .  Now any symmetry, y i g o r -  

ous o r  approximate,  w i l l  normal ly  man i fe s t  i t s e l f  as a m u l t i p l e t  

s t r u c t u r e  of p a r t i c l e  l e v e l s ,  s o  t h a t  i t  would b e  n a t u r a l  t o  

e x p l o i t  a l l  p o s s i b l e  symmetries t h a t  may be r e a l i z e d  b y  known 

low l y i n g  m u l t i p l e t s  of  p a r t i c l e s .  

To  t h i s  end we make, i n  p a r t i c u l a r ,  t h e  f o l l o w i n g  two obse r -  

v a t i o n s .  

+ 
1) 

sponding t o  a t e n s o r  r e p r e s e n t a t i o n  B ( p , 3  = 1,2,3), Bp = 0, of 

SU(3). 

Other  known resonances  have higher s p i n s .  These n i n e  baryons may 

be combined t o  form a nonet  Bz, (Yo = - Bp) .  

may be understood from symmetry v i o l a t i o n  as w i l l  be shown l a t e r . )  

Now i t  would be easy  t o  understand t h e  occur rence  of a t e n s o r  

r e p r e s e n t a t i o n  for t h e  ' 'ground s t a t e "  baryons i f  we could 

There ex i s t  an  o c t e t  of baryons B8 ( s p i n u p a r i t y  1/2 ) c o r r e -  

c1 * p +  
There i s  a n  i n d i c a t i o n  t h a t  t h e  1405 Mev Yo i s  1/2-. 

* 1 9  (The c a s e  1/2- 
J7 c1 

0 
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3c 
c o n s i d e r  B t o  be t h e  r e p r e s e n t a t i o n  (3,3 ) of a l a r g e r  group 

SU(3), x SU(3), s o  t h a t  t h e  lower and upper  i n d i c e s  of  B 

a c t u a l l y  cor respond t o  SU(3), and SU(3), r e s p e c t i v e l y .  

S U J $ . ~ )  means t h e  s imul taneous  t r a n s f o r m a t i o n  i n  bo th  group spaces  

3 
c1 

The u s u a l  

w i t h  i d e n t i c a l  pa rame te r s .  However, t h e  fundamental  Hamil tonian,  

whatever  i t s  a c t u a l  form, may posses s  symmetry under  SU(3), o r  

SU(3), a l o n e  provided that c e r t a i n  smallt1 terms a r e  n e g l e c t e d .  An 

analogous s i t u a t i o n  e x i s t s  i n  atomic e l e c t r o n s  i n  which o r b i t a l  

and s p i n  a n g u l a r  momenta a r e  s e p a r a t e l y  conserved under  n e g l e c t  of 

t h e  s p i n - o r b i t  coup l ing .  

I 1  

2 )  A s  was a l r e a d y  mentioned, t h e r e  e x i s t s  hidden " c h i r a l "  or 

symmetry, which i s  revealed by t h e  e x i s t e n c e  of p a r t i a l l y  con- y5 
se rved  ax ia l  v e c t o r  c u r r e n t s  and t h e  e x i s t e n c e  of p s e u d o s c a l a r  

mesons. Such symmetry can be most r e a d i l y  exp la ined  as a spontan-  

eous breakdown phenomenon i n  a y - i n v a r i a n t  Hami l tonian .  A c t u a l l y  5 
t h e  p s e u d o s c a l a r  mesons should be expected t o  be mass l e s s  i f  t h e  

symmetry were p e r f e c t .  The f i n i t e ,  bu t  r e l a t i v e l y  small masses 

of  t he  P mesons ( t h e y  are  t h e  l o w e s t  meson multiplet) would  imply 

t h a t  t h e  y Symmetry i s  n o t  r i g o r o u s  b u t  s t i l l  t h e  d e v i a t i o n  i s  

small. We do n o t  wish t o  i n s i s t  t h e  symmetry t o  be r i g o r o u s ,  
5 

w i t h  t h e  massless mesons b e i n g  e l i m i n a t e d  by some devious  

mechanisms. . Such a p o i n t  of v i e w  i s  n e i t h e r  necessa ry ,  nor n a t u r a l ,  

n o r  easy  to r e a l i z e .  A spontaneous breakdown e s s e n t i a l l y  means 

dynamical i n s t a b i l i t y  of a symmetric s o l u t i o n  a g a i n s t  i n f i n i t e s i -  

mal p e r t u r b a t i o n s  a c t i n g  as c a t a l y s t s .  I n  r e a l z t y  t h e s e  may very  

w e l l  be small but  f i n i t e  ra ther  t h a n  i n f i n i t e s i m a l .  With the 

i n t r o d u c t i o n  of  c h i r a l  symmetry, each SU(3) of 1) now g e n e r a t e s  two 
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0 s e p a r a t e  symmetries,  t o  be a p p l i e d  t o  t h e  l e f t - h a n d e d  and 

r igh t -handed  components of B. Thus w e  a r e  l e d  t o  a group 

T h i s  i s  t h e  minimum e x t e n t i o n  of SU(3) symmetry t h a t  f o l l o w s  

from t h e  above two remarks. '  

devoted t o  t h e  s t u d y  of t h e  s t r u c t u r e  and consequences of t h i s  

symmetry group, avo id ing  f o r  t h e  moment as much as p o s s i b l e  t h e  

q u e s t i o n  of what t h e  unde r ly ing  fundamental  f i e l d s  and t h e i r  

The r e s t  of t h e  paper  w i l l  be 

e q u a t i o n s  w i l l  be .  

I 
I -  

11. ALGEBRA AND PARTICLES 

We s ta r t  from t h e  baryon f i e l d s .  Cons ider  18 two-component 

s p i n o r  f i e l d s  BLP, BRp ; % and BR r e s p e c t i v e l y  form a r e p r e -  
* * s e n t a t i o n  (3L, 3L) and ( 3 R ,  3R) of t h e  groups SU(3),, x SU(3),, 

and SU(3)1R x SU(3),,, where t h e  lower and upper  i n d i c e s  of B P 

correspond r e s p e c t i v e l y  t o  SU(3),  and SU(3),. Thus i f  we i n t r o -  

duce t h e  e i g h t  g e n e r a t o r s  h ( i  = 1, . . 8)  as d e f i n e d  i n  Ref .  1, 

we can  wr i t e  t h e  f o u r  i n f i n i t e s i m a l  t r a n s f o r m a t i o n s  of B as 

i 

V i i  

v BLP 

su(3)*L: 6%; = ia hYf Lp 

s U ( 3 ) l L :  &BLL =. ia h 

dBiE = ' 0  

'* B f  = 

0 & B Y  = 
Rk 



SBLC = o 

9 = i a i h  B Y 
6BRp V? RP 

- 6B ' - 0  
Lct 

P '* B f) = - i a i B  
' 9 ~  Rp RP Ayv 6 B 3  RCL = 

(2.1) 

There a r e  t h u s  f o u r  s e t s  of 8 i n f i n i t e s i m a l  g e n e r a t o r s  hi/2, i = 1 

. . . 8 o p e r a t i n g  i n  4 d i f f e r e n t  s p a c e s .  The second way of 

w r i t i n g  shows t h a t  i t  i s  convenient  t o  r ega rd  By P as a matrix B 

This  w i l l  be  adopted from h e r e  on.  

