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INTRODUCTION

I am  going to talk about the v ecto r  theory o f strong interactions, the 
universality  of the v e c to r  m eson  couplings and then about the various decay 
m odes of the w m eson . The last part o f this paper w ill be concerned with 
unitary sym m etry , esp ecia lly  F and D type couplings and the m ysterious 
m ass form ula  w hich seem s to w ork rather w ell.

1. VECTO R THEORY (GAUGE THEORY) OF STRONG INTERACTIONS

The b a sic  philosophy behind the v e c to r  theory o r  gauge theory of strong 
in teractions can be sum m arized  in the fo llow ing way. It is  essentially  an 
attempt to construct a theory  of strong interactions in analogy with e le c tro ­
m agnetism . W e know that, from  a certa in  point o f view , quantum e le ctro ­
dynam ics is  rem arkably sim ple and elegant. The notions of conserved 
current, universality  and what we might ca ll  the prin cip le  of m inim al e le c tro ­
m agnetic couplings play im portant r o le s . S im ilarly , in the realm  of weak 
in teractions, it has becom e  apparent that the weak interactions are also 
vecto r ia l, apart from  parity n on -conservation , and there have been specu ­
lations on the d iv erg en ce lessn ess  o f the cu rrents involved in weak p rocesses . 
M oreover, we know that the notion of universality  has been successfu lly  
applied to  som e dom ains o f weak in teractions of non-strange p artic les . F inal­
ly , th ere  a re  con jectu res  on the p oss ib le  ex istence of spin -one particles 
(W p a rtic le s ) which m ediate variou s weak p ro ce s s e s .

If we now turn ou r attention to the strong interactions, the follow ing 
questions very  naturally a r is e . Why are  the strong interactions also v e c to r ­
ia l?  Why do we not have a un iversa l theory  of strong interactions based on 
con served  cu rren ts?  The v e c to r  theory o f strong interactions is  an attempt 
to answ er these questions by constructing  a theory o f strong interactions 
which sh ares the variou s  elegant features of the electrom agnetic and weak 
in teractions.

Now let us go back to som e speculations made by WIGNER [1] many 
y ea rs  ago. He noted that there a re  essentia lly  two ways to determ ine the 
e le c tr ic  charge o f a p a rtic le .

F irs t , e le c tr ic  charge is  regarded  as a pure num ber - a purely additive 
num ber - which is  con served  in any reaction . F o r  instance, take the reaction

.M+_> e + + v)1 + ve .

If we know fro m  som e other experim ents that the e le c tr ic  charge of the p os i-
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tron  is  plus one and that the e le c tr ic  ch arges of the neutrinos are ze ro , 
then, by con servation  of charge, the e le c tr ic  charge of the p + is determined 
to be plus one. But the m eaning o f e le c tr ic  charge is  m ore than that. We 
can p lace  a beam  of charged p a rtic le s  in an e le c tr ic  fie ld  and see how much 
the beam  d e fle cts . So e le c tr ic  charge is  not only countable but also m eas­
urable, and it is  in th is second  sense that we say that the charge of the elec - 
tron  is  equal in magnitude to  the charge o f the proton to a fantastic degree 
o f a ccu racy , to a few  parts in 1019 . (This charge equality is  one of the m ost 
rem arkable  equalities in m odern  p h ysics . Quantum electrodynam ics says 
that,if the bare  ch arges a re  equal, then the corresponding renorm alized 
ch arges a re  a lso  equal. Yet nobody can explain the equality of bare  chargesl).

W igner argues in the fo llow ing way. Both the e lectron  and the proton 
are  highly stab le . The stability o f the e lectron  can be attributed to the con ­
servation  law o f e le c tr ic  ch arge  s in ce  the e lectron  is  the least m assive p a r­
t ic le  that bears  e le c tr ic  ch arge . S im ilarly , the stability o f the proton can 
be attributed to  the con servation  law of what we might ca ll "baryon ic charge" 
sin ce  the proton  is  the least m assive  p article  with baryon num ber one. N o­
body understands the deep reason  fo r  the existence of the conservation  laws 
o f e le c tr ic  ch arges and of baryon ic charges, but, says W igner, let us 
assum e that the two con servation  law s have s im ilar  causes, and these causes 
have s im ila r  con sequ ences. With this in m ind, let us ask what we mean by 
"baryon ic ch a rg e "?  Take, fo r  instance, the reaction

A ”* P+7T“ .

If the baryon ic ch arge  o f the proton  is  one and that of the pion is  ze ro , then 
we argue that the baryon ic charge o f the A hyperon must a lso  be one. This 
is  how we determ ine the baryon ic charge o f a p a rtic le . So we are  using the 
notion that baryon ic charge is  som e additive num ber which is  conserved  in 
any reaction . The point to  be em phasized is  that in the conventional theory 
there is  nothing analogous to  W igner*s second  way of m easuring the charge 
o f a p a rtic le , i . e .  the notion o f coupling constant is  com pletely  m issing.
So although the e le c t r ic  charge and the baryonic charge are s im ilar  in the 
sense that they a re  both con served  to  a fantastically high degree of accuracy 
(the proton  life tim e  >  1 0 24 y r , the e lectron  lifetim e >  1 0 19 y r), they are 
quite d iss im ila r  becau se  in one ca se  the "ch a rg e" m eans both conserved  
additive num ber and coupling constant, w hereas in the other ca se  the 
"ch a rg e " m eans just con served  additive num ber. This asym m etry is  quite 
ugly and disturbing.

The asym m etry betw een baryon ic charge and e le c tr ic  charge can be 
seen fro m  a somewhat m ore  form a l point o f view as fo llow s. In the e le c tro ­
m agnetic ca se  the charge conservation  is  an im m ediate consequence of 
M axw ell's  equations in the sense that the continuity equation

0 / a x M) = v  • j + (aP/at) = o

fo llow s from

V - B - (9E /9t) = j, V* E = P .
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In the baryonic ca se , how ever, baryon conservation  stands by itse lf, so to 
speak.

H istorica lly , W igner tr ied  to rem ove the asym m etry between e lectr ic  
charge and baryon ic charge by postulating that the pion is  coupled un iversa l­
ly to the various baryon s. T h is is  the orig in  of "g loba l sym m etry". This 
analogy, h o w e v e r ,, is  rather su perficia l, and it cannot be pursued much 
further. The reason  is  that the quantity to which the phöton fie ld  is  coupled 
is  a con served  current density, w hereas the quantity to which the pion is  
coupled is  a pseu dosca lar density which has little  to do with baryon con ­
servation.

