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'QCD and spectroscopy beyond the quark model: 

the s e a r c h f o r the l i g h t e s t s c a l a r g l u e b a l l ' 

K.L.Au 

ABSTRACT 

The naive quark model has been remarkably s u c c e s s f u l i n 

c l a s s i f y i n g the many hadron s t a t e s so f a r d i s c o v e r e d . The underlying 

theory f o r these s u c c e s s e s i s QCD. T h i s theory, however, not only 

suggests s t a t e s made p u r e l y of quarks, but a l s o those containing glue. 

Whether these pure glue s t a t e s are observable depends on the v a l i d i t y 

of the notion of va l e n c e gluons which has been explored i n the e a r l i e r 

p a r t of t h i s t h e s i s . My s t u d i e s show t h a t the hard and s o f t gluon 

components can be d i s t i n g u i s h e d and behave as valence and sea 

c o n s t i t u e n t s i n g l u e b a l l s . These g l u e b a l l s , and e s p e c i a l l y the ground 

s t a t e , must be found i n order to e s t a b l i s h QCD as a s u c c e s s f u l theory 

of strong i n t e r a c t i o n s . Because of the i n e v i t a b i l i t y of mixing, 

p a r t i c u l a r l y f o r low mass s t a t e s , simple parton c o n f i g u r a t i o n s cannot 

be expected i n p r a c t i c e , so supposedly c h a r a c t e r i s t i c decay patterns 

may not se r v e as a guide to the e x i s t e n c e of new s t a t e s . The only 

r e l i a b l e way to e s t a b l i s h the i n t r u s i o n of e x t r a dynamics i s to count 

the number of s t a t e s w i t h given quantum numbers. An ex t e n s i v e coupled 

channel a n a l y s i s of r e s u l t s on frir and KK f i n a l s t a t e s i n t e r a c t i o n s 

with 1=0 0^^ quantum numbers below 1.7 GeV has been performed 

i n c o r p o r a t i n g new data on pp -»• pp 7nr(KK), Though no poles a r e imposed 

on t h e s e data, we f i n d t h a t 3 d i s t i n c t resonances emerge i n the 1 GeV 

re g i o n , when the naive quark model r e q u i r e s but two. T h i s c l e a r l y 

i n d i c a t e s f o r the f i r s t time d e f i n i t e evidence f o r dynamics beyond the 

quark model i n the O"*""*" channel. Our r e s u l t s a r e c o n s i s t e n t with the 

presence of the ground s t a t e g l u e b a l l S^(993) together with i d e a l l y 

mixed quark model s t a t e s 82(988) and £(900). 
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CHAPTER ONE 

QCP ANP GLUEBALt^S 

1.1 INTRODUCTION TO OCD 

The r o l e of p a r t i c l e p h y s i c s i s to understand the fundamental laws of 

nature and to u n i f y them i n t o one theory. Any Grand U n i f i c a t i o n 

c a n d i d a t e must embed i n i t the four known fundamental f o r c e s 

Electromagnetism, Weak and Strong i n t e r a c t i o n s plus G r a v i t y . I n t e r n a l 

symmetry and gauge i n v a r i a n c e are b e l i e v e d to be the underlying 

p r i n c i p l e of p h y s i c s . 

The i d e a of i n t e r n a l symmetry f i r s t appeared when i t was r e a l i s e d 

t h a t the nucleon-nucleon f o r c e i s charge-independent by observing t h a t 

nn, pn and pp f o r c e s are equal apart from s m a l l Coulomb c o r r e c t i o n s . 

T h e r e f o r e the proton and neutron appear t o be i d e n t i c a l i n nuclear 

r e a c t i o n s and the sm a l l d i f f e r e n c e i n t h e i r mass i s attributaOsle to 

t h e i r d i f f e r e n t behaviour with respect to ele c t r o m a g n e t i c i n t e r a c t i o n s 

because of t h e i r charge d i f f e r e n c e . T h i s i n t e r n a l symmetry i s expressed 

by l a b e l l i n g the proton and neutron as two j j o s s i b l e i n t e r n a l ' i s o s p i n ' 

s t a t e s of a 'nucleon'. In analogy with the s p i n of an e l e c t r o n t h i s 

i s o s p i n symmetry corresponds to the L i e Group SU(2). A l l st r o n g l y 

i n t e r a c t i n g p a r t i c l e s form m u l t i p l e t s u s i n g Heisenberg's concept of 

i s o s p i n [ l ] . Extending t h i s i n t e r n a l symmetry i d e a to d e s c r i b e the 

p r o l i f e r a t i o n of nucleons, Murray Gell-Mann and Y. Ne'eman independently 
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d i s c o v e r e d the higher L i e Algebra SU(3) of flav o u r [ 2 ] . The b a s i c 

e n t i t y i n t h i s SU(3) i s c a l l e d a quark [ 3 ] [ 4 ] with spin-1/2 and has 

t h r e e d i f f e r e n t f l a v o u r s u, d and s . These quarks c a r r y f r a c t i o n a l 

charges and belong to the fundamental r e p r e s e n t a t i o n of SU(3). The 

c l a s s i f i c a t i o n of baryons being made up of thr e e quarks i n t o decuplet 

o c t e t and s i n g l e t , and mesons made up of a quark and an antiquark i n t o 

nonets i s c a l l e d the E i g h t f o l d way. The u and d quarks that a r e 

degenerate i n mass form an i s o s p i n m u l t i p l e t . The heavier s quark 

c a r r i e s the quantum number c a l l e d strangeness which i s conserved i n 

st r o n g i n t e r a c t i o n s , but not i n weak, and i s r e q u i r e d to e x p l a i n the 

long l i f e t i m e of A and K p a r t i c l e s . 