B t r a n s f o r m s  accord ing  t o  

PY * 

Under a f i n i t e  t r a n s f o r m a t i o n ,  

ct 

BL + s l L  BL s2L 

BR * '2R BR '2R (2.2) 

where each S i s  of t h e  form 

(2-3) 
i i  s = exp[ z s a  A 

i Let  u s  c a l l  these four sets of infinitesimal g e n e r a t o r s  GLY HLY 

GR, HR. I n  each s e t ,  t he  g e n e r a t o r s  s a t i s f y  t h e  commutation r u l e  

[GLi, G L j  3 = ifijkGLk e t c .  (2.4) 

while  d i f f e r e n t  sets commute. . I t  i s  a l s o  convenient  t o  i n t r o d u c e  

t h e  f o l l o w i n g  l i n e a r  combinat ions 

i i i i 
Fvi= GL + GR - HL - HR 

i i i 
L 
i i i i 

FAi= GL - GR - HL + HR 

D v.i = G  i + G R + H L + H R  
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i i i i D~~ = GL - GR + HL - HR 

w i t h  t h e  commutation r e l a t i o n s  

Vk 

Vk 

Ak 

Ak 

V k  

[Fvi, F v j ]  = i f i j k F  

[Fvi, Dvj] = i f i j k D  

[Fvi, F A j ]  = i f i j k F  

[Fvi, DAj]  = i f i j k D  

[FAi, FA’] = i f i j k F  

[FA’, D ~ ~ I  = i f , i jk  DFk 

[ F ~ ~ ,  D v j ]  = i f i jkD A k  

[D’~, D v j ]  = i f i j k F  Vk 

[DAi, D A j ]  = i f i j k F  vk 

[D’~, D A j ]  = i f i j k F  A k  

c To each  g e n e r a t o r  co r re sponds  a f o u r - v e c t o r  c u r r e n t  d e n s i t y  
i which w i l l  s a t i s f y  bj  fixi = 0 if t h e  Hamil tonian  i s  i n -  

These c u r r e n t s  a r e  s imply  

JP I J - P  

v a r i a n t  under  t h i s  symmetry. 



V which j u s t i f i e s  t h e  n o t a t i o n  F , e t c .  

f a m i l i a r  an t i symmetr ic  and symmetric t y p e s  of o c t e t s  con ta ined  

i n  t h e  product  B x B m 8  x 8 under t h e  o r d i n a r y  SU(3) .  
A a l g e b r a  gene ra t ed  by t h e  32 g e n e r a t o r s  

v a r i o u s  suba lgebras  cor responding  to subgroups of [SU(3)] 

Each such  subgroup i s  a p o s s i b l e  c a n d i d a t e  of symmetry r e a l i z e d  

w i t h  a va ry ing  degree  of p e r f e c t n e s s .  La rge r  t h e  group, t h e  

more approximate t h e  symmetry w i l l  be .  

a r c h y  o f , a p p r o x i m a t e  symmetries,  a l l  con ta ined  i n  o u r  l a r g e s t  

group [SU(3)] . 
A may be c l a s s i f i e d  as fo l lows :  

F and D cor responds  t o  t h e  

Now t h e  

Fv, FA, Dv, D c o n t a i n s  
4 . 

Thus we expec t  a h i e r -  

4 These subgroups and co r re spond ing  suba lgebras  

A1O = p) 
D = t p y  DAji 

AT1 = f.Fviy FA') 

A20 = IFVi, D v j )  

+ 
- - iFVi, D v j  FAk + - DAk) A;l 

A22 = t F V i ,  D V j  , FAky DA$ (2.9) 
.) 

Here Am means t h a t  i t  c o n t a i n s  m v e c t o r  o c t e t s  and n ax ia l  

v e c t o r  o c t e t s  of conserved c u r r e n t s ,  co r re spond ing  t o  a group 

N [SU(3)]m+n. 

43 
We n o t e  tha t  A m C A m , n l  i f  m < m ' ,  n(n '  ( b u t  no t  
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4 

b 

A 

n e c e s s a r i l y  i f  m 4 m 1 ,  n < n t ) .  

c o n s i d e r  e x t r a  d i s c r e e t  symmetries which can  be n a t u r a l l y  i n c o r -  

po ra t ed  i n  ou r  scheme by s l i g h t l y  e n l a r g i n g  [SU(3)] . Namely, 

we c o n s i d e r  t h e  permuta t ion  group g4 of t h e  f o u r  SU(3) groups 

among themselves .  I n  p a r t i c u l a r ,  l e t  u s  d e f i n e  t h e  o p e r a t i o n s  

At t h i s  p o i n t  i t  i s  u s e f u l  to 

4 

cor re sponds  to t h e  i n t e r c h a n g e  of t h e  two i n d i c e s  of  B where- 
CL’ 

as p corresponds  to t h e  i n t e r c h a n g e  % w%. 

f i e d  w i t h  t h e  “ R - p a r i t y ”  (R-symmetry); It i s  easy  to s e e  t h a t  

t h e  f o u r  g e n e r a t o r s  ( 2 . 3 )  (and t h e  co r re spond ing  c u r r e n t s  ( 2 . 8 )  

c o n s t 3 t G t e  a r e p r e s e n t a t i o n  of g4, and i n  p a r t i c u l a r  

R can  be i d e n t i -  

A A 

A 
Fv + -Fv, F 4 -F R :  
Dv _j Dv, DA 4 D 

P :  FV DV DV 
A A A A F + - F ,  D j - D  

Le t  us  nex t  see i f  any of these s u b a l g e b r a s  can  be d i s c a r d e d  as 

i r r e l e v a n t  i n  t h e  f a c e  of observed ev idence .  On t h i s  p o i n t  we 

n o t e  t h e  f o l l o w i n g .  