A m uch m ore  natural way is  to assum e that there is  a vector  m eson 
coupled un iversa lly  to the baryon  current just as the photon is  coupled uni­
versa lly  to the e le c tr ic  charge current. If the m ass of the vecto r  m eson 
w ere ze ro , we would get into d ifficu lties  because there would be a kind of 
long - range, anti -  gravity  e ffect (analogous to the Coulomb repulsion) 
betw een two m a cro sco p ic  ob je cts , which has been d iscu ssed  by LEE and 
YANG [2].

Such an e ffect, i f  it ex ists  at a ll, can be  shown to be much weaker than 
the gravitational in teraction ; in any ca se  it would have nothing to do with 
the strong in teraction s. So we assum e that the vector  m eson coupled to the 
baryon  cu rrent is  m a ssive .

We m ay naturally gen era lize  this idea of associating  a vector  m eson 
to a con served  current to other con served  cu rrents o f the strong interactions. 
F or  every  con served  quantity we postulate the existence o f a vector m eson 
coupled lin early  to the appropriate con served  current in question. This is  
the b a s ic  idea o f the v e c to r  theory  o f strong in teractions.

H istor ica lly , a num ber o f peop le  have tried  to " ju stify " the vector  theory 
on the b a s is  o f  what we m ight ca ll the gauge p rin cip le . The requirem ent 
that the gauge transform ation  associa ted  with the conservation  law of baryonic 
charge, e tc . be  lo ca l (sp a ce -tim e  dependent) in character demands the 
existence  o f a v ecto r  fie ld  with ze ro  bare  m ass coupled universally  to the 
baryon  current. We can argue end lessly  whether o r  not such an approach 
m akes sen se ,becau se  the physica l m ass o f the vecto r  m eson  associated  with 
the v ecto r  fie ld  m ust be fin ite in ord er  that we have a physically  interesting 
th eory  o f strong in teraction s. But I shall not d iscu ss this very  im portant 
prob lem .

F rom  a p ra ctica l point o f view  there are a few  im portant points. F irst, 
is  the idea that fo r  every  con served  current there exists a strongly in ter­
acting v e c to r  m eson  right? If so , are the vecto r  m esons coupled universally 
to the appropriate con served  currents in the sam e sense that the e le c tro ­
m agnetic fie ld  is  coupled un iversa lly  to the e le c tr ic  charge current? How 
can we test the un iversa lity  p rin cip le?

I should em phasize at th is m om ent that, given a sym m etry o f conserved  
op era tors , the num ber and the nature o f the vecto r  m esons are determ ined.
If you are just concerned  with the exactly  conserved  currents of the strong 
in teractions, then there are only three - the isospin  current, the baryon 
current and the hypercharge current. Of cou rse , we may take any linear 
com bination o f the strangeness current and the baryon current instead of 
the hypercharge current, but in higher sym m etry m odels, such as the unitary
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sym m etry m odel or  any m odel in which there is  som e sym m etry between N 
and S , it is  natural to  take the hypercharge current, as we shall show later. 
We can easily  v e r ify  that the isosp in  current is  isov ector  and even under G 
con jugation , w hereas the baryon current and the hypercharge current are 
iscrscalar odd under G. So we are led to con jecture that there exist one T = l, 
even G vecto r  m eson  and two T=0, odd G v ecto r  m esons.

So fa r  we have con sid ered  only the exact sym m etries of the strong 
in teractions. Perhaps there a re  hidden sym m etries  which are approxim ate.
If there a re , there m ay be m ore  currents which are conserved , but only 
to the extent that this m ass d ifferen ce  between the nucleon and the A etc. 
can be ignored. Indeed, in the unitary sym m etry  m odel to be d iscussed 
la ter , there is  a strangeness changing current with isospin  1 / 2  which is 
approxim ately  con served . So we m ay con jectu re  on the existence o f a T= 1/2 
v ecto r  m eson  coupled  to the q u a si-con served  strangeness changing current.

B efore  p roceed in g , I would like to g ive cred it to the people who are 
involved in this line o f thinking. The fir s t  suggestion that there ought to be 
a v ecto r  m eson  coupled to  the isospin  current was made by YANG sind 
MILLS [3] as ea r ly  as in 1954. It was FUJII [4] who firs t  suggested that 
there should be a strongly  interacting v e c to r  m eson  coupled to the baryon 
cu rren t. Subsequently I form ulated  a theory  in which the vector  m esons 
coupled to the baryon  current, isospin  current sind hyper charge current play 
v ita l r o le s  in the ph ysics  o f strong interactions [5 ], F o r  the currents gener­
ated by gauge transform ations of unitary sym m etry  based on the Sakata 
tr ip let, SALAM and WARD [6] have shown that we must have an octet of 
v e c to r  m eson s. T here is  another vers ion  o f the unitary sym m etry m odel 
w here we again have an octet o f v e cto r  m esons as shown by GELL-M ANN 
and NE'EM AN [7].

When this kind o f theory  was proposed .th ere was no d irect experim ental 
evidence fo r  o r  against the existence o f strongly  interacting vector  m esons. 
A s is  w e ll known, there a re  now two v ecto r  m esons whose existence has 
been firm ly  established  by num erous experim ents -  the p m eson  with m ass 
**750 M eV with T = 1, G = +1 decaying into three p ions. The p m eson can 
be identified  with the vecto r  m eson  coupled to the isospin  current whereas 
the u> m eson  can be one o f the candidates to the two T = 0, G = -1  vector 
m esons p rop osed  by the v ecto r  theory  o f strong interactions. If one sub­
s c r ib e s  to the philosophy that fo r  every  con served  current there should be 
a v e c to r  m eson , it would be better to have another T = 0, G = -1  vector  
m eson . In spite o f their s im ilar ity  the two T = 0 vecto r  m esons are quite 
distinct because the baryon current is  very  different from  the hypercharge 
cu rren t. F o r  instance, the one coupled to the hypercharge current would 
not be em itted o r  absorbed  by A since the A has hypercharge = zero, w here­
as the A can em it or absorb  the v ector  m eson  coupled to the baryon current. 
This d istinction  a lso  b ecom es apparent in the octet version  o f the unitary 
sym m etry  m odel to be d iscu ssed  la te r ; the one coupled to the baryon current 
is  an unitary singlet w hereas the one coupled to the hypercharge current 
is  a m em ber o f a unitary octet. In any case  I would like to urge the experi­
m entalists to look  fo r  another T = 0, G = -1  vecto r  m eson . Perhaps it is 
relevant to m ention that if the con jectu red  T = 0 m eson  has m ass greater 
than 2 mic, then its m ain decay m ode m ay be K+ + K" and K° + 1 ?  . Since
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the m ode and the K?2 m ode are forbidden  by B ose statistics and
a lso  by G conjugation invariance, we should see  a bump in the K°1( K°2 Q 
value d istribution but not in the K j K°j distribution. The con jectured  m eson 
m ay be looked  fo r  in the reactions K + p -»K^ + K 2 + A, K+ + K" + A.