T h i s simple quark model s u f f e r s from the fo l l o w i n g d i f f i c u l t i e s ; 

1. I t does not e x p l a i n the absence of f r a c t i o n a l charged p a r t i c l e s , 

2. The wavefunctions f o r the j P = - baryon decuplet are i n c o n f l i c t 

w i t h Fermi-Dirac s p i n s t a t i s t i c s . 

The s o l u t i o n to these d i f f i c u l t i e s i s to give each quark flavour a 

hidden c o l o u r symmetry with L i e Algebra SU{3) of colour [ 5 ] . The quarks 

a r e i n the fundamental r e p r e s e n t a t i o n and only colour s i n g l e t s t a t e s a r e 

all o w e d to e x i s t as asymptotic s t a t e s ( t h i s i s the colour confinement 

h y p o t h e s i s ) . From the products of such r e p r e s e n t a t i o n we see that the 

s i m p l e s t s i n g l e t c o n f i g u r a t i o n s are qq and qqq, s i n c e 

3 x 1 = 1 + 8 and 3 x 3 x 3 = 1 + 8 + 8 + 1 0 , 

However th e r e a r e other colour s i n g l e t c o n f i g u r a t i o n s notcibly the 

four-quark qqqq s t a t e s which have been s t u d i e d elsewhere [ 6 ] . While the 

badly broken f l a v o u r symmetry SU(N) depends on N the number of quark 
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f l a v o u r s d i s c o v e r e d , the SU(3)c i s taken to be exact such t h a t the 

s i n g l e t c o n f i g u r a t i o n s of quarks a r e independent of the number of 

f l a v o u r s . The th r e e degrees of colour freedom are supported by 

experimental evidence e.g. the. R r a t i o of c r o s s s e c t i o n s of 

e''"e~ -> hadrons over e"'"e" -> . I t i s t h e r e f o r e reasonable to 

p o s t u l a t e t h a t SU(3)p i s r e s p o n s i b l e f o r the strong i n t e r a c t i o n . T h i s 

i s accomplished by making SU(3 ) ^ a gauge symmetry. 

The idea of gauge symmetry o r i g i n a t e s from the i n v a r i a n c e of the 

c l a s s i c a l Maxwell equations under 

A ( x ) -> A ' ( X ) = A ( X ) - 3 e(x) (1.1) 
y y U U 

which i s known as a gauge t r a n s f o r m a t i o n . The v e c t o r p o t e n t i a l or gauge 

f i e l d A appears l i n e a r l y with the space-time d e r i v a t i v e i n quantum 
y 

e l e c t r o d y n a m i c s , QED [ 7 ] . Requiring the same gauge freedom on A ^ as i n 

the c l a s s i c a l theory leads to an accompanying l o c a l phase tra n s f o r m a t i o n 

f o r the wavefunction 

\|>(x) -> \i)'(x) = exp[iee(x)]i|>(x) (1.2) 

where e i s the e l e c t r i c charge and 9(x) i s a l o c a l phase f a c t o r . 

T h i s i s e q u i v a l e n t to s a y i n g that QED has a l o c a l U ( l ) gauge symmetry 

and the electromagnetic i n t e r a c t i o n i s mediated by the corresponding 

gauge f i e l d . The g e n e r a l i z a t i o n of t h i s concept to non-abelian gauge 

symmetries was made by Yang and M i l l s [ 8 ] . The i n t e r a c t i o n s 

corresponding to these symmetries a r e mediated by a s e t of gauge f i e l d s , 

the analogue of A^ i n QED, which c a r r y i n t e r n a l symmetry l a b e l s . The 
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s t r o n g i n t e r a c t i o n s can be thought of as an i n t e r n a l SU(3)j, gauge f i e l d 

theory known as Quantum Chromo-Dynamics or QCD [ 9 ] [ l 0 ] , The Lagrangian 

of QCD w i t h Nf f l a v o u r s of quark i s 

Nf . 
L _ = - ( 1 / 4 ) G ^ G^ + Z q^(iY D^3 _ „ )qD ( I . 3 ) 
QCD UV UV k k 'u U k k 

where the quarks f i e l d s q^ being i n the fundamental r e p r e s e n t a t i o n of 

SU ( 3 ) f have i = 1, 2, 3, while the gauge f i e l d s are i n the a d j o i n t 

r e p r e s e n t a t i o n so a = 1,,..,,8 . 

The c o v a r i a n t d e r i v a t i v e i s 

D':'. = 6. .3̂^ - i g T ^ A^^ [ T ^ T ^ ] = i f ^ ^ ^ T ^ (1.4) 

a t h 

T i s the a generator of SU(3)(, and g i s the bare coupling. 