1. 

v e c t o r  weak c u r r e n t  i s  of t h e  t y p e  aD -k ( 1 - a ) F ,  where a e 2/3. 
The coup l ing  o f p  o c t e t  t o  t h e  baryons as w e l l  as t h e  ax ia l  

6 
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T r  

11. 

f a c t  these  two must have t h e  same s t r u c t u r e  if t h e  Goldberger-  

iman t y p e  r e l a t i o n  2 s  to hold as a r e s u l t  of spontaneous 

breakdown of symmetry. 

c o n t a i n :  axial  c u r r e n t s  c l o s e  to t h i s  r a t i o  a r e  A 11 and A21, 

Now t h e  on ly  suba lgebras  of A22 which 
D + 

o b t a i n  t h e  fo l lowing  

two sequences of a l g e b r a s  

- 
5 / 2  - A22 = A L =  A20 =) A 1 O  

r e s p e c t i v e l y . w i t h  a = 1 and a = 1/2. We t h e n  

Y 

Lacking f u r t h e r ' i n f o r m a t i o n ,  we shal 

f o l l o w i n g  c l a s s i f i c a t i o n  of p a r t i c l e s .  We 

(2 .10 )  

s,udy them i n  t h e  

s h a l l  deno te  a r e p r e -  
A 4 

s e n t a t i o n  of t h e  [SU(3) ]  group by t h e  symbol ( p , q , r , s )  where t h e  

The 8 i n d i c e s  r u n  i n  t h e  o r d e r  SU(3)1L, s u ( 3 ) 1 ~ ,  s u ( 3 ) 2 ~ ,  s u ( 3 ) 2 ~ *  
* * 

n i n e  baryons (18 components) are  a s s igned  to (313 1) + (1313 ) .  

The g e n e r a t o r s  GL, GR, HL, HR be long  to (8111), (1811), (1181), 

(1118) r e s p e c t i v e l y .  Under r e s t r i c t i o n  to a subgroup, a r e p r e -  

s e n t a t i o n  i s  c o n t r a c t e d  by m u l t i p l i c a t i o n .  

l i s t e d  above r educe  a r e p r e s e n t a t i o n  ( p q r s )  as f o l l o w s :  

The 6 s u b a l g e b r a s  

( 2 . 1 1 )  
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(The o r d e r  of  t h e  i n d i c e s  a f t e r  r e d u c t i o n  i s  a r b i t r a r i l y  t a k e n .  ) 

The baryon resonances  and mesons w i l l  be r e p r e s e n t e d  i n  a s imilar  

f a s h i o n .  We w i l l  d i s c u s s  below t h e  p r o p e r t i e s  of p o s s i b l e  

p a r t i c l e s  i n  each of t h e  a l g e b r a s  ( 2 . 1 0 ) .  

1) AZO. 

metry.  

€ p * W  

T h i s  a l g e b r a  does n o t  c o n t a i n  t h e  c h i r a l  ( y  5 ) SU(3) sym- 

The baryonsbelongc- t o  a r e p r e s e n t a t i o n  (3,3 ) accord ing  t o  
* 

2 S i n c e  we have a n  [SU(3)] group, t h e r e  ex i s t  f o u r  

commuting quantum numbers, Fv3, F '* , Dv3, Dv8, which we c a l l  

Y, Ij and Y'. I and Y a r e  t h e  o r d i n a r y  i s o s p i n  and hyper-  I3' 3 
cha rge .  The assignment  of t h o s e  numbers t o  v a r i o u s  baryons i s  

g iven  i n  Table  1. We r e c a l l  t h a t  Fv and Dv behave l i k e  t h e  F- 

and D-type coup l ings  of baryons and o c t e t  mesons. It i s  c l e a r  

t h e n  t h a t  Lo, A" and Yo cannot  be d i agona l  w i t h  r e s p e c t  t o  I '  3 

and Y'. 

I 

a 

With r e s p e c t  t o  t h e s e  t h r e e  s t a t e s ,  I' 3 and Y' form t h e  

m a t r i c e s  

1 
65 

0 

0 

!j 
0 

Thei r  'Ezgtitnst-at e s  are  

A 

The D t y p e  symmetry i s  of  c o u r s e  bad ly  broken by t h e  mass 

d i f f e r e n c e s .  

imply a d d i t i o n a l  s e l e c t i o n  r u l e s 4  which a r e  no t  a c t u a l l y  

Otherwise t h e  quantum numbers If and Y' would 



d 

c 

a 

observed.  However, t h e y  might become man i fe s t  a t  ex t remely  

h i g h  e n e r g i e s .  

If v e c t o r  gauge f i e l d s  a r e  assumed f o r  t h i s  symmetry, 

t h e y  must behave l i k e  t h e  16 v e c t o r  c u r r e n t s  of A20. 

words, t h e r e  w i l l  be 16 v e c t o r  f i e l d s  Vi and Vk . They 

a r e  a s s o c i a t e d  r e s p e c t i v e l y  w i t h  SU(3), and SU(3), and 

cor respond to r e p r e s e n t a t i o n s  ( 8 , i )  and ( ~ 8 ) .  From t h e s e  we 

I n  o t h e r .  

can  c o n s t r u c t  a l s o  V; = V: - V i  and Vh = V: + V; . 
i These behave l i k e  v e c t o r  c u r r e n t s  v k  and v,, of Eq.  ( 2 . 8 ) .  

t h e  s t a n d p o i n t  of group r e p r e s e n t a t i o n  a l o n e ,  however, we can 

a l s o  c o n s i d e r  o t h e r  r e p r e s e n t a t i o n s ,  such  as ( 3 , 3  ) and ( 3  , 3 )  

behaving l i k e  B and B. A s e l f - c o n j u g a t e  combinat ion ( 3 , 3  ) + 
( 3  , 3 )  reduces  t o  8 + 8 + 1 -I- 1 under  o r d i n a r y  SU(3) .  

S i n c e  B x B does no t  c o n t a i n  ( 3 , 3  ) or ( 3  , 3 ) ,  t h e s e  mesons 

cannot  coup le  t o  t h e  baryons t r i l i n e a r l y  under  A20. 