In the unitary sym m etry  m odel there is  room  fo r  a vector  m eson with 
T = S = ±  1 which m ay be identified with the 880 MeV K. There is  som e 
p re lim in ary  evidence from  pp annihilation experim ents ca rr ied  out by the 
CERN - C ollege de F rance group that the spin of K* is likely  to be one.

TABLE I

Isospin G
Hypercharge or 

strangeness
Unitary symmetry 
classification

Isospin current 1 + 0 Member o f unitary octet

Hypercharge current 0 - 0 Member o f unitary octet

Baryon current 0 - 0 Unitary singlet

S changing current £ no meaning ± 1 Member o f unitary octet

The p red iction s o f the v ecto r  theory* are sum m arized in Table I. The 
ex istence  o f p = u and K* is gratifying esp ecia lly  if we re ca ll that when the 
th eory  was prop osed  there was no d irect evidence fo r  any of these m esons. 
T h ere  are, how ever, two pred iction s that have not yet been checked:

(i) The spin o f K* m ust be one (for which there is som e evidence); and
(ii) T here m ust exist another T = 0, J = 1", G = -1  vector  m eson whose 

m ajor decay m odes m ay w ell be K i + K° and K+ + K" (but not K i + 
K °, Kg + K »).

2. UNIVERSALITY

F ro m  the quantitative point o f view  the m ost important question in the vector 
th eory  o f strong interactions is the one o f the universality  o f the interactions 
betw een the vecto r  m esons and the baryon and m eson currents. In the o ld - 
fash ioned way the in teractions o f the p m eson  with the nucleon and pion can be 
w ritten as _

L i = f ^ P (I( ^ 9 ^  + fpN^M(iN7)J(^72)N) (2. 1)

U niversality  means

f  = f  pmr pNN'

Now we may argue en d lessly  about whether this kind o f equality is supposed 
to hold at zero  m om entum  tran sfer , as in the ca se  o f the electrom agnetism , 
o r  on the m a s s -sh e ll mom entum  tra n sfer . In this elem entary discussion we 
sh a ll leave aside this question.

In ord er to test the universality  hypothesis we shall calcu late from  the 
experim ental data fpira and fpj^ F rom  the width fo r  the decay p~* 2ir, we can 
obtain f^nr/4jr. This p roced u re  is  good if the width o f the p particle  is very  
narrow  (fpim is  very  sm all). A ctually p m anifests itse lf as a resonance in
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J = 1, T = 1, irff scattering, so  we would like to  know how to determ ine 
fpirir/4,r from  the tttt scattering amplitude.

Let us r e c a ll  how we usually define the coupling constant fo r  the in ter­
action betw een two pions and a stable p artic le , which fo r  sim plicity  we 
suppose to be sca la r . Let us denote this partic le  by <J and suppose that its 
m ass is  sm aller  than tw ice m „ . Near the a pole the T m atrix  can be written 
as:

- T~ g 2 / s  - m20,

SO

<2- 2»
The rate at which 1 /T  v a r ie s  with the energy square d near the (m ass)2 

o f the interm ediate p a rtic le  m easures the coupling constant. Note that (1 /T ) 
vanishes at s = m §.

In the unstable o  ca se  (i. e. mö > 2m 7r), the cr m eson m anifests itse lf as 
a reson an ce in s -w ave  scattering.

Since

e l6sin ö  1
k k cot 6 -  ik

and

k co t  6Re
( t ) =‘ 8jt y~s ’

the re a l part o f  ( l /T )  goes  through zero  near the resonance just as 1 /T  goes 
through zero  in the stable or partic le  ca se . This suggests the definition

d_
ds Re £  = g ^ . (2 .3 )

Now, fo r  a su fficien tly  narrow  resonance, the phase shift is given by

i6 . , m or  2e s in !  = - ; -------- , .-—, s ^ m .,,( s - m g j  + i n ^ r ’

s o  we obtain

1  ___^  res.

g2 ~ ‘
or

\ 4 fl J  4

It is  im portant to note that exactly  the sam e expression  can be obtained by 
com puting the li fe -t im e  o r  the decay width by perturbation theory using the 
e ffective  Lagrangian g otrT. So we see that the w ell-know n form a l identity 
betw een the p o le  term s in the sense of d ispersion  theory  and the renorm alized  
Born term s in the sense o f perturbation theory can be extended to the case 
o f unstable p a rtic le s  [8 ] .
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In a s im ila r  m anner we can com pute the decay width fo r  p -»  2it.
We obtain fo r  the width

2 3 2 2 3
r  _ 2  fßjnr P _ 1  W  f , 4 m  it \  5  . .
r p 12  4>r ^  m 2P j  mp ' (2- 4)

w here p is  the pion m om entum  in the rest system  of the decaying p particle , 
and Ip is  the fu ll width. E xperim entally  Tp is 100-125 M eV ; then

f  pmr/47,1 ~ 2. 0 -  2. 5. (2 .5 )

How do we get the fpNN coupling constant? One possib ility  should be 
through nuclear fo r c e s , but the related  calcu lations would be very  com plicated. 
The potential is best known fo r  p -p  scattering but in this ca se  it is not p o s ­
sib le  to d iscrim inate between the p and u contributions. They appear in the 
sam e way. A dditional com plications com e from  an anomalous magnetic 
m om ent-like term , and, what is  m ore  im portant, we do not have a reliable 
calcu lational method fo r  the other contributions (e .g . contributions as a 
resu lt o f  the exchange o f an uncorrela ted  pa ir o f pions). The best we can 
do is  to look  at tt-N  scattering . Let us see the contribution from  F ig . 1, 
which g ives  the product fpmr fPNN-

\
fynrr

Fig.l

The effect of the p m eson  on low  energy ttN scattering has been estim ated 
by many people. Let us f ir s t  do the m ost naive thing, i. e . , to see the con ­
tribution o f the above Born graph in the s-w ave nN scattering amplitude.

Fortunately the anom alous m agnetic mom ent term  does not contribute 
to s -w ave at low  energy, and we get som ething like th is:

tan 63 tanöi 3 fpmr-fpNN u m N  1
k " k " 4  4?r W 'k2 g

w here 63 is the phase shift o f the isosp in  3 /2  s-w ave amplitude and 61 the 
phase shift fo r  isosp in  1 /2 ; W is the total energy in the C. M. system , u is 
the energy o f the pion  in the C. M .system . The log  term  com es from  the partial 
wave p ro jection  o f the p m eson  propagator, l / [ 2k 2( l  -  c o s 0 ) + m ^ ].