The f i e l d s t r e n g t h t e n s o r i s 
^a ,a 1 »a ^abc,b,c ^, G = 3 A - 3 A + g f A A (1.5) 
UV UV v u y v 

Where f ^ ^ ^ are the s t r u c t u r e constants of S U O ) ^ . The QCD Lagrangian 

must be i n v a r i a n t under the l o c a l gauge transformation, 

q . ( x ) -> e x p ( i e ^ ( x ) T ^ ) q . ( X ) (1.6) 
1 1 

which, f o r i n f i n i t e s i m a l 9^(x) lead to the fo l l o w i n g requirements, 

A^(x) -> A^(x) - f^^'^9^(x)A'^(x) - (l/g)3 e^(x) (1,7) 
U U U U 

T h i s i m p l i e s t h a t the c o v a r i a n t d e r i v a t i v e i s a s i n g l e t . The gauge 

f i e l d s A^ a r e i n the a d j o i n t r e p r e s e n t a t i o n so t h a t they form a s i n g l e t 

i n t e n s o r products with the generators of the group T^, which are a l s o 
2 a a 

a d j o i n t . Because of gauge i n v a r i a n c e , a mass term m A^A^ i s not allowed 
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i n the Lagrangian. For the same reason a massive photon f i e l d i s 

forbidden i n QED. 

I t seems a t f i r s t s i g h t that both QCD and QED are long range 

i n t e r a c t i o n s because t h e i r gauge f i e l d s or v e c t o r bosons a r e massless. 

However the work of P o l i t z e r , Gross and Wilczek, showed th a t the 

c o u p l i n g of QCD has a d i f f e r e n t energy behaviour from QED and o f f e r s a 

p o s s i b l e r e s o l u t i o n to the observed confinement of quarks and gluons i n 

hadrons [ l l ] . The d i f f e r e n c e i s a t t r i b u t e d t o t h e i r d i f f e r e n t quantum 

c o r r e c t i o n s i n the two t h e o r i e s . Equipped with Feynman r u l e s [ 7 ] [ l 2 ] 

quantum loop c o r r e c t i o n s to the bare q u a n t i t i e s i n the theory can be 

c a l c u l a t e d p e r t u r b a t i v e l y . The u l t r a - v i o l e t divergences i n loop 

momentum i n t e g r a l s a r e removed by mass r e n o r m a l i z a t i o n [13] (the 

i n f i n i t e bare mass i s made f i n i t e by c a n c e l l i n g with quadratic 

d i v e r g e n c e s ) and r e s c a l i n g of the f i e l d s (the l o g a r i t h m i c divergences 

can be w r i t t e n as a m u l t i p l i c a t i v e f a c t o r ) [ 1 4 ] . Because Green's 

f u n c t i o n s a r e obtained from the time ordered product of the f i e l d 

o p e r a t o r s , renormalized ( f i n i t e ) one p a r t i c l e i r r e d u c i b l e ( I P I ) Green's 

f u n c t i o n s a r e r e l a t e d to the bare I P I Green's f u n c t i o n s by 

m u l t i p l i c a t i v e f a c t o r s . As the bare Green's f u n c t i o n s are independent 

of the momentum cut o f f i n loop i n t e g r a l s , one o b t a i n s the f a m i l i a r 

Stueckelberg-Peterman r e n o r m a l i z a t i o n group equation RGE [ l 5 ] for the 

re n o r m a l i z e d Green's f u n c t i o n s . The m u l t i p l i c a t i v e r e n o r m a l i z a b i l i t y 

i m p l i e s t h a t divergences can be removed order by order by adding 

counterterms to the o r i g i n a l Lagrangian. A l l these a r e v a l i d only i n 

the p e r t u r b a t i v e region where loop c o r r e c t i o n s a r e s m a l l . A n a t u r a l 
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r e n o r m a l i z a t i o n scheme i s to impose t h a t the e f f e c t i v e mass and coupling 

a t energy s c a l e u^ be the same as those measured experimentally. The 

c o u p l i n g Og a t a d i f f e r e n t energy Q i s then given by 

p r o v i d i n g a s ( u ^ ) l n ( Q^/u^) i • where 

o2^o2^ 2Nf 
a (Q2) = ^ > , 00 = 11 fo"" SU(3) 

S 4TT 3 

and i s the 1 loop c o n t r i b u t i o n to the 3-function i n the RGE. 

The l e a d i n g logarithm terms B Q C I S ^ ^ ^ ^ 1 " ^ 2 ^ / U * ) a re resummed to give 

the running coupling constant 

^ In(QVA^) 

where A i s to be determined e x p e r i m e n t a l l y . Therefore for Nj < 17 

3a_(0^) 
e = 4Tr — — ( 1 . 1 0 ) 

3lnQ^ 

(1.11) 

T h i s l e a d s to the phenomenon of asymptotic freedom; the coupling 

d e c r e a s e s as the momentum Q i n c r e a s e s . QCD i s t h e r e f o r e a 

r e n o r m a l i z a b l e quantum theory [16] with asymptotic freedom. The 

a s y m p t o t i c a l l y f r e e nature of QCD i s b e l i e v e d to be the t h e o r e t i c a l 

j u s t i f i c a t i o n for the s u c c e s s of the pjarton model. 
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1.2 INTRODUCTION TO THE PARTON MODEL 