From 

* * 
* 

* 
* * 

Pseudosca la r  mesons (and p o s s i b l y  o t h e r  mesons) may be  

d i s c u s s e d  i n  a s imilar  way, except  tha t  t h e y  a r e  n o t  r e l a t e d  t o  

y symmetry w i t h i n  t h i s  algebra. The baryon resonances  can  be 

ob ta ined  from baryon and meson r e p r e s e n t a t i o n s  i f  t h e  resonances  

remain resonances  ( i . e .  the  decay c o u p l i n g  e x i s t s )  under  

With t h e  assignment  ( 8 , l )  and (1,8) f o r  t h e  meson M ( =  P or V), 

5 

w e  g e t  

* 
The de'cuplet  i s  con ta ined  i n  ( 3 , 6 )  and (15,3 ) which reduce  

r e s p e c t i v e l y  t o  10 + 8 and 8 + 10 + 27 under  
. *  
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a 

4 

* 
The assignment  ( 3 , 3  ) + ( 3 * , 3 )  t o  t h e  mesons y i e l d s  

M x B = ( 3 * , 3 )  + (3*,6*)  + ( 6 , 3 )  + ( 6 , 6 * )  

The 10 i s  con ta ined  i n  ( 6 , 3 )  and (8 ,8 ) .  

D 2 )  Ail .  We c o n s i d e r  t h i s  as t h e  minimum symmetry compr is ing  

t h e  y 

t h e  p h y s i c a l  m a n i f e s t a t i o n s  a r e  d i f f e r e n t  from t h e  A20 c a s e .  

t h e  y symmetry i s  spontaneous ly  broken by t h e  baryon mass, t h e r e  

w i l l  be no e x t r a  quantum numbers l i k e  I' and Y' for any p a r t i c l e .  

P a r i t y  c o n s e r v a t i o n  a l s o  demands a p a i r  of con j u g a t e  r e p r e s e n t a -  

2 
t y p e  one.' Although the  group s t r u c t u r e  i s  a g a i n  [SU(3)] , 5 

If 

5 
3 

t i o n s  to appea r  s imul t aneous ly .  

t o  ( 3 , 3 * )  + ( 3 * , 3 ) .  

be 8 v e c t o r  (V,) and 8 axial  v e c t o r  ( A D )  mesons coupled t o  con- 

s e r v e d  c u r r e n t s  V, and aD respec t ive l$8  These cor respond t o  

( 8 , l )  2 (1 ,8) .  A s  t h e  common baryon mass i s  c r e a t e d ,  we a l s o  

induce  a mass l e s s  p s e u d o s c a l a r  o c t e t  P coupled t o  t h e  d ive rgence  

of aD. These ' ~ ~ e r o n s ' ' ~  m u s t  exis t ,  as a n  l ' incomplete'l r e p r e s e n -  

Thus  t h e  baryons % + BR belong 

Under t h e  gauge f i e l d  p r i n c i p l e ,  t h e r e  w i l l  

D t a t i o n  of  All, i n  a d d i t i o n  t o  any o t h e r  bona f i d e  p s e u d o s c a l a r  

m u l t i p l e t s ,  i f  t h e  spontaneous breakdown i s  invoked. I n  g e n e r a l ,  

it does n o t  make s e n s e  t o  t a l k  about  a r e p r e s e n t a t i o n  ( p , q )  of 

All any more, s o  ( p , q )  c o l l a p s e s  i n t o  ( p  x q )  of AlO. The a l g e -  

b r a  AY1 has been emphasized by Gell-Mann7 because of  i t s  minimal 

c h a r a c t e r .  Our  p o i n t  of v i e w  becomes somewhat d i f f e r e n t  when we 

t r e a t  symmetry v i o l a t i o n s .  

D 

s 

@ 



I 

c 

f2 AZ1. T h i s  a l g e b r a  combines two conserved v e c t o r  c u r r e n t  o c t e t s  

vF and vD, and one axial  v e c t o r  c u r r e n t  aF + aD. A l t e r n a t i v e l y  

speaking ,  t h e s e  have bo th  o r d i n a r y  and y symmetry w i t h  r e s p e c t  
4 

5 
to SU(3),, and o n l y  o r d i n a r y  symmetry w i t h  r e s p e c t  t o  SU(3),. It 

w i l l  be n a t u r a l l y  r e a l i z e d  i n  a model l i k e  Schwinge r ' s3  where 

b o t h  s p i n o r  and v e c t o r  f i e l d s  a r e  in t roduced  as fundamental  

f i e l d s .  The baryons,  acco rd ing  t o  ( 2 , 1 1 ) J  be long  t o  t h e  r e p r e -  

s e n t a t i o n  (plL, qlRJ I;) = (3,1,3 ) + (1 ,3 ,3  ) .  

f i e l d s  w i l l  be of  t h e  t y p e  (8,1,1), (1,8,1) and (1,1,8). The 

ax ia l  v e c t o r  mesons a re  coupled t o  t h e  baryons w i t h  t h e  r a t i o  

F/D = 1, which means, e .g . ,  g z  ~ 

breakdown, t h e  r e p r e s e n t a t i o n  ( p J  q,  r) of A21 c o l l a p s e s  i n t o  

( p  x q, r) of A20. 

(8,1), w i t h  t h e  F/D = 1 coup l ing  r a t i o .  So t h i s  a l g e b r a  i s  

c h a r a c t e r i z e d  by t h e  l a c k  of R-symmetry as F + D + -F + D 

under  R .  

* * 
The gauge 

= 0. Af te r  spontaneous 
+ 

- 
TT - g@K 

Thus t h e  induced P as w e l l  as A become 

Now t h e  baryon resonances  may be c o n s t r u c t e d  o u t  of P x B 

which decomposes as 

Because of the  non R- invar iance ,  w e  have obtainec ( 

c o n t a i n s  the.SU(3) d e c u p l e t  10, b u t  no 10 i s  found 
* 

* 5,3 ) which 

h e r e .  
b 

c 
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111. SYMMETRY BREAKING AND MASS FORMULAS 
4 

We can  contempla te  f o u r  k inds  o f  s y - m e t r y  b r e a k i n g  w i t h i n  

o u r  c o n t e x t .  

1. Breaking  which d e s t r o y s  non-y5 S U (  3)1 x SU( 3 ) 2 ,  r educ ing  

i t  t o  s imple  S U ( ~ ) .  

2 .  The Gell-Mann-Okubo b reak ing  of s imple  SU(3) .  

.J 

c 

Spontaneous b r e a k i n g  of  y r  SU(3) groups and p o s s i b l y  

non-y -groups .  

