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I . INTRODUCTION 

When I was I n v i t e d t o g i v e t h e s e l e c t u r e s on hadron s p e c t r o s c o p y 

I was p l e a s e d and a p p a l l e d . 7 was p l e a s e d by t h e i n v i t a t i o n but 

a p p a l l e d t h a t t h e p roposed t o > i c seemed so d u l l and d a t e d . Af t e r 

p r e p a r i n g t h e s e l e c t u r e s t h e raain l e s s o n I myse l f have l e a r n e d i s 

t h a t t h i s s u b j e c t i s n e i t h e r d u l l nor d a t e d . I f i n d myse l f g e n u i n e l y 

e x c i t e d by what h a s been accompl i shed and by t h e s i g n i f i c a n c e of " h a t 

r e m a i n s t o be d o n e . I hope t h e s e l e c t u r e s w i l l make c l e a r t h e r e a s o n s 

fo r t h e s e n s e of e x c i t e m e n t I a c q u i r e d i n p r e p a r i n g them. 

I t i s no t r e a l l y so s u r p r i s i n g . S p e c t r o s c o p y has a lways been 

a t t h e h e a r t of p h y s i c s i n t h i s c e n t u r y — c o n s i d e r fo r i n s t a n c e quantum 

m e c h a n i c s in t h e f i r s t q u a r t e r c e n t u r y and q u a r k s in t h e 5 0 ' s and 6 0 ' s . 

Hadron s p e c t r o s c o p y would p e r h a p s be d u l l and d a t e d today i f we were 

r e a l l y in c o n t r o l of t h e t h e o r y of s t r o n g i n t e r a c t i o n s . But t h a t i s 

f a r from t h e c a s e . We p r o b a b l y do know t h e t h e o r y , QCD, but our 

u n d e r s t a n d i n g of i t s long d i s t a n c e dynamics i s s t i l l e x c e e d i n g l y 

p r i m i t i v e . In t h e s e c i r c u m s t a n c e s we s t i l l have a g r e a t d e a l t o l e a r n 

from t h e s p e c t r u m , b o t h abou t dynamics and about new forms of h a d r o n i c 

m a t t e r , such a s g l u e b a l l s and m u l t i q u a i k s t a t e s . 

In t h e r ea lm of dynamics an o u t s t a n d i n g p u z z l e i s t h e s i m p l i c i t y 

of t h e l i g h t hadron s p e c t r u m . Why do r e l a t i v i s t i c s t r o n g l y - c o u p l e d 

bound s t a t e s appea r in j u s t t h e c o n f i g u r a t i o n s expec ted in a n o n -

r e l a t i v i s t i c model w i t h an i n s t a n t a n e o u s p o t e n t i a l ? T h i s s i m p l i c i t y 

1 2 made p o s s i b l e t h e d i s c o v e r y of q u a r k s a= e a r l y a s 1964 but i s 

i t s e l f s t i l l u n e x p l a i n e d . In t h e bag rcidel, which i s a r e l a t i v i s t i c 

phenomenology, t h e l o w - l y i n g s t a t e s a re t h e u s u a l ones but e x c i t e d 

s t a t e s a r e p r e d i c t e d w i th e x o t i c quantu-i numbers — for i n s t a n c e , qq 

PC +-
s t a t e s w i t h J = 0 which never appea : in t h e n o n r e l a t i v i s t i c mode l . 

These e x t r a s t a t e s c o r r e s p o n d t o t h e sp' r i o u s t r a n s l a t i o n modes of the 



s e l f - c o n s i s t e n t f i e l d approximation of nuc lear p h y s i c s , where t h e y a r e 

spur ious because n u c l e i are w e l l de scr ibed by Ins tantaneous p o t e n t i a l s . 

But in QCD we d o n ' t know whether they e x i s t because we are n o t in 

c o n t r o l of t h e dynamics. The i s s u e i s how q u i c k l y t h e c o l l e c t i v e 

f i e l d , which ^ s the b a g , r e s p o n d s t o t h e mot ion of t h e q u a r k s . T h i s 

i s a fundamenta l dynamica l q u e s t i o n , which i s open bo th i n t h e o r y and 

e x p e r i m e n t . 

There a r e o t h e r r e l a t e d p u z z l e s in t h e l i g h t hadron s p e c t r u m , 

a l l c h a r a c t e r i z e d by t h e u n e x p e c t e d s u c c e s s of s i m p l e i d e a s , some

t i m e s o u t r a g e o u s l y sample . Why does s i n g l e g luon exchange c o r r e c t l y 

3 4 g i v e t h e s p i n dependence of t h e l i g h t s-wave mesons and ba ryons? ' 

Why do i d e a l mix ing and t h e OIZ r u l e work fo r t h e l i g h t mesons? 

Most r e c e n t l y , why do sum r u l e s based on a s h o r t d i s t a n c e e x p a n s i o n 

p r o v i d e a good d e s c r i p t i o n of t h e l i g n t meson s p e c t r u m . A l l t h e s e 

p u z z l e s sugges t an unexpec t ed weakness in t h e s t r t - i g t h of t h e s t r o n g 

i n t e r a c t i o n . Indeed t h e a u t h o r s of Ref. (6) have m a i n t a i n e d t h e need 

fo r a s m a l l e r v a l u e of t h e QCD pa rame te r A, which i s now g a i n i n g suppo r t 

7 ,8 in o t h e r q u a r t e r s . 

Turn ing t o heavy quarkonium t h e r e a r e no unexpec ted s u c c e s s e s . 

For t h e s e s y s t e m s , c c , b b ; , , - , VP had good r e a s o n t o hope s imple 

n o n r e l a t i v i s t i c i d e a s would work and , q u i t e m a r v e l o u s l y , they d o . 

Using t h e I/J and T s p e c t r a we have in e f f e c t measured t h e b i n d i n g 

p o t e n t i a l in t h e t h e o r e t i c a l l y i n t r a c t a b l e t r a n s i s t i o n r e g i o n between 

long (<^ 1 fm.) and s h o r t ( <• . 1 fm.) d i s t a n c e s . Because the measured 

p o t e n t i a l t i e s on smoothly t o our e x p e c t a t i o n s in t h e two l i m i t i n g 

r e g i o n s , t h e r e s u l t i s an impor t an t i n d i r e c t c o n f i r m a t i o n of our 

u n d e r s t a n d i n g of QCD bo th a t long and s h o r t d i s t a n c e s . 

The s p i n dependence of t h e p o t e n t i a l i s a d i f f i c u l t , s t i l l 

u n c r a c k e d p r o b l e m . Naive e x t r a p o l a t i o n of t h e s i n g l e g luon exchange 
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ansatz from the l ight hadrons in not successful, which undercuts the 

significance of the apparent success for the l ight hadrons. Generali

zations of the Breit Potential of QED assume the confining potential 

can be approximated by exchange of quanta of definite spin or spins, 

an assumption which has no close connection with current ideas about 
q 

the origin of the confining force. Eichten and Feinberg have carried 

out a more general analysis which i s a useful f i r s t step toward 

ext rac t ing the spin s t ruc tu re ac tua l ly implied by QCD. 

What about multiquark s ta tes? — the i r apparent absence i s 

another aspect of the puzzling success of the simple n o n r e l a t i v i s t i c 

qq spectrum. Should we have seen them or not? Indeed, have we seen 

them? Jaffe and Johnson have used the bag model to find a very 

amusing set of answers: yes and yes. That i s , we should have, and we 

have, but we d idn ' t know i t . Using s ingle gluon exchange to compute 

hyperfine s p l i t t i n g s they find that the lowest mass qqqq s t a t e s are a 

co l lec t ion of nine scalar mesons with the nonexotic quantum numbers of 

a qq nonet. The most recent data supports the i r reading of the i and 

* 
S as members of t h i s nonet (though there i s a problem with the i n t e r 

pre ta t ion of the 6 ) . The success of the simple qq spectrum is 

explained by the r e su l t tha t most qqqq s t a t e s can f a l l apart into two 

qq pa i r s and are therefore too broad to produce d i scern ib le bumps 

in mass histograms. 

Nothing i l l u s t r a t e s more c lea r ly the value of de ta i led knowledge 

of the hadron spectrum than the present effor t to determine whether 

the KKTI enhancement at 1440 MeV. is a g lueba l l . There may be three 

qq s t a t e s near t h i s mass with large KXTT decay modes: the even and 

odd charge conjugation axial mesons E and H' and the r ad i a l ly excited 

pseudoscalar which I ca l l c.' . Of these only E(1420) has found i t s 

way into the l i t t l e orange book of the P a r t i c l e Data Group, so i t i s 

natural Co consider that i t might be the enhancement found l a s t year 
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at SPEAR in radiative \Ji decay. There i s however strong evidence that 

the SPEAR 1440 i s not the J P - 1 + E(1420) of the l i t t l e orange book 

but i s Instead a pseudoscalar f i r s t discovered in pp ann ih i l a t ion at 

CERN. I believe i t i s very l i ke ly that t h i s s t a t e i s a g lueba l l . 

With just the earl ier CERN data and wither!: the observations from 

r ad i a t i ve <(/ decay, i t would have been d i f f i c u l t if not impossible to 

r e a l i z e that t h i s s t a t e may be a g lueba l l . Radiative ty decay i s the 

process of choice for g luebal l searches, and we could make good use ->{ 

much greater s t a t i s t i c s than we have now. To prove the g luebal l 

assignment we need to be sure that i t i s not a qq meson. For ins tance, 

if the 1440 i s indeed a pseudoscalar we need to determine whether i t 

i s the s t i l l undiscovered ninth member of the r ad i a l ly excited ¥* nonet, 

the ; ' . I wi l l give arguments that the 1440 does not have the 

p roper t i es expe_ted of the t,', but nothing could be more convincing 

than the discovery of a tenth pseudoscalar which does have the expected 

p rope r t i e s . The most d i f f i c u l t case i s if the glueball and the - ' are-

very near in mass and especia l ly if they are strongly mixed. In t h i s 

case i t would require high qual i ty data from many different production 

and decay channels to find our way through the labyr in th . 

The one to two GeV region 5 ce r ta in to be very complicated. 

Just considering qq mesons there are an enormous number of s t a t e s , many 

with confusingly similar masses and decay .nodes. To understand the 

in t e re s t ing physics we wil l need high s t a t i s t i c s da ta . Recent his tory 

teaches that each advance in s t a t i s t i c s brings into view s t ruc ture 

which cannot be seen in any other way. The advances of the past have 

brought the impressive knowledge of the mesom spectrum that i s reviewed 

here . We are not yet at the end of t h i s progression. It i s clear that 

we s t i l l have much more to l ea rn . 



II. LIGHT L - 0 MESONS 
As every child learns in school, a qq pair with orbital angular 

momentum L and spin S - s- © s, has total angular momentum J - L © S , 
parity P « (-1) , and charge conjugation C » (-1) . For quarks 

s - s - 1/2 so S « ̂ © T " °. !• T h e SP111 singlet, S - 0, is 
antisymmetric, — (++ - ++), while the triplet, S • 1, is symmetric, 

V2 
++, -p- ( + + +++), ++. Therefore the spin part of the wave function 

S+l L 
contributes (-1) to C. The spatial wave function contributes (-1) 
and the remaining factor -1 is due to Fermi statistics: after applying 

— L+S+l - L+S — 
C to qq we get (-1) qq = (-1) qq. The parity is built from 
the spatial factor (-1) and an extra -1 due to the opposite intrinsic 
parity of fermion and ant if ermion (the parity operator for Dirac spinors 
is the Dirac matrix y which has opposite signs for lower and upper 
components). 

Therefore the quantum numbers of the possible qq mesons as a 
function of L are as follows: 

L = 0 J P C = l " , 0"+ 

L = 1 J P C = (0, 1, 2 ) 4 + , l +~ 

L = 2 J P C = (2, 3, 4)"", 2~ + 

L = 3 J P C = (2, 3, 4 ) + f , 3 +~ (2.1) 

PC For each J 'here is a flavor nonet of light mesons: the isotriplet, 

two strange isodoublets, and two isoscalars which are orthogonal 

combinations of ss and — (uu + 3d). A tricky point: notice that the 

spin singlet is ̂r (1J - ,t ) while the isospin singlet is = (uu + 3d), 
f 2 v2 

The unexpected sign f<r the isosinglet is because the isodoublet 
charge conjugate to (u, d) is (-d, u). 

This arithmetic should not cause us to lose track of some 

Important physics. The catalogue of qq states in Eq. (2.1) are those 



expected i f the f o r c e between q and q i s an in s tan taneous p o t e n t i a l , 

a s In the n o n r e l a t i v i s t i c quark model . Bur. the l i g h t mesons are 

m a n i f e s t l y r e l a t i v i s t i c s y s t e m s , a s 1 w i l l d i s c u s s below. I t i s 

remarkable t h a t Eq. ( 2 . 1 ) b e a u t i f u l l y d e s c r i b e s the known l i g h t meson 

spectrum. I w i l l have more to say about t h i s when I d i s c u s s the L = 1 

s t a t e s in the Bag model In S e c t i o n I I I , where the p o s s i b i l i t y of qq 

s t a t e s not found in Eq. ( 2 . 1 ) w i l l be c o n s i d e r e d . 

A. Idea l Mixing and the U( l ) Problem 

We begin w i t h a model which I l i k e to c a l l the I d i o t ' s Quark Model, 

IQM for s h o r t . In t h i s remarkable model , hadroris a r e made of s t a t i o n a r y , 

n o n - i n t e r a c t i n g quarks. The Hamiltonian i s j u s t mass terms, 

H „ „ = m(uu + 3d) + m i s ( 2 . 2 ) 
IQM S 

so the isotriplet and isodoublet members of the nonet have masses 

M 1 = 1 = 2m (2.3) 

M, ] = m + m (2.4) 
i=h s 

In general the 1 = 0 states could be 

, uu + dd /2 sin;) s s 

X' = s i n * U U + d + c o s t s s ( 2 . 5 ) 
2 

but in t h e IQM i t i s easy t o see t h a t t h e e i g e n s t a t e s co r r e spond to 

» = 0 
IQM 

uu + dd 
IQM * / 2 

X 1 Q M = S S ( 2 - 6 ) 

s i n c e t h i s c h o i c e d i a g o n a l i z e s t h e IQM H a m i l t o n i a n 

< uu + dd |H l i s > = 0 ( 2 . 7 ) 
IQM 

because the poor IQM has no interactions. 
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The remarkable thing about a l l th i s i s that the mixing given by 

Eq. ( 2 . 6 ) , which i s called ideal mixing, i s what actually seems to occur 

in most of the l ight qq nonets. And the reason for this i s related to 

the "real world" version of Eq. (2 .7 ) , known as the OIZ rule, after 

Okubo, Iizuka, and Zweig. That i s , in the r ea l world 

< u u + dd|rL „ , l i s > a 0 (2.8) 
1 For Real ' 

i s small, so that t yp ica l ly we expect ideal mixing 

x = Cu-^dd (2.9) 
/2 

X" - i s (2.10) 

Two consequences should follow from ideal mixing. F i r s t from the 

OIZ ru le we expect 

T(X' •* strange) » T(X' •+ nonstrange) (2.11) 

since to get a nonstrange decay of X' there would have to be an OIZ 

forbidden annih i la t ion of the ss quarks. We also expect, for a 

d i f ferent reason, 

T(X •+ nonstrange) » I"(X •* s trange) . (2.12) 

The r ight side of (2.12) i s not OIZ forbidden (since Eq. (2.8) does not 

forbid uu -+ ussu) but i t i s suppressed by the low probabi l i ty to make ss 

pa i r s from the vacuum, ref lected for instance in the small K: TT r a t i o in 

the cen t ra l region of rap id i ty in high energy hadron-hadron s c a t t e r i n g . 

The d i s t i nc t i on i s that ss •* n ir~ i s OIZ forbidden but (uu + dd) •* K K~ 

i s not . 

The second consequence of ideal mixing is best understood by 

returning momentarily to the 1QM, where from (2.6) we find 

M - M = 2,n 
X1QM l 1 

My. * ZMj.v- M T = I = m + m s ( 2 " 1 3 ) 

IQM ' 
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In the real world we could expect the left hand equalities to apply 

M x a "i-i 

if the binding forces a re f lavor-bl ind (so to speak), that i s , not 

j u s t SU(3) flavor symmetric but such that the binding energy is equal 

for flavor oc te t and flavor s i n g l e t . 

All t h i s seems too simple to be of any possible relevance for 

r e l a t i v i s t i c , s trongly in te rac t ing systems. Indeed i t must have 

required considerable daring on the par t of Messrs. 0, I , and Z to 

r e a l i z e that Eqs. (2 .8)- (2 .14) explain the s t ruc ture of the L = 0, S = 1 

vector meson nonet, where 

r(<r •+ KK) » r (* •+ p*) (2.15) 

m Si m 
P w 

m * - 2 m K * - m p ( 2 ' l b ) 

are remarkably successful. The selection rule (2.15) works at the 

level of two orders of magnitude in the rate (when phase space effects 

are removed) and the mass relations (2.16) are good to 1%! It was 

these facts about the vector nonet that led to the invention of the 

OIZ rule. It is very amusing to look for instance at OK'io's *>aper, 

to see how he puts the pieces of the puzzle together. 

The success of the OIZ rule and ideal mixing is still not really 

understood, though there are hints of possible explanations- They 

follow to leading order in the large N„ , expansion and in the 
° Color 

12 , lar&e N , topological expansion, but neither of these N s are Flavor 
big enough in the real world to make us comfortable with the dominance 

t, of the leading term. They may also follow just from asymptotic freedom, 

provided a and /. are small enough, smaller than we might until 

recently7 ^ye dared hope. 
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When we turn to the other L « 0 nonet, the pseudoscalar mesons, 

ideal mixing fai ls badly. The mass relations m » m and 
if 1 

m , » 2m̂  - (m or • ) are a disaster. Instead the success of the 

13 Gell Mann-Okubo mass relation 

2 _ A 2 1 2 
» n a , 3 B K - 3 " i r ( 2 - 1 7 > 

14 (which has a kosher current algebra derivation that explains why the 

masses are squared) and low energy theorems for n * YY ai>d n "* ""Y 

a l l suggest the mixing is more nearly flavor octet-flavor singlet. 

That is n and n' are more nearly mixed like nG and n 
o 1 

n_ = = (uu + dd - 2ss) 
B /tj 

n = = (uu + dd + is) (2.18) 
1 /3 

than like X and X' of Eqs. (2.9-2.10). 

In high-brow circles this disaster is called the U(l) problem. The 

fancv name reflects tha fact that we have a failure not just of the OIZ 

rule and ideal n.ixing (which we don't understand anyway) but of more 

solidly based ideas about chiral symmetry and i t s breaking. This is a 

beautiful subject which woald require i t s own set of lectures to discuss 

properly. Here I will just say that naively in QCD with three light 

flavors there are nine axial currents to which PCAC should apply, and 

that this implies that the pion should have a light partner, 

m < i ^ » . which would be degenerate with i t if the OIZ rule were 
n TI 

working. The ninth current, which is a flavor singlet, is the origin 

of the U(l) problem. Our understanding of the solution is that because 

of the chiral anomaly and gluonic configurations such as instantons, 

this ninth current is not really partially conserved so that the tailure 

of m *= /J m does not contradict QCD. 

It is not necessary to understand these recondite matters in order 

to appreciate the essential physical explanation for the mixing of n 
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and n ' . Reca l l t h a t t o j u s t i f y the mass r e l a t i o n s (2 .14 ) I had to i n 

voke a property of the binding f o r c e which I t a s t e l e s s l y c a l l e d 

" f l a v o r - b l i n d n e s s " , tha t i s , tha t the f l a v o r - s i n g l e t and f l a v o r - o c t e t 

b inding e n e r g i e s are e q u a l . If i n s t e a d t h e r e i s a much larger 

c o n t r i b u t i o n to the energy in the f l a v o r s i n g l e t channe l , which i s 

j u s t where g l u o n i c f i e l d c o n f i g u r a t i o n s r e l a t e d to the U ( l ) a x i a l 

current must c o n t r i b u t e , then i t i s easy to see that mixing along 

the l i n e s of n„ - n, w i l l r e s u l t . 

Suppose for any two l i g h t f l a v o r s , q and q ' , which may be t h e 

same, there i s a l a r g e f l a v o r - s i n g l e t , 01Z v i o l a t i n g i n t e r a c t i o n 

ene rgy 

X = 1- < qqj H]q'q'> ( 2 . 1 9 ) 

Then including this interaction in the Idiot Quark Model, adopting 
14 , , . , . quadratic masses, and negelecting m relative to m , 

V K 
2 2 

m = 2m ^-< m — "V-1 tlie mass m a t r i x fo r t h e two i s o s c a l a r s i ? 