Deep i n e l a s t i c s c a t t e r i n g r e v e a l s t h a t a t l a r g e momentum (Q > 3 GeV) 

the charge of the t a r g e t proton i s concentrated i n ' p a r t o n - l i k e ' f r e e 

c o n s t i t u e n t s [ 1 7 ] . These s t r u c t u r e l e s s p a r t i c l e s , c a l l e d 

partons [ 4 ] [ l 8 ] , have the electromagnetic and weak i n t e r a c t i o n 

p r o p e r t i e s of the f l a v o u r quarks i n the quark model. Each parton of 

f l a v o u r i c a r r i e s a f r a c t i o n x of the hadron momentum with p r o b a b i l i t y 

q ( x ) . Measurement of the d i f f e r e n t i a l c r o s s - s e c t i o n f o r deep i n e l a s t i c 
i 

e l e c t r o n s c a t t e r i n g a l l o w s two s t r u c t u r e f u n c t i o n s to be determined i n 

the standard way [ 4 ] [ l 0 ] . I n terms of the charged parton d i s t r i b u t i o n 

f u n c t i o n s , these s t r u c t u r e f u n c t i o n s a r e simply 

F ^ ( x ) = |z e.q.(x) (1.12) 

F 2 ( x ) = X J : e q ( X ) (1.13) 
i 1 

where e^ i s the charge of the parton of f l a v o u r i and the Callan-Gross 

r e l a t i o n F^{x) = 2 x F ^ ( x ) [ 1 9 ] i s a consequence of the spin-1/2 nature of 

quarks. 

I f t h i s simple parton p i c t u r e were the whole s t o r y , s t r u c t u r e 

f u n c t i o n s determined from experiment would be independent of the 

momentum Q of the probing v i r t u a l photon. For once the wavelength i s 

sh o r t enough (Q > 3 GeV) to r e s o l v e the i n d i v i d u a l partons i n s i d e the 

hadron, making the wavelength s t i l l s h o r t e r would not r e v e a l more 

s t r u c t u r e . T h i s i s known as Bjorken s c a l i n g [ 2 0 ] - However, i t i s not 
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what experiment r e v e a l s . As Q i n c r e a s e s we observe: 

QCD n a t u r a l l y e x p l a i n s such d e v i a t i o n s from Bjorken s c a l i n g , for gluons 

and qq p a i r s are c r e a t e d with ever i n c r e a s i n g p r o b a b i l i t y as the 

momentum of the probe i n c r e a s e s , f i n d i n g partons w i t h i n partons. 

Because of the a s y m p t o t i c a l l y f r e e nature of QCD, per t u r b a t i o n theory 

can be used to compute the way i n which t h i s happens. T h i s leads to the 

A l t a r e l l i - P a r i s i (A-P) e v o l u t i o n equations (see Section 2.2). 

I n t u i t i v e l y , 

q.(x,Q2) = q.(x) + dq.(x,Q2) (1.14) 

g(x,Q 2\ = g ( x ) + dg(x,Q2) (1.15) 

where g(x,Q ) i s the p r o b a b i l i t y that a gluon c a r r i e s a f r a c t i o n x of 

the hadron momentum defined analogously to the quarlc p r o b a b i l i t y 

d i s t r i b u t i o n s , q^(x,Q^). The dependence can be expressed i n terms of 
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a s e t of s p l i t t i n g f u n c t i o n s P]jj3(z) > z = x/y , which are r e l a t e d to the 

p r o b a b i l i t y of f i n d i n g a daughter parton of type b with momentum 

f r a c t i o n x i n a parent parton of type a which has momentum f r a c t i o n y. 

These s p l i t t i n g f u n c t i o n s can be computed from the appropriate QCD 

Feynman diagrams which a r e the o r i g i n of the dependence. The 

e x p l i c i t form of these s p l i t t i n g f u n c t i o n s w i l l be d i s c u s s e d i n 

Chapter 2 where we consider deep i n e l a s t i c s c a t t e r i n g on a g l u e b a l l 

s t a t e . 

1.3 GLUONIUM 

1,3.1 I n t r o d u c t i o n 

The non-Abelian nature of SU(3) of colour l e a d s to the e x i s t e n c e of 

terms g f ^ ^ ^ 3 A ^A^^^^ and (l/4)g'f^^^^^adc^^ 1^ ^A^^^"^ the 
U V y V 

pure gauge s e c t o r from the TrG-G term of the QCD Lagrangian which 

i n v o l v e s s e l f - c o u p l i n g of the gauge bosons. The colour s i n g l e t 

e x c i t a t i o n s of these s e l f - c o u p l i n g gauge bosons form a p a r t i c l e spectrum 

c a l l e d GLUEBALLS [ 2 l ] . At f i r s t s i g h t i t seems th a t g l u e b a l l s a r e 

s i m p l e r o b j e c t s f o r study than quark mesons because they are present i n 

pure QCD. I f g l u e b a l l s e x i s t then i t should be p o s s i b l e to g e n e r a l i z e 

the c o n s t i t u e n t quark i d e a of hadrons to c o n s t i t u e n t gluons of 

g l u e b a l l s . The g l u e b a l l spectrum s u r v i v e s only i f p e r t u r b a t i o n s from 

the s e a s e c t o r a r e sma l l a t modestly low energy. P e r t u r b a t i o n s from the 

sea quarks come as vacuum loops and are b e l i e v e d t o be s m a l l i n the 

p e r t u r b a t i v e regime because the quark loop c o e f f i c i e n t i s s m a l l e r than 
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t h a t of gluon loop i n 3o for small Nf . T h i s alone does not j u s t i f y the 

n o t i o n of a c o n s t i t u e n t gluon and i t i s the o b j e c t of Chapter 2 to study 

i t s v i a b l i t y with a simple model. 