Non-spontaneous b reak ing  which v i o l a t e s  y symmetry and 

g i v e s  zerons  f i n i t e  masses. 

3 3.  

5 

5 4. 

The l a s t  one i s  a ra ther  obscure  problem a t  t h e  moment, and w e  

w i l l  n o t  go i n t o  it i n  t h i s  pape r .  We s ta r t  w i t h  t h e  f i r s t  k i n d .  

1. L i f t i n g  of degeneracy .  The p a t t e r n  of breakdown of 

SU(3), x SU(3), i s  similar to that  due to s p i n - o r b i t  c o u p l i n g  

f o r  a n g u l a r  momentum. 

group 0(3)1 x 0 ( 3 ) 2  w i l l  s p l i t ,  as t h e  c o u p l i n g  between 0(3)1 

A m u l t i p l e t  (.l1, j 2 )  of product  r o t a t i o n  

and 0 (3 )2  i s  t u r n e d  on, i n t o  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 a n  

O ( 3 )  c h a r a c t e r i z e d  by t h e  t o t a l  a n g u l a r  momentum (A + 1 ) 2 .  I n  & 2  
i i i i  i i 

t h e  p r e s e n t  c a s e ,  t h e  g e n e r a t o r s  F1 = G + GR, F2 = HL + HR L 

’ correspond to,! and 1 *. I n  c o n t r a s t  t o  0 (3) ,  however, two 
-1 - 

s c a l a r s  ( C a s i m i r  o p e r a t o r s )  may be c o n s t r u c t e d  o u t  of them. These 

a re  

i=l 



4 

i 

S u b t r a c t i n g  from them cor re spond ing  i n v a r i a n t s  f o r  SU(3), 

and SU(3),, we o b t a i n  

1 2 2  2 ( F  - F~ - F ~ )  = ZF~-F :  = 
i 

$(G3- G? - G Z ]  = Z d i j k ( F i  Fi FE + F I  Fg FZ) = 9 ( 3 . 2 )  
i j k  

These a r e  t h e  ana logs  of  " s p i n - o r b i t "  c o u p l i n g .  

and Dvi of Eq.  (2.3), t h e y  may a l s o  b e  w r i t t e n  

I n  terms of Fvi 

Y = - l C ( F  V i  F V i  - D  V i  D V i  ) 
i 

9 = i j k  

4 

1 z d i j k ( D  V i  D V i  D Vk - D V i  F V j  F Vk  ) (3.3) 

The v a l u e s  of  F2 and G3 f o r  each SU(3) m u l t i p l e t  a re  t a b u l a t e d  i n  

Table  11. 

w i l l  t h e n  be  c h a r a c t e r i z e d  by a f u n c t i o n  f(y,g), which i s  d e t e r -  

The mass s p l i t t i n g  i n  a n  SU(3),  x SU(3),  s u p e r m u l t i p l e t  

as s ump t i o n  w i 11 

t o  s p i n - o r b i t  

mined by the  dynamics of t h e  system. A s i m p l e s t  

be  to t a k e  a l i n e a r  form i n y a n d  9, i n  ana logy  

s p l i t t i n g .  The mass formula  i s  t h e n  

A m  = a? + bg 
( A s  u s u a l  w e  should  r a the r  t a k e  Am2 f o r  bosons . )  

c e i v a b l e  tha t  t h e  term i s  small s i n c e  it i s  t r  

g e n e r a t o r s .  I n  t h i s  case 
t 

(3.4) 

It i s  a l s o  con- 

l i n e a r  i n  t h e  

A m  = a?  
I 

Eq. (3.4) (or(3.5)) gives  a u s e f u l  sum r u l e  o n l y  

(3.5) 

i f  t h e r e  a r e  

more t h a n  t h r e e  (or two) SU(3) m u l t i p l e t s  i n  a s u p e r m u l t i p l e t .  
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* 
Applied to t h e  baryon nonet  (3 .3  ), i t  s p l i t s  t h e  o c t e t  B8 and 

t h e  s i n g l e t  B1 = Yo. An i n t e r e s t i n g  p o s s i b i l i t y  i s  t h a t  Am i s  
Q @  

4 

l a r g e  compared t o  t h e  common mass s o  t h a t  one of them may become 

n e g a t i v e .  I n  t h i s  c a s e  we i n t e r p r e t  t h e  n e g a t i v e  mass p a r t i c l e  

t o  have a r e l a t i v e  odd p a r i t y  s i n c e  t h e  t r a n s f o r m a t i o n  B 3 i y  B 

r e s t o r e s  t h e  p o s i t i v e  s i g n  of mass. Exper imen ta l ly  t h e  p a r i t y  of 

Y0(1405) i s  n o t  w e l l  e s t a b l i s h e d ,  b u t  e i t h e r  p a r i t y  can be 

accommodated i n  ou r  scheme. I n  o t h e r  words, 

5 

* 

A m  = m m s 1150-1400 = -250 Mev i f  B1 i s  1/2+, 8- 1 
Gs 1150+1400 = +2550 Mev i f  B1 i s  1/2-, 

( 3 . 6 )  

where in i s  t h e  o c t e t  mass b e f o r e  Okubo-Gell-Mann s p l i t t i n g .  

Obviously a n e g a t i v e  m2 Is n o t  allowed for t h e  bosons.  
8 

Turning  to t h e  baryon resonances ,  Eq .  (3 .5)  y i e l d s  a sum 
* 

r u l e  i f  t h e  d e c u p l e t  belongs t o  (15 ,3  ) = 10 + 8 + 27 . 
Name 1 y 

3 m27 - 5 m10 +- 2 m8 = 0 ( 3 . 7 )  

Suppose we i d e n t i f y  

assignment  j p  = g. Then w e  would a l s o  expec t  a p r e t t y  low 

energy  (< 2 Bev t a k i n g  m 1 0 ~ m 8 . 4 r 1 5 0 0  MeV) 27 m u l t i p l e t  w i t h  

8 w i t h  t h e  second TN r e sonance lo  w i t h  t h e  

’+ , which a c t u a l l y  i s  u n l i k e l y  t o  e x i s t .  2. 
3-  27 i s  s t i l l  - b u t  t h e  mass i s  a l i t t l e  h i g h e r :  resonance  i s  

If t he  second j p  

3+ 
2 ’  2 f 

N 3 Bev. With t h e  two-parameter formula  ( 3 . 4 )  of  c o u r s e  no m27 
* p r e d i c t i o n  can be made. 