If we assum e that the p m eson  exchange dom inates as k -» 0, Eq. (2. 6 ) 
g ives the d ifferen ce  between the two scattering lengths a 3 -  a j ,  from  which 
it fo llow s:

f pmr ‘ f pNN / 4,r ~  2 - 5 - (2 .7 )
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In a m ore  soph isticated  approach HAMILTON, SPEARMAN and 
WOOLCOCK [9] tried  to fit the energy dependence of the phase shift instead 
o f scattering length, and in the notation o f Bowckok et al. they obtained:

i  1 W fpNN= _ 0. 7 ± 0 .  1,* 3 4  JT

or

f  /4 tt ~  2. 1 ± 0 .3 , (2 .8 )
p i r i r '  '  '

which agrees with (2. 7). This shows that fpm r- fpNN. as requ ired  for  uni­
versa lity .

It would be n ice to test the universality  hypothesis in other reactions, 
fo r  exam ple, in KN and KN scattering. To isolate the p contribution in these 
reactions is a very  difficu lt task  since we do not know how to calculate other 
contributions.

We can, how ever, make an interesting speculation. Whenever the one 
pion exchange is  forbidden by sym m etry considerations, then the isospin  
dependent amplitude fo r  any low  energy scattering is dominated by the ex ­
change o f a p particle  coupled universally  to the isospin  current. This hypo­
thesis can readily  be shown to im ply the sim ple ru le : the p-exchange fo rce  
is  attractive when isosp ins are antiparallel, repu lsive when they are par­
a lle l.

It is  amusing to n otice  that this rule w orks n ice ly  in five ca ses . Thus 
in the ffN, T = 1 /2  state we have attraction; in the T = 3 /2  state, repulsion.
In KN,T = 1 repu lsion  is  very  strong as it is  ver ified  in the K+p scattering 
experim ents.

F o r  KN nucleon scattering, the T = 0 state is m ore  attractive than the 
T_= 1 state sin ce  the Y j resonance of 1405 M eV is m ost likely  an s-wave 
(KN) bound state w hereas the 1385 MeV Y f  resonance is  not likely  to be 
rela ted  to the s-w ave KN channel. A lso  there seem s to be an attractive 
s -w a ve  in teraction  in T = 0 KK scattering. F inally, in the jttt case, T = 0 
is  m ore  attractive than T = 2.

2. 1. to m eson

Let us assum e fo r  the sake of argument that the u m eson is coupled 
to the hypercharge current. And let us do the sam e kind of thing fo r  the KN, 
KN. K and N have hypercharges + 1, K has hypercharge -1 . If in the low 
energy domain the idea that the u_exchange dominates is  c o rre c t , then on 
the average KN is  repu lsive and KN is attractive. This follow s because the 
exchange o f a u m eson  coupled  to the hypercharge current generates Coulomb 
like in teraction  at short d istances; i. e . , fo r  s im ilar  hypercharges we have 
repu lsion , fo r  opposite h ypercharges, attraction . Then the "potentia ls" for 
KN and KN can be w ritten in the follow ing form  if we take into account only 
p and u exchange:

KN: Vu + Vp^K*

K N :-V w + Vp t - ^ N
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w here ^  ^  f  -3  fo r  T = 0
K » '  [  1 fo r  T * 1

The signs o f Vw and Vp are  determ ined to be positive  in the vector 
th eory  based  on the un iversa lity  p rin cip le  (but are arb itrary  in any other 
th eory ). T here is  som e experim ental evidence that the sim ple description  
g iven  here corresp on d s to rea lity . With the u m eson  we may hope to under­
stand nuclear fo r c e s  at short d istances. Again in N -N  interaction the ex ­
change o f a T  = 0 v e c to r  m eson  g ives a C oulom b-like repulsion  at sm all 
d istances. This might g ive r is e  to the phenom enological hard co re  in 
nucleon -nucleon  scattering.

To end this section , I would like to show how the universality  princip le 
m ight be form ulated  on the basis  o f d ispersion  theory.

Let us go back to the p m eson . Suppose that the p m eson  dominates the 
charge fo rm  fa c to r s . This m eans that the nucleon or pion form  factors  could 
be approxim ated by the F ig . 2. -

Fig. 2

If we are fa r  from  the reson an ce we can essentially ignore the com p li­
cations due to the instability o f the p m eson  [8]. We then have:

(q2) = Trp fp„ / ( q 2 + m =)

w hile fo r  the iso v e cto r  nucleon charge form  factor  F ($

f nV >  = frrp W 2)/(q 2 + M p)’

w here jy p  is  the coupling constant o f the p partic le  to the photon. Now for  
q? 0, we have Fff -» p and p /2 , because at zero momentum transfer
e le c tr ic  charges are un iversa l. Thus fpNN = fpmr.which agrees with the con ­
cept of universality .

Now there is  another final point which is extrem ely  interesting. We 
have here

yp ~ e m p  / ^ p N N  “  e m p / ^ p m r "  (2 .9 )

•yyp is  in versely  p roportion a l to the strong interaction constant, a very  
d ifferent resu lt from  the perturbation resu lt. In perturbation theory we con ­
sider

fir + ir 1
7 " { n + n ;
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so  we would expect y y P proportion a l to the strong interaction constant 
(fpmr, fpNN ). The fact that y yp is in versely  proportional to the strong coupling 
constant is  analogous to the w ell-know n G old berger-T re im an  relation . There 
again the pion decay rate is in versely  proportion a l to the strong coupling 
constant.

3. DECAY MODES OF THE u MESON

A p a rtic le  with the quantum num bers T = 0, J= 1" was pred icted  by Nambu 
in 1957 to explain the iso s ca la r  e lectrom agnetic fo rm  factor  o f the nucleon. 
This m eans that F ig . 3 m ust be im portant.

ITyta 

Fig. 3

Then, through the photon which is coupled to any pa ir o f charged particles 
the u m eson  can decay in the follow ing w ays:

e+e '

If the u contribution dom inates the iso s ca la r  form  factor , we can readily 
show that

' (3>1)
in com plete  analogy to what we did fo r  the p m eson.

The constant f  u is  defined through the interaction

L I = f wuM(äfTrJ1N + . . . ) .  (3 .2 )

We can give the follow ing sim ple ru le. W henever u dominates,then we insert
in the corresponding diagram  the fa ctor  y ^  = e m 2 / 2 fw between y  and u;
p o ccu rs ,w e  insert Yyp = e m p /fp  . So the decay rate f o r u  -» e++e~ , n+ +n~ 
is  given by

<3- 3 '

w hich is  in versely  p roportion a l to the strong coupling constant f 2 . N um erically 
we get:

r ( ü ^ e + e - ) - r  ( W-»M + +M ‘ ) = | ^ ,  (3 .4 )

as shown by NAMBU and SAKURAI [10].
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If u) does not dom inate, we have to m ultiply the above expression  by 
| | 2 w here is the coe ffic ien t o f the u contribution to the isosca lar  
charge fo rm  fa ctor .

r i V ) =p i &  + 1 - “ w- <3- 5)^ u
If the muon had an anom alous interaction , then the u -> ß + +n~ and u -» e+ + e" 
ration  would not be equal. If, fö r  exam ple, there exists a m eson which in ter­
acts som ewhat strongly  with the muon but not with the electron , then we 
expect a v e ry  different resu lt fo r  the branching ratio

[r (w  -> ii + M ')] / [ T ( u  -» e+ e ")] .