S i n c e g l u e b a l l s a r e c o l o u r l e s s o b j e c t s the minimum number of 

c o n s t i t u e n t gluons i s two. As gluons a r e n e u t r a l , charge conjugation i s 

a good quantum number and i s u s e f u l i n c l a s s i f y i n g g l u e b a l l decays. The 

photon f i e l d i n QED i s odd under charge conjugation C and t h i s i s 

i r j 
g e n e r a l i s e d to gluon f i e l d s i n QCD; A^^ ---> -A^^ 

w i t h A ^ = Z (T^)^A^ . U: a J u 

For a 2 gluon co l o u r s i n g l e t , the c o l o u r c o n f i g u r a t i o n i s 

Tr(A^A2) and has even C p a r i t y . 

For a 3 gluon c o l o u r s i n g l e t there a r e 2 p o s s i b l e colour c o n f i g u r a t i o n s ; 

abc 
D s t a t e : Tr(A,A,A,) + Tr(A,A,A,) d A,A,A, i s odd under C and, 

l & J X 3 2 1 2 3 

F s t a t e : TriA^h^h^) - Trik^A^A^) "V f^^^A^A^A^ i s even under C 

abc abc 

where f and d a r e the antisymmetric and symmetric s t r u c t u r e 

c o n s t a n t s of S U ( 3 ) . As gluons a r e v e c t o r p a r t i c l e s the wavefunctions of 

g l u e b a l l s must obey Bose symmetry and t h e i r quantum numbers can be 

worked out a c c o r d i n g l y . Some e x c i t e d gluonium s t a t e s are c a l l e d 
pc 

o d d b a l l s with J not a c c e s s i b l e to qq mesons. A n e u t r a l qq meson has 

p a r i t y P = (-1)^"*"^ and C = ( - l ) ^ " * " ^ . The of allowed and e x o t i c quark 

mesons a r e l i s t e d i n Table 1. 
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_pc 

qq E x o t i c 

-+ +-even even 
s = 0 +- —!• 

odd odd 

++ 
even even 

s = 1 — ++ odd odd 

Table 1 

These e x o t i c mesons would be a strong i n d i c a t i o n of the exi s t e n c e of 

g l u e b a l l s but they have not y e t been found. 

Assuming the v a l i d i t y of c o n s t i t u e n t gluons, the gluonium spectrum 

has been obtained i n many d i f f e r e n t models. There i s much disagreement 

between the g l u e b a l l s p e c t r a of va r i o u s models but the one common 

f e a t u r e i s t h a t the l i g h t e s t g l u e b a l l i s a s c a l a r and has mass i n the 

1 GeV r e g i o n [ 2 2 ] , The f o l l o w i n g i s an overview of the mass p r e d i c t i o n s 

of t h e s e models; 

I . Bag Models: 

G l u e b a l l s a r e c o n s t r u c t e d by putting massless gluon f i e l d s i n a 

s t a t i c s p h e r i c a l bag [ 2 3 ] , with the con f i n i n g boundary condition that no 

gluon f l u x passes through the s u r f a c e . There are two f a m i l i e s of gluon 

modes, t r a n s v e r s e e l e c t r i c (T5) with p a r i t y - ( - 1 ) ^ and t r a n s v e r s e 

magnetic (TM) with p a r i t y (-1)^. The lowest s t a t e i s the fi, = 1 TE mode 
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p + p -with J = 1 . The corresponding TM mode J = 1 i s r a t h e r higher i n 

energy. 

The lowest mass g l u e b a l l s are formed from two TE gluons with 
pc ++ ++ pc -+ -+ J = 0 , 2 . The f i r s t e x c i t e d s t a t e s have J = 0 , 2 . The 

e x o t i c 1 ^ i s absent because two massless t r a n s v e r s e gluons cannot 

combine to give such quantum numbers because of Yang's theorem [ 2 4 ] . I t 
-+ 

has been shown th a t t h i s corresponds to the absence of a 1 gauge 

i n v a r i a n t and Lorentz i n v a r i a n t i n t e r p o l a t i n g g l u e b a l l f i e l d formed from 

l i n e a r combinations of G^^G^^ [ 2 3 ] [ 3 3 ] . The lowest t h r e e gluon bound 
+ ++ 

s t a t e s are formed by t h r e e 1 TE gluons which give a 0 s t a t e with the 

c o l o u r f a c t o r f^*^^, w hile with d^^*^ 1^ and 3^ are formed. The e x o t i c 

1 * i s among the f i r s t e x c i t e d s t a t e s and i s b e l i e v e d to be heavy. 

I n t e r a c t i o n s s p l i t the g l u e b a l l s p e c t r a . The QCD i n t e r a c t i o n s between 

the v alence gluons have been in c l u d e d p e r t u r b a t i v e l y a t the t r e e 

l e v e l [ 2 5 ] . The unknown s e l f - e n e r g i e s of TE and TM can s h i f t the 

o v e r a l l mass s c a l e and have been t r e a t e d d i f f e r e n t l y by d i f f e r e n t groups 

which i s the major source of d i s c r e p a n c i e s . The r e s u l t i n g spectrum, i n 
pc ++ -+ ++ ++ +- ^++ order of i n c r e a s i n g mass, are J * ^ = 0 < 0 < 0 < 2 < 2 1 ^ 2 

I I . Massive C o n s t i t u e n t Gluons; 

G l u e b a l l s i n t h i s model are thought to be bound s t a t e s of massive 

gluons [26] i n t e r a c t i n g through a breakable s t r i n g of the form 

V ( r ) = 2ra[l - e x p ( - r / r o ) ] (1.16) 

where m i s the e f f e c t i v e gluon mass, taken to be 500 MeV; with 
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r ^ = 0.6 fm. Although gluons appear as massless f i e l d s i n the QCD 