2. Gell-Mann-Okubo s p l i t t i n g .  We nex t  d i s c u s s  t h e  s w i t c h i n g  on 

of t h e  Gell-Mann-Oku‘co s p l i t t i n g  w i t h i n  SU(3) m u l t i p l e t s .  



9 Within  t h e  c o n t e x t  of SU(3), x SU(3), symmetry, t h i s  amounts , t o  

t h e  assumption that  t h e  G-M-0 p e r t u r b a t i o n  behaves l i k e  

F -Y and Dv8^, Y ' .  

p l e t s  i n  an  S U ( ~ ) ~  x S U ( ~ ) ,  s u p e r m u l t i p l e t ,  i t  causes  no t  on ly  

t h e  s p l i t t i n g  w i t h i n  each m u l t i p l e t  bu t  also mixing among d i f f e r -  

e n t  m u l t i p l e t s .  Take, for example, t h e  baryon none t .  The mass 

formula  t a k e s  t h e  form 

4 

v8 S i n c e  Dv coup les  i n  g e n e r a l  d i f f e r e n t  m u l t i -  

m = a Y  + bY + c p  + mo (3 .8)  

where t h e  f i i d t e r m  s p l i t s  ml and m 8 .  

f 

The D term mixes Yo and A s o  that  i n  t h e  space  of b a r e  

( Y z , / \ o ) ,  Am i s  a matrix 

w i t h  e igenva lues  

2 -% A m  = [3c-  - + (3b2- 2/7 bc + 9c ). 1 
J3 - 

( 3 . 1 0 )  

The r e l a t i o n s  f o l l o w i n g  from Eqs .  (3.8) and (3 .9)  

( N  + g) = 6c - by + 2m0 J5 
= 3c + b/ + mo. 

A + Yo = 3c - b/ + 2mo 
2 /s 

0 
( A  - mo) (Yo-  m 0 ) = - * 5 b2 
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Q 

lead to the mass sum rule 

( 3 . 1 2 )  
s 2 

( 3Y0 +z -2N-2g) (3A +r -2N-2F) = -2( 2 2  -N-=') 

This gives a Yo mass of - + 700 MeV. 
very small second factor (-25 MeV) on the left-hand side (the 

Gell-Mann-Okubo relation!), the formula is sensitive to small 

shifts of the baryon masses, and presumably should not be used in 

this way to predict the Yo mass. 

3.  Spontaneous breaking. The motivation for invoking 

spontaneous breakdown of y 

Goldberger-Treiman relation. However, the mechanism is of such a 

general character that perhaps it Is worthwhile to consider also 

the spontaneous breakdown of non-y SU(3) groups. This mechanism, 

superimposed on the primary breaking or" symmetry that exists in the 

equations of motion themselves, will result in an enhancement of 

the breaking effect. The characteristic feature of spontaneous 

breaking is the existence of zerons'l which form an "incomplete 

multiplet." If the breaking is not purely spontaneous, the zerons 

will not be massless. 

However, because of the 

symmetry has been the success of the 5 

5 

II 

As a practical criterion for the onset of spontaneous 

breakdown we may take the following two conditions: 

1. Existence of an incomplete multiplet. 

2. Approximate Goldberger-Treiman type relations. 
5 

i3 For example, consider the algebra A20( or A21 ) .  

is broken by the splitting of singlet and octet baryons, the mass 

difference behaving like a "spurion." 

The D symmetry 

Because of this mass 
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d i f f e r e n c e ,  the  c r o s s  c u r r e n t s  (8 bD 11> must be s u p p l i e d  w i t h  
c1 

induced s c a l a r  terms i n  o r d e r  t o  s a t i s f y  t h e  c o n t i n u i t y  equa- 

t i o n .  I n  o t h e r  words we expec t  an  o c t e t  ( i ncomple t e  "16- 

p l e t " )  of D-type s c a l a r  zerons  , coupled between baryon s i n g l e t  

and o c t e t ,  b u t  no t  between o c t e t  members, w i t h  t h e  Goldberger-  

a 

Treiman r e l a t i o n  

Here G = G(0) i s  t h e  n o r m a l i z a t i o n  of ZT-curren t  between B1 and D 
i s  t h e  coup l ing  B8; g s  i s  t h e  B8 B1 S coup l ing  c o n s t a n t ;  YS 

a p p e a r i n g  i n  <Ol'$lSi) = ys,$: 

Gell-Mann-Okubo s p l i t t i n g .  I f  t h i s  i s  spontaneous,  i t  w i l l  make 

Le t  u s  now i n t r o d u c e  t h e  

induced s c a l a r  terms appea r  a l s o  for t h e  Y = +1 - D-type c u r r e n t s  

< N I v D / z > J  ( N I V D / / \ >  J ( z l ~ / ~ ) ,  (? /%/A>  (and h * c * ) J  

and t h e  Y = 0, T = 1 c u r r e n t ( z / , q / A >  (and h . c . ) .  

t he re  w i l l  be  induced s c a l a r  terms f o r  t h e  Y = +1 - F- type  c u r r e n t s  

VF implying a n  incomple te  su(3) " o c t e t "  of f o u r  s c a l a r  mesons 

I n  a d d i t i o n ,  

L S k )  w i t h  Y = +1, - T = 1/2. T h i s  d rama t i c  breakdown of SU(3) 

m u l t i p l e t  s t r u c t u r e  should  be c o n t r a s t e d  with t h e  o r d i n a r y  weak 

v i o l a t i o n  i n  which we would have a complete o c t e t  of 8 s c a l a r  

mesons ( w i t h  mass s p l i t t i n g ,  of c o u r s e ) .  The l a t t e r  mesons cah ' !  

a l s o  ex i s t ,  b u t  t h e y  do n o t  n e c e s s a r i l y  f i g u r e  i n  t h e  Goldberger-  

Treiman-type r e l a t i o n s ,  and t h e i r  masses would n o t  t end  t o  z e r o  

even when t h e  h idden  symmetry becomes p e r f e c t .  a 

I n  t h i s  way, w e  expec t  an  o c t e t  of s c a l a r  zerons  under  
.c 

t h e  a l g e b r a s  Azo and A21 i f  spontaneous breakdown a p p l i e s ,  and a 

q u a r t e t  of Y = +l, - T = 1/2 s c a l a r  mesons i f  t h e  r e d u c t i o n  of e 
o r d i n a r y  SU(3) t o  SU(2) i s  a l s o  spontaneous .  T h e X ( 7 2 5  MeV) 
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0 

meson could be i n t e r p r e t e d  i n  t h i s  l a t t e r  way i f  i t s  companions 

II 
4 were no t  found t o  make up an o c t e t .  