( h 2 / 7 \ 
-r m 1— m \ 
3 s 3 s \ { 1 2 Q ) 

2 /5 7 , . / 
5— m — m + > / 
3 s j s 

in t h e 8-1 b a s i s of Eq. ( 2 . 1 8 ) . The e i g e n s t a t e s of t h i s m a t r i x a r e 

d e f i n e d by an a n g l e '• 

n = cos9 i „ - sin-3 n, 

n' = s in6 n f l + cos? ii, ( 2 ' 1 ) 

which i s found a f t e r d i a g o n a l i z i n g ( 2 . 2 0 ) t o be 

-•4/2m 
t a n 2fl = — f— . ( 2 .22 ) 

s 

The e i g e n v a l u e s a r e 



13 

V V - l(X + 2 m s * / x 2 - I ^ s + 4 m s ) < 2 - 2 3 > 
2 It i s instructive to consider the l imit in which m - I L i s also 

negl ig ible compared to A. In th i s l imit the mixing i s exactly oc te t -
2 

s inglet since 6 - 0 from (2.22) while from 2.23 we get m - 0, 
2 m , = A. So qual i tat ively we understand the heaviness of the n' and 

the 1-8 mixing pattern as a consequence of large, OIZ v i o l a t i o n s in 

the f l avor - s ing le t pseudoscalar channel. 
2 

Returning to (2.22 - 2.23) with m - in we find by adding the two 
2 2 2 roo ts the r e l a t i o n m + m , = A + 2ra •= A + 2m,,. which we can use n n s K 

to fix A - .67 GeV . We then compute m - 490 and 8 = - 21°, which 

i s a considerable improvement on m = m and i s in q u a l i t a t i v e 

agreement with evidence that 9 i s small and negat ive, lo make a be t t e r 

estimate of 6, which corresponds to the usual ly quoted quark model 
2 

value, we jdd the tera.s in m = 2m to the matrix (2.20) and multiply 

the off-diagonrl element by a constant f to allow for the difference 

between the s ingle t and octe t wave funct ions . When the matrix i s 

diagonalized, we use the known values of m and m . to determine A 6 n n 

and f and we then predict 6. The r e s u l t s are reasonable: A is of the 

order quoted above, f i s not too far from f = 1, and for 9 we find 

b , = - 11°. (2.24) 
n-n 

Though the pa r t i cu l a r value of the angle may eas i ly be uncer ta in 

by say i 5 , the conclusion that 9 i s small and negative should be 

r e l i a b l e . This conclusion i s confirmed by the low energy theorems 

for n -*• YY and n -* TI TI Y, which follow from the ch i ra l anomaly and 

current a lgebra . The r e s u l t s are 

F R 2 
r ( n - Y Y ) ' 164 eV. ( c o s ' ' - 2 / 2 — s i n O ) ( 2 . 2 5 ) 

F l 
F R ? 

r (n -» . r y ) = 29 eV. (cos9 - /2 — simO (2.26) 
1 
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where F, * E and F, are PCAC constants for the octet and singlet 
O 7T X 

axial currents. F. is expected (for instance, in the large N 

expansion ) to have the same sign and order of magnitude as F„. 
o 

Experimental values are r( n -* YY) * 324 ± 46 ev. and 

I"(n -» TTITY) - 4 3 + 6 eV. If 8 were zero Eq. (2.25) would fa i l by a 

factor 2 and if 6 were positive i t would fai l by even more. But 

for instance with F„ • F.. we get 324 eV for e " - 8 ! Because of the 

large factor 2^2~sin8 which appears in the expression to be squared 

in (2.25), r( n -+ YY) is exquisitely sensitive to th2 sign and magnitude 

of 8. A more general discussion which does net assume F = F. and 
o 1 

makes use of Eq. (2.26) and of n' "+ YY leaves unchanged the qualitative 

conclusion that 6 must indeed be small and negativ . 

A second place to probe the flavor content of n and n' is in 

hadronic scattering. If we use the OIZ rule to assume in Tip -» nn 

and T'p ~ n'n that n and n" are excited in proportion to their uu + dd 

quark content, we find 

ajV> 7 n ' n ) = c o t 2 < 6 + 5 5 0 ) ( 2 _ , 
, - , n-n 

O(TI p -+ n n ) 
so for 6 . = - 11 we expect equal cross sections. The experimental 

•I Q 

ratio fr the dominant spin flip cross sections is .67 i .03 i .04 

or .673 i .02 - .10 . The central value gives 6 , = - 15 ± 1 , 
n-n 

again confirming the conclusion that 8 is small and negative. The 

discrepancy in magnitude is probablv within the theoretical uncer

ta in t ies , one of which may be considerable. To derive Eq. (2.27) we 

assumed the OIZ ruJe but the main lesson of the n - n' system is that 

it is subject to large 01Z violating forces. Therefore the YI flnd r;i> 

decays may be a more reliable probe of 0 , than the hadronic cross 
n-n 

sect ions. 
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Qualitatively then we understand the n - n1 system as being 

determined by a large gluonic field energy which raises the singlet 

combination to a much higher mass than the octet. This is consistent 

with the fact that in QCD we expect PCAC to fail for the singlet U(l) 

current. However I do not want to leave the impression that the U(l) 

problem is fully understood. We do not understand QCD dynamics well 

enough to compute the magnitude or even the sign of the gluonic energy 

contribution to the n' mass. 

B. Dynamical Models 

In this section I will discuss in a sketchy manner three 

approaches to the dynamics of the light qq mesons. These are the non-

relativistic quark model, the MIT bag model, and the QCD sum rules of 

the ITEP group. 

1. Dynamics for Optimists: Nonrelativistic Quark Model 

Consider first the grounds for pessimism. Imagine that 

a meson with a typical hadronic radius of r = .8 fm. is a non

relativistic system o'. two 300 MeV. quarks bound by a harmonic 

oscillator potential. Then the relative momentum is 

< p 2 > = | — ± — = (370 MeV.) 2 (2.28) 
U < r 2 > 

and with nonrelativistic kinematics we find v > c . More generally it 

is clear just from the uncertainly principle that a qq bound state 

with radius .8 fm and reduced mas U = m/2 = 150 MeV. must be 

relativistic. There is no reason to suppose that the nonrelativistic 

model could be a useful approximation for the light mesons. 

This has not discouraged many people from attempting to apply the 

nonrelativistic model to the light mesons. Encouraged by the manifestly 

nonrelativistic spectrum of the charmonium system, de Rujula, Georgi 

and Glashow applied the nonrelativistic model to the light hadrons. 
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They obtained some amusing successes in correlating the spin dependence 

of the L • 0 mesons and baryons, assuming dominance of short distance 

single gluon exchange. In this case the effective potential is 

, •* -* 

^Breit^cf -<--T>¥ ̂  l^l 2 (2'29> 
where i('(0) is the wave function at the origin and s , m. are the spins 

and masses of the quarks. This is just like positronium in QED except 

that -a is replaced - — a . In positronium the minus sign is due to 

the opposite charge of e and e . In QCD the analogous sign occurs 

because the meson is a color singlet. To see this, imagine for 

Si") a 1 s impl ic i ty a theory of color SU(2) . T>en the QCD factor Tx >,., i s 

replaced by t • t where t . are Pauli mat r ices . The net color of 

the s ingle t bound s t a t e i s zero, so 

0 = < f 2 > . , = < t ? + L + 2 t . • ( > . . w (2.30) 

Singlet 1 2 1 2 Singlet 

and 

2 < t . • t > . = - 2 t 2 = - 2 • i ( 4 + 1) (2.31) 

1 2 Singlet quark 2 2 

with the promised sign. 

Equation (2.29) determines the p-n and K-K s p l i t t i n g s . Just 

as in Eq. (2.31) Sj • 12 = i [S(S + 1) - | ] = (2.32) 

+ T S = 1 
4 

Tren la. (2.29) gives the right sign, m > m , and for the baryons ^ p n 
it also gives m. > m . Furthermore the same parameters fit the 

i, magnitudes of the splittings for both L = 0 mesons and baryons. 

However, if Eq. (2.29) really describes the physics of the light 

mesons, it should certainly also apply to charmomium. Then we would 

predict 
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2 2 
•*„.C0) 

0) 

where 

(540 MeV)j 
2 , 2 v, 

P 

•Q V 

%(0) 

* p ( 0 ) 

< e 2 > 
/7 C 3 3 J 

(2.33) 

(2.34) 

In Ref. (3) i t i s assumed that * (0) = i, (0) and the r e su l t i s ~4 HeV, 
4. P 

too small by a factor 3. If instead we use the n o n r e l a t i v i s t i c 

r e l a t ionsh ip 

F(V * e + e") = 16TI - a - <e* > U v ( 0 ) ! (2.35) 

and the measured e e widths we find ~-440 MeV, too large by a factor 

4. The n o n r e l a t i v i s t i c model for l igh t and heavy mesons with hyperfine 

s p l i t t i n g due to s ingle gluon exchange i s not a tenable hypothesis. 

The f a i l u r e of Eq. (2.33) may also be a problem for a wider c l ass 

of models. Baryon spin s t ruc tu re has been economically understood 
•+ •* 2 1 

with ?. n o n r e l a t i v i s t i c mc-^e1 •-'"•ic^ z~c^™e~ thct L *S forego are ^iiiall. 

Schnitzer has observed that t h i s might be explained by a cance l la t ion 

between single gluon exchange and a Lorentz-scalar l inear confining 
22 p o t e n t i a l . A Lorentz-scalar po ten t ia l does not give r i s e to an 

23 s. • ? , term in the effect ive n o n r e l a t i v i s t i c p o t e n t i a l , so Eq. (2.29) 

would also apply to t h i s scenar io . 

2. MIT Bag Model 
3 The bag model has the advantage that it is a relativistic 

phenomenology of confinement. Furthermore it incorporates confinement 

in a way which is naturally related to ideas about the dynamical origin 
24 of confinement in QCD. Quarks in color singlet combinations are 
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confined (by the assumed boundary conditions) to limited s p a t i a l regions 

in w. ich gluon fluctuations give r i se to a pos i t ive energy densi ty B. 

in the spherical cavi ty approximatiir. Lhe o^atidi iagion i i Laken to 

be spherical and f ixed. The quarks therefore have an energy given 

by the eigenvalues of the Dirac equation for an i n f i n i t e spher ical 

po ten t i a l wel l . For massless quarks we expect t h i s energy t be ~R 

per quark because of the uncer ta in ty p r i n c i p l e , where R i s the bag 

r ad ius . In fact the lowest eigenvalue i s 2.02 R 

For n massless quarks or ant iquarks in a bag of radius R, 

the t o t a l energy of the bag i s then the sum of the quark energies 

and the volume energy due to the gluon f luc tua t ions , 

E = -§ n + ^ R 3B. (2.36) 
K J 

R i s the value which minimizes E, 

( 2 . 3 7 ) 

( 2 . 3 8 ) 

(2 .39J 

Ref inements of t h i s s ic ip le p i c t u r e i n c l u d e a mass fo r t h e 

s t r a n g e qua rk , a z e r o - p o i n t ene rgy due t o quantum f l u c t u a t i o n s p r o -

- 1 3 

p o r t i o n a l t o R , and h y p e r f i n e s p l i t t i n g from s i n g l e gluon exchange . 

The r e s u l t i s a d e s c r i p t i o n of L = 0 mc .JS and ba ryons which i s a s 

s u c c e s s f u l a s t h e n o n r e l a t i v i s t i c quark mode l , though a d i s t r e s s i n g l y 

l a r g e v a l u e of t h e s t r o n g c o u p l i n g c o n s t a n t , a = 2 . 2 , i s r e q u i r e d . 

3 . QCD Sum Rules 

A g r e a t deal of work has been done by the Moscow ITEP 

group in which t h e s h o r t d i s t a n c e s t r u c t u r e of QCD i s used t o 
d e t e r m i n e t h e l i g h t meson s p e c t r u m . T h i s work has been s u r p r i s i n g l y 

dE 
dR = 0 

R - m) 1/4 

E = 1* 2 
I I n 
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successful. I t Is surprising, at least to me, because I would never 

have imagined that a short distance expansion could be relevant to 

the l ight meson spectrum, since I thought I had learned from the deep 

ine last ic scattering data that A i s of order 500 MeV. The short 

distance expansion i s only sure to be relevant for distances r such 

that rA " ^ 1 , and for A~ 500 MeV th i s means r much smaller than the 

typical ~1 fm. s ize of a l ight hadron. 

The ITEP group has however insisted for some years that AT^T 
Mb 

(MS referes to a renormalization prescription, known as "improved 

minimal subtraction") must be small, between 80 and 160 MeV. At 

the time this appeared to contradict che measurements of scaling 

vio la t ions , be: the most recent r e su l t from CDHS i s ATTJT — 200 MeV. 
Kb 

g 

Also, Lepage wi l l present an ana lys i s of IJJ and T data in the top ica l 

conference next week, which requi res Â rr- in the range advocated a t 

ITEP. If A i s indeed t h i s small i t might explain not only the success 

of the ITEP approach but more general ly the s implic i ty of the l igh t 

hadron spectrum which allows i t to be reasonably well described by 

the n o n r e l a t i v i s t i c and bag model approaches. 

I wi l l j u s t sketch very crudely how the sum ru les are derived, 

to give a rough feeling for what physics goes into them. Consider for 

example a Lorentz scalar cur ren t , 
j (x ) = q(x)q(x) , (2.40) 

and the spectal function 

Jl(q2) = i Jd 4x e i q x <Tj(x)j(0) >Q (2.41) 

2 The imaginary part of H(q ) has a simple physical meaning: in a 
1 2 wo. Id in which photons were scalars —j 1m n(q ) would be, within 
1 + -

kinematic factors, the total cross section for e e annihilation into 
2 2 hadrons. For large q , Imlltq ) is controlled by the short distance 
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r e g i o n , x •+ 0, for which the operator product expansion a p p l i e s : 

j ( x ) j ( 0 ) ^ j 2 C n ( x ) 0 n ( 0 ) ( 2 . 4 2 ) 

C are c~number functions of x end the 0 are operators evaluated n n 
at x * 0, For x -* 0 the sum is dominated by the operators of lowest 

dimension, which have the most singular coefficient functions. 

The operator of lowest dimension is no operator at all, 0 = 1 , 
3 which has zero dimension. Since the dimension of j (x) is M , the 

singular coeffecient is C a 1/x . In higher orders of perturbation 

theory Je q C, (x)d x is multiplied by a power series in a (q ), which 
2 '. s useful if q is big enough compared to A. The next operators have 

dimension 4, a G G and mqq, and ara accompanied by coefficient s uv pv 
2 a functions proportional to 1/x (G are the gluon field strength uv 

0 = 1 C » 1/x6 

0, = a G 3 G a C, « l/ x
2 (2.43) 

2 s uv uv 2 

The sum rules are obtained by expressing Jl in terms of Im n using 

a dispersion relation with 1m j] determined by the operator product 

expansion. The Laplace transform of n is then computeJ. The result 

is a sum rule of the form 

^ ^ /ds ,>- s / M n <s) = 1 + (Const.) a (M) 
M S 

(Const.) a a 
M

4 s uv pv 0 

+ . . . ( 2 . 4 4 ) 

To e x t r a c t information about t h e spect rum from Eq. ( 2 . 4 4 ) t h e t r i c k 

i s to walk a t i g h t - r o p e : choose H small enough so t h a t t h e l e a d i n g 
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resonance dominates the left hand side but big enough so the series 

on the right hand sid~ stays under control. 

The ITEP group reports that they are able to walk, this tlghtropa. 

They obtain good results for the light spectrum and most dramatically 

they insisted on their prediction for m - 3.00 + .02 GeV when 

many other theorists were contorting their models to accomodate the 

late deceased X(2.83). Their fits determine o (or K and vaccum 
s 

2 -expectation values such as < a G > and < mqq >. The latter terms, 
which must have a nonperturbative origin since they vanish ii. any 

finite order of perturbation theory, turn out to be at least as 

important as the perturbative corrections for the relevant values 

of M. 
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III. LIGHT L - 1 MESONS 

Respect for the nonrelativistic quark model as a tool for 

taxonomy is enhanced by the successful prediction of four L « 1 
PC -H-

nonets. The spin triplet gives rise to J * (0, 1, 2) nonets 
PC H— and the spin singlet to a J - 1 nonet. The best established 

** I i 

is the tensor, A , K , f, f'. After years of uncertainty the 1 

axial nonet also appears to be complete: A , Q , D, E. The 1 nonet 

is almost filled, with B, Q„, H identified and H' yet to be found. 

The most confusing nonet is the scalar, of which I think only two 

members have been found. The confusion is probably related to the 

existence of light scalar qqqq states, which in the worst of all 

possible worlds might mix with the qq states. 

We would expect from any of the considerations of Section II A 

that the A., and B nonets should be ideally mixed. If one does gluon 

counting, then the scalars and tensors might be less ideal, since 

they can mix by two Con-shell) gluons while the J = 1 states need 

three. Furthermore the scalar states may be susceptible to che 

specia'' 'acuum configurations that contribute to the non-ideal mixing 

of the pseudoscalar nonet (ie, the U(l) problem). Here the trace 
25 anomaly may play a role analogous to the chiral anomaly for the 

pseudoscalars, 

I will discuss these four nonets in turn and then conclude the 

section with a discussion of a very interesting problem which arises 

if we try to apply the Bag model to the L = 1 states. 

A. The Four L - 1 Nonets 

2 nonet: The tensor nonet is now the best understood of 

the L - 1 nonets. The nonet is ideal to a reasonable approximation. 

T(f' -t KK) is about an order of magnitude larger than r(f ' -* ni), 

even though the phase space favors TITI by a factor 4, and 
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r(f •+ TTH) » r(f •* KK) a l s o h o l d s . The mass r e l a t i o n s Eq. ( 2 . 1 3 ) 

hold to a good approximat ion, m =« m. t o 32 and m , + m a 2m . to 
A_ t i f K** 

2%. The mixing ang l e computed from the masses i s 25° + 4° where 35° 

would be i d e a l . 

1 none t : After y e a r s of wondering whether there i s an A , two 

high s t a t i s t i c s exper iments confirm i t s e x i s t e n c e , though at a mass 

higher than t h e 1 .1 GeV u s u a l l y d i s c u s s e d in the p a s t . The h i g h e s t 

s t a t i s t i c s exper iment , performed by the ACCMOk c o l l a b o r a t i o n , s e e s 

the A at m - 1280 ± 30 w i th T - 300 ± 30 in n~p •+ T I " H " F + P , 2 6 

1 A x A x 

Unl ike a l l p r e v i o u s e x p e r i m e n t s , t h i s one has s u f f i c i e n t s t a t i s t i c a l 
-> 

power t o ex t end t o l a r g e momentum t r a n s f e r ( | t | ~ .7 Gey") where 

t h e pTi t h r e s h o l d enhancement (Deck e f f e c t ) a t - ^ 1 . 1 GeV no l o n g e r 

c o n t r i b u t e s . The d a t a from t h i s e x p e r i m e n t i s shown in F i g . ( 3 . 1 ) . 

27 The o t h e r e x p e r i m e n t , t h e same one which d i s c o v e r e d c ( 1 2 7 b ) , s e e s 

t h e A in a c h a r g e exchange c h a n n e l i p -> i i n n , vr'.th m = 1240 - 80 
1 Aj 

and P = 380 ± 1 0 . A combined f i t t o b o t h s e t s of d a t a ( w i t h t h e ACCMOR 

d a t a hav ing by for t h e g r e a t e s t w e i g h t ) g i v e s m = 1230 ± 30 and 
1 

350 1 60. 

The r e s t of t h e nonet j s t h e s t r a n g e Q (1340) ( t o Le d i s c u s s e d 

in t h e nex t s u b s e c t i o n on t h e 1 n o n e t ) and t h e i s o s c a l a r s D(1285) 

and E ( 1 4 2 0 ) . The l a r g e mass fo r t h e A i s a t t r a c t i v e t h e o r e t i c a l l y 

s i n c e i t i s c o n s i s t e n t w i th t h e i d e a l mix ing mass r e l a t i o n s , m = m 
1 29 * 30 and m, + m„ ^ 2m „ . The dominance of E •+ K K and t h e f a c t t h a t A D E 

B(D ->• KKTT) ~- 10% a r e a l s o c o n s i s t e n t v;i th i d e a l m i x i n g ; i n f a c t , 

t h e KKTT d e c a y s of D need not r e f l e c t an s s component s i n c e t h e y a r e 

c o n s i s t e n t w i th p r o c e e d i n g by D -* bv, and A could be formed by a 

f ind s t a t e i n t e r a c t i o n v i a U -» OUT: -> 6n. Here 6 i s an i s o v e c t o r 0 

meson which w i l l be d i s c u s s e d below. 

There a r e two p rob lems w i t h t h i s n e a t p i c t u r e of t h e 1 n o n e t . 
31 One i s tha t a CERN experiment s e e s Kp - Dn but not Kp •• En. This 
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Figure 3 . 1 . (From Ref. (26) ) . The in tens i ty and phase of 

1 S pit for the following momentum t r a n s f e r s : 

(a) 0.0 < | t ' | < 0.05, (b) 0.05 < [t ' | < 0.16, 

(c) 0.16 < | t ' | < 0 .3 , (d) 0.3 < | t ' | < 0.7 GeV.2 

Solid curves are f i t s to resonant A plus Deck ef fec t ; 

dashed curves are Deck in tens i ty alone. The apparent 

peak at --1.1 moves to —1.3 as [ t ' j increases and the Deck 

effect become.-, unimportant. 
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cannot be if E a is and D =• — (uu + dd). The LASS group at SLAC will 
v2 

soon be a b l e t o make a s tatement about t h i s problem. 