Lagr a n g i a n , a gluon s t r i n g breaks when s u f f i c i e n t energy (the p o t e n t i a l 

energy a t i n f i n i t e d i s t a n c e ) has been stor e d i n i t t o m a t e r i a l i z e a 

gluon p a i r . The mass i s generated dynamically through the strong 

gluon-binding f o r c e s . The bound s t a t e s of massive gluons a re 

i n v e s t i g a t e d with a n o n - r e l a t i v i s t i c Schrodinger equation [26] and the 

c a l c u l a t e d mass spectrum gi v e s the following o r d e r i n g of s t a t e s : 

0^* < 0 ^ i 1 ^ 2^^ with o"*̂* % 1.5 GeV. The r e l a t i v e l y l i g h t e x o t i c 

1 s t a t e i n t h i s model i s formed by two massive gluons. 

I I I . L a t t i c e Gauge T h e o r i e s : 

L a t t i c e gauge t h e o r i e s [ 2 7 ] [ 2 8 ] o f f e r the p o s s i b i l i t y of a 

no n - p e r t u r b a t i v e QCD c a l c u l a t i o n of the g l u e b a l l spectrum and gives 

p o t e n t i a l l y the most r e l i a b l e r e s u l t s . G l u e b a l l masses are e x t r a c t e d by 

e v a l u a t i n g n u m e r i c a l l y two point c o r r e l a t i o n f u n c t i o n s of operators, <t>, 

w i t h g l u e b a l l quantum numbers. T h i s idea i s based on the observation 

t h a t 

<v|<t»(t)<|)(0) |v> = <v|(|)(0)e"^"^<t.(0)|v> 

( t -> - i t ) -> <v|4)(0)e""^ (j)(0)|v> 

= Z <v|(|)(0) |n><n|e"^^|n><n|(j)(0) |v> 

= Z e'^nt|<v|(t,(o)|n>|^ 
n 

( t -> oo) -> |<v|(j)(0)|0>|2e"^0^ 

V i s the vacuum and 4) i s assumed to have zero vacuum e x p e c t a t i o n . 

The c o r r e l a t i o n f u n c t i o n i s dominated by the lowest e x c i t a t i o n of the 

vacuum with energy EQ . In l a t t i c e gauge t h e o r i e s , c o r r e l a t i o n 

f u n c t i o n s a r e e v a l u a t e d by doing Feynman Path I n t e g r a l s [29] on a f i n i t e 
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l a t t i c e w ith Monte C a r l o [30] s i m u l a t i o n . The g l u e b a l l mass i s obtained 

from the decay of the c o r r e l a t i o n over s e v e r a l temporal l a t t i c e 

s p a c i n g s . An important problem i s to f i n d a s u f f i c i e n t l y s m a l l l a t t i c e 

s p a c i n g so t h a t the g l u e b a l l mass c a l c u l a t e d i s that of the continuum 

l i m i t . T h i s r e q u i r e s t h a t the l a t t i c e spacing ('V i n v e r s e of momentum) 

i s s u f f i c i e n t l y small that perturbation theory (up to 2 loops) i s 

v a l i d [ 2 8 ] . The QCD s c a l e parameter A i s then r e l a t e d to the l a t t i c e 

s p a c i n g through the RGE. Since g l u e b a l l masses are expressed i n terms 

of l a t t i c e s p acing, a r e f e r e n c e s c a l e i s needed to convert these masses 

i n t o p h y s i c a l u n i t s . This would be a s t r a i g h t f o r w a r d normalization i f a 

g l u e b a l l was e x p e r i m e n t a l l y e s t a b l i s h e d . In p r a c t i c e , g l u e b a l l masses 

a r e e xpressed i n u n i t s of A which i s measured by comparing known 

q u a n t i t i e s , such as mp , s t r i n g t e n s i o n , the gluon condensate <agTrG'G> 

and the c h i r a l condensate <q^>, with l a t t i c e c a l c u l a t i o n s . The p h y s i c a l 

v a l u e of g l u e b a l l masses are determined by what value of A i s chosen. 

The v a l u e of m(0**) i s the most r e l i a b l e [28] because 0** shows good 

continuum behaviour ( i . e . independent of coupling and s a t i s f i e s 

E^ = p^ + m*) and has small f i n i t e s i z e e f f e c t s . Masses of heavier 

g l u e b a l l s a r e more d i f f i c u l t to e x t r a c t because t h e i r c o r r e l a t i o n 

f u n c t i o n s f a l l more st e e p l y and disappear i n t o s t a t i s t i c a l noise a t 

s m a l l e r t than f o r the o"*"̂ . In any case, the mass o'''"'" s e t s the s c a l e of 

the g l u e b a l l spectrum. A 1 GeV o^^ w i l l put the l o w - l y i n g g l u e b a l l 

e x c i t a t i o n s i n the 2-3 GeV range and a 800 MeV one w i l l lower t h i s range 

t o 1-2 GeV. The above c a l c u l a t i o n s are performed i n the quenched 

approximation i n which quark loops are ignored , the p r e d i c t e d spectrum 
++ -+ ++ -+ 

i s ordered as f o l l o w s : 0 < 0 < 2 < 1 < 0 . 
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IV. F l u x Tube Model: 

T h i s model i s based on the strong coupling f l u x tube l i m i t of 

QCD [ 3 1 ] . In strong coupling l a t t i c e QCD, quarks on l a t t i c e s i t e s a r e 

connected by colour f l u x , the degrees of freedom a r e quark and gluon 

f l u x tubes r a t h e r than quarks and gluons. G l u e b a l l s a r e formed as 

glu e l o o p s by removing the quarks and j o i n i n g the ends of the f l u x tube. 