This would be a sensitive test of the idea that the muon is a pure D irac p a r ­
t ic le . So fa r  there is no experim ent on leptonic decays of the u m eson.

Now the situation is  som ewhat m ore  com plicated  fo r  the u -» 2it d ecay .
It is a p ro c e s s  w here we have violation  o f  T conservation  and G invariance.
So u can decay into 2jt v ia  e lectrom agn etic interaction :

u -» y  -» 2 ff.

In calcu lating the decay ra te , one must take into account the final state in ter­
action  between the two p ions, and this can be expressed  by F ig . 4, where 
F ,  is  the pion  fo rm  fa cto r . The resu lt is

if //

Fig. 4

0. 7
r ( u ^ 27r)^ fJ 7 ^ F  k e V lF - (q '  = m- ) l ’ (3' 6)

w here the pion  fo rm  fa cto r  F¥ is given by

F (q2 ) -  r ------, fo r  q2«  - m 2* (q + m ‘ ) i r pm p M <”

if  we assum e that only the p m eson  contributes to the pion form  factor. Since 
the p and u m asses  a re  v ery  near, the enhancement factor | fw |2 in (3. 6) 
can be v ery  la rge  -  som ething like 50.

Let us next con sider decays o f the w m eson  which have been observed. 
F o r  the (J —» n ° y  decay, we assum e that the dominant graph is as in Fig. 5. 
Although we do not know the upn coupling constant, we can com pare this 
p ro ce s s  with the u)-»3ff decay which we suppose to be dominated by the diagram as 
shown in F ig . 6 . In this way, in the branching ratio  [r(u-»fl'0Y)/r(u-»3fl’ )] the unknown
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ir,S’
em 2p

w

Fig. 5

fpmr /^1r

N îr 

Fig. 6

upjr coupling constant is  can celled  out, and only known quantities rem ain. 
F o r  p-> y  we use im p /2 fp  and for p -* 2ir we use fpttK /Air -  2. 0, c o r r e ­
sponding to Ip -  100 M eV.
We then get:

r ( u  v0y)/r(u -» 3*) = 17% [11].

E xperim entally , _both the C E R N -P aris group (f? + p -* K° +K° + u) and the 
B erkeley  group (K + p -»  A  + u) give fo r  the above ratio  15 - 20% in excellent 
agreem ent with the p dom inance m odel. The upTT coupling constant can be 
ca lcu lated  i f  we assum e that in the ttO _> 2y decay the dominant graph is as 
shown in F ig . 7.

ir°

Fig. 7

This was f ir s t  pointed out by G E LL-M AN N  and ZACHARIASEN [8]. We 
obtain the absolute value fo r  the decay rate o f u -» 3 ir, which com es out to 
be approxim ately  400 keV, if  we assum e fä  /4?r -  1. 5,as suggested by the 
unitary sym m etry.

Let us con sid er a m ore  d irect method fo r  m easuring the u decay rate. 
F o r  exam ple, F(u-> tt° 7 ) can be obtained from  ?r0 photo-production. Some 
p re lim in ary  study o f 7 + p - » p + 7f0 has revea led  a pecu liar angular distribution 
which cannot be explained with usual phenom enological term s like a reason ­
able num ber of pow ers o f co s  0. There is  som e evidence that the angular 
distribution  at Ej ~  1. 1 BeV is  com pletely  dominated by the diagram  shown 
in F ig . 8 .

This experim ent is  s t ill  in p ro g re ss  at the C aliforn ia  Institute of Technology. 
Note that the above graph g ives the product of fa, and fuy*.
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Fig. 8

It was shown experim entally  that the p ro ce ss  is ± +p -» p+u+Jr* is  very  
strong so we might try  the approach in F ig . 9, and in this way we 
cou ld  obtain the vertex . Unfortunately, the experim ental resu lts at 
p îab) ~ Q ev / c do not g ive any indication o f the im portance o f this one- 
pion exchange graph. E xperim entally, the above p ro ce sse s  a re  dominated 
by u + N*. P erhaps at m uch higher energ ies the one-p ion -exchange mechanism  
w ill becom e im portant.

\p

Fig. 9

F inally , there is  an experim ent p roposed  by CABIBBO and GATTO in 
which we study oj production  in e le ctron -p os itron  collid ing beam  annihilation
[12]. Then the total c r o s s -s e c t io n  fo r  the p ro ce ss  e+ + e " - »  final statef,w here 
the interm ediate state is  u, is given by

a  f e + e - - »  f )  = 3?rX2 r ( ^ 2_eJ r ( u ^ ) / la (e  e - » l)  (E - m J 2 + r 2 /4  l}

w here r ( “ -»f)  is the partia l width fo r  u-* final state in question and T[u~* 2e) 
is  the partia l width fo r  the id-* e+ + e~ decay. What one experim entally m eas­
ures is not the peak but rather the c r o s s -s e c t io n  averaged over som e energy 
interval.

m w+AE

f  cr(E)dE. (3 .8)
■AE

N um erica lly  a (e + e ‘ -> 3i r ) - 6 .  5 juB if  we assum e AE = 10 MeV, T= 500 keV 
and the branching ra tio  [ r (u  -»  2e)] /  rtot— 1%. This is much la rger than the 
usual e lectrodynam ic c ro s s -s e c t io n s .

4. UNITARY SYM M ETRY

Let us start with som e fam ilia r  con cep ts : charge conservation  and is o ­
spin conservation . In the charge conservation  ca se , we have a unitary group 
with one param eter which corresp on d s  to the gauge transform ations e ia .
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F o r  the isosp in  conservation , we have S three-param eter unitary group which 
corresp on d s to  rotations in a th ree-d im en sion a l Euclidean space. It is  just 
an accident that the isosp in  rotation is usually d iscussed  in analogy with the 
E uclidean rotation ; we can approach isospin  rotation in an entirely different 
way. We fir s t  con sider two prim itive ob jects , the proton and the neutron;

Any isosp in  rotation can be com pletely  ch aracterized  by its effects on the 
two prim itive  ob jects  p, n. The usual way of writing the isospin  rotation is 
as

w here Te are  the usual Pauli m atrices  and 0e specify  the rotation. But we 
can a lso  w rite

com p lex  num bers and one constraint).
The above m atrix  generates a unitary and unimodular (det= 1) tran s­

form ation  in tw o-dim ensional space. The group o f the unitary unimodular 
2X 2 m atrices  is denoted by SU2 (S stands fo r  sim ple and U2 for  unitary and 
unim odular).