We make two f i n a l  remarks.  The Goldberger-Treiman t y p e  

r e l a t i o n s  p r e d i c t  t h e  c o u p l i n g  of zerons which i s  n o t  u n i v e r s a l  

b u t  fo l lows  a d e f i n i t e  p a t t e r n  depending on t h e  mass s p l i t t i n g .  

An a p p l i c a t i o n  of t h i s  p r i n c i p l e  t o  t h e  BIO* B8 P 8  coup l ing  

( u s i n g  t h e  ax ia l  v e c t o r  c u r r e n t ,  of c o u r s e )  s a t i s f a c t o r i l y  
* reproduces  t h e  r e l a t i v e  decay wid ths  of BlO. l2 I n  t h e  same way, 

we can compute t h e  Yo - 2 ~  decay r a t e ,  which depends on t h e  

p a r i t y  of Yo and t h e  D/F r a t i o  of t h e  BBP coup l ing .  

i s  g iven  i n  Table  111. 

The r e s u l t  

It f a v o r s  Jp  = 1/2+ ass ignment .  

F u r t h e r  i n t e r e s t i n g  r e s u l t s  a r e  ob ta ined  i f  we make t h e  

assumption that  each c u r r e n t  i s  dominated by a v e c t o r  meson s o  

t h a t  t h e  form f a c t o r  G ( q  ) = m2/(q2+ in2) .  

p o s s i b l e  t o  d e r i v e  a r e l a t i o n  between t h e  v e c t o r  ( a x i a l  v e c t o r )  

meson and s c a l a r  ( p s e u d o s c a l a r )  zeron coup l ing  c o n s t a n t s .  

2 I n  t h i s  c a s e  i t  i s  

13 

T h i s  formula  takes t h e  f o l l o w i n g  form 

+ i 
where (gv)jk i s  t h e  B .BpV.  coup l ing ,  e t c .  T h i s  enab le s  one to 

J h . 1  

p r e d i c t  gs and gA from t h e  known gv  and g P '  @ 
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I V .  WEAK AND ELECTROMAGNETIC INTERACTIONS 

Whether or n o t  weak i n t e r a c t i o n s  a r e  mediated by bosons,  

t h e i r  s t r u c t u r e  i s  e s s e n t i a l l y  de f ined  once t h e  v e c t o r  and 

ax ia l  v e c t o r  c u r r e n t s  a re  known. I n  h i g h e r  symmetry schemes i t  

i s  n a t u r a l  to i d e n t i f y  t h e  weak c u r r e n t s  w i t h  t h e  conserved 

c u r r e n t s  de r ived  from synunetry. A s  we have po in ted  ou t  e a r l i e r  

A22 by  i t s e l f  does no t  - comple te ly  de te rmine  t h e  weak c u r r e n t s .  

I n  o r d e r  to f i n d  them one has to c o n s i d e r  a c h a i n  of a l g e b r a s  

of  t h e  t y p e  (2.10.). The smallest a l g e b r a s  of t h e  c h a i n  w i l l  

t h e n  d i c t a t e  t h e  D/F s t r u c t u r e  of t h e  weak c u r r e n t s .  Because of 

and C1 t h e  v e c t o r  c u r r e n t  w i l l  t he  p resence  of AIO i n  bo th  C 

be pu re  F- type .  The s t r u c t u r e  of t h e  ax ia l  v e c t o r  c u r r e n t  w i l l  
1 / 2  

4 

I + 
1/2 

be determined by  A21 and AY1 to be a = 1/2 and CI = 1 f o r  C 

and C1, r e s p e c t i v e l y .  

account  symmetry b reak ing  and t h e r e f o r e  a raw comparison to t h e  

experiment/value OL * 2 / 3  might no t  be very  meaningful .  A s  

01’ cour se  t h e s e  va lues  do no t  t a k e  i n t o  

a1 

and C, 
1/2 

can be s e e n  from Table  I V  t h e  d i f f e r e n c e  between C 

f o r  l e p t o n i c  decays m a n i f e s t s  i t s e l f ‘  i n  t h e  branding  ra t ios  for 

/t 4 p and 2- 4 n decays,  and t h e  assymmetry parameters  f o r  

A --‘p, f - + n  and E + A decays .  The l a r g e s t  of t h e s e  

d i f f e r e n c e s  i s  f o r  2- + n + e-+ ge. 
times l a r g e r  branchckngmce t h a n  C 

- 

Here C1 p r e d i c t s  a 5 

and a V + 1.15A s t r u c t u r e  1/2 
as compared w i t h  pu re  V for C1/*. We t h e r e f o r e  sugges t  t h i s  

I decay to be a p a r t i c u l a r l y  f a v o r a b l e  one f o r  f i n d i n g  which of 

14 and Cl is  more r e l e v a n t  to n a t u r e .  
1 /2 

the  c h a i n s  C 
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9 
The e l e c t r o m a g n e t i c  c u r r e n t s  a r e  F- type.  I n v a r i a n c e  under  

h produc t s  of  SU(3) groups w i l l ,  however, g i v e  us some c l u e s  on 

t h e  e l e c t r o m a g n e t i c  and weak form f a c t o r s .  Le t  us c o n s i d e r  t h e  

matrix elements  of t h e  conserved v e c t o r  c u r r e n t  between baryon 

s t a t e s  

(4.1) 
S i n c e  i n  A22 l5 w e  have two o c t e t s  of v e c t o r  mesons we expec t  

b o t h  of them t o  c o n t r i b u t e  to f l ,  f 2  and d 2 .  

of exper imenta l  i n d i c a t i o n s  w e  accep t  t ha t  

I f  on t h e  basis 

t f 2 ( t )  -+ 0 and t d 2 ( t )  + 0 (4.2) 
t-.)oo t*d) 

even i n  t h e  p re sence  of symmetry b reak ing  e f f e c t s ,  t h e n  Eq. ( 4 . 2 )  

should p l a c e  s e v e r e  r e s t r i c t i o n s  on t h e  symmetry b reak ing .  I n  

o r d e r  to d i s c u s s  t h e s e  r e s t r i c t i o n s  l e t  u s  make t h e  f o l l o w i n g  

assumpt ions :  

i)  f2 and d 2  are  dominated by s i n g l e  v e c t o r  meson i n t e r -  

mediate s t a t e s .  