The second problem i s the c o n s i s t e n c y of the new l a r g e mass for 

32 the A1 w i t h the data from T + TTTITTV which was a d v e r t i s e d a s g i v i n g 

1 .1 GeV. In f a c t t h i s T decay data can be f i t w i t h a peak a t 

33 *1 
1180 MeV.J"" And because of the limited phase space, the apparent A 

33 mass in T decay is shifted down from the true mass. 1 examined 

this effect for a range of widths for the £ and also to explore the 

28 in Table (3.1), where I have assumed m. =1.23 GeV. and studied 
A l 

M (GeV) 

1 
(GeV) 

0 .25 .3 .4 .5 

.3 1.22 1.21 1.21 1.20 1.17 

.4 1.21 1.20 1.20 1.18 1.15 

.5 1.20 1.19 1.18 1.17 1.13 

Table 3 . 1 , The p o s i t i o n of t h e PTT peak in 

T •+ vA, -*• vpTi f o r m. = 1 . 2 3 , a s a f u n c t i o n of 
i A l 

the position of the p-n peak in T -> v A -> v pn as a function of the 

A. total width and the T neutrino mass. The present experimental 2o 

upper limit on the v mass is 250 Mev. For a given value of 



26 

T t h e d i f f e r e n c e between m - 0 and m « 250 MeV. i s on ly 10 MeV . A1 v v 

in the p o s i t i o n of the pir peak. I t t a k e s l a r g e r v a l u e s of m to 

have a s i g n i f i c a n t e f f e c t on the peak p o s i t i o n . The p o s i t i o n of the 

peak i s ra ther s e n s i t i v e to the A, width . For m = 0 and 
1 v 

A l 

This i s not far from the s u c c e s s f u l f i t to the T data in Ref. ( 3 3 ) , 

which had the apparent peak a t 1180 MeV. We need higher s t a t i s t i c s i 

decay data to know whether there i s r e a l l y a c o n f l i c t with the l a r g e 

A. mass va l ue of the pion s c a t t e r i n g exper iments . 

The e l e c t r o m a g n e t i c d e c a y s 0 •+ TTTTTITT are an i n t e r e s t i n g channe l in 

which t o s t udy the A., In t h e n e g a t i v e G-parj*'y channe l i| •+ A o •+ PTTC •+ 5~ 

t h e A s i g n a l may be overwhelmed by a l a r g e A_ s i g n a l , s i n c e both 

V -* A. c. and i[ -+ A_o a r e s-wave d e c a y s . But in the p o s i t i v e G - p a r i t y 

M " channe l 'I1 "* A^ v i s a d-wave decay and t h e r e f o r e g r e a t l y supp re s sed 

r e l a t i v e to . -* A ~ which i s s -wave . These p o s i t i v e C - p a r i t y f i n a l 

s t a t e s a r e formed p r e d o m i n a n t l y when Y d e c a y s v i a a v i r t u a l p h o t o n . 

The c o n t r i b u t i o n t o t h e h a d r o n i c w id th of t h e 4'from t h i s mechanism i s 

r ( , - Y * - " ) = R . r ( u , - e e") 
^ n hadron 

= 12 KeV. 

or abou t 20% of ^11 h a d r o n i c d e c a y s . (An e s t i m a t e of the r a t e fo r 

t h e e x c l u s i v e w id th "(ty -* y* -»• TTTITTT) i s g iven in my paper c i t e d in 

Ref. ( 9 5 ) . ) ( I thank G. Gida l fo r a d i s c u s s i o n . ) 

l + ~ nonet : Here 8/9 of t h e nonet i s in p l a c e : B(1231) , Q E (1340) 

and H ( 1 1 9 0 ) . There a r e l a r g e u n c e r t a i n t i e s in t h e mass of the H, 

which was e s t a b l i s h e d in t h e channe l ? p * n T n n by the same ?.fo 

27 e x p e r i m e n t which I have a l r e a d y ment ioned in t h r e e o t h e r c o n t e x t s . 

If I f o l l o w my p r e j u d i c e for an i d e a l n o n e t , t hen t h e H' should bi-
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found in KKn with a mass ro^, ^ 2m " m

B - 1 4 50 MeV. As I will 
B 

discuss in Section VII, these may be four KKir resonances in this mass 

legion: £,(1420) t H' and Lwo pseuuuscalars, ont a qq tadxal excitation 

and the other a glueball. Of these only H? has negative charge con

jugation. 

The quantum numbers of the 1 and 1 nonets differ only by 

C- pari ty, which prevents the strong mixing of the C eigenstates. 

But only three par t ic les of a nonet are C eigenstates, so C cannot 

± ± 

prevent the mixing of the other six. A., and B are however G parity 

eigenstates, G - -1 and +1 respectively, so they also cannot mix 

strongly. If SU(3) flavor were as good a symmetry as isospin, then 

G, the SU(3) analogue of G, would similarly forbid the strong mixing 

of Q. and Q . But the su u " '^n t ia l breaking of SU(3) flavor, which in 
A D 

QCD is just due to the quark masses, means that substantial mixing can 
occur. The Q (1340) and Q_(1340) are in fact not the observed A B 
eigenstates: their masses are the result of an analysis which 1 

will now briefly describe. 
P + 35 

Two J = 1 strange mesons are observed experimentally, called 

0.(1270) and 0^(1410). They -•re what we observe, so they are the 

eigenstates of the full Hamiltonian. Their most striking difference 

is that 

r(Qj - cK) » : ( Q I - K*T.) (3.1) 
whereas 

T(Q2 -*• K*r)»r(Q 2 - pK) (3.2) 

Q and Q are the G eigenstates. The physical eigenstates 0 and 

Q are expressed in terms of Q. and Q by a mixing angle (J , 
I A n 

Qj = cos<< QA + sin^ QB 

Q2 - - sin,, 0 A + c o s * Q f i ( 3 _ 3 ) 
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In the A - B b a s i s Che mass matr ix i s 

(3.4) "-0 ") 
\ e m „ / 

B 

where 

£ - < A|H|B > . ( 3 . 5 ) 

The a n g l e $ i s found by d i a g o n a l i z i n g M, 

t a n 2* •= —— ( 3 . 6 ) 

4> and m a r e f i x e d r o u g h l y j u s t by SU(3) symmetry and t h e 
A,B 

37 decay p a t t e r n ( 3 . 1 ) and ( 3 . 2 ) . Using Eq. ( 3 . 3 ) and f l a v o r SU(3 ) , 

t h e a m p l i t u d e s f o r t h e s u p p r e s s e d d e c a y s a r e 

M(QX - K*TT) = y gA cose +j^ gB s ine ( 3 . 7 ) 

M ( Q 2 - p K ) = - j gA s i n e - J = gB cos6 ( 3 . 8 ) 

where g a r e reduced m a t r i x e l e m e n t s t h a t could be de t e rmined from 

o t h e r d e c a y s ( such a s B -*• UJTT and A.. -* PTT). But i n d e p e n d e n t l y of g 

i f we i n t e r p r e t ( 3 . 1 ) and ( 3 . 2 ) t o mean t h a t ( 3 . 7 ) and ( 3 . 8 ) should 

v a n i s h we f ind t ane — l / t a n 9 o r 

8 = 4 5 ° . ( 3 . 9 ) 

In Eq. ( 3 . 6 ) t h i s i m p l i e s m. = m„. S ince t h e t r a c e of M, Eq. ( 3 . A ) , 
A D 

i s i n v a r i a n t unde r d i a g o n a l i z a t i o n , we have f i n a l l y 

i m S | ( i , + m,) = 1340 MeV. ( 3 . 1 0 ) 
D Z 1 Z 

Dnet: The 0 noner c?n on ly be d e s c r i b e d a s a zoo 

D i f f i c u l t i e s a r e p r a c t i c a l and c o n c e p t u a l . The p r a c t i c a l d i f f i c u l t y 

i s t h e p r e s e n c e of l a r g e s-wave backgrounds (everybody l o v e s an s -wave, 



29 

e s p e c i a l l y phase space) and masking by s t a t e s of h igher s p i n . The 

—— 38 

conceptua l problem i s tha t t h e r e may be l o w - l y i n g s-wave qqqq s c a l e r s 

a s w e l l a s the expected p-wave qq s c a l a r n o n e t . 

There are now n ine w e l l e s t a b l i s h e d s c a l a r s t a t e s wi th the r i g h t 

quantum numbers to f i l l a none t . But t h e s e n i n e s s t a t e s do not a 
39 nonet make! They are the i s o v e c t o r 6 ( 9 8 0 ) , the i s o s c a l a r s S*(980) 

4 - 41 
and e ( 1 4 2 5 ) , and the s t range quar te t K(1425) . The degeneracy of 

6 and S* s u g g e s t s an i d e a l nonet w i t h S* • =. (uu + dd) and e • s s , 
/2 

excep t t h a t both 6 and S* c o u p l e v e r y s t r o n g l y to KK ( t hough t h e y a r e 

below KK t h r e s h o l d ) and z c o u p l e s more s t r o n g l y t o H I t h a n KK by a t 

hi 
l e a s t a f a c t o r 1 0 . 

* 
The most l i k e l y e x p l a n a t i o n i s t h a t 6 and S a r e n o t members of 

t h i s L = 1 none t bu t " someth ing e l s e " ( s e e t h e n e x t s e c t i o n ) . Then 

e (1425) and K(1425) may be p a r t of the r e a l p-wave qq n o n e t , w i t h 

t h e i s o v e c t o r and one more i s o s c a l a r y e t t o be found . In f a c t , a 

c a n d i d a t e fo r t h e m i s s i n g i s o s c a l a r has been obse rved a t 1770 MeV. in 

43 a BNL expe r imen t on n p •+ K K n . The i s o v e c t o r cou ld c o r r e s p o n d t o 

a K K enhancement in t h e 1300 GeV r e g i o n seen in a p h a s e s h i f t 
- - 1,1, 

a n a l y s i s of 71 p -* K K p . 

B. A Dynamical P u z z l e : L = 1 S t a t e s in t h e Bag Model 

A f t e r t h e g e n e r a l l y e n c o u r a g i n g r e s u l t s f o r the s-wave s t a t e s in 

t h e bag model i t was hoped t h a t p r e d i c t i o n s fo r t h e p-wave s t a t e s 
3 

would " p r o v i d e a [ f u r t h e r ] c r u c i a l t e s t . . . . ' Th i s hope has no t been 

f u l f i l l e d b ecause of a fundamenta l and so f a r i n t r a c t a b l e p r o b l e m . I 

s u s p e c t t h a t t h e s o l u t i o n , must be sought o u t s i d e t h e Bag m o d e l , in 

t h e QCD dynamics of bag f o r m a t i o n . 

In t h e Bag model a n g u l a r e x c i t a t i o n s a r e c l a s s i f i e d by j - j 

c o u p l i n g r a t h e r than t h e L - S c o u p l i n g of t h e n o n r e l a t i v i s t i c mode l . 

The p-wave mesons a r e found by p u t t i n g one quark in t h e S. ,., c a v i t y 
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45 eigenmode and the other in the P node. Then for example a tensor 
_+ t meson with J « J • 2 is formed from q q ,,,. where "+" denotes z ^s^pC+1) 

s - + 1/2 and p(+l) denotes the j - + 1 component of the q mode. 

The trouble is that there are two such states, the other being n +, ,.q + . 
p(+l) s 

There i s then a C-parity doubling with two C eigenstates 

^ V W D iSVi)^- ( 3 - n ) 

In addition to the desired J = 2 nonet we have found a 2 nonet, 
degenerate in our approximation with the 2 nonet. The 2 
configuration is exotic in that it cannot be constructed from qq in 
the nonrelativistic quark model. There is no experimental evidence 
for such states. 

In addition to the four L = 1 nonets of the nonrelativistic 

model, (0, 1, 2) and 1 , we expect four additional degenerate 
+— t I nonets, (0„ 1, 2,) and 1 . There is no experimental evidence 

for any of these extra states in the mass range of the known p-wave 

nonets. 
I t i s easy to see why the s t a t i c cavi ty approximation gives these 

extra s t a t e s but not so easy to see what to do about i t . The extra 

modes are most eas i ly visual ized in the L - S scheme. In addit ion to 

the familar mode in which an L • 1 qq pai r has i t s center of mass at 

r e s t r e l a t i v e to the cavi ty there i s another mode in which an L = 0 

qq pair moves in a p-wave with respect to the cav i ty . The existence 

of the cavi ty in the Bag model gives r i s e to the new degrees of 

freedom which are not present in the two-body qq spectrum of (he 

n o n r e l a t i v i s t i c po ten t ia l model. 

The same problem occurs in the se l f -cons is tent f ield approximation 

in nuclear physics, and there i t ^s easy to see what to do about i t . 
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In that case the analogue of our cavity is the effective field 

exerted on any given nucleon by its neighbors. The nucleus is a 

nonrelativistic system and the binding force is described to a good 

approximation by an instantaneous potential. The fixed field ai.satz 

is then an artifact, because the real physics is that the self-

consistent field changes much more quickly than the neuleons move. 

Therefore the extra states are also an artifact, they are spurious, 

and the right prescription in nuclei is to throw them away. 

In hadrons the answer is not so clear. We do not want to assume 

a light hadron is a nonrelativistic system bound by an instantaneous 

potential. Rather there is a dynemical question here for which we 

must .nook to QCD for the answer. The question is what is the time 
-23 scale T of QCD vacuum fluctuations relative to T ~- 10 sec., the v q 

time for a quark to move a characteristic hadronic distance? If 

T » T the vacuum adjusts very slowly to the mntion of the quarks, 

so the static cavity approximation is good and the extra states 

should exist with masses near those of the usual states. The 
other extreme T ^> T approximates the instaneous potential av ' v q r 

the extra states are essentially spurious (or exist at a very high 

mass). In between there if a continuum of possibilities. 

It is clear that for heavy enough quarks we have T ^> \ and 
q v 

the extra s t a t e s are spurious. For the l igh t hadrons the two scales 

are probably of the same order of magnitude, though I wouldn't know 

how to guess if i A were, say, 3 or 1/3. This i s the most com-
^ v 

pl icated p o s s i b i l i t y . I t i s surely not excluded by present experiment, 

that the extra s t a t e s are a few hundred GeV above the known p-wave 

nonets, and i t i s worth looking for them. The best signature is 
PC + - +- PC + ' 

t h e e x o t i c quantum numbers J = 0 and 2 s i n c e J = 1 s t a t e s 

could be rad ia l exc i t a t i ons . 
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Although I described the extra states in the cavity rest frame, 

they can as well be viewed from the qq rest frame as cavity excitations. 

They are collective modes of the color flux that binds the quarks in 

QCD. For states of large J where a string model may apply they would 
46 correspond to excitations of the string. 
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IV qqqq EXOTICS 

I t was p o s s i b l e t o d i s c o v e r quarks from the hadron spectrum known 

in the e a r l y 6 0 ' s because the known s t a t e s could be i d e n t i f i e d with 

s imple qq mesons and qqq baryons . Many y e a r s l a t e r and with many 

more s t a t e s d i s c o v e r e d , the s imple c l a s s i f i c a t i o n scheme i s s t i l l 

remarkably s u c c e s s f u l . Succes s i s a lways g r a t i f y i n g but t h i s s u c c e s s 

i s a l s o p u z z l i n g . What about more compl icated s t a t e s , such a s the 

four quark e x o t i c s made of qqqq? Does QCD p r e d i c t t h e i r e x i s t e n c e 

or n o t ? E x o t i c quantum numbers, such a s Q = 2 or S = 2 , would make 

them easy t o d e t e c t . I s i t a s u c c e s s o r a f a i l u r e t h a t t h e y have not 

y e t been found? 

A n e a t s o l u t i o n t o t h i s p u z z l e has been g i v e n in t h e Bag 

mode l . ' The s o l u t i o n has two p a r t s : 

1) The l o w e s t - l y i n g qqqq s t a t e s do not have e x o t i c quantum 

numbers , but form n o n e t s w i th t h e same ne t quantum numbers a s qq 

47 
n o n e t s — t h e y a r e c a l l e d c r y p t o - e x o t i c n o n e t s . 

2) Most of t h e qqqq s t a t e s — b o t h t h e t r u l y e x o t i c and t h e c r y p t o -

e x o t i c — can " f a l l a p a r t " i n t o two c o n s t i t u e n t c o l o r - s i n g l e t qq 

mesons and a r e c o n s e q u e n t l y too broad t o d e t e c t a s S -ma t r ix p o l e s . 

The e x i s t e n c e of the l o w - l y i n g c r y p t o - e x o t i c n o n e t s i s impl ied by 

t h e h y p e r f i n e s p l i t t i n g due t o s i n g l e g luon exchange , the same 

a p p r o x i m a t i o n d i s c u s s e d in S e c t i o n I I which g i v e s a good q u a l i t a t i v e 

d e s c r i p t i o n of t h e L = 0 h a d r o n s . In t h i s a p p r o x i m a t i o n , i t i s no t 

PC -H-
hard t o s ee why t h e qqqq ground s t a t e t u r n s ou t t o be a J = 0 

48 s c a l a r n o n e t . 

The quark e igen-modes a r e c l a s s i f i e d by t h e group 

SU(3) , x SU(2) . * S U ( 3 ) f , . I t i s u s e f u l t o c o n s i d e r 
coloT span f l a v o r 

SU(6) . . which c o n t a i n s SU(3) . * SU(2) and t o c l a s s i f y 
c o l o r - s p i n c o l o r sp in 

s t a t e s by SU(6) * S l ' O ) , . . Where ' and o d e n o t e the 
c o l o r - s p i n f l a v o r 
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e i g h t c o l o r and three sp in m a t r i c e s , the e n e r g y - s h i f t due to s i n g l e 

gluon exchange i s 

A E - - K - p - I < ^ • ^ a, • o > ( 4 . 1 ) 
i . j ^ 3 x 

K i s a f lavor-dependent constant and the sum i s over a l l qq, qq, and 

qq p a i r s ( i , j ) . In analo^v to the SU(2) r e l a t i o n fo r a qq bound 

s t a t e 

W " I 1 Stot " S l - S2l <4'2> 

t h e e x p e c t a t i o n v a l u e in Eq. ( 4 . 1 ) may be r e w r i t t e n in t e rms of 

SU(6) _ . Casira i r o p e r a t o r s 
c o l o r - s p i n 

a s 1 AE = K -g- [ - C 6(TOT) - C 6 ( q q ) - C & (qq) + . . . ] . ( 4 .31 

For s i m p l i c i t y I have d i s p l a y e d on ly t h e l a r g e s t t e rms in Eq. ( 4 . 3 ) ; 

c o n t r i b u t i o n s of SL'(2) . and SU(3) Cas imi r o p e r a t o r s a r e 
sp in c o l o r 

o m i t t e d . C, i s t h e sum of the s q u a r e s of t h e 35 SU(b') a e n e r a t j r s , b ^ =. • 

t h e a n a l o g u e of S(S f 1) = Z oT for SU(2) . C d o m i n a t e s Eq. ( 4 . 3 ) 

j u s t because SU(6) has more g e n e r a t o r s than SU(3) and SUt2 ) . 

The quantum numbers of t h e ground s t a t e a r e e a s i l v o b t a i n e d froir. 

Eq. ( 4 . 3 ) and Fermi s t a t i s t i c s . S ince C,(qq) and C, (qql appea r wi th 

a minus s i g n we want t o maximize them. The l a r g e s t Casimir for a 

d i q u a r k i s o b t a i n e d from the symmetric r e p r e s e n t a t i o n , the 21 in 

b x 6 = 21 + 1 5 * . ( j u s t l i k e i n SL'(2) , 2 x 2 = 3 + 1 , where t h e 

t r i p l e t i s symmetr ic and the s c a l a r a n t isyraroetr i c ) . Bu t if t h e 

d.^quark i s symmetric under SU(6) , . , Fermi s t a t i s t i c s r e q u i r e 
n c o l o r - s p i n 

t h a t i t be a n t i s y m m e t r i c under SU(3K, , i e , in t h e 3* of 
J flavor — 

3 '• 3 = b + 3*. Therefore qq is in the flavor 3*, qq is in t hv 

flavor 3, and the ground state qqqq is in a flavor nonrt , i • i* - H -f- 1! 

The spin of this nonet is determined by C (TO'I), the first turin 

in Eq. (4.3). Since it contributes positively tu 'A: WL want to 



minimize i t . This i s jchieved when the t o t a l s t a t e i s an 

SU(6) , . s i n g l e t , in which case i t i s a lso a s ingle t of 
color-spin " 

SU(2) J , t h a t i s J » 0 . P and C a r e t h e n p o s i t i v e because a l l four s p i n ' 

c o n s t i t u e n t s a r e in an s -wave . The c o n c l u s i o n i s t h a t t h e l o w e s t -

l y i n g qqqq s t a t e s have p r e c i s e l y t h e same quantum numbers a s t h e 
PC | | _ 

J » 0 none t formed from qq i n a p -wave! 

Al though t h i s c r y p t o - e x o t i c none t has t h e same n e t quantum 

numbers a s t h e p-wave s c a l a r n o n e t , i t s e x o t i c qua rk c o n t e n t g i v e i t 

p r o p e r t i e s v e r y d i f f e r e n t from t h e qq n o n e t . The quark c o n t e n t and 

e s t i m a t e d masses a r e shown in f i g u r e ( 4 . 1 ) . N o t i c e in p a r t i c u l a r t h e 

d e g e n e r a t e i s o s c a l a r and i s o t r i p l e t a t 1100 MeV., which a r e j u s t t h e 

u s u a l i d e a l l y mixed n o n - s t r a n g e i s o s c a l a r and i s o t r i p l e t p l u s an s s 

p a i r . Un l ike t h e n o n - s t r a n g e i s o s c a l a r and i s o t r i p l e t of a qq n o n e t , 

t h e s e qqqq s t a t e s w i l l c o u p l e s t r o n g l y t o KK. 

T h i s l a s t o b s e r v a t i o n should s t a r t b e l l s r i n g i n g — in c o n n e c t i o n 

w i t h t h e p e c u l i a r i t i e s of t h e s c a l a r mesons d i s c u s s e d in S e c t i o n I I I . 