Then, instead o f considering  the group of the transform ations O 3 
(Euclidean rotation in re a l 3-dim ensional space), we may as w ell consider 
the equivalent group SU2. We may note that (4. 2) is  not the m ost general 
unitary two dim ensional m atrix,but it is the m ost general unitary unimodular 
m atrix . The m ost gen era l unitary m atrix  is obtained by multiplying (4. 2) 
by the one-param eter gauge transform ation  e iot with rea l a .

M ore  com plicated  ob jects  like the pions can be built up from  the outer 
product o f (pn) and ({ j):

But this has m ixed  p rop erties  under isosp in  rotations or equivalently under 
SU2 : the reason  is that the tra ce  part tran sform s like a singlet. To obtain 
the trip let we subtract the tra ce :

(4 .1 )

(4 .2 )

with |a |2+ |ß |2 = 1. Note that we again have 3 independent param eters (two

(4 .3 )

pp + nn
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Although we can construct a ll non-strange p a rtic les  in s im ilar  ways, 
we can never build up strange p a rtic le s  by starting with the prim itive ob jects 
p and n, which are  both non-strange. If we w ork with SU{2), it is  im possib le  
to in corporate  the degree of freedom  that corresp on d s to the gauge trans­
form ation  fo r  strangeness or hypercharge conservation .

Now SU3 is  a slight generalization  o f SU2 . We can again con sider in­
fin ites im a l gen erators  l  + iX j(6 0 i/2 ) instead o f l  + iT i(6 0 i/2 ) o f  SU2 . ^ i here 
a re  3 X 3 tr a c e le s s  m a tr ice s : their representation  can be found, fo r  exam ple, 
in G E L L-M A N N ’ s paper [7 ] .

F o r  SU3 we have three p rim itive  ob jects . F o r  exam ple, in the Sakata 
m odel, they are the p, n and A . This m odel was extensively  studied 
e sp ec ia lly  by Ikeda, Ohnuki and Ogawa. In this approach £  and S belong 
to different representations fr o m p , n, A . If the A  £  parity  w ere odd.then 
th is would be v ery  p rom isin g . T here a re  now good indications that the £A  
parity  is  even, so  it is  natural to put E and A  together. Another thing is  that 
in th is m odel the m ost likely  assignm ent fo r  the cascade spin is 3 /2 . So 
fa r , there is  no argument against this assignm ent, but som e prelim inary  
experim ents indicate that there is  an asym m etry  in the S decay with respect 
to the norm al to the production plane; i f  this p e rs is ts , the spin 3 /2  assign ­
ment w ill be ru led  out by the s o -c a lle d  L ee and Yang test. (If we have a 
higher spin ob ject, there w ill be m ore  tendency fo r  any decay A produ cts 
to be em itted in the production  plane rather than in the d irection  norm al to 
the production  p la n e .) T here are a lso  som e pred ictions on the decay of 
pp-»2ir, KK etc., and som e experim ents on this seem  to contradict the Sakata 
m odel as w ill be d iscu ssed  in other papers.

We shall d iscu ss the octet m odel the "e ig h t-fo ld  w ay" introduced by 
G ell-M ann and Ne§m an independently. H ere the prim itive ob jects  Eire hidden. 
F o r  pedagogica l pu rposes, we shall introduce a m athem atical lepton 
m ultiplet £=  (j;-] w here ve~ fo rm  a doublet and M " a singlet with baryon 
num ber B = 0. Let us now introduce a lso  a m athem atical boson multiplet 
with baryon  num ber equal to one (B = + 1 ): L = (D ° , D+ , S+) where D°, D+ 
fo rm  a doublet and S+ is a singlet, Isotop ica lly  th is m ultiplet transform s 
like an antilepton m ultiplet. In the preceding case  of SU2 where we con ­
structed  the pion out o f the nucleon-antinucleon doublets, we considered 
the outer product (p, n) X (pn) out o f the nucleon-antinucleon doublets. Let 
us do the sam e kind of thing taking the outer product o f L and 1. We then 
obtain the m atrix :

D° D+ S+

V D° v D+v S+v

e~ D °e - D+e- S+ e -

M ” D°m ' D+/i- S+M'

Note that the tra ce  o f the above m atrix  is invariant under unitary trans­
form ation s. If we subtract from  the above m atrix  the corresponding trace 
which is a unitary singlet,
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Tfiv + D+e " + S+M" 
3

0

we obtain

0

(idem )
3

0 (idem)
3

(4 .5 )

2D° v -  D+e ~ -  S+M '  
3

D°e~

d V _

D v

-D° v + 2D+e _ - S+M"

d +m -

S+i/

S+e ’

-D P i/-D °e -  + 2 S V

(4 .6 )
Now one can easily  identify the various elem ents o f this m atrix  with stable 
baryons

S+ v = p  1 D ° M ' =  S ' !

S+ e " = n J D + M “ = H<> J

sin ce  they fo rm  an isosp in  doublet; a lso  E1- = T)+v, = D°e~ and by charge
independence we identify the neutral m em ber

E° = (DO v -  D+e “ ) 1/2 .

What is  le ft over must be an isosin g let:

A0 = (D°i/ + D+e ‘  - 2S+M-)/^f .

Let us note that we obtain the right strangeness fo r  the above particles  if 
we put S (e ,v , S+ ) = 0 and S(D°, D+ , M~) = -1 , where S is the strangeness. As 
a resu lt we obtain the baryon octet:

0 > 0 r» +
/ 6

L * P

E° A °E~ ' / 2  V r n

H" 5 °

<M
|l$o
1

We have used  1 and L  only as a device  to keep track  o f transform ation  prop ­
e rtie s . Once you have obtained the unitary octet,you  can forget about them. 
Any unitary octet m ust have the sam e structure.
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Now, the observed  pseu d osca lar m esons a lso  fo rm  an octet.

7r0 rj°
y t + 7 T

K '

ir^

-7T® rfi

K°

KT

K°

2

(4 .8 )

w here rj° is  an isos in g let as the A0 , which m ay be identified as the 560 MeV 
ob ject. S im ilarly , the v ecto r  m esons might be put in a unitary octet u, and 
they can be obtained fro m  m  by the follow ing substitution:

u£m (4 .9 )

In this m odel K* has spin 1 which m ay be the 880 MeV Kjt resonance.