The f l u x tube i s a s s i g n e d a constant mass per u n i t length and t r e a t e d as 

a quantum s t r i n g . The ground s t a t e 0^^ has a mass of about 1.5 GeV. 

The spectrum i s formed by r o t a t i o n a l , v i b r a t i o n a l and r a d i a l 
++ +- ++ 

e x c i t a t i o n s . The r e s u l t i n g spectrum i s ordered a s : 0 < 1 < 2 

V. OCD Sum Rules: 

Apart from l a t t i c e c a l c u l a t i o n s , the QCD sum r u l e s [32] [33] have a 

b e t t e r t h e o r e t i c a l j u s t i f i c a t i o n than other models. The b a s i c idea of 

the sum r u l e s i s t o e x t r a p o l a t e t h e two-point f u n c t i o n , a s s o c i a t e d with 

a c u r r e n t c a r r y i n g the same quantum numbers as the resonance being 

s t u d i e d , from the asymptotic regime to l a r g e d i s t a n c e s where resonances 

dominate and non-perturbative e f f e c t s a r e at work. The non-perturbative 

e f f e c t s a r i s e as power c o r r e c t i o n s i n 1/Q^ to the asymptotic freedom 

regime and a r e introduced through v a r i o u s vacuum e x p e c t a t i o n values such 

as t h e gluon c o n d e n s a t e <agTrG«G> and the l i g h t quark c o n d e n s a t e <qq> 

which a r e phenomenological parameters. The t i m e - o r d e r e d product 

T( J ^ ( x ) J ^ ( 0 ) ) i s e x p r e s s e d i n t e r m s o f the operator product expansion 

(OPE) [ 3 4 ] , which i n some sense s e p a r a t e s short and l a r g e d i s t a n c e 

e f f e c t s . The short d i s t a n c e e f f e c t s are contained i n the Wilson 

c o e f f i c i e n t s of the v a r i o u s o p erators which can be c a l c u l a t e d 
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p e r t u r b a t i v e l y . The non p e r t u r b a t i v e e f f e c t s are parameterized i n the 

vacuum e x p e c t a t i o n v a l u e s of the various operators i n the OPE through 

d i s p e r s i o n r e l a t i o n s (e.g. the Borel t r a n s f o r m a t i o n ) which r e l a t e the 

two point f u n c t i o n to experimental measurements [ 3 2 ] . I t i s then 

s p e c u l a t e d t h a t the formation of resonances i s a phenomenological 

m a n i f e s t a t i o n of the i n t e r a c t i o n of the c u r r e n t quarks and/or gluons 

w i t h f l u c t u a t i o n s of vacuum f i e l d s . One phenomenological manifestation 

of n o n - p e r t u r b a t i v e f l u c t u a t i o n s i s the gluon vacuum condensate. The 

gluon vacuum f i e l d s , i n t u r n , induce quark vacuum f i e l d s and the 

corresponding quark condensate i s r e s p o n s i b l e for spontaneous breaking 

of c h i r a l symmetry (see next s e c t i o n ) [ 3 3 ] . 

The n o t i o n of c u r r e n t gluons i s used i n s t e a d of c o n s t i t u e n t gluons i n 

sum r u l e s . U n l i k e c o n s t i t u e n t gluons, c u r r e n t gluons are w e l l defined 

o b j e c t s which can be d e r i v e d from the QCD Lagrangian. The lowest 

dimension c u r r e n t s f o r the 2"*"'", o""*" and O"*"*" glu o n i a a r e : 

3a_ rJ ' " ^ 1 
J = — s nprQ.g , G = i e -G - (1.18) 4TT uv 2 uvaB Qi3 

J = ^ TrG-G (1.19 

There a r e a s e t of low-energy theorems [33] which f a c i l i t a t e the 

e v a l u a t i o n of the c u r r e n t gluon two point f u n c t i o n s a t low Q* where 

n o n - p e r t u r b a t i v e e f f e c t s a r e most e s s e n t i a l . There i s much disagreement 

on the mass spectrum a c c o r d i n g to whether i t i s b e l i e v e d t h a t small s i z e 
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i n s t a n t o n e f f e c t s [ 3 5] should be included or not (see next s e c t i o n ) . 

The r e s u l t s without the these e f f e c t s [36] agree with other estimates 

from L a t t i c e and Bag models. With i n s t a n t o n e f f e c t s [ 3 3 ] [ 3 7 ] the s c a l a r 
++ _+ 

0 ~ 1.5 GeV, and pseudoscalar 0 > 2 GeV a r e h e a v i e r than other 
'Vi 

p r e d i c t i o n s . 