Remember t h a t t h e i s o t r i p l e t 6(980) and t h e i s o s c a l a r S*(980) do not 

make good p a r t n e r s f o r t h e E ( 1 4 0 0 ) because t h e y c o u p l e s t r o n g l y t o KK 

w h i l e c (1400) c o u p l e s most s t r o n g l y to -i- . I argued that e(1400) and .: (1400) 

a r e good c a n d i d a t e s fo r t h e p-wave nonet but t h a t S* and 6 a r e no t and 

must be "someth ing e l s e . " The c r y p t o e x o t i c nonet a p p e a r s t o be j u s t 
1R 4 / 

t h e " someth ing e l s e " we were l o o k i n g f o r . ' 

We suppose then t h a t t h e s t a t e s e s t i m a t e d to be a t 1100 MeV. in 

F i g . ( 4 . 1 ) a r e in f a c t t h e 6 and S* a t 980 MeV. S* i s t hen composed 

of — (uu + d d ) s s and i s below t h r e s h o l d for i t s f a l l - a p a r t d e c a y s t o 

KK and r,n, though i t i s presuroeably r e s p o n s i b l e fo r t h e obse rved 1 = 0 

KK t h r e s h o l d enhancement . The p r i n c i p a l decay S* * i TI i s then OIZ 

f o r b i d d e n , which e x p l a i n s t h e nar row S* wid th — e . g . , 14 ? 5 MeV. 
40 42 

a c c o r d i n g t o Gidal et a ] . and 8 MeV. a c c o r d i n g to I r v i n g et a l . 
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F i g u r e 4 . 1 , from Ref. ( 4 8 ) . The L i g h t e s t qqqq 
PC |..i, 

e x o t i c s : t h e J = 0 c r y p t o - e x o t i c n o n e t . 

The qua rk c o n t e n t and masses a r e shown. 
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Just because i t i s degenerate with the S* and also couples 

strongly to KK, there i s a very strong case for the crypto-exotic 

assignment of the 6. What about the other two predicted crypto-

exot ics , the K(900) and e(650)? There i s no evidence for them in 

standard Kn and TTTI phase shi f t analyses . This i s not so surprising 

if we real ize fnat , unlike S*, they are predicted to be far above their 

fal l-apart thresholds, at 630 nid itSO MeV. r e spec t ive ly . Even if t he i r 

masses are overestimated b̂  -100 MeV at 900 and 650, they are s t i l l 

far enough above the i r f a l l - a p a r t thresholds to be unobservably 

broad, with widths of the order of the i r masses. Although suuh 

s t a t e s would be unobservable as S-matrix poles , i t may be poss ib le to 
49 verify the i r existence by using a P-matrix analys is of the da ta . 

This i s a neat explanation of the known p e c u l i a r i t i e s of the 

scalar mesons, but i t leaves a question about the assignment of the 6. 
47 The 6 has equal f a l l - apa r t decay amplitudes to KK and to n ^, where 

n denotes the ss component of n. If I assume, as I -t have tor 

L and • that T, would be of order m if 6 could decay freely to KK 

and n n, then a crude estimate for r p i s i . mui t ipl ied bv i t s fa l l -aDart s 6 o 
probabi l i ty to nii. This i s j u s t 

r 6 = - | s i n 2 ( 9 + 55°) m6 (4.4) 

since sin (6 + 55 ) i s the probabi l i ty that n i s an ss p a i r , where 6 is 

the mixing angle defined in Eq. (2 .21) . For the preferred 6 = - 11 

t h i s gives T = 250 MeV., f ive times large than the 50 MeV. width 
30 quoted in the PDG t a b l e s . To make Eq. (4.4) consis tent with 50 MeV., 

we need 6 — - 35 . 1 find t h i s an unpalatably large departure from 

the standard value, which, as discussed in Section II A, issupported by 

1) the mass formula, 2) iOw energy theorems for n -* >-, THY. and 3) 

the r a t i o o(Tip -+ nn) / o(np -+ n ' n ) . 
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Although Eq. (A.4) is only a crude order of magnitude estimate, 

it is distressing that it disagrees with the quoted width by a factor 

""5. There is however another interpretation of the data, proposed 

several years ago by Flatte* (so that collusion with today's theorists 

would have required tachyons). The 50 MeV. width quoted in the PDG 

39 tables is obtained from the width seen in 6 •+ n*. F la t t e* o b s e r v e s , 

u s i n g a s i m p l e m o d e l , t h a t i f <5 a c t u a l l y h a s a much l a r g e r w i d t h i t s 

apparent width i n 6 *+ T\TI cou ld be sma l l because of " c u s p s " formed by 

t h e open ing and c l o s i n g of t h e KK c h a n n e l . F i t t i n g t h e d a t a w i t h h i s 

model he f i n d s t h a t t h e t r u e w i d t h could be a s l a r g e a s 300 TleV. 

I f c o r r e c t t h i s v iew would remove t h e on ly o u t s t a n d i n g p u z z l e in 

t h e p i c t u r e of t h e c r y p t o - e x o t i c n o n e t . The t e s t of F l a t t e n s model i s t o 

measure I \ in 6 -*• KK where t h e t r u e w id th should a p p e a r . Th i s means 

a c c u m u l a t i n g enough s t a t i s t i c s t o e x t r a c t t h e w i d t h from t h e shape of 

t h e 1 = 1 s-wave KK t h r e s h o l d enhancement . The bes t a v a i l a b l e d a t a 

does no t have enough s t a t i s t i c s t o d e c i d e t h e q u e s t i o n — i t i s shown 

in f i g u r e ( 4 . 2 ) . I f F . were a s l a r g e a s , s a y , 150 MeV., i t would be o 

a c c e p t a b l e g i v e n t h e c r u d e " d e r i v a t i o n " of Eq. ( 4 . 4 ) . 

I s i t p o s s i b l e t h a t h i g h e r mass qqqq s t a t e s might a l s o be o b s e r v a b l e 

a s o r d i n a r y r e s o n . " n c e s ? The answer could be yes if t h e r e a r e o t h e r 

qqqq s t a t e s which a r e below t h e t h r e s h o l d f o r f a l l - a p a r t d e c a y . Among 
47 PC -H-

t h e s p a t e s c o n s i d e r e d by J a f f e t h e r e i s a second J = 0 n o n e t , 

denot d by 9*, w i t h p r e c i s e l y t h e same qua rk c o n t e n t a s t h e 6 - S* none t . 

T h i s ->* d i f f e r s from the 6 none t by " r e c o u p l i n g c o e f f i c i e n t s " which 

cause I t t o p r e f e r f a l l - a p a r t d e c a y s t o two v e c t o r mesons over decays 

t o tv p s e u d o s c a l a r s by a f a c t o r - ( . 5 b / . 1 8 ) " = 10. T h e r e f o r e if t h e s e 

s t a t t were below t h e v e c t o r - v e c t o r t h r e s h o l d s , t h e i r w i d t h s would be 

suppr ssed by an o r d e r of magn i tude and they could be o b s e r v a b l e a s 
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Number of 
events per l 0 

.02 GeV. 

0 4 0 4 IO It l< >« 

M(K K ) , GeV. 

Figure 4.?. K K mass distribution from Ref. (39). 

Top curves represert phase space (dashed) and the 6 

contribution (solid). Bottom curve is the sum. 
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ordinary "mass-bumps". Jaffe's estimate of their masses is 

(uudd) - 1450, (sudd) - 1600, [ss(uu + dd)] - 1800, all below their 

vector-vector thresholds. In particular the uudd state could be 

52 responsible for the PP threshold enhancement recetnly observed in 

Y7 -+• pp, much as S* and 6 may be responsible for the KK threshold 

enhancements. If this is correct then CUOJ should also occur in the 

ratio pp :u>ui * 3:1, and the state should also be seen in the TTT and 

nn channels in the rat io TTTT :nn " 12:1 (in computing this ratio I 

assume the standard n - nT mixing angle -11 ) . 

P C | j 

Other possible observable states on Jaffe 's l i s t are a J = 2 

nonet with estimated masses 1650, 1800, 1950. These states only 

fa l l apart to two vectors, though by gluon exchange they could decay 

to two pseudoscalars. The estimated masses are above the fall-apart 

thresholds, but not by very much, and the estimates could easily be 

high — as they are for £ and S*. Thus the uudd state is also a 

candidate for the pp enhancement especially if i t s actual mass is 

below the estimated 1650 N"V. The branching rat ios for this state 

would also satisfy pp:jb> = 3 and Tm:nn = 1 2 . I t s t h r e e body decays 

might be a s p r o m i n e n t s a s i t s TITT and nn d e c a y s , s i n c e bo th occur by 

v i r t u e of g luon exchange . T h i s s t a t e t o g e t h e r w i t h o t h e r s on J a f f e ' s 

shopp ing l i s t have been proposed by B. Li and K. Liu a s t h e cause of 

t h e obse rved pp enhancement . They use v e c t o r meson dominance to 

r e l a t e t h e v e c t o r - v e c t o r and yy w i d t h s of t h e s e s t a t e s . 

So f a r o n l y the s-wave qqqq s t a t e s have been i n v e s t i g a t e d , w i th 
PC I I 

J • ( 0 , 1 , 2 ) . I t would be i n t e r e s t i n g t o s tudy t h e p-wave 

spect rum t o see if any could have masses below t h e i r f a l l - a p a r t 

t h r e s h o l d s . However to approach t h i s q u e s t i o n in t h e bag model 

i t would he n e c e s s a r y t o confront, t h e problem d i s c u s s e d in S e c t i o n 

I I I B . 
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V. A CATALOGUE OF HIGHER qq EXCITATIONS 

In s e c t i o n s I I and I I I we have seen the r e s u l t s of impress ive 

experimental progres s that has l e d to the almost complete assignment 

of s i x qq n o n e t s : two s-wave and four p-wave. Th i s i s i n t e r e s t i n g 

for what I t t e a c h e s us about how quarks bind but a l s o because i t 

e s t a b l i s h e s a matrix of known s t a t e s up to — 1.5 GeV a g a i n s t which 

we can look for the d e v i a t i o n s that would r e p r e s e n t . n e w p h y s i c s . An 

example i s the d i s c u s s i o n of qqqq e x o t i c s In t h e p r e c e d i n g s e c t i o n : 

i t i s t h e understanding of t h e known "matrix" of qq s t a t e s which 

enabled us to recognize 6 and S* as "something e l s e " . Similar ly , in 

Section VII I wi l l argue on the bas is of what we know about the A 

nonet, discussed in Section I I I , and the TT ' nonet, to be discussed in 

t h i s sec t ion, that the KKTT enhancement seen at 1440 MeV in pp 

annih i la t ion at r e s t and in il -* yX i s probably a pseudoscalar g lueba l l . 

To understand the new physics above —1.5 GeV. i t i s important to 

have a similar grasp of that part of the qq spectrum. This i s a very 

t a l l oi'.er. In t h i s section I wi l l b r i e f ly descr ibe the progress that 

has been made. I wi l l do l i t t l e uiore than l i s t the observed rad ia l 

and o r b i t a l exc i ta t ions and present references to the experimental 

l i t e r a t u r e . 

A. K^dial Exci tat ions 

PC -+ 
As t h e r e a d e r should c o n v i n c e h i m s e l f , J = 0 s t a t e s 

canno t be c o n s t r u c t e d from qq s t a t e s w i t h L > 0 in t h e n o n r e l a t i v i s t i c 

PC -+ 

quark mode l . T h e r e f o r e in t h e n o n r e l a t i v i s t i c model new J = 0 

s t a t e s can on ly be i n t e r p r e t e d , if t h e y a r e qq s t a t e s , a s r a d i a l 

e x c i t a t i o n s . Low sp in s t a t e s a r e u s u a l l y t h e hard e s t t o d e t e c t , so 

i t i s i m p r e s s i v e t h a t e v i d e n c e for 8 /9 of an e x c i t e d p s e u d o s c a l a r nonet 

i s a l r e a d y in p l a c e . The r a d i a l ground s t a t e i s deno ted by the 

p r i n c i p a l quantum number N = 1, so t h e s e a r e (N = 2 , L = 0) s t a t e s . 
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The candidates for th i s nonet are l i s t ed in Table (5 .1 ) . The sane 

M r Decays 

IT 1 -1270 -580 £ J , P7T 

K* 1400-1450 -250 cK,K*rr(pK?) 

C 1275 70 r)iT7r ( 6 i r , t T i ) 

Tab le 5 . 1 . C a n d i d a t e s fo r 8 /9 of t h e r a d i a l l y 

e x c i t e d p s e u d o s c a l a r n o n e t , (See t e x t fo r r e f e r e n c e s 

t o e x p e r i m e n t a l p a p e r s . ) 

h igh s t a t i s t i c s d i f f r a c t i v e Tip s c a t t e r i n g d a t a ' (from ACCMOR) t h a t 

gave e v i d e n c e fo r t h e A- a t 1280 a l s o a p p e a r s t o show v e r y broad 

PC —J-
r e s o n a n t b e h a v i o r i n t h e I J = 1 , 0 ' EH and pn c h a n n e l s . A f i t t o 

28 t h a t d a t a y i e l d e d m , S 1270 HeV. The K1 was seen in eK in t h e LASS 

54 s p e c t r o m e t e r a t SLAC and more r e c e n t l y in EK and K*TI by t h e ACCMOR 

35 c o l l a b o r a t i o n a t CEKK. The mass i s r e p o r t e d from 1400 to 1450 MeV. 

F i n a l l y one i s o s c a l a r c o n d i d a t e has been seen under t h e D(1285) in t h e 

r e a c t i o n TI p •* n i n n, by t h e same ZG11 exper iment t h a t a l s o observed 

t h e A. and H mesons in H TI H . I c a l l t h i s p a r t i c l e t h e 5 ( 1 2 7 5 ) , in 

honor of t h e ZGS, a s e x p l a i n e d in f i g u r e ( 5 . 1 ) which a l s o i l l u s t r a t 

t h e p e r i l s of t r y i n g t o foo l around in P h y s i c s Review L e t t e r s . 

Because i t p l a y s an impor t an t p a r t in t h e d i s c u s s i o n of the 

g l u e b a l l c a n d i d a t e i n S e c t i o n V I I , the e v i d e n c e fo r c. (1275) i s shown 

in F i g s . ( 5 . 2 ) and ( 5 . 3 ) . I t i s l i k e l y t h a t many presumed o b s e r v a t i o n s 



A3 

LBL-11977 

I f we s u p p o s e G i s d i s t i n c t from E and J (G) « 0~, how can we 

d e c i d e i f G i s a g l u e b a l l ? I f i t i s no t a g l u e b a l l , t h e n i t i s 

most l i k e l y t o be a r a d i a l l y e x c i t e d qq meson. There a r e a l r e a d y 

two e x c e l l e n t c a n d i d a t e s fo r an e x c i t e d J - 0 - * n o n e t , K ' (1400) 

and c(1275) ( ; i s named i n honor of t h e ZGS, R. I . P . - i t i s c a l l e d 

n (1275j in t h e d a t a c a r d l i s t i n g s of Ref. ( 2 6 ) ) . 'The r. was obse rved 

i n a p a r t i a l wave a n a l y s i s of iTp - r,n - rnv+TT~n i n t h e v e r y s e n s i t i v e 
21 

up expe r imen t which d id no t see a s i g n i f i c a n t n-nr s i g n a l n e a r 1.4 

GeV. We might h y p o t h e s i z e t h a t G and £ a r e t h e two i s o s c a l ; 

( a ) Before 

P H Y S I C A L R E V I E W L E T T E R S 

II we suppose C is distinct from £ and Jr-0' 
for C, how can we decide if C is a glueball? If 
it is not a glueball, then it is most likely to be a 
radially excited qq meson. There are already 
two excellent candidates for an excited JK = 0" * 
nonet, if'(1400) and £(1275) [the £ was named in 
honor of the zero-gradient synchrotron at Brook-
haven National Laboratory—it i s called n(1275) 
in the data card listings of Ref. 26]. The £ was 
observed in a partial-wave analysis of n 'p - £n 
- n i t ' u ' n , in the very sc sitive irp experiment 2 1 

which did not see a significant ijrir signal near 
1.4 GeV. We might hypothesize that C and t a re 
the two isoscalars in the nonet. 

(b) A f t e r 

Figure 5.1 from Ref. (99). Explanation for the 

name c before and after editorial treatment, including 

second coming of the ZCS to Long Island. 

rs in tne 
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12 15 I * 15 
M(i)TrirHGtv) 

2 II 14 15 
M(i)*irl(0»v> 

F i g u r e 5 .2 , from Ref. ( 5 5 ) . R e s u l t s of phase s h i f t 

a n a l y s i s . (a) - ( f ) a r e i n t e n s i f i e s of l a b e l e d 

p a r t i a l waves . (g) i s the p h a s e of 01 d> 

r e l a t i v e t o 11 6n. (h) i s t h e phase of 00" 6T 

r e l a t i v e t o 00 en- Curves a r e f i t s which i n c l u d e D and ;;. 

1 7 * i ! 

Figure 5.3, from Ref, (55). The experimental mass spectrum 

compared to the intensity curves of Fig. 5.2. 
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of D(1285) based on nitT mass histograms alone were in fact observations 

of both D and t, since only a spin analysis could separate the two 

s ignals . A large £ component in these experiments i s indicated by 

the tendency to report widths larger than the r D — 10 MeV seen in 

Ref. (55). 

Notice that { appears c l ea r ly in &-n •*mm and perhaps also in ' V r v 

(He»-e "e" obviously cannot refer to e(1400) but r a the r to a f i t to 

the 1 = 0 s-wave dipion phase s h i f t . ) I t i s however not at a l l ce r t a in 

tha t there i s r ea l ly s t ruc tu re in the en channel. Except for the s ingle 

low bin at 1280 the En data could simply be r i s i n g smoothly from 

threshold — bear in mind that the data points, in Fig. (5.2) are 

not corrected for acceptance, which f a l l s by roughly a factor two 

from 1.28 to 1.4. If the low point at 1280 were raised by ~-2o 

there would be no evidence of any s t r u c t u r e . 

On the other hand, if there r ea l ly i s s t ruc ture in the en channel 

then th re might be a second p a r t i c l e at ~ 1 . 4 GeV. I wi l l c a l l t h i s 

possible object the "g l i t ch" or g l ( 1 . 4 ) . Notice i t does not appear 

at a l l n iv. I wi l l have more to say about g l (1 .4) in Section VII. 

I t i s e s sen t i a l to repeat t h i s experiment with gooj acceptance at 

1.4 (_,(dV t j see if g l (1 .4) r e a l l y e x i s t s . If i t does, one p o s s i b i l i t y 

i s that i t i s the missing ninth member of the nonet. Notice however 

in Table (5.1) that IT' and c have the same mass. This suggests ideal 

mixing, in which case the ninth member of the nonet, which I wi l l c a l l 

£* , should have a bigger mass, 

m , • - 2 m i / 1 " m , ( 5 . 1 ) 

yielding m , s l . 5 - 1.6 GeV for m , from 1.40 to 1.45 GeV. 

In addit ion to these pseudoscalars four other s t a t e s have been 

observed whose only non re i a t i v i s t i c qq assignments are as rad ia l 
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e x c i t a t i o n s . Three are r a d i a l e x c i t a t i o n s of p-wave s t a t e s , 

(N - 2 , L - 1 ) : they a r e the s c a l a r K ' ( 1 8 5 0 ) , 4 1 the 1** A M 1 6 5 0 ) , 3 5 

and the 1 " Q'(1750) which i s a mixture of Q' and Q' a n a l o g o u s t o 
A B 

the N = 1 Q mesons discussed in Section III A. The fourth unambiguous 

radial excitation is an (N = 2, L = 2) suate! It is the 2""*" A' (2100) , 3 5 

a radial excitation of the L = 2 A (1710). 

In addition there are several states which in the nonrelativistic 

qq model could be orbital or radial excitations. These include enough 
PC 

p a r t i c l e s t o f i l l a J = 1 n o n e t , which could however be c l a s s i f i e d 

a s (L = 2 , N •= 1) or a s (L - 0, N = 2) . Most l i k e l y bo th n o n e t s a r e 

p r e s e n t in t h e same mass r e g i o n . For i n s t a n c e p ' (1600) might a c t u a l l y 

be two s t a t e s , a t ~ 1530 and - 1690 McV. Other c a n d i d a t e s for t h e s e 

n o n e t s a r e u (1640 - 1 7 0 0 ) , 5 7 * ' ( 1 9 0 0 ) , 5 ? and p e r h a p s K * ( 1 7 0 0 ) . A 1 

Another ambiguous o b j e c t i s a 2 irf r e s o n a n c e a t 1700 MeV., which 

cou ld be an (N = 2, T - 1) r a d i a l e x c i t a t i o n of the f (1270) or a 

p u r e l y o r b i t a l e x c i t a t i o n , (N = 1 , L = 3 ) . 

B. L > 2 O r b i t a l E x c i t a t i o n s 

Tn a d d i t i o n t o t h e j u s t ment ioned ambiguous c a s e s , t h e r e a r e 

s e v e r a l known L > 2 e x c i t a t i o n s . The P a r t i c l e Data Group t a b l e s 
PC 

c o n t a i n e n t r i e s f o r 8 /9 of t h e l e a d i n g L = 2 J = 3 n^ne t c o n s i s t i n g 

of g ( 1 7 0 0 ) , u(1670) and K*(1753) . Other 1 = 2 s t a t e s a r e t h e 2 _ + 

A - . ( 1 6 7 0 ) 5 8 and t h e 2 _ i L ( 1 8 2 0 ) , a n a l o g o u s to t h e l + i Q sys t em. The 

l e a d i n g L = 3 4 nonet i s a l s o 8/9 f i l l e d , c o n t a i n i n g A* ( 2 . 0 0 ) , 
30 41 59 

h(2070) and K*(207O) . 1 ' - " 
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VI HEAVY QUARKONIUM 

Unl ike the l i g h t mesons whose s i m p l i c i t y i s s t i l l m y s t e r i o u s , we 

expect the quarkonium s t a t e s of c , b , and heav ier quarks to be 

t r u l y a c c e s s i b l e to n o n r e l a t i v i s t i c approx imat ions . If we repeat 

the crude harmonic o s c i l l a t o r e s t i m a t e , which y i e l d e d d i s c o u r a g i n g 

r e s u l t s in S e c t i o n I I B for the l i g h t quarks , we f ind for m « 1.5 GeV 

and / < r 2 > = .5 fm. that p «= | A/< r 2 > •= 450 MeV. and v 2 a 1 / 4 . S o 

for I | I ,T , and heav ier systems the n o n r e l a t i v i s t i c model b e g i n s t o be 

a s e r i o u s a p p r o x i m a t i o n . The s l o w l y moving heavy q u a r k s a r e bound in 

t h i s a p p r o x i m a t i o n by an i n s t a n t a n e o u s p o t e n t i a l , c a l c u l a b l e in 

p r i n c i p l e from QCD. We may u s s t h e e x p e r i m e n t a l quarkonium spec t rum 

t o " m e a s u r e " t h i s p o t e n t i a l and t o compare i t w i th our t h e o r e t i c a l 

e x p e c t a t i o n s . Th i s program has begun b e a u t i f u l l y , a s I w i l l d e s c r i b e 

be low. 