5. INTERACTIONS

Now we can w rite the unitary sym m etry  Yukawa type interactions. This 
can  read ily  be done if  we r e c a ll  that the tra ce  o f a m atrix  product is  in ­
variant under unitary tran sform ations. Omitting y  m a trices , we have the 
tra ce s :

w here

B =

T r(B m B ) and T r (BBm)

Ä . ^  
/ T  JT

"0

£° A0
s°

Let us ob serve  that B was chosen  in such a way that it is  obtained from  B 
by transposing and taking the bar. O therw ise, we do not have conservation 
o f e le c tr ic  charge.

We can con sid er two types o f unitary sym m etric  interaction :

D type: TRACE (B m B + B B m ) and 

F type: TRACE* (B m B -B B m ).
(4. 10)

These types o f coupling are  a lso  invariant under the follow ing d iscrete  
operations:
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D type is  invariant under B -» BT , m -» mT and 

F  type is  invariant under B -* B T, m  -* - m T 

(w here the su p erscrip t T stands fo r  " tra n s p o s e d " .)
So the m ost gen era l interaction  is  a linear com bination o f the above. To 
ch oose  an in teraction  o f D o r  F  type m eans to im pose invariance under som e 
d iscre te  operation  ca lled  R (or hypercharge re flection ). The R operation 
corresp on d s  essen tia lly  to interchange N and S and charge conjugate the 
m eson s. The D type couplings have the follow ing p rop erties :

4 a s  = (4/ 3) ^ nn '  = 0 - <4- n >

In the F  type couplings the pion is  coupled to the pseu d o-sca lar  density that 
tra n sform s like isosp in . Then g^zi, 4 0 and g|/iE = 0. In choosing between 
the two types o f coupling, the D type is  probable m ore  reasonable because 
there is  som e evidence from  hypernuclei that gt/y£ = 0 gets into difficulty.
The AN fo r c e s  seem  to requ ire  som e sizab le  g^AE •

In the D type coupling we have girNN = -gnss while in the F type coupling 
girNN = gn23 • Then if  our interaction  is  an equal m ixture of D and F types, 
the S would not in teract strongly  with the p ions. This point might be 
o f som e in terest in the dynam ical approach to the recently  d iscovered  5 r e ­
sonance.

W hether one has the pure D type, the pure F type or a m ixture of both, 
it is im p ossib le  to have the K couplings m uch weaker than the pion couplings. 
If one com pares p seu dosca lar constants, there is  som e evidence from  photo­
production  o f K m esons that the KAN  and KEN  couplings are weaker than 
the ffN couplings. But it is  known that unitary sym m etry is  broken by large 
m a ss  ra tio , e .g .  m x, = 3 .5 . Now, if  one uses a pseudovector coupling, 
this m ass ra tio  is  exactly  com pensated and the pseudovector coupling con ­
stants are p ra ctica lly  equal fo r  n and K interactions.

Let us now con sid er the couplings o f the v ecto r  m esons. Again we have 
two p oss ib le  lin early  independent couplings:

D type : T race  (B v B + B B v )

F  type : T race  (BvB +B B v).

The D type couplings bear no resem blance w hatsoever to  the vector 
th eory  (or gauge theory) d iscu ssed  ea r lie r  in which the v ector  m esons are 
coupled  to the various con served  currents o f the strong interactions. On 
the other hand, with pure F type couplings the vector  m esons are coupled 
to the cu rrents generated by the gauge tranform ations o f unitary sym m etry:

l  + iX ,(6 0 j /2 ) .

M ore p re c is e ly , the p is coupled  to the isospin  current and the u is  coupled 
to the hypercharge current. M oreover, we a lso  have the K* which is coupled 
to the q u a s i-con serv ed  strangeness changing current:
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( - - j  N A + N ? - 2  + ____)K * .

As is  w ell known, it m ight be p oss ib le  to detect this kind o f interaction in 
a ssocia ted  production  experim ents provided  that reactions such as 
ir~ + p-> A °+ K °  are  dom inated by the exchange of K* .

In the unitary sym m etry  schem e with F type couplings of the vector 
m eson s, there is  a re la tion  between the coupling constants fu and f p:

fu2/47T = (3 /4 )(fp2/4 jt), (4. 12)

which does not appear in the usual ve cto r  theory  without unitary sym m etry. 
F ro m  the width o f the p m eson , we have

fp /4JT ^  2. 0 (for Tp«* 100 M eV),

which leads to

fI  /4sr -  1. 5.

R ecently  p erform ed  nuclear fo r c e  calcu lations seem  to give a la rger value 
fo r  this coupling constant. This d iscrepan cy  might be due to the possib le  
ex istence  o f another T = 0 v ecto r  m eson  d iscu ssed  ea rlie r .

It is  a lso  interesting to note that the couplings o f the vector  m esons 
to the pseu d osca lar m esons of the form  vm m  must be of the F type. F or 
instance, the p m ust be coupled  un iversa lly  to the sum o f the ir m eson is o ­
spin current and the K m eson  isosp in  current. If the D type couplings were 
assum ed, there would be term s like p°r)°ff0 which would not be invariant 
under charge conjugation.

T here are two couplings of the vecto r  m esons which may "d ire ctly " 
be ob served : p-*  2 ir and K* -> K+tt. Using (m vm -  m m v), we can readily 
obtain

r ( K * ) / r ( p ) = ( 3 /4 ) [ p 3KJ m 2* ] / [ p 3 „ /m 2 ].

If the K* m ass is  assum ed to be 880 M eV, then from  Tp = 100 MeV we obtain 
r (K *  ) = 30 MeV, which is  not fa r  from  the observed  K* width ( r eXp~ 47 MeV).

In the unitary sym m etry  m odel there is  an open possib ility  fo r  a vector 
m eson  coupled to the baryon current. This w ill be a unitary singlet vector 
m eson  sin ce  the baryon current is o f the form

(pp + nn + A A + ............) = T race  (BB),

which is  obviously  a unitary singlet. Note a lso  that it is im possib le  to con ­
struct a vecto r  current that tran sform s like a unitary singlet with pseudo­
sca la r  m esons (nor with vecto r  m eson s). F or  instance, we cannot construct 
a vecto r  current b ilinear in the t) m eson . So if there exists a unitary singlet 
v e c to r  m eson , it must n ecessa r ily  be the kind coupled to the baryon current.

Let us now sum m arize the pred iction s of the unitary sym m etry m odel 
based  on the G ell-M ann -  Neuman octet. F irs t  o f all, a ll m em bers of a unit­
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ary  sym m etry  m ultiplet must have the sam e sp in -parity . F rom  this point 
o f v iew  the m ost c ru c ia l test is the spin of S , which in the octet m odel must 
be 1 /2 . A lso  the K* spin must be 1 (or e lse  there must be som e other Kir 
reson an ce with spin 1).