ii) The v e c t o r  meson-baryon P a u l i  coup l ings  d o  no t  appre -  

c i a b l y  d e p a r t  from t h e  symmetric coup l ings  even i n  t h e  p re sence  

of symmetry b reak ing  ( f o r  b o t h  o c t e t s  of v e c t o r  meson$). 
L 

iii) A s i n g l e t  v e c t o r  meson (ao) mixes w i t h  t h e  lower 
* 4 l y i n g  o c t e t  v = ( p, yo, K ) b u t  no s i n g l e t  mixes w i t h  t h e  

second o c t e t  V' = (y', T I ,  K 
* I  

) ,  and t h e r e  i s  no a p p r e c i a b l e  
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V-VI mixing. 

iv) The V-W(W = photon or intermediate weak boson) and 

VI-W couplings depart from their symmetric values in direct 
2 2  proportion to  IT+/^ and (mv0 and % l o  being the 

0 0 7 -  

I /  common mass of the mesoilsin the limit of exact symmetry). 

With these assumptions Eq.  (4.2) leads to 

where D and F ( D 1  and F') are the D- and F-type BBV(BBV') Pauli 

coupling constants. The relations (4.3) are very powerful in 

that they determine the masses of' all VI mesons once the mass 

of one VI meson is known. The axial vector and scalar mesons 

and their contributions to weak-interaction form factors have 

been discussed in Chapt?r 111. 

V. CONCLUSIONS 

We have presented in this paper a minimal extension of 

SU(3) .symmetry that provides conserved .axial vector-currents 

along with the conserved vector currents and at the same time 

places the baryons in a more fundamental representation than 

SU(3) .  This scheme led us naturally to two hierarchies of 

symmetries that were capable of fixing such parameters as the 

D/F ratio of the axial vector current in weak interactions. 

The breaking of the constituents of these hierarchies is 
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expected t o  i n c r e a s e  w i t h  t h e i r  symmetry. 

These h i g h e r  symmetries lead t o  new I ,  a d d i t i v e  quantum 

numbers f o r  s t r o n g  i n t e r a c t i o n s .  They fu r the rmore  produce 

p a r t i c l e  m u l t i p l e t s  of high d i m e n s i o n a l i t i e s  ( e . g . ,  t h e  

Jp = 3/2+ baryon d e c u p l e t  now i s  f u r t h e r  inc luded  i n  a 45- 

d imens iona l  m u l t i p l e t  i n  t h e  company of a 27 -p le t  and of an  

o c t e t ) .  To f i n d  t h e s e  e x t r a  p a r t i c l e s  i s  one immediate p o s s i -  

b i l i t y  t o  check t h i s  scheme. O f  c o u r s e ,  because of symmetry- 

b r e a k i n g  e f f e c t s  l a r g e  m a s s - s p l i t t i n g s  a r e  expected w i t h i n  t h e  

m u l t i p l e t s .  We have p r e s e n t e d  a s p e c i f i c  symmetry-breaking 

mechanism based on spontaneous breakdown due t o  vacuum degeneracy .  

T h i s  mechanism t h e n  a u t o m a t i c a l l y  l e d  u s  t o  t h e  e x i s t e n c e  of 
I I  s c a l a r  and p s e u d o s c a l a r  mesons a p p e a r i n g  i n  incomple te  

m u l t i p l e t s .  The c o u p l i n g  of  t h e s e  mesons t o  baryons i s  

un ique ly  determined by the  requi rement  of c u r r e n t  c o n s e r v a t i o n .  

We have a l s o  g iven  mass-formulae (3 .7  and ( 4 . 3 )  t h a t  l o c a t e  t h e  

mass va lues  a t  which t h e  new p a r t i c l e s  have t o  be sough t .  

11  

It i s  now a n  impor tan t  expe r imen ta l  problem to f i n d  t h e  

axial  v e c t o r  and s c a l a r  mesons that l i e  i n  t h e  c e n t e r  of ou r  

scheme. 

One of  us ( P . G . O . F . )  wishes t o  thank  P r o f e s s o r  G .  C .  Wick 

e and P r o f e s s o r  J .  R .  Oppenheimer f o r  t h e  h o s p i t a l i t y  extended 

t o  h i m  a t  Brookhaven Na t iona l  Labora to ry  and a t  t h e  I n s t i t u t e  

for Advanced Study,  Pr ince ton ,  r e s p e c t i v e l y .  It was whi l e  he 

was v i s i t i n g  t h e s e  two i n s t i t u t i o n s  that  p a r t  o f  t h i s  work 

was performed. 
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TABLE I. 

+1 1 -1 -1 0 0 0 0 0 

1 -1 0 0 0 

7 7 9 
1 1 0 - 

1 1 
2 2 
1 2 2 2 1 
3 
1 

2- 2 2 . 2  

-.- 1 1 z 2 

1 1 

1 

-- 

- - -- -- -s 3 -7 
- - 0 -- -- 

QUANTUM NUMBERS FOR THE BARYONS 



TABLE 11. 

EIGENVALUES OF C A S I M I R  OPERATORS 

For a representation (p, q) 

1 2 2  
F 2 =  - j ( p + q + p q )  + p + q  

1 
G3 = x(P-q)(?P + q + 3 ) ( &  + P + 3) 

Representation Dimensionality F2 G3 
- .  
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T A B L E  111. 

Q) 

3 

T O T A L  DECAY WIDTH FOR Yo j ,  2 TI- 

B 1 +  2 
a = 1 .(Aal) a = -(A . ) 

2 21 a = 7  exr, YO 

150 Mev 30 67 50 Jp  = 1+ 

Jp  = 1- 450 110 200 
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TABLE I V .  

d 

Decay p rocess  

A * P  

THE p DECAY RATES OF BARYONS* 

c1/2 c1 
branching  - branching  V- A 

ra t  io rat  io 
x 103 x 103 

0.79 V - 0  77A 

0.08 A 

0.84 V 

0.43 V - 0  3 8 A  

0.06 V - 1  1 5 A  

0.23 V - 1  15A 

0.42 v-0.38A 

0.08 A 

4.17 V + l . l l J A  

0 .43 v+O . 3 8 A  

0.06 V-I.. 1 5 A  

0.23 V-1 15A 

* 16 
Based on V - 1 . 1 5 A  f o r  n + ?  and t h e  Cabibbo a n g l e  

8 = 0.26. 

A 