A. The Smoothness H y p o t h e s i s 

Cons ide r f i r s t t h e s p i n i n d e p e n d e n t p o t e n t i a l V' ( r ) . What 

do we know abou t i t t h e o r e t i c a l l y ? Most r e l i a b l y we know a t s h o r t 

d i s t a n c e s t h a t i t shou ld app roach t h e Coulomb p o t e n t i a l due to s i n g l e 

g luon exchange . For smal l enough v a l u e s of r , say 

•jGeV ~ A f m - ( 6 - 1 > 

~~ 2 7 r i n ( r / 0 ( 6 . 2 ) 

where t h e group t h e o r y f a c t o r 4 / 3 i s e x p l a i n e d by Jackson in Ref. ( 2 0 ) . 

As 1 have i n d i c a t e d in p r e c e d i n g s e c t i o n s , A may be of o r d e r 200 MeV 

or p e r h a p s even s m a l l e r . 
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Equation (6.2) follows from the validity of perturbation theory 

at short distances in QCD — i.e., asymptotic freedom. At large 

distances our ideas about confinement suggest, though less precisely 

and less reliably, that the potential is rising linearly, say for 

T > 1 in. (6.3) 

that 

V Q - Kr (6.4) 

The constant K is calculable in principle but not yet in practice. 

It may however be estimated from the slope of the light meson Regge 

trajectories, 

K a 1 / 2 ™ a , R. 8 ge ( 6 ' 5 ) 

by a plausible argument based on the correspondence limit of quantum 

mechanics, presented below. 

The transistion region .1 fm ^ r < .' fm. is probably the most 

complicated and the most intractable theoretically. Here we can 

now do no better than make a reasonable guess, which I've called the 

"smoothness hypothesis," that there is a smooth transistion between 

the asymptotic long and short distance regimes. In fact t|i and T live 

in the transistion region; their spectra are determined primarily by 

distances .1 fm < r <lfm. By "measuring" V. in this region we are 

not probing directly either the long or short distance physics, but 

we are testing both regimes indirectly, by way of the smoothness 

hypothesis. The transistion potential determined in this way does 

connect smoothly to the expected long and short, distance potentials. 

Their are a host of few-parameter potentials which all succeed 

in describing the ^ and T spectra. Some of them are listed in Table 

(6.1). They include wildly different analytic forms which would imply 
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V(r) Reference 

- - + Kr + V r o 61 

4 
" 3 

r 3 "* •+ 2 d q i q - r 1 . 16* 
62 

4 
" 3 

( 2 M q £n{l + ^ L ) 

62 

4 
3 " 

s 3 2 T I ( O B ) 1 / < 4 , 1/4 
- + f + C<a B> 
r 3 s 

63 

A «n(r /r ) 
0 

64 

a + b r x x = 0 .1 65 

Inverse sca t t e r ing construct ion 66 

Table 6.1. Examples of potentials which successfully 

fit ^ and T spectra and are indistinguishable in the 

region probed by those spectra. 
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wildly different behaviors if extrapolated into the long or short 

distance regimes. But the Important point i s that for the region 

which i s "measured" by the cc and bb spectra they are v ir tual ly 

indistinguishable, from one another and from the po ten t ia l constructed 

direct ly from the spectrum using the inverse scattering methods. 

T h i s i s e v i d e n t in F i g . ( 6 . 1 ) which i n c l u d e s p o t e n t i a l s (61) and (65) 

from Tab le ( 6 . 1 ) and a r e f i n e d v e r s i o n of p o t e n t i a l (62) ( s e e a l s o a 

s i m i l a r f i g u r e c o n t a i n i n g more p o t e n t i a l s i n t h e r e v i e w by E i c h t e n ) . 

To check t h e smoothness h y p o t h e s i s i t i s e a s i e s t t o c o n s i d e r t h e 

C o r n e l l p o t e n t i a l 

V„ , , " - — + Kr + c o n s t a n t ( 6 . 6 ) 

C o r n e l l r 

which h a s a form t h a t m a n i f e s t l y i n t e r p o l a t e s smooth ly- Smoothness 

i s conf i rmed i f t h e c o n s t a n t s A and K a g r e e w i t h Eqs . ( 6 . 2 ) and ( 6 . 5 ) . 

The f i t s g i v e A = . 5 2 , A,,- = . 4 8 , and K = 1 / ( 5 . 5 GeV ) which imply 

c, (v) = . 3 9 , a (T) = .36 and , u s i n g Eq. ( 6 . 5 ) , a ' = .37 GeV.~" 
s s Regge 

I t i s e n c o u r a g i n g t h a t t h e c o u p l i n g c o n s t a n t " r u n s " in t h e r i g h t 
d i r e c t i o n , a (T) < a (li) . The r a t h e r l a r g e v a l u e s fo r a (i) and a (T) s s s s 
a r e no t s u r p r i s i n g s i n c e t h e e f f e c t i v e c o u p l i n g h e r e i s e v a l u a t e d not 

a t t h e quark mass but a t t h e s m a l l e r s c a l e of t h e bound s t a t e momentum 

(which would be am„ in a l a d d e r a p p r o x i m a t i o n ) . Given t h e a p p r o x : -s Q 

m a t i o n s i n v o l v e d , t h e smoothness h y p o t h e s i s i s an i m p r e s s i v e s u c c e s s . 

I t i s a l s o i n t r i g u i n g t h a t t h e R icha rdson p o t e n t i a l g i v e s a 

somewhat b e t t e r f i t t han t h e C o r n e l l mode l , and wi th on ly t h e s i n g l e 

p a r a m e t e r /, ( and the quark m a s s e s ) . See G o t t f r i e d ' s r e v i e w for a 

d i s c u s s i o n . 

The c o n n e c t i o n between t h e s t r i n g t e n s i o n K and u| Eq. ( 6 . 5 ) , 
Regge 69 is obtained by a classical argument, justified by the correspondence 

limit of quantum mechanics which applies for sufficiently large angular 
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o 

> -2 
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0.01 0.05 0.1 05 1.0 
• f fm l 

Figure 6 . 1 , from Ref. (67) . Four po ten t i a l s which 

successfully f i t the sji and T spec t ra : (1) a + br , 

(2) Richardson plus higher order cor rec t ions , (3) 

logarithmic in te rpola t ion from Coulomb to l i nea r , 

(4) Cornell . ^ and T s t a t e s are displayed at the i r 

mean-squared r a d i i . 
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mom en a. In t h i s l i m i t a h igh sp in me=on i s regarded as a r i g i d 

r o t o r , the "rod" in QCD being the f l u x tube whose, mass per u n i t 

l e n g t h i s the s t r i n g t e n s i o n K. where L i s the l e n g t h of the tube 

and u> i t s angular v e l o c i t y , the c l a s s i c a l r e l a t i v i s t i c energy i s 

L/2 

E = - K c U = £ KL ( 6 . 7 ) 
J - L / 2 C 2 ,2 2 

and tY • angular momentum i s 

fW2 
j , j , £ u . «d£ = Z K L

2 , ( 6 . 8 ) 

-L/2 / F T 8 

/ l - B i 

In obt -ining these results it is assumed that the tip of the rotor 

moves i. the speed of light, wL/2 - 1. The slope of the Regge 

trajer ory is then 

JRegge " ̂  " 2^K ' ( 6 " 9 ) 

i ing K determined by the fit to the Cornell potential in Eq. (6.9) 
_2 we get "J ' = .87 GeV , which is comfortably in the ranee for a' Regge b Regge 

t aken rom t h e meson masses d i s c u s s e d in S e c t i o n V. For i n s t a n c e , from 

t h e c r a j e c t o r y , c o n s i s t i n g of r ( 7 7 6 ) , A_(1317) , and g(1700) we ge t 

1 -2 
1 = .88 GeV 

1 . 3 1 7 2 - . 7 7 6 2 

2 2 
1.70 - .776 

.87 GeV 

Like the puzzle posed bv t he success of the crude nonrelativistic 

model of the light hadrons, it is also puzzling that this crude 

picture of the linear Kegge trajectories works so well for such 
modest values of J. 
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B. Spin Dependence 

The spin dependence of the hesvy quark potential is a 

challenging problem which tests our mastery of QCD dynamics. It 

may be a tractable problem because for heavy quarks there is a 

manageable expansion in powers of inverse quark masses. We can focus 
-2 on the leading terms which are proportional to m . The most general 

9 form of the spin dependence in the leading order is 

v , V g , 5 2 - £ U d V l , £ - ( s V V i : d V 2 
S p i n U ^ 2u\ ) r d r m l m 2 r d r 

1 - I 9 
+ ( s n -r s . - r = ) V, 

mm 1 2 3 3 

+ -z-Z— s, • s . V. ( 6 . 1 0 ) 
3m m 1 2 4 

where r = r - r O J L = r x p , and p i s t h e c e n t e r of mass momentum. 

The four t e rms a r e known a s t h e Thomas, s p i n - o r b i t , t e n s o r , and s p i n -

s p i n f o r c e r e s p e c t i v e l y . 

In QED for a Coulomb p o t e n t i a l due t o s i n g l e photon exchange t h e 

V. a r e g iven by 

V = V 2 = - ^ ( 6 . 1 1 a ) 

1 d V l d S 
V r d T - 7 1 C 6 - l l b ) 

dr 

V, •= v V ( 6 . 1 1 c ) 

4 2 

S u b s t i t u t e d i n t o Eq. ( 6 .10 ) t h i s g iv s th^ u r u a l B r e i t p o t e n t i a l fo r 

pos i t ron ium, 

3 l , { \ + * 2 } a 1 ~ •> • -. - , n 

VBreit = 2 ~~ ~2 3 + ~3 U s l " r V r " V V 1 
m r m r 

+ 1 ? ! l - l ! 2 _ 6 ( r ) ( 6 . 1 2 ) 
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For QCD at short distances where single gluon exchange dominates 
20 Eqs. (6.11) and (6.12) apply with the replacement 

» Y S (6.13) 

Gromes has tabulated the analogous potentials generated by exchange 

of elementary scalar, pseudoscalar, axial vector, and tensor quanta. 
9 

Eichten and Feinberg have found the most general exact relation
ship which can ho d among the V. in QCD. It is 

V^ = ^ (6.14a) 

and 

V ; = V 0 - Vj (6.14b) 

The second re la t i c . i means that there must be a contr ibut ion to the 

Thomas term determ ned by the spin independent p o t e n t i a l , V , which 

has been "measured' as discussed above. V. i s in general a r b i t r a r y . 

Equa:ions (6.14) are obtained from a general ana lys is of the 

po ten t ia l (construe: =d from the large time l imi t of the Wilson loop) . 

By comparing the cont r ibut ions of s ingle gluon exchange and instantons 

to the V., Eichten ai.d Feinberg show that no stronger statement than 

Eqs. (6.14) can be ge ieral iy va l id . In general in QCD there are no 

fewer than three pote t i a i s , say V., V., V., which, in addition to 

V , determine the spin dependence. 

From Eq. (6.14b) >e see that the opt imis t ic ansatz that one 
4 gluon exchange dominate, a l l spin dependence is very unl ike ly , since 

there must be a Thomas contr ibut ion from the long-range, spin-independent 

confining p o t e n t i a l . 

In an attempt to con t ruct a useful ansa tz , Eichten and Feinberg 

observe that in the QQ cei er of mass the unknown po ten t i a l s V V , V 
i i. J 

are due to color magnetic : '>lds on J _ - According to a popular 

hypothesis, based on an ana ogy with superconductivity, confinement 
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72 i s due to co lor-e lectr ic forces. Then in this view confinement i s 

accomplished by V n , the only term which gets contributions from the 

color-e lectr ic f i e l d . Eichten and Feinberg suggest as a minimal 

- assumption that only co lor-e lectr ic forces are long range and that 

^1' V ? * ^\ a r i i determined purely by short-distance magnetic f i e l d s 

which are dominated by single gluon exchange. With th is assumption 

we have 

V1 = 0 (6.15a) 

since the single gluon contribution to V is already contained in V , 

and 
, a 

v
2 "* " "J T (6.15b) 

V 3 = 4 ~ (6.15c) 
r 

as in Eq. (6 .11) . Together with Eq. (6.14) the spin-dependent po ten t ia l 

(6.10) i s completely determined in terms of the "measured" V with 

no free parameters. The only long-range spin-dependent force is the 

Thomas term determined by V according to (6.1Ab). 

The p ic ture of confinement underlying t h i s ansatz i s based on a 

property of ordinary superconductors: a superconductor of e l e c t r i c 

cl rge repels magnetic flux. When magnetic flux is forced into a 

su[. rconductor i t does not spread in the usual way of Coulomb f i e ld s 

but i s r e s t r i c t e d to a narrow tube whose i n t e r io r i s in the normal 

(non- jperconducting) s t a t e . 

' inis dynamics could be the origin of confinement in QCD if we 
72 reverse the ro les of e l e c t r i c and magnetic f i e l d s . Suppose the 

vacuum, so-called "empty space", is a superccn-.uctor for color magnetic 

charges. Quarks carry c o l o r - e l e c t r i c charge and t h i s vacuum wishes to 

repel the e l e c t r i c fiux emanating from them. So the f ield l ines between 

a widely separated Q and Q in a color singlet will not spread and give 
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a 1/r Coulomb potential. Instead the color E field is forced into a 

flux tube which connects the Q and Q, and we get a linear potential 

like the Cornell model, where K is just the energy per unit length of 

the flux tube. For widely separated quarks, such as states of high J 

we have then a picture resembling a string model where the "string" 

is the color-electric flux tube. For quarks which are not so far 

apart, such as the s-wave mesons for example, the flux "tube" is 

probably more like a spherical region than an elongated tube, and we 

have a picture which may explain the Bag model. 

This is not however a proof of the Eichten-Feirberg conjecture, 

even assuming the validity of the superconductor analogy. There might 

for instance be excitations of the flux tubes which create non-
73 

perturbative magnetic effects. 

If we do pursue the Eichten-Feinberg conjecture, the spin 

dependent potential for QQ is 

V Spin . 2 L " r dr + , 2 \ 3 
2m 3m \ r 

8, -* . 3 V r s 2 - r - s - s ^ 
+ - y S l . s 2 6(r) + _j J (6.16) 

Taking V. - V„ , , they then obtain m - m =• 130 MeV in reasonable 
0 Cornell ip n 

agreement with the experimental value 116 ± 9 MeV. The split t ing 

3 
between the P xstates and the center of gravity 

(which is — •i -) is computed to be (37, -29, -94) MeV. for 

J = (2, 1, 0) while the experimental values are (30 ± 2, -14 i 2,-109i3) 

MeV. These predictions may however be sensitive to higher order 
o 

corrections in > to be discussed by Lepage. Independent of these o( i ) 

corrections they predict 
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2 

* l s < 0 ) 

M*. r ( i | i ' -<• e + e " ) 
- -4 5— (6.17) 

M^ r ( * - e e ) 

which implies M,, - M , » 80 ± 15 MeV. (in agreement with the value 
11 C 74 

announced l a t e r in the conference of 92 ± 5 MeV ) . 
The analogous pred ic t ions should be appreciably more r e l i a b l e for 

2 
the T system. In the Cornell model for instance < v > —.2 and * 
a (i(>) ss .31 whereas < v >_ = .1 and a (T) s . 23 . Both r e l a t i v i s t i c 

s T s 

and r a d i a t i v e c o r r e c t i o n s are more manageable for the T. 

Another approach to the spin dependence i s to assume A) that 

the confining po ten t i a l i s a Lorentz scalar and B) that i t can be 

abstracted from the n o n r e l a t i v i s t i c reduction of the Bethe-Salpeter 

equation for the exchange of an elementary scalr-r meson. This does 

allow a good f i t of the cc \ masses. 

A proposed t e s t of t h i s hypothesis i s that the D and B mesons 
3 3 3 7 6 

have inverted p-wave mu l t i p l e t s , M( P ) >M( P x ) > M ( P 2 ) . The 
argument i s that the spin-orbi t force would be 

%in-0rbit " f r ( " 7 + I T > C 6 1 8 ) 

r km r 

The term - K/r is the effect of the confining potential and the minus 

sign follows from assumptions A) and B). The second term 4a /3r is 
s 

due to gluon exchange. If the f i r s t term dominates the p-wave 
1 2 

mul t ip le t s wil l indeed be inveried. Taking K = — GeV , to f i t the 
b 

spin-independent features of the spectrum, and for r = .8 fm the 

r ight sif'e of Eq. (6.18) is proportional to "" (-1 + — ) and for 

a < 2 the mul t ip l e t s wi l l inver t . However the running coupling a (y) 
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should be evaluated not at k • IL but at a scale characterized by the 
68 internal momentum of the bound state. Since the reduced mass of a 

light-heavy meson qQ, like D or B, is y s m the relevant scale is 

small, a is not in the perturbative regime, and the sign is not clear 

(nor is the adequacy of single gluon exchange). For r large enough, 

which is to say for a sufficiently high orbital excitation, the 
3 77 - K/r term will eventually dominate over a /r , though whether 

this means L = 2 or L = 3 is not clear to me. 

I should confess to a prejudice against the approach characterized 

by assumptions A) and B). Even if A) is correct and the potential V 

is a Lorentz scalar, it seems to me that the idea B) that the spin 

dependence is what we would get from exchange of an elementary scalar 

quantum has little connection to our intuition about the dynamics of 

confinement. 

Since Qq mesons have small reduced masses, ^ = m m / (TO + m ) = rr. , 
v q q Q q Q q 

they are relativistic systems with the typical 1 fm. size characteristic 

of the light mesons. Notice however in Eq. (6.10) that the spin-orbit, 

tensor, and spin-spin forces are al l proportional to 1/m and that only 

the Thomas force has a contribution which is not so suppressed. If 

this holds to higher orders in the relativist ic corrections (plausible 

though I'n not auare of a proof) then for a Qq system with 
9 

m„ » m = L we have 
Q q 

V„ . = C -s V ( r ,U) Spin q a 

+ -v- (s . T V. ( r , u ) + . . . ) ( 6 . 1 9 ) 
i"Q q Q b 

Since V , V, are independent of mr for large enough m Eq. (6.19) a b Q Q 

implies scaling laws wh' h relate the spin splittings of different Qr; 

mesons. For instance the B and D hyperfine splittings 

(ir,( Sp - m( S.)) should be related by 
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m 

B* B m, D* D 
b 

& 50 MeV. ( 6 . 2 0 ) 

C. The Most S e r i o u s Problem 

I do n o t want t o l e a v e t h i s s u b j e c t w i t h o u t m e n t i o n i n g t h e most 

s e r i o u s o u t s t a n d i n g p r o b l e m . T h i s i s t h e f a i l u r e by a f a c t o r two of 

t h e p r e d i c t i o n s f o r t h e r a t e s of t h e r a d i a t i v e t r a n s i s t i o n s iji1 -* -yx 

and x -• y<i>. 

In e a r l i e r d a t a i t a p p e a r e d t h a t n o t o n l y t h e m a g n i t u d e s but a l s o 

t h e r a t i o s of t h e r a t e s f o r <!'' -* YX-. . , d i s a g r e e d w i t h t h e t h e o r e t i c a l 

e x p e c t a t i o n . But in t h e most r e c e n t d a t a from t h e C r y s t a l B a l l t h e 
3 

r a t i o s a r e in r e a s o n a b l e agreement w i t h t h e f a c t o r (2J + 1)K expec ted 

fo r t h e d o m i n a n t l y e l e c t r i c - d i p o i e t r a n s i s t i o n s of t h e n o n r e l a t i v i s t i c 
3 

mode l . Norma l i z ing t o ( 2 J + D K t h e expei „ . e n t a l r a t i o s fo r 

74 
r : r : r a r e r e p o r t e d by P o r t e r a s 1:00 : . 0 7 : . 9 9 ± .06 = 1.31 * . 1 0 . 

The wors t r a t i o , x : x n> i- s o n l y 30% and 2o from t h e e x p e c t e d v a l u e of 

1 . 

The problem of the magnitude persists, for instance in both the 

"naive" version of the Cornell model, which predicts r. , -> = 50, 45, 

29 keV., and with the coupled-channel corrections which give 

r = 43, 34, 24 keV. For comparison the Crystal Ball group now 

reports r„ , _ = 22, 18. 16 keV with statistical errors from 7 to 107. 
K 0,1,2 ' 

. 74 and an overall uncertainty in normalization of less than 15/a. 
78 Arafune and Fukujita suggest that strong interaction corrections, 

8 which are knewn to have large effects on other decay rates, may be 

responsible for this problem. They use the Breit potential, Lqs. 

(6.12 - 3), to incorporate the effect of transverse gluon exchange. 