A s fo r  the p arities  o f the baryons and m esons, once we define the parity 
i. e. r  E even, and NS even. The K m eson  must be pseudoscalar with r e -  
to be even by convention, then all baryons m ust have the sam e parity, i. e. 
A £  even, and NS even. The K m eson  must be pseudosca lar with respect to 
both NA and N £. When the octet m odel was proposed , the parity was not 
known to be odd, nor was there any evidence fo r  the T = 0 pseudescalar rj 
m eson .

The second  p red iction  o f the unitary sym m etry  m odel is  that all m em bers 
o f a unitary sym m etry  m ultiplet m ust have the sam e m ass. Experim entally, 
we know that this "p red ict ion " is  not fu lfilled  (otherw ise unitary sym m etry 
would have been d iscov ered  many years  ago). H ow ever, if unitary sym m etry 
is  broken only in low est o rd er, there a re  many interesting m ass relations 
that can be checked experim entally .

Let us go back to our "m athem atica l"-m odel o f baryons in which the 
baryons are com posed  o f £ and I p a rtic le s . If unitary sym m etry is broken, 
the D -S  m ass d ifferen ce  and the (ev)-M  m ass d ifferen ce need not be zero . 
But let us assum e that the fo r c e s  that bind £ and I are independent of 
strangeness and isosp in ; otherw ise, we would be considering higher order 
vio la tion s o f unitary sym m etry . Assum ing fo r  sim plicity  that the binding 
en erg ies  a re  zero , we have

m^ = m s+ m e

m A = (2 /6 )(m D + m e ) + (4 /6 ) (m s + m (1) 

m E =mD + m e 

mg = mo + m ^ .

F ro m  these re la tion s, it fo llow s:

(mN+ m s )/2  = (3m A + m £) /4 ,  (4 .13)

as f ir s t  noted by G ell-M ann. E xperim entally, the left-hand side gives 1127 
M eV  while the right-hand side is  equal to 1134 MeV.

A  s im ila r  rela tion  holds fo r  the pseu dosca lar octet, but, as suggested 
by Feynm an, it is  better to w ork  with (m a ss)2.

m| = (3mJ + m * ) /4 . (4 .14)

E xperim entally , fo r  the left-hand side we have (495 M eV )2 ; fo r  the right- 
hand side, (480 M eV )2.

The m ass relation  is  not so  good fo r  the vecto r  m esons. The m ass 
form ula  with the observed  p and K* m ass p red icts  the T = 0 m em ber of
the octet at 920 M eV (rather than at 780 M eV). Perhaps the observed  u
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m eson  is  a unitary singlet and a secon d  T = 0 v ecto r  m eson  yet to be d is ­
cov ered  is  the T = 0 m em ber o f the v ecto r  m eson  octet. Or e lse  it may 
w ell be that the two T = 0 v e c to r  m eson s get m ixed up in a com plicated  way; 
perhaps this kind o f m ixing is respon sib le  fo r  breakdown of unitary sym m etry. 
But a ll this is very  specu lative.

If we take unitary sym m etry  seriou sly , baryon isobars must a lso  be 
c la ss ifie d  a ccord in g  to various unitary sym m etry  m ultiplets. The representation  
8 is  obv iou sly  inadequate.to d escr ib e  the 3-3 resonance. It is  possib le  to 
build up m ultiplets with higher dim ensions by decom posing 8 X 8  just as 
we decom posed  3 X 8  into 1 + 3. It can be shown that

8X 8 = 1 + 8 + 8 + 1 0 +  10 + 27.

E ach representation  can further be decom posed  into various ordinary 
m ultip lets with hypercharge and isosp in . This is  sum m arized in Table II.

TABLE II

1

©(i>
* T  = 0

8 Y  = 1 T  = 1 /2

Y  = 0 T = 0, 1

Y  = -1 T = 1 /2

10 Y  = 1 T  = 3 /2

ii o T  = 1

Y  = -1 T  = 1 /2

Y  = -2 T = 0

10 Y  = 2 T = 0

Y  = 1 T = 1 /2

Y  = 0 T = 1

Y  = -1 T = 3 /2

27 Y  = 2 T = 1

Y  = 1 T  -  1 /2 , 3 /2

Y  = 0 T = 0, 1, 2

Y  = -1 T = 1 /2 , 3 /2

Y  = -2 T = 1

V arious excited  baryons can be d iscu ssed  within the fram ew ork of the 
represen tations listed  above [13]. If we use the follow ing p ieces  of in form ­
ation taken from  exp erim en ts:

(i) The Y f  (1385) spin is m ost likely  3 /2 ;
(ii) The YJ (1405) is  probably  an s-w ave KN bound state,

Y f  spin f  Yg= spin ;
(iii) T here is  no reson an ce in K+p scattering,
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then it is natural to  let the 3 -3  resonance and the 1385 MeV Y f  belong to 
the representation  10. Note that we then p red ict a T = i  Y = - Iff 5 resonance. 
This m ay be identified  with the recently  d iscovered  3| at 1530 MeV.

M eanwhile Okubo was able to gen eralize  the Gell-M ann m ass form ula 
to any unitary sym m etry  m ultiplet as fo llow s:

m = mo { 1 + aY+b [T (T +  1) - (Y2/4 )]} . (4. 15)

F o r  the representation  8, the form ula redu ces to (4. 13) and (4. 14). But for 
the representation  10, because o f the linear relation  T = 1+ Y /2  , the quadratic 
term s in (4. 15) can cel each other. So we are led  to the "equal-spacing ru le " 
(em phasized by G ell-M ann at the CERN con feren ce ):

m  = m/0 ( l  + a’Y).

E xperim enta lly ;

N|/2 1238 MeV
Y f 1385 M eV
Sf/2 1535 M eV

in  fantastic agreem ent with the m ass form ula . (M oreover, if we assum e 
that the param eters a and b are  com m on fo r  the baryon octet and the 10 is o ­
b a rs , then even the spacing param eter is  co rre c t ly  p re d ic te d .) If we take 
the m ass form ula  ser iou sly , there sould be a Y =  -2  (strangeness = - 3 ) singlet 
at ' ' ,_1685 M eV . But the p red icted  m ass o f this ob ject (denoted by Z~) is  below 
the KS threshold . T h ere fore  Z "  should be stable against decay via strong 
in teractions.

It m ay be produced  via

K '+ p  -> Z _ + K° + K+
S~ + p -» Z~ +_p + K? 
p + p -» Z~ + Z~ etc.

It is  expected  to decay into

Z ' - »  Jr + S , K + A , K + £

v ia  weak in teractions (long lifetim e). Should the Z "  be found experim entally, 
our con fidence in unitary sym m etry would grow  by an ord er o f magnitude.
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