Perturbing in the Breit potential they find that the wave functions 
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are distorted so badly that they and the E rates cannot be reliably 

estimated. For the ratios among the Ej rates they find manageable 

corrections, though their results are in poorer agreement with the 
74 3 

new data thanisthe uncorrected (2J + 1)K . The qualitative 

conclusion that the wave functions are more sensitive to strong 

interaction corrections than the spectrum may explain the failure to 

predict the magnitude of the E. transistions. 
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VII GLUEBALLS 

C e r t a i n l y the most e x c i t i n g development in meson s p e c t r o s c o p y 

during the l a s t year i s the p o s s i b i l i t y that we have found ev idence 

79 for a g l u e b a l l h e r e , a t SPEAR, in data from t h e Mark I I and 

SO 
C r y s t a l B a l l c o l l a b o r a t i o n s . I w i l l d i s c u s s t h e e v i d e n c e fo r t h i s 

i n t e r p r e t a t i o n of t h e KKit enhancement a t 1440 MeV. a f t e r a b r i e f 

r e v i e w of what t h e o r y can o f f e r i n t h e way of g l u e b a l l phenomenology. 

You w i l l s e e t h a t t h e t h e o r e t i c a l p rob lem i s so d i f f i c u l t t h a t we a r e 

f o r c e d t o r e l y on t h e most s i m p l e , g e n e r a l , model i n d e p e n d e n t i d e a s 

t o i n t e r p r e t t h e d a t a . The knowledge of t h e l i g h t qq meson spec t rum 

rev iewed in S e c t i o n s I I and I I I p l a y s a c r u c i a l r o l e In t h i s a n a l y s i s . 

A. T h e o r e t i c a l Models 

In t h e f u t u r e , c a l c u l a t i o n s w i t h a s p a c e - t i m e l a t t i c e may w e l l 

l e ad t o q u a n t i t a t i v e u n d e r s t a n d i n g of t h e s p e c t r u m . On t h e l a t t i c e 

t h e g l u e b a l l spec t rum i s more a c c e s s i b l e t h a n t h e qq s p e c t r u m , 

81 
b e c a u s e of t h e s p e c i a l problem of i n c l u d i n g f e r m i o n s . Bhanot h a s 

e s t i m a t e d t h e g l u e b a l l mass s c a l e by r e l a t i n g i t t o t h e s t r i n g t e n s i o n 

( s e e S e c t i o n VI) i n t h e s t r o n g c o u p l i n g l i m i t . In p a r t i c u l a r he 

s t u d i e d t h e c o r r e l a t i o n between two c l o s e d f l u x l o o p s a s a f u n c t i o n 

of t h e i r s e p a r a t i o n . The " g l u e b a l l mas s " d e t e r m i n e s t h e s c a l e of 

t h e e x p o n e n t i a l f a l l - o f f 

< U(r )U(0) > - e " m r ( 7 . 1 ) 

His r e s u l t i s m = 1.4 + .7 GeV., a r e a s o n a b l e s c a l e . However t h i s 

i s n o t n e c e s s a r i l y t h e mass of any p a r t i c u l a r g l u e b a l l bu t r a t h e r 

c o r r e s p o n d s t o a we igh ted a v e r a g e o t a l l t h e s t a t e s which can be 

exchanged . In a d d i t i o n i t i s no t p o s s i b l e t o e x t r a c t t h e s p i n s and 

p a r i t i e s of t h e c o n t r i b u t i n g s t a t e s . 

The bag model ' and t h e n o n r e l a t i v i s t i c p o t e n t i a l model ' 

have a l s o been used t o s t udy t h e g l u e b a l l s p e c t r u m . i t w i l l be 
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clear from the preceding lec tures that I view these approaches as 

sometimes useful but l imited phenomenological guides to the l i gh t 

qq spectrum. Applied to the gluebal l spectrum the i r r e l i a b i l i t y i s 

even more sharply l imi ted . In the bag model the bag constant B need 

not be the same for gluebii l ls as for qq mesons, though that i s 

assumed in the ca lcu la t ions I wi l l review. The la rger color charge 

of a gluon suggests tha t B i s ac tua l ly bigger for g lueba l l s . Similarly 

the strength of the po ten t i a l in the n o n r e l a t i v i s t i c model i s not known 

from qq physics and i s probably l a rge r ; in addi t ion , there i s no r e l i a b l e 

way to est imate the "const i tuent gluon mass" which i s a necessary 

ingredient of t h i s approach. A further very serious d i f f i cu l t y which 

a f f l i c t s both bag and po ten t ia l models i s that the spin-dependent 

forces are l i ke ly to be la rger — and therefore even harder to estimate 

r e l i a b l y — for g lueba l l s because of the larger spin and color charge 

of the gluon. 
I t ) Dp 

I n t h e bag models c a l c u l a t i o n s ' f r e e , m a s s l e s s (and t h e r e f o r e 

R S 
t r a n s v e r s e ) g l u o n s a r e c o n f i n e d t o a s t a t i c s p h e r i c a l c a v i t y . The 

s i n g l e g luon modes a r e then t r a n s v e r s e e l e c t i c , P = ( -1 ) , and 

t r a n s v e r s e m a g n e t i c , P = (-L) . The e n e r g i e s of t h e t h r e e lowes t 

modes , in t e rms of t h e r a d i u s R of t h e c a v i t y , a r e 

TE : L P = 1 + E = 2 .74 /R 

TE : L P = 2 " E = 3 .96 /R 

TM : L P = l " E = 4 .49 /R ( 7 . 2 ) 

The ground s t a t e g l u e b a l l i s then c o n s t r u c t e d from two TE modes. 

S ince i t i s a c o l o r s i n g l e t , Bose s t a t i s t i c s r e q u i r e t h a t i t be t h e 

symmetr ic c o m b i n a t i o n of the two TE modes. T h e r e f o r e t h e quantum 

numbers a r e J - 0 , 2 . Minimiz ing E(R) a s d e s c r i b e d in s e c t i o n I I , 

82 
t h e s e s t a t e s a r e found a t M =-.96 GeV. 
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The first excited states are made from TE. x TE with 
pp _J. pr L 

J - (1 ,2 ,3) and TEX * TMĵ  with J - (0, 1, 2) . However we 

again encounter the problem discussed a t the end of Section I I I 

for the p-wave qq s t a t e s , which I argued requi res understanding the 

time scale of the QCD vacuum. In Ref. (82) the authors in effect 

adopt the approximation tha t the vacuum response time i s very short — 

as in an instaneous po ten t i a l approximation — so that the "extra" 

s t a t e s are spurious and should be discarded. These are j u s t the s t a t e s 
P C I I 

obtained by put t ing the ground s t a t e s , J = (0, 2) , in a p-wave 
.(-4- _ j. 

with respect to the cavity, that is, (0, 2) x 1 « (1, 1, 2, 3) 

My suspicion, as expressed in Secton III for the light qq states, is 

that these extra states are not really spurious but may exist at 

some higher mass, since I doubt that the vacuum response time is 

much smaller than the time for a gluon or light quark to move a 

typical hadronic distance, 0(1 fm.). 

In any case, subtracting these four spurious (or higher mass) 

states from the initial list of six, we are left with two states, 
PC \-

J = (0, 2) . The mass of these two states i= estimated at 
M a 1.3 GeV. 8 2 

Spin forces will break the degeneracy of the (0, 2) ground 
state and the (0, 2) first excited state. These are large and 
very difficult to estimate. Hyperfine splitting may drive the 
scalar, 0 , to a mass ntar zero, so that it mixes with the vacuum, 
and to compute the mass of the first scalar glueball we would have to 
solve this very difficult mixing problem. 

"?he nonrelativist ic potential model has also been used to study 
the glueball spectrum. In this approach ic is necessary to assume 
that the bound gluons acquire a constituent mass, which is not known. 
In this case the gluons might also be longitudinal1, polarized, 
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which changes the predicted glueball quantum numbers from the bag 

model where Che gluons are purely transverse. 

Barnes argues that only the transverse gluons are really 
87 present and therefore obtains the same states in his spectrum as 

are found in the Bag model (provided the "extra" Bag mudel states 

are discarded). However the ordering of the states is different than 

in the Bag model. Including single gluon exchange, the lightest 
PC ± + states are a degenerate scalar and pseudoscalar, J = 0 , and the 

PC | i first excitation is a tensor, J = 2 

Many other authors have assumed that the longitudinal modes 
83 88 89 are present ' ' This approach gives the same list of states 

as would obtain in the Bag model if the "extra" states were retained 
90 at their naive values (i.e., where they would be if the vacuum 

response time were very, very slow). The total spin of the two gluons 

S = 1 9 1 = (0, 2 ) c + (1). . 

Sym. Antisym. 

For L = 0 the color singlet ĝ state must be symmetric by Bose 

symmetry, giving J = (0, 2) ground states, as in the Bag Model. 

For L = 1 the color singlet and Bose requirements force us to choose 

the antisymmetric spin wave function, S = 1, so that the first excited 
PC I- PC —\-

states are J = (0, 1, 2) . Notice that J = 1 is an exotic 

combination in that is never occurs in the qq spectrum in the non-

relativistic approximation. These states have been called "oddballs" 
91 by Carlson et al. who have studied their properties. Oddball 

quantum numbers can also arise (J) in the three gluon sector and 

(2) in the Bag model as "bap, excitations" of g£ or qq — i.e., the 

"extra" states discussed here and in Section ill. 

The ITKP group has recently applied their sum rule technique 
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92 to the glueball spectrum. The results are dramatically different 

PC | t from those 1 have just reviewed: while the J • 2 glueball is 

estimated at ~ 1 -z GeV, the scalar and pseudoscalar are estimated at 

much larger masses, ~ 4 GeV. More precisely, these are the values of 

the "critical masses" in th^ respective gg channels. The critical 

mass is defined as the value of M at which the "nonperturbative" 
-4 M terms in Eq. (2.44) are of order 10% of the leading perturbative 

++ terms. The critical mass is large in the 0 gg channels because 

the leading perturbative terms are small. 
-4 Because the vacuum expectation values which appear in 0(M ) in 

Eq. 2.44, such as < G G >, must arise by nonperturbative mechanisms, •» > |iv pv J 

the authors argue that the critical mass should be associated roughly 

with the bound state masses in the appropriate channel. But the 

connection is evidently not tight, as illustrated by the fact that in 

the p1' n channel they find a critical mass of -- 1 — GeV, mu n larger 

than m . 
TT 

B. Some Good Questions Without Good Answers 

In -ie preceding subsec. ton I reviewed theoretical work on 

the glueball spectrum. It should be clear that there is now no reliable, 

precise set of predictions which can be used to determine whether any 

particular newly discovered state is a glueball. Our understanding 

of the dynamical properties of gJ'ieballs is even less well developed 

then our primitive understanding of the qq spectrum. 

A key question is how wide we expect glueballs to be. If they 

are too broad they might never be seen, like for instan. e the majority 

cf the qqqq states discussed in Section IV. Folklore .<i& it that 

glueball widths are t>pjcally the geometric mean of 0 Z allowed and 
89 93 OIZ suppressed decay widths, 
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r Glueball ~ / r oiZ allowed • r oiZ Suppressed. ( 7 - 3 ) 

This estimate i s true in the SU(N) theor ies to the leading order 

in 1 ^ N c 0 i o r ' since for a glueball G - |gg > and a meson M - I qq > 

the decays to two qq mesons obey 

r(G - MrM2) a l / N ^ l o r (7.A) 

r ( M ^ M1M2>01Z allowed a i / N C o l o r ( 7 ' 5 > 

r(M •* M.M,) n T , . a l / N ^ (7.6) 

1 2 OIZ suppressed Color 

Equation (7.3) i s a lso suggested by u n i t a r i t y since g l u e t a l l s mav 

be intermediate s t a t e s ?.n 012. forbidden decays, such as 

I m < s s | u u > a <ss|G > < G|uu > + . . . (7.7) 

From Eq. (7.7) i t appears that the gluebal l decay amplitudes are 

suppressed by the square root of the OIZ suppression factor for 

qq-*-q'q' amplitudes. However there are also OIZ allowed i n t e r 

mediate s t a t e s which cont r ibute to the r igh t side of Eq. ( 7 . 7 ) , such 

as in 

Im < d,|plT> a <if|KK> <KK|.^> 

< qo (G> < G|on> + . . . (7 .8) 

Equation (7.8) r a i s e s a familiar puzzle: < cjj |KK > and < KK|p7i > are 

both OIZ allowed, so e i the r there are cancel la t ions among several 

terms on the r ight side of Eq. (7.8) or < KK|pn > i s small for a 

reason other than the OIZ r u l e . A mechanism for cancel la t ions among 

quark intermediate s t a t e s has been proposed in the context of dual 
12 — 

models. Or < KK|PTT > might i t s e l f be small for the same reason as 
the inequal i ty (2 .12) , a lso not a consequence of the OIZ ru l e . 
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In general there are many different ways in which Eq. (7.8) might 

be satisfied. If there are cancellations either among glueball 

intermediates or between them and quark intermediates, than r , . ,, 
glueball 94 might be much larger than Eq. (7 .3 ) . If there are no such cancel

lat ions of glueball intermediates then Eq. (7.3) would actually be an 

upper bound. 

Another dynamical question of crucial importance 'n our ab i l i ty 

to identify glueballs i s the extent to which they are mixed with qq 

mesons. The mixing angle between an aboriginal glueb<_ll G n(gg) and 

quark meson M.(qq) i s 

2<G |M > 
tan 29 - " (7.9) 

G 0 M 0 

The numerator depends on the d e t a i l s of the wave functions and also 

on the preceding, unanswered question: if g luebal l s are very broad 

the mixing i s very large and v ice-versa . There is not much to say 

about the denominator except that i t depends on the luck of the draw. 

Since the f ie ld i s very crowded, v i th many s t a t e s in the 1-2 GeV region, 

there i s a good chance than any G_ wil l have an M_ of the same quantum 

numbers within s t r ik ing J i s t a n c e . Only a soothsayer would attempt to 

answer t h i s question in general . I t must be confronted on a case by 

case bas i s . 

Finally, what about the electromagnetic couplings and decays of 

glueballs, in particular, the coupling to two photons? Naively since 

the aboriginal glueball G n is made of electrically neutral gluons, we 

expect small electromagnetic couplings. But this question is clearly 

related to Lhe preceding (unanswered) one.s. In addition we must 

remember that the glueball candidates are likely to be in the 1-2 GeV 

region wiich is filled with exc ited fjq states. These excited states 

will alr-u Lend to have suppressed \> couplings. 
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C. The Gluebal l Candidate a t 1440 

I t i s c l e a r from the preceding t t e t we d o n ' t y e t have d e t a i l e d 

t h e o r e t i c a l guidance to the spectrum or t h e Impor tan t dynamica l 

p r o p e r t i e s of g l u e b a l l s . I t i s a l s o c l e a r from t h e f i r s t two l e c t u r e s 

that t h e r e i s l i k e l y t o be a numbing abundance of quark s t a t e s in t h e 

1-2 GeV. r e g i o n where we might expec t t o f i n d t h e f i r s t g i u e b a l l s . 

How t h e n w i l l we r e c o g n i z e a g l u e b a l l i f we do happen t o see one? 

I b e l i e v e a t t h i s moment t h e on ly answer i s t o c o n c e n t r a t e on 

t h e g e n e r i c , q u a l i t a t i v e p r o p e r t i e s which a g l u e b a l l must h a v e , 

a l m o s t j u s t oy d e f i n i t i o n . I know of two such p r o p e r t i e s : 

A) G l u e b a l l s w i l l be produced p r o m i n e n t l y in hard g luon c h a n n e l s . 

B) G l u e b a l l s do not " f i t " i n t o qq m u l t i p l e t s . 

These p r o p e r t i e s a r e a lmos t pu re t a u t o l o g y . Indeed B) i s a 

t a u t o l o g y and A) i s g u a r a n t e e d p rov ided t h a t t h e g l u e b a l l s c o n t a i n 

v a l e n c e g l u o n s ( a s in t h e bag and n o n r e l a t i v i s t i c models d i s c u s s e d 

a b o v e ) . 

Because of p r o p e r t y A) r a d i a t i v e v d e c a y s a r e a pr ime g l u e b a l l 

95 h u n t i n g g round . In p e r t u r b a t i o n t h e o r y 

r u - YX) = r(v -Ygg) + o( !3) (7,io) 

r ( v •+ -*gg) . , 
—, ^ - T ^ - (1 + 0(u ) ) ( 7 .11 ) 

i (v - ggg) 5ci s 

which i m p l i e s 

B(v - YX) S (6-10)- : (7 .12) 

The two gluons in Eq. (7.10) are in a color singlet and may "resonate" 

to form a glueball. Therefore any prominent neu state in this channel 

should be examined to see if it has a plausible assignment in the 

qq spectrum. 
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In the Spring of 1980 the Mark II collaboration announced a 
79 80 96 

large signal seen subsequently in the Crystal Ball with a rate 

B(iJ) - Y(KKH) 4 4 ) - (4.0 ± 0.7 ± 1.0) -10" 3. (7.13) 

This i s a very l a r g e r a t e , a s l a r g e in j u s t the KK" mode as the n ' i s 

in a l l i t s modes, n ' being p r e v i o u s l y the most prominent s t a t e in ijj -* yX. 

So property A) i s c e r t a i n l y s a t i s f i e d . What about property B)? The 

e a r l y p u b l i c a t i o n s r e f e r r e d to t h i s e f f e c t a s E (1420 ) , the s s 

member of the A n o n e t , d i s c u s s e d in S e c t i o n I I I , which decays 

97 predominantly to KKTI . But S c h a r r e has no t ed t h e dominance of 

» - KKn in t h e SPEAR d a t a , a s opposed t o t h e dominance of K*K - KKn 

29 P + 
in t h e p ion s c a t t e r i n g d a t a which e s t a b l i s h e d t h e E a s a J - 1 

s t a t e . A t h e o r e t i c a l argument a l s o s u g g e s t s immed ia t e ly t h a t t h e 

P + 

s t a t e seen a t SPEAK i s p r o b a b l y not t h e E: a J - 1 s t a t e would be 

s u p p r e s s e d in > -* yX s i n c e i t would not c o u p l e t o t h e two m a s s l e s s 

g l u o n s which domina te a c c o r d i n g t o Eq. ( 7 . 1 0 ) . 

P. E(1420) and G(1440) 

S e v e r a l t h e o r e t i c a l p a p e r s have s u g g e s t e d , w i t h v a r y i n g d e g r e e s 
8 ' 99 of b e l l i g e r e n c e , t h a t t h e s t a t e seen a t SPEAR i s no t ' or might no t 

be or i s t h e E ( 1 4 2 0 ) . In my c a s e t h e c o n c l u s i o n t h a t t h e 

SPEAR 1440 i s not t h e E(1420) was based on examining t h e comple te 

e x p e r i m e n t a l h i s t o r y of t h e s o - c a l l e d " E " , which goes back t o t h e 

e a r l y 1 9 6 0 ' s . Even w i t h o u t t h e SPEAR d a t a t h e r e i s s t r o n g e v i d e n c e 

from the e a r l i e r e x p e r i m e n t s t h a t a t l e a s t two d i f f e r e n t s t a t e s were 
P + 

be ing o b s e r v e d . One i s E(1420) , t h e J = 1 p a r t n e r of t h e A 

d i s c u s s e d in S e c t i o n I I I . The second , which 1 and t h e a u t h o r s of 

Ref. (b2) i d e p e n d e n t l y c a l l e d C(1440) , i s t h e s t a t e seen at SPEAR, 
p 

p r o b a b l y a p s e u d o s c a l a r , J = 0 . C(1440) was p r o b a b l y f i r s t observed 
- 102 

in t h e e a r l y 60 s , in a pp a n n i h i l a t i o n e x p e r i m e n t , whose members 

named i t E, for the f i r s t resonance d i s c o v e r e d in E u r o p e . If my 
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P + conclusions are correct they actually did not observe the J = 1 

particle which is today called E(1420) in the tables of the Particle 

Data Group. 

The experimental record i s l i k e a j i g s a w puzz le which won't f i t 

t o g e t h e r . Keeping on ly the most r e l i a b l e exper iments t h e r e s t i l l 

appear t o be s e v e r a l *--- - one l i a b l e c o n t r a d i c t i o n s . 

1) Highly b e l i e v a b l e experiments report d i f f e r e n t s p i n - p a r i t i e s : 

+ 29 - 102 
1 in up s c a t t e r i n g and 0 in pp a n n i h i l a t i o n a t r e s t . 

p 
In t h e l a t t e r J was measured in two independen t ways . The 

d e t e r m i n a t i o n based on t h e a n g u l a r d i s t r i b u t i o n between & and 

7T7T in pp -* "E" (TTTI) •+ 6TI (im) i s p a r t i c u l a r i l y c o n v i n c i n g . 

2) The low-background D a l i t z p l o t s from SPEAR and two s t u d i e s 

r - . . . , , • 104 ,105 
of pp a n n i h i l a t i o n a t r e s t a r e e x t r e m e l y s i m i l a r — 

enhanced 6 r e g i o n s , no s t r o n g K* bands — and ve ry d i f f e r e n t 

29 from t h e K*~ dominated p l o t seen in ^p s c a t t e r i n g . The 

l a t t e r d a t a does have a l a r g e background , but t h e i m p r e s s i o n 

of K* dominance i s conf i rmed by an a n a l y s i s which i n c l u d e s 

s i d e - b a n d background s u b t r a c t i o n . 

3) A pp a n n i h i l a t i o n expe r imen t in f l i g h t r e p o r t s a f i v e 

P + 

s t a n d a r d d e v i a t i o n s i g n a l fo r r\nT, w h i l e no J = 1 nin s i g n a l 

i s seen by a much more s e n s i t i v e irp e x p e r i m e n t . In r a d i a t i v e 

i), decay t h e r e i s a p o s s i b l e i n d i c a t i o n of an n " s i g n a l which 

r e q u i r e s f u r t h e r s t u d y . 
29 108 

A) In Trp s c a t t e r i n g and in pp a n n i h i l a t i o n in f l i g h t t h e 

EC1420) i s accompanied by DC1285) w i t h a s u b s t a n t i a l l y l c r g e r 

( f a c t o r 5 t o 10) r a t e for the D. This i s what we'd expect 

from t h e OTZ r u l e if £ and D a r e a p p r o x i m a t e l y i d e a l l v nixed 

a s d i s c u s s e d in S e c t i o n I I I . But in pp a n n i h i l a t i o n at r e s t 

and in r a d i a t i v e ^ decay t h e r e i .s no s i gn of I), d e s p i t e the 



71 

prominence of the so-called "E" signals. In | •> yX the most 

serious constraint i s posed hy the nmr data, s i n c e TITTTI 

i s a 50% mode of D(1285). 3 0 

This evidence and more is summarized in Table (7.1). The table 

does have a consistent interpretation only if two different states are 

involved. One, seen in up scattering, is the E(1420) of the Particle 

P + Data Group table, a J - 1 state which decays predominantly to K*K 

and is probably predominantly an ss state. The second, seen in 

P -

<b •* vX and in pp annihilation at rest, is a J = 0 state which decays 

to KKTI and niTTT — both with substantial 6TT components — and does not 

decay copiously to K*K. While E dominates the np data and G dominates 

the IJJ -• YX signal and the data from pp annihilation at r e s t , the 

presence of TÎ TI signals and of a large D signal suggest that both G 

and E are produced substantially in pp annihilation in flight 

( p L A B > 700 MeV.). 

But why should only G be seen in pp annihilation at rest while 

G, E, and D are all produced for pT > 700 MeV? This conclusion may 

seem contrived, but on further reflection i t confirms the impression 

that we have found how the pieces of the puzzle f i t together. It is 
PC in fact just what we would expect for the proposed J assignments. 

Consider the reaction 

( p p ) •+ XTTTT 

where X i s a p o s i t i v e c h a r g e c o n j u g a t i o n e i g e n s t a t e , C(X) = + . 

(The f i n a l s t a t e X i ° i s not a l lowed by J , P , and C if C(X) = + and 

P - + 
if X has abnormal s p i n - p a r i t y , J = 0 , 1 , . . . . ) The i n i t i a l pp 

PC -+ 
s t a t e may have quantum number s J = 0 o r l . For t h e d i p i o n in 

PC -+ 
an s-wave t h e i n i t i a l pp s t a t e must be J = 0 by C i n v a r i a n c e 

P and thpn only for J (X) = 0 can X be in an s-wave r e l a t i v e t o the 
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TABLE I : E v s . G 

KKTI UTI- / D(1285) 

TTp K K No 1 + D :> E 

( P ? ; r e s t 

6r 

(+ K " K ? ) o" Ko 

^ f l i S h t 
Yes 
(6*) 

i + / o - D >> E 

* - YX 6TI 
I n d i c a t i o n 

(67,) No 

Tab le 7 . 1 . E v e r s u s G. Summary of e x p e r i m e n t a l 

r e s u l t s d i s c u s s e d in the t e x t . 
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P + 

d i p i o n . For J (X) - 1 e i t h e r the d l p i o n must be in (at l e a s t ) a 

p-wave ( p o s s i b l e f o r TI n but not f o n n ) or X roust be in a 

p-wave r e l a t i v e to the s-wave d i p i o n . In e i t h e r case (and e s p e c i a l l y 

in the l a t t e r ) t h e r e i s a formidable angular momentum b a r r i e r for pp 
a n n i h i l a t i o n at r e s t i n t o ETTTI and DTTTT, which i s no longer e f f e c t i v e 

PLAB in XTT TI for p. _ ^ 7 0 0 MeV, (We then expect the suppress ion of E 

and D to hold out to l a r g e r p f o r XTT TI t h a n for XTT TT . ) The 

c o n c l u s i o n t h e n i s t h a t t h e seemingly p e c u l i a r p a t t e r n o b s e r v e d in 

pp a n n i h i l a t i o n a t r e s t and in f l i g h t i s a s i m p l e k i n e m a t i c a l 

PC consequence of t h e J a s s i g n m e n t s of G, E, and D. 
p 

Another k i n e m a t i c a l c o n s i d e r a t i o n which s u g g e s t s J (G) = 0 i s 

t h e f a c t t h a t G -* 5TT would then be t h e o n l y a l l o w e d two body s-wave 

d e c a y , j u s t a s E -> K*K i s t h e on ly a l lowed two body s-wave decay i f 

P + 
J (E) = 1 . The d e c a y s E -* 6TF and C -+ K*K a r e p-wave p r o c e s s e s and 

a r c t h e r e f o r e s u p p r e s s e d by t h e sma l l a v a i l a b l e phase s p a c e . 

P - 82 99 
Two o t h e r a rgumen t s a l s o suggest: J I.G) = 0 . One i s t h a t 

109 t h e dominant p a r t i a l waves fo r t h e d i - g l u o n in $ •*• ,gg "re a r e 

4- - 4-
0 , 0 , 2 of which on ly 0 i s c o n s i s t e n t w i t h abnormal s p i n - p a r i t y 

99 100 r e q u i r e d by G -+ iv . The second * i s t h e s p e c i a l p r e f e r e n c e for 

KK~ d e c a y s which a p s e u d o s c a l a r g l u e b a l l might u n i q u e l y have , because 

a t t h e quark l e v e l i t would p r e f e r a n n i h i l a t i o n t o s s over uu + dd 

by a f a c t o r m /m in t h e a m p l i t u d e ( l i k e TI -+ ^y i s enhanced over TT •+ ejj) . 

The s s p a i r s would o f t e n h a d r o n i z e t o s-wave KKr, which by f i n a l s t a t e 

i n t e r a c t i o n would form £ TT some but no t a l l of t h e t i m e . T h e r e f o r e , in 

c o n t r a s t t o some s u g g e s t i o n s we do not expec t G t o decay in an 

SU(3) symmetric f a s h i o n nor do we r e q u i r e t h e r a t i o G -+ KK"/C •+ nnTi 

t o c o r r e s p o n d p r e c i s e l y t o i -• KK/f. -+ T\T (which i s not ve ry we l l known 

in any c a s e ) . Ra ther t h e f i r s t r a t i o should be ^ t h e second and t h e r e 

may be more K mesons than p r e d i c t e d by Sl*(3) symmetry. These a r e 
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s p e c i a l p r o p e r t i e s of a pseudosca lar g l u e b a l l and are c o n s i s t e n t w i th 

what I s known e x p e r i m e n t a l l y . 

(Two weeks a f t e r t h e s e l e c t u r e s were g i v e n the Crysta l B a l l group 

presented a s p i n - p a r i t y a n a l y s i s of the 1440 KKn enhancement in 

9fc P — 
r a d i a t i v e \JJ decay . The r e s u l t s favor J - 0 over 

? + 97 

J = 1 a t the 99% l e v e l , and they a l s o confirm the e a r l i e r c l a i m 

of 6TT dominance.) 

E. G(1440) and c ' ( ? ) : I s G a Glueball? 

If we accept the conclusion of the previous section that the s t a t e 

seen at SPEAR, G(1440), i s a pseudoscalar and not the axia l ver tor 

E(1420), then we must again ask whether i t s a t i s f i e s property B) — 
99 

i . e . , does i t " f i t " in a qq mu l t i p l e t . The only possible assignment 

i s to ident ify G with the s t i l l missing ninth member of the r a d i a l l y 

excited TTT nonet, which I discussed at some length in Section V. The 

eight observed s t a t e s are the i s o t r i p l e t it * (1270) , the strange 

quartet K'(1400-1500), and the isoscalu^ ^(1275). In Section V 

I used the name £ * to refer to the missing i so sca l a r . The question 

now i s whether 1 i s in fact c ' . 1 believe the answer i s that G i s 

not t ' , for reasons given below. 

Since r ad ia t ive if' decay to isovectors i s severely suppressed, 

G(1440) is cer ta in to be an i sosca la r . For the same reason i t 

must be predominantly an SU(3) flavor s i ng l e t . The previously known 

i sosca l a r , c(1275), seen in i p + [n •+ n « n , i« not seen in ifi -* yiwn: 

i t should appear at the mass of D(1285), where no signal has been 

seen. Therefore if we assume for the moment that G = c ' , then the 

data ijnplies 

l'(t •* yC) » r(„. - K ) . (7.14) 

Although t h i s Inequali ty appears to be much stionger than the analogous 
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inequality for n' and n, it is possible that it might be explained 

by assuming the mixing to be approximately singlet-octet like n and 

C ' ^ C J 

; 8 (7.15) 

where 

;. «-̂ = (uu + dd + ss) 

C - 1 (uu + dd - 2ss) (7.16) 

Equation (7.15) would mean that ; ' i s e s s e n t i a l l y the r ad i a l 

exc i ta t ion of n ' . But then i t i s pecul iar that r(i|i -> YC") is as 

large as T(ty •+ y n 1 ) , both because of the smaller ava i lab le phase 

space and because the r ad i a l exc i t a t ion should couple more weakly to 
112 two gluons (a la the van Royen-Weisskopf model of qq meson formation "*). 

If C has other important decays, such as n̂ Tt or TTTTTTTT, in addit ion to 

the es tabl ished KKTT mode, then T(I]J -+ yG) i s subs tan t i a l ly bigger than 

T(i> -» yn 1 ) and the problem i s even more severe. 

This remark can be made quan t i t a t i ve . The r a t e for r ad i a t i ve 

decay of a vector quarkonium V(QQ) to a pseudoscalar quarkonium of 
- - - 113 

a d i f fe ren t flavor P(Q'Q') , V(QQ) •* , + P(Q'Q j , has been computed 
in weak binding approximation. Applied to n 1 and i t s exc i ta t ion ^' 

114 
the r e s u l t i s 

3 2 
K , \ / M , \ E , 

r i|i - Y n' ) \K J \H , / E n 

* _ . ( 0 ) I 

* , ( 0 ) 
n 

(7.17) 
n ' ^ C 

where Kp and E are the pseudoscalar momentum and energy in the î  r es t 

frame and Jjn(0) i s the pseudoscalar qq wave function at the o r ig in . 

If G = ; ' then Eq. (7.17) and the experimental inequal i ty 

T(\l ~* yC) > r(ii> -•YH 1) would imply 
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k c , ( 0 ) | 2 > 3 U n , ( 0 ) | 2 (7.18) 

which makes G a most unlikely candidate to be the excitation of n'-

The argument i s not complete because the binding corrections may 

be of the same order as the essent ia l ly kinematic factors in Eq. (7 .17) . 

It i s important to know the approximate magnitude or even j u s t the 

sign of the binding corrections. It i s however reassuring that 

Eq. (7.17) gives a reasonable account of the r a t i o r<ip •+ -yn')/r(ii/ ->• yn); 

using \\ji , (0) /> ( 0 ) | - cot (11 ) , we find 7 for the n ' to n r a t i o . 

The second argument against the assignment G *= X, ' involves the 

Tip •+ nTTTrn data which was discussed a t some length in Section V. This 

i s the experiment which discovered C(1275) and observed a possible 

psuedoscalar signal in n"c" -*• nTrn a t ~1400 MeV., which in Section V 
p 

I cal led the "g l i t ch" or gl(1400). In the J = 0 6n •+ HIIT channel 

there was no hint of a resonance near 1400. Since we would expect 

G -*• nim to have a s igni f icant 6n component, as the observed indicat ion 

in I|I -+ Y G •+ Yr.TTii indeed has , i t i s unl ikely that gl(1400) is G(1440) 

and i t appears that rrp -*• Gn was not seen by Stanton et a l . We can 

obtain a very conservative upper bound on oCirp -̂  Gn-*• nTnrn) by 

assuming that the events in the gl(lAOO) bump are due to G(1440). 

In t h i s case a rough estimate of the rapidly changing acceptance 

yie lds 

QjQip -> Gn - nTiTrnj ^ Q k ( 7 1 9 ) 

o ( T i p •+ £ n "*• nTTTin) 

Since G(1440) is probably not gl(1400), it is likely that the ratio 

is actually ^ 0 . 4 . 

How does this inequality compare with what we would expect if 

C were ;'? The SPEAR data then requires 1-8 mixing, Eq. (7.15), which 
1 - 2 -

means that c' is - - ss and '.hat c is - - ss . Then the OIZ rule 
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I m p l i e s t h a t 

° f o + ^ * 2 ( 7 . 2 0 ) 

o U p -* p i ) 

I have a l r e a d y obse rved i n S e c t i o n I I t h a t t h e a n a l o g o u s p r e d i c t i o n 

fo r n ' and n i s r e a s o n a b l y s u c c e s s f u l ; i t I m p l i e s 6 = - 15 o r , c o n 

v e r s e l y , i f we f i x 9 - - 1 1 we f i n d —-1.4 i n s t e a d of 2. S ince pirn i s 

on ly an OIZ a l lowed decay f o r t h e uu + dd components , n e g l e c t i n g 

phase space we'd expec t B ( ^ ' -*• nfTT)/B(; -*. n 7 T T I ) ^2 and fo r t h e r i g h t 

s i d e of ( 7 .19 ) we 'd expec t = 4 , a f a c t o r 10 above t h e c o n s e r v a t i v e 

e x p e r i m e n t a l upper bound. However c, •*• KKTT i s s e v e r e l y c o n s t r a i n e d by 

t h e a v a i l a b l e phase s p a c e . Assuming t h a t KKTT and nTTTi a r e t h e dominant 

d e c a y s and t a k i n g accoun t of t h r e e body phase space I f ind i n s t e a d 

of t h e r a t i o two t h a t 

g j C ' * n ™> a 1.1 ( 7 . 2 1 ) 
B ( G "*• HTTTT) 

Then for the cross sections observed at the ZGS we expect 

O(TT p -» c ' n -*• ITiTTn) s 2 ^ 7 ^ 

a TT~P -*• £n -*• n^Tin) 

a factor 5 (and probably even » 5) larger than the experimental upper 

bound. As I emphasized in Section V, it is important to repeat these 

measurements in an experiment with acceptance optimized for 1.4 GeV 

and higher. 

These two arguments suggest that G(1440) does not fit into a qq 

multiplet. Could it be a qqqq state? Four quark states would not be 

produced at larger rates than typical qq states in ^ -+ yX. And a 

pseudoscalar qqqq cannot be constructed from the orbital ground state, 

L = 0, but requires at least L = 1. Such states are not easily 

studied in the Bag model because of the difficulty discussed at the 

end of Section 111. Like the L •= 0 qqqq states, most of the L * 1 

states are probably too broad to observe as ordinary resonances. 
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I have argued that G(1440) is probably a glueball because 

A) it is very prominent in a hard gluon channel and B) it does not 

"fit" into any qq multiplet. If G were prominent in a second hard 

gluon channel the case would be strengthened. Just as the leading 

particle in a charmed quark jet is a charmed hadron, we expect the 

leading particle in a gluon jet to often (though not always) be a 
88 117 glueball. ' It would be interesting to examine gluon jets for 

leading G's. 

The weakest part of myargument i s B) , since I have had to argue 

that G does not have the p roper t i es we would expect ;' to have. The 

best proof would be to find the rea l c ' . The apparent degeneracy i . 

^ '(1270) and ^(1275) suggests ideal mixing, in which case m , ~ 1 . 5 -

1.6 GeV as in Eq. ( 5 .1 ) , and the dominant decay would be ;/ -. KK- . 

The task wi l l be most d i f f i c u l t if the mixing is not ideal and ,- ' 

is lurking in the 1^00 - 1500 MeV mass region. In th i s case we have 

four s t a t e s in t h i s region which decay to Kfo to d isentangle : E, H', 

G, and :„' . A hint that t h i s may be the case i s the report from the 
102 or ig ina l pp annih i la t ion experiment that the KKr width i s 

80 r 10 MeV., broader than (though not yet inconsis tent with) the 

- 50 MeV width seen at SPEAR. Perhaps gl(lAOO) is ; ' and both ; ' and 

G are produced in pp annih i la t ion at r e s t . 

To unravel such a complicated s i tua t ion we need to construct a 

G - (,' t ab l e , Table (7 .2 ) , analogous to the E - G t ab le , Table (7 .1 ) . 

Right now most of Table (7.2) i s empty and of the six e n t r i e s , three 

are specula t ive . I have made (premature) guesses in the r ight column 

about the dominant s t a t e s in each channel. G and ^ ' may both appear 

in pp annih i la t ion because of the anomalously large width and the 

need for &T and K*K in the f i t to the Dalitz p lo t . ""' The other 

guesses are based on t he preceding dicuss ion. If '. and -' ' are 
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KKn H«n Tlf/PY tC!?5 ) 

pp 
(tip. at rest) 

r - eo ± 10 
«ir(+K K?) 

c + ; '? 

»P en? Yes C'? 

* - YX 6* 6n? No G 

Kp 

Table 7.2. G versus c ' . See te: for discussion. 



ideally mixed (;' production will be suppressed relative to Q in irp, 

pp and YY scattering. 

Premature guesses aside, the important point is that by completing 

Table (7.2) we can disentangle G from £, Including the difficult 

question of mixing. The success of the naive prediction for n' ~* YY 

119 and two estimates ofri - G mixing a l l suggest that n' - G mixing 

is small. But £ - G mixing could be appreciable if ID - m , is 
G C 

very small. 

F. Other Glueball Candidates 

At this moment there are no other glueball candidates for which 

as strong a case can be made as for G(1440). Some authoi^ * 

have speculated that S*(980) may be a glueball since it is not a good 

f i t to the L = 1 j " = 0 nonet. i have discussed the peculiari t ies 

of this nonet in Section IIT and in Section IV argued for the conclusion 

obtained in the bag model that S* and A are qqqq s ta tes . The. arguments 

for th j interpretation are quite convincing: S+ does have tne 

properties we expect of an ss(uu -t- dd) state = There is no comparable 

evidence favoring the glueball interpretation, and the failure to 

observe t, -* yS* is evidence against i t . 

The newly discovered enhancement near the threshold in Vi J »-•. 
1 2 1 has also been proposed as a glueball candidate. Lay 'jsac and Renard 

argue that it may be a pseudoscalar glueball. Using the data they 

estimate the vt width to be — 8 keV. This would be a surprisingly 

large width for a glueball, being larger than other typical second 

. -h - , + -

order electromagnetic decays such as n -*• yy,.- + e e , r -* e o , 

, T e e and f -" VY. If i t i s not produced \n r a d i a t i v e \, dec-;iy 

a s s t r o n g l y a s G(1440) , then i t i s most l i k e l y c i t h e r a cjq meson or 

pe rhaps a qqqq s t a t j . 1 argued for t h e l a t t e r i n t e r p r e t a t i o n of t h i s 

s t a t e in S e c t i o n IV. 
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Donohue, Johnson, and Li ' make the interesting suggestion 

that there may be a tensor glueball near the f, with which i t i s 

strongly mixed. This would explain the experimental bound 

T(ty •+ yf) > (5-10) • n[ip + YiM) which contradicts the expectation based 

on ideal mixing that r(i// -*• yf) S2r(ijj -* yf ' ) . The f signal would be 

enhanced because of i t s glueball admixture. The qq and gg states 

would mix dominantly via the TTTT channel BQ that when the mass matrix 

i s diagonalized one of the eigenstates wi l l decouple from TTTT . The 

way to discover the second s'cate i s to look in other decay channels, 

such as KK and perhaps nn. One would hope to see either two 

discernible pea1'? or, Af not, a peak with a noticeably d i f ferent 

shape and width than observed in TTTT. 
122 A re la ted suggestion, from J . Rosner, i s motivated by the 

f a i lu re of SU(3) and SU(6) predic t ions for the f which might be 

explained if i t has a s izeable glueball component. He finds that the 

orthogonal admixture, which he c a l l s f i , should have a mass between 

1.45 and 1.87 GeV., closer to f' than to F . Since mixing with the f' 

was not included, the r e s u l t s are not s e l f - cons i s t en t . A complete 

analys is requires study uf the three body mixing between f, f1, and f. 
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VIII CONCLUSION 

I hope I have conveyed a s ense of the impress ive progres s that 

i s being made in meson spec troscopy and of the i n t e r e s t i n g i s s u e s 

that remain. Continued experimental study of the spectrum in the 

compl icated 1-2 GcV. r e g i o n i s e s s e n t i a l , s i n c e on ly with t h i s d e t a i l e d 

knowledge can we f ind and i n t e r p r e t the d e v i a t i o n s which represent 

new p h y s i c s . Observat ion of e x o t i c quantum numbers could be due to 

qqqq s t a t e s , bag or s t r i n g e x c i t a t i o n s , o r g l u e b a l l s . But a l l of 

t h e s e examples of new p h y s i c s can a l s o p r o d u c e s t a t e s w i th t h e same 

quantum numbers a s n o n r e l a t i v i s t i c qq model s t a t e s . In f a c t i t i s 

l i k e l y t l ia t t h e f i r s t d i s c o v e r e d g l u e b a l l s and qqqq s t a t e s do not 

have e x o t i c quantum numbers . In t h i s c a s e o n l y a v e r y thorough 

u n d e r s t a n d i n g of t h e qq spec t rum w i l l e n a b l e u s to i n t e r p r e t what we 

have found . 

The charmonium and bottomonium s p e c t r a have p rov ided s t r i k i n g 

c o n f i r m a t i o n of our i d e a s abou t QCD d y n a m i c s . The p o t e n t i a l which 

f i t s t h e d a t a i n t e r p o l a t e s smoothly between s h o r t d i s t a n c e behav io r 

compat i b l e w i t h a s y m p t o t i c freedom and long d i s t a n c e b e h a v i o r c o n s i s t e n t 

w i t h n a i v e i d e a s about conf inement and l i g h t meson Regge t r a j e c t o r i e s . 

The p r i n c i p a l r ema in ing c h a l l e n g e i s t o u n d e r s t a n d t h e sp in dependence 

oi t h e p o t e n t i a l . Heavy QQ sys tems a r e t h e i d e a l l a b o i a t o r y in which 

t o a p p r o a c h t h i s problem s i n c e t h e e f f e c t s occur in a power s e r i e s in 

1/mJ. 

I a rgued in Sec t ion IV fo r t h e t h e s i s of J a f f e and Johnson t h a t 

i and S* a r e p r o b a b l y qqqq s t a t e s . I f ind t h i s h y p o t h e s i s t o be ve ry 

a t t r a c t i v e , d e s p i t e the problem of t h e il w id th which might be 

r e s o l v e d by h i g h e r s t a t i s t i c s s t u d i e s in t h e KK c h a n n e l . Af te r t h e s e 

l e c t u r e s were g i v e n , t h e C r y s t a l Bal l g roup p r e s e n t e d d a t a for .in 

nr, enhancement a t 1640 MeV. in ij> - -yon. While t h i s could be a qq, gg , 
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or qqqq s ta te , I have argued elsewhere for the likelihood of one 

of the two lat ter p o s s i b i l i t i e s . My favorite guess i s that i t i s a 

four quark state with the same flavor content as the S*, ss(uu + Id) . 

If t h i s i s correct i t should decay equally to K K , K°K°, and rm and 

have no other large two body decay modes. 

Final ly we are on the verge of identifying the f i r s t of the long-

awaited gJi*"balls. The f i r s t glueball may have been seen but not 

recognized in a study of pp ann ih i l a t ion a t r e s t , performed at CERN 

in the ear ly 6 0 ' s . The p o s s i b i l i t y of recognizing i t today as ag lueba l l 

depends c ruc ia l ly on i t s recent rediscovery at SPEAR in r ad i a t ive C 

decay. Nothing can be t t e r i l l u s t r a t e the importance of the study of 

spectrosocopy than the extent to which we are forced to draw on deta i led 

knowledge of the meson spectrum in order to decide whether the 1440 is 

indeed a g lueba l l . In the case of the 1440 we must disentangle at 

least two and probably four KK~ s t a t e s in t h i s mass region. Two have 

been found, E and G, and two remain, H* and ; ' . The problem of 

identifying G as a gluebal l i s e s sen t i a l l y reduced to the spectroscopic 

problem of finding ^' and completing the TT ' nonet. 

Two areas of experimental work are crucia l in the discussion of 

the gluebal l candidate. One i s the general study of meson 

spectroscopy in the 1-2 GeV. region and the second Is the study of 

r ad i a t ive ty decay. If these areas continue to get the a t t en t ion they 

deserve, they wil l continue to be high-yield gold mines in the 

future . Explication of the low-lying gluebal l spectrum may require 

that we increase the s t a t i s t i c a l power in both of these areas by 

another order of magnitude. 



84 

ACKNOWLEDGMENT 

This work was suppported by the Director, Office of Energy «""w-

Research, Office of High Energy and Nuclear Physics, Division 

of High Energy Physics of the U.S. Department of Energy under 

Contract W-7405-ENG-48. 



85 

REFERENCES 

1 . M. Gell-Mann Phys . L e t t . 8_, 214, 1964; and G. Zweig, CERN-8419/ 

TH 412 , 1964 ( u n p u b l i s h e d ) . 

2 . For an i n t e r e s t i n g anecdota l account , s ee G. Zweig, Or ig ins of the 

Quark Model, CALT-68-805, 1980 (presented a t Baryon 1980 C o n f . ) . 

3 . T. De Grand e t a l . , P h y s . Rev. D12_, 2060 , 1975 . 

4 . A. DeRdjula e t a l . , P h y s . REv. D12_, 147 , 1975 . 

5 . S. Okubo, P h y s . L e t t . 5^, 165 , 1963 ; J . l i z u k a e t a l . , P r o g . Theor . 

P h y s . _35_, 1 0 6 1 , 1966; and G. Zweig, Ref . ( 1 ) . 

6. M. Shifman e t a l . , Nuc. Phys . Ex47, 3 8 5 , 4 4 8 , 1979. 

7 . For a r ev i ew of r e c e n t r e s u l t s from deep i n e l a s t i c s c a t t e r i n g see 

C. M a t t e u z i , t o be p u b l i s h e d in P r o c . of t h e 1981 DPF-APS m e e t i n g , 

Santa Cruz, 1 9 8 1 . 

8 . P . Lepage , t h e s e p r o c e e d i n g s . 

9. E. E i c h t e n and F . F e i n b e r g , P h y s . Rev. D23_, 2724, 1981 . 

10 . P. C a r r u t h e r s , I n t r o , t o U n i t a r y Symmetry ( I n t e r s c i e n c e P u b l i s h e r s , 

N. Y . , 1 9 8 1 ) . 

1 1 . G. ' r H " - f t , Nuc. Phys . B_72_, 4 6 1 , 1974. 

1 2 . G. Chew and C. Rosenzweig, P h y s . Rep. 4 1 , 264 , 1178, 

1 3 . M. Gel l -Mann, CTSL-20, p u b l i s h e d in The E i g h t f o l d Way, e d s . 

M. Gell-Mann and Y. Ne'eman (W . A. Benjamin, N. Y . , 1 9 6 4 ) ; 

S. Okubo, P r o g . Theo. Phys . ^7> 9 A 9 , 1962 . 

1 4 . M. Gel l -Mann, R. Oakes, B. Renner , P h y s . Rev. r7_5, 2195 , 1968; 

S. Glashow and S. Weinberg , P h y s . Rev. L e t t . 2_0, 224 , 1968 . 

1 5 . M. Chanowi tz , P h y s . Rev. L e t t . ,3_5. 977 , 1975. 

16 . R. C rewthe r , P r o c . of 1 7 ' t h I n t l . U n i v e r s i t a t s w o c h e n fur 

Ke rnphys ik , Schladming , 1978. 

17 . S. Weinberg , P h y s . Rev. Dl_l, 3583 , 1975. 

1 8 . N. S t a n t o n e t a l . , Phys . L e t t . ^2B, 353 , 1980. 



8 6 

W. Apel et al., Phys. Lett. £6B, 459, 1973. 

J. Jackson, Proc. SLAC Summer Inst. (ed. M Zipf), 197 6. 

N. Isgur and G. Karl, Phys. Rev. JH8, 4187, 1979. 

H. Schnitzer, Spin Dependence and Gluon Mixing in Ordinary 

Meson Spectroscopy, Brandeis preprint, 1981. 

D. Gromes, Nuc. Phys. B131, 80, 1977. 

C. Callan et al., Phys. Rev. JH7, 2717, 1978. 

R. Crewther, Phys. Rev. Lett. 2jS, 1421, 1972; 

M. Chanowitz and J. Ellis, Phys. Lett. 4^B, 397, 1972 and 

Phys. Rev. D]_, 2490, 1973. 

C. Daum et al. , Phys. Lett. J393, 281, 1980. 

J. Dankyowirh et al., Phys. Rev. Lett. 4_6, 580, 1981. 
P + R. Aaron and R. Longacre, Analysis of the J = 1 and 0 Three 

Pion System, BNL 28420, 1981. 

C. Dionisi et al., Nuc. Phys. B169, 1, 1980. 

Particle Data Group, Rev. Mod. Pr^s. 5^, SI, 1980. 

A. Gurtu et al., Nuc. Phys. B151, 181, 1979. 

G. Alexander et al., Phys. Lett 73B, 99, 1978; 

J. Jaros et al. , Phys. Rev. Lett. 4J3, 1120, 1978. 

J. Basdevant and E. Berger, Phys. Rev. Lett. 4J3, 994, 1978. 

J. Dorfan, SLAC-PUB-2721, 1981 (to be published in Proc. XVI 

Recontre de Moriond I). 

R. Cashmore, Experimental Meson Spectroscopy— 1980 (6'th Intl. 

Conf., Brookhaven), A.I.P. Conf. Proc. "o. 67 (eds. S. Chung sn 

S. Lindenbaum) (A.I. P., N.Y., 1981). 

H. Lipkin, Phys. Rev. n_6, 1709, 1968. 

R. Carnegie et al., Dhys. Lett. b8B, 287, 1977; 

M. IVnnington et al . , Nuc. Phys. B156, 5J2, l<ny. 

R. Jat'fe and K. Johnson, Phys. Lett. 60B, 201, 1976. 



8 V 

3 9 . J . Gay e t „ . . , phys . L e t t . j>3B, 220, 1976 . 

4 0 . A. Wicklund e t a l . , Phys . Fev. L e t t . 45 ,̂ 1469, 1980. For recent 

data on the S*, s e e a l s o G. Gidal e t a l . , LBL-13234, 1981 

(submitted to Phys . L e t t . ) . 

4 1 . D. Aston e t a l . , SLAC-rUB-2759, 1981 (submitted to P ' -vs . L e t t . ) . 

4 2 . A. I r v i n g e t a l . , Z f. Phys . CIO, 4 5 , 1981. 

4 3 . A. E t k i n , Amplitude A n a l y s i s of the K K S y s t e m . . . , L pe- ,n t 

1981 . 

44 . A. Martin e t a l . , P h y s . L e t t . _7*J§> ^17 > : ^ " a n d N u c - h >'s - n}J>-

1979. See a l s o t h e n o t e on nn and KK s-wave pnase s h i f t s in 

Ref. ( 3 0 ) . 

4 5 . T. De Grand an:' R. J a f f e , Ann. Phiyi.. ]_00, 425 , 

4 6 . R. G i l e s and S. -II . Tye, P h y s . v . L e t t . _37, ' . n " 

4 7 . R. J a f f e , Phys . Rev. L05, 267 and 2 8 ] , 1977 

4 8 . K. J a f f e , Proc . 1979 h j e t Su-imer School ( ed . :;. . . . r i i c i . i 

4 9 . P. J a f f e and F. Lou, P h y s . Kev. D19, : ' 35 , 197 

50. S. F l a t t e d P h y s . L e t t . W_B, 224, 1976. 

5 1 . Th i s i s the d a t a of R e t . ( 3 9 ) . 

52 . R. B r a n d t i i k e t a l . , Phys . L e t t . _97ji, 448 , 1980; 

D. Burke et a l . , P h y s . L e t t . 103H, 1 5 3 , 1 9 b j . 

5 3 . B. Li and K. L i . , Sl.Ao-PUB-2783, 1981 ( s u b m i t t e d t o Ph>s. uet 

54. G. Brandenburp, et a l . , P h y , . Rev. L e t t . 3_6, 1239, 1976. 

55 . N. S t a n t o n e t a l . , Phys . Rev. L e t t . ^ 2 , 346 , 1y7y 

56. N. S t a n t o n , p r i v a t e cominunicat i o n . 

57 . B. Kumar, Expe r imen ta l Meson S p e c t r o s r o p y - 1 y r ,. . i t . 

58. C. Dai et a l . , P ' ._, 3 . L e t t . 89_B, 2H 1980. 

5 9 . V. C l e l r n d , E x p e r ijnen', a 1 Mesun Sjn-t [ t o s r o ) - - • 



88 

60. For two recent rev i ews see K. G o t t f r i e d , High Energy e e~ 

I n t e r a c t i o n s ( e d s . R. Panvin i and S. Csorn=0, A . I . P . Conf. P r o c . 

No. 62 ( A . I . P . , N . Y . , 1 9 8 0 ) ; E. E i c h t e n , E x p e r i m e n t a l Meson 

S p e c t r o ? c o p y - 1 9 8 0 , l o c . c i t . 

6 1 . E. L i c h t e n e t a l . , P h y s . Rev. D21, 2 0 3 , 1980. 

62 . J . R i c h a r d s o n , P h y s . L e t t . 82B, 272, 1979 . 

6 3 . W. Haxton and L. H e l l e r , P h y s . Rev. D22_, 1198 , 1980. 

64. C. qu igg and J . Rosne r , P h y s . L e t t . 71B, 1 5 3 , 1977: M. Machacek 

and Y. Tomozowa, Ann. P h y s . (N.Y.) H O , 407 , 1978 . 

65 . A. M a r t i n , P h y s . L e t t . 1_0_0B, 5 1 1 , 1 9 8 1 . 

66 . C. Quigg and J . Rosne r , P h y s . Rev. JJ2_3, 2625, 1 9 8 1 . 

67 . W. Buchmul le r and S. -H. r y e , P h y s . Rev. D24 , 132 , 1 9 8 1 . 

68. T. A p p e l q u i s t and D. P o l i t z e r , P h y s . Rev. W_2, 1404, 1975 . 

69 . See for i n s t a n c e V. Ce lmas te r and F. Henyey, P h y s . Rev. D18, 

1668, 197S. 

7d. The c o n d i t i o n v = c a t t h e t i p of t h e s t r i n g i s a consequence of 

t h e Nambu a c t i o n fo r t h e sLr ing mode l , a s shown by P . Goddard 

c t a l . , Nuc. Phys . B56, 109 , 1973 . I thank S. M; ' - i s l a m for 

t e l l i n g n,c of t h i s r e f e r e n c e . 

7 1 . D. Gromes. Nuc. P h y s . B131, 8 0 , 1977. 

72 . For a r ev i ew see S. Mandels tam, P r o c . I n t l . Syrap. on Lepton and 

Photon I n t e r a c t i o n s ( F e r m i l a b , Augus t , 1 9 7 9 ) . 

7 3 . I Lhar.k D. G r o s s for a d i s c u s s i o n of t h i s p o s s i b i l i t y . 

74. F. P o r t e r , t h e s e p r o c e e d i n g s . 

75 . A. H e n r i q u e s , B. K e l l e t t , and R. Moorhouse, P h y s . Le t t 64B, 8 5 , 1976. 

76. H . S e n n i t / L T , P h y s . L e t t . 7_6K, 4 j > l , 1978 . See a l s o Ref . 22 f o r 

an a n a l o g o u s sugges t i o n f o r t h e l i g h t mesons . 

77 . I t h a n k H. S c h n i t z e r f o r a d i s c u s s i o n o f t h i s p o i n t . 

76 . J . A r a f n ' f and M. F u k u j i t a , P h y s . L e t t . 10211. 4 3 7 , 1 9 8 1 . 



89 

79 . D. Scharre e t a l . , P h y s . L e t t . 9TR, 329 , 1980. 

8 0 . E. Bloom, Proc . SLAC Summer I n s t . 1980 ( e d . A. Mosher) . 

8 1 . G. Bhanot, Phys . L e t t . 101B, 9 5 , 1 9 8 1 . 

8 2 . J . Donoghue, K. J o h n s o n , B. A. L i , P h y s . L e t t . 99B, 416 , 1 9 8 1 . 

8 3 . J . Coyne, P . F i s h b a n e , S. Meshkov, P h y s . L e t t . ^ 1 B , 259 , 1980 . 

8 4 . T. B a r n e s , Z. P h y s . CIO, 2 7 5 , 1 9 8 1 . 

8 5 . G i l e s has shown ( c i t e d in Ref. ( 8 2 ) ) t h a t s e m i c l a s s i c a l l y t h e 

bag deforms t o a p a n c a k e , so t h e u s e of t h e s p h e r i c a l c a v i t y i s 

an a d d i t i o n a l s o u r c e of u n c e r t a i n t y . 

8 5 . C. Thorne , c i t e d In Ref. ( 8 2 ) . 

8 7 . T h i s argument i s a l s o made, on g r o u n d s of gauge i n v a r i a n c e , 

by H. F r i t z s c h and P . Minkowski Nuovo Cim. 3_0A, 393 , 1975 . 

8 8 . J . D. B j o r k e n , P r o c . SLAC Summer I n s L . ( e d . A. Moshe r ) , 1979 . 

89 . D. Robson, Nuc. Phys . Bl_30, 328 , 1977 . 

90. Except t h a t in the bag model t h e r e were two n e a r l y d e g e n e r a t e 1 

s t a t e s , one from TE * TM and one from TE1 TM . 

9 1 . C. Car l son e t a l . , P h y s . L e t t . _99B, 3 5 3 , 1 9 8 1 . 

92 . V. Novikov e t a l . , ITEP-42 -1981 . 

9 3 . C. Ca r l son <L - a l . , P h y s . Rev. L 3 , 2765 , 1 9 8 1 . 

94. J . Donoghue has made an e s t i m a t e which y i e l d s a l a r g e r w i d t h . See 

J . Donoghue, P r o c . O r b i s S c i e n t i a e 1981 ( e d . B. Kursonogo lu ; . 

95 . T. A p p e l q u i s t e t a l . , Phys . Rev. L e t t . V*_, 365 , 1975: 

M. Ciianowitz, P h y s . Rev. M_2, 918 , 1975; L. Okun and M. V o i o s h i n , 

ITFP-95 , 1976 ( u n p u b l i s h e d ) . 

96 . D. S c h a r r e , SLAC-PUb-2801, to be p u b l i s h e d in P r o c . 198i I n t l . 

Symposium on Lepton and Photon I n t e r a c t i o n s a t High E n e r g i e s , Bonn, 

1981; D. Coyne, SLAC p r e p r i n t , t o be p u b l i s h e d in P r o c . of 1^81 

Meet ing of t h e D i v i s i o n of P a r t i c l e s and F i e l d s , A . P . S . , Santa Cru , 

1981 . These a r e t h e most r e c e n t r e s u l t s a s t h i s m a n u s c r i p t i s be ing 

p r e p a r e d ; t h e y were not a v a i l a b l e when t h e l e c t u r e s were g i v e n . 



90 

97 . D. Scharre , Experimental Meson S p e c t r o s c o p y - 1 9 8 0 , l o c . c i t . 

98 . C. N. Vang, Phys . Rev. _7_7. 242 , 1950. 

99 . M. Chanowitz , P h y s . Rev. L e t t . 4j6, 9 8 1 , 1 9 8 1 . 

100 . K. I s h i k a u a , P h y s . Rev. L e t t , ib, 978 , 1 9 8 1 . 

1 0 1 . C. C a r l s o n e t a l - , P h y s . L e t t . 98B_, 110 , 1 9 8 1 . 

102. P . B a i l l o n e t a l . , Nuovo Com. A50, 3 9 3 , 1967 . 

103 . P . B a i l i c n , p r i v a t e communica t ion . 

104. P . B a i l l o n , Ph .D. T h e s i s . 

105 . *.. Ba rash e t a l . , Phys . Rev. 1_5J>, 1399, 1967 . 

106. C. Defoix e t a l . , Nuc. P h v s . B44_, 125 , 1972. 

107 . Data p r e s e n t e d by E. Bloom a t t h e 1?80 SLAC Summer I n s t . , but ru t 

i n c l u d e d in Ref . (80) . 

U S . ;•:. Nacasii c t a l . , Nuc l . Phys . B135, 203 , 1978; 

1 . Hand le r e t a ] . , .Nuc. Phys . B l lO , 173 , 1976; 

V. V u i l l e n i m e t a l . , Nuovo C i m . A J D , 133 , 1976; 

J . Duboc et a l . , Nuc. P h y s . B_4_6, 429 , 1972. 

109 . A. B i l l o i r e e t a l . , P h y s . L e t t . 8J3B, 3 8 1 , 1979. 

110. H. L i p k i n , A.NL-HEP- PR-81-23 , 1 9 8 1 . 

111. R. Cahn and M. Chanowitz, Phys. Lett. _59B, 277, 1975. 

112. R. van Royen and V. Weisskopf, Nuovo Cim. 50A, 617, 1967. 

113. A. Devoto and W. Repko, Mich. State University preprint, 198] 

(to be published in Phys. Letc.); B. Guberina and J. Kuhn, Max 

Planck Inst, preprint, 1980. 

114. This form of the result is taken from Devoto and Repko, Ref. (113). 

115. The philosophy is that of Ref. (111). In that paper the phasi' 

space f. tor in Eq. (7.17) was included but none ol the other 

corrections and instead of 7 a much larger value, - 20, was 

obtained . 



91 

116. In the nun data reported l a s t year (Ref. ( 1 0 7 ) ) a 6 cut 

improved the s i g n a l - t o - n o i s e r a t i o without g r e a t l y d e p l e t i n g 

the a b s o l u t e s t reng th of the s i g n a l . 

117 . P. Roy and T. Walsh, Phys. L e t t . _7_8_B' 62 , 1979. 

See a l s o P. Roy, Nimrod l e c t u r e , RL-80-007, 1980. 

118. A 50% K*K branching r a t i o was needed in Ref. (102) to e x p l a i n 

the KK angular d i s t r i b u t i o n , though the D a l i t z p l o t (shown in 

Ref. ( 1 0 4 ) ) does not have K* bands. New high s t a t i s t i c s data 

for t h i s p r o c e s s would be very u s e f u l . 

119 . C. Carlson and T. Hansson, Nordita prepr in t 4 / 8 1 ; 

C. Rosenzweig, A. Salomone, and J . S c h e c h t e r , Sy racuse 

U. p r e p r i n t SU-4217-201 , 7 / 8 1 . 

120 . Y. Cho, J . C o r t e s , X. Fham, PAR/LPTHE 8 1 / 0 8 , 7 / 8 1 . 

1 2 1 . J . Layssac and F. Renard , PM/80 /11 , p r e s e n t e d a t C l e r m o n t -

Fe r rand Seminar on -y> p h y s i c s , 1 2 / 8 0 . 

122 . J . Rosne r , P h y s . Rev. D24, 1347, 1 9 8 1 . 

123 . M. C h a n o u i t z , LBL-13398, 9/81 ( t o be p u b l i s h e d in the P r o c . 

of t h e 1981 Meet ing of the D i v i s i o n of P a r t i c l e t , and F i e l d s , 

Santa Cruz , 1 9 8 1 ) . 