1.3.2 More on the OCD Lagrangian 

T h i s s e c t i o n s e r v e s as a b r i e f i n t r o d u c t i o n to some t h e o r e t i c a l ideas 

t h a t a r e r e l e v a n t i n previous and l a t e r d i s c u s s i o n s . I t i s p r o f i t a b l e 

t o hypothesize an i d e a l Lagrangian with p e r f e c t symmetries, some of 

which may be broken i n the r e a l world. A Lagrangian has a g l o b a l 

i n t e r n a l symmetry G i f i t i s i n v a r i a n t under the corresponding constant 

phase t r a n s f o r m a t i o n s . There always e x i s t s a charge conservation law 

f o r G by Noether's Theorem [ 3 8 ] . These charges a r e generators of G and 

obey the L i e Algebra of G even i n the presence of symmetry breaking 

terras. One a p p l i c a t i o n of t h i s i s the c u r r e n t a l g e b r a i n the SU(3) 

f l a v o u r quark model and i s b r i e f l y d i s c u s s e d i n Chapter 4. Although i t 

i s not p h y s i c a l l y i n t e r e s t i n g for f i e l d t h e o r i e s to have exact s c a l e 

i n v a r i a n c e s i n c e they cannot have f i n i t e mass p a r t i c l e s , n e v e r t h e l e s s 

the quark masses i n the QCD lagrahgian are f r e e parameters and have 

p a r t i c u l a r v a l u e s i n p h y s i c s , while QCD i s assumed to be s e l f - c o n s i s t e n t 

f o r any va l u e s of th e s e parameters. Putting a l l the masses to zero 

corresponds to the c h i r a l l i m i t and the r e s u l t i n g energy-momentum tensor 

i s : 

e = - G * G ^ + ( l / 4 ) g G^J3^^ + YD q^ (1.20) 
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C l a s s i c a l l y 9 i s a t r a c e l e s s symmetric tensor and belongs to an 
UV 

i r r e d u c i b l e r e p r e s e n t a t i o n of the Lorentz group. The generators of 

s c a l e t r a n s f o r m a t i o n s and Lorentz transformations a r e : 

D = / Do(x) (1.21) 

where D = X 9 i s the conserved d i l a t i o n c u r r e n t 

V = •^x^Vvo^'^) - Vyo^^)^' respectively. yv 
Given t h a t 9 i s t r a c e l e s s , symmetric, and conserved, these generators 

UV 

are a l s o conserved. The massless QCD la g r a n g i a n a l s o has a U ( l ) c h i r a l 

symmetry with a conserved c u r r e n t 

j S = T q Y y s q (1-22) 
U k T?'y' k 

Both the c l a s s i c a l U ( l ) c h i r a l and s c a l e i n v a r i a n c e a r e broken a t 

quantum l e v e l by the a x i a l [39] and t r a c e [ 4 0] anomalies, 

U ( l ) a x i a l : 

^ y ^ = " 7 ^ 3 TrG-G ( + 2iZ m^q^q^) (1.23) 

S c a l e : 

6 a 
3 D = 9 = ^ TrF-F i -[I ^ yr^ias)] I \ % % ) (1-24) y y yy 4TT '» ^ k k k 

where Ym^O's^ ~ mass anomalous dimension. For non-zero quark masses 

t h e s e anomalies a re modified by adding e x p l i c i t c h i r a l symmetry breaking 

terms given i n the b r a c k e t s . I n c i d e n t a l l y the gluon c u r r e n t s used i n 

QCD sum r u l e s a r e j u s t the pure gauge par t of 9^^, the U ( l ) a x i a l and 

s c a l e anomalies. Apart from these anomalies, the QCD vacuum a l s o has 

f i e l d c o n f i g u r a t i o n s c a l l e d i n s t a n t o n s [41] which correspond to 
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n o n t r i v i a l minima of the E u c l i d e a n QCD a c t i o n and are c h a r a c t e r i z e d by 

the t o p o l o g i c a l quantum number. 

" S TrG'G i n E uclidean space. (1-25) 
327r ^ 

These n o n - p e r t u r b a t i v e e f f e c t s are expected to c o n t r i b u t e to the vacuum 

condensates and a r e the source of disagreement mentioned e a r l i e r i n QCD 

sum r u l e s c a l c u l a t i o n s . 

For nearby g l u e b a l l s and quark mesons with the same quantum numbers, 

mixing between them i s i n e v i t a b l e . I t i s t h e r e f o r e p a r t i c u l a r l y 

i n t e r e s t i n g to i n v e s t i g a t e the low l y i n g i s o s c a l a r s t a t e s where 

g l u e b a l l s and/or mixed s t a t e s are l i k e l y to be found. There are no 

d e f i n i t e p r e d i c t i o n s on the e f f e c t s of i n c l u d i n g l i g h t quarks i n 

g l u e b a l l mass c a l c u l a t i o n s and i n the decay p r o p e r t i e s of g l u e b a l l s . 

Meson-gluonium mixings have been s t u d i e d i n QCD sum r u l e s by c a l c u l a t i n g 

the two-point c o r r e l a t i o n f u n c t i o n of T ( J _ ( x ) , J ( 0 ) ) and i n other 
qq gb 

phenomenological approaches l i k e p o t e n t i a l models (see chapter 3 for a 

b r i e f d i s c u s s i o n ) . An a l t e r n a t i v e approach i s to use the e f f e c t i v e 

L a grangian of QCD. Because of confinement the fundamental f i e l d s , 

quarks and gluons, i n the QCD Lagrangian do not appear as f r e e 

p a r t i c l e s . I t i s t h e r e f o r e u s e f u l to c o n s t r u c t an e f f e c t i v e Lagrangian 

f o r d e s c r i b i n g the p r o p e r t i e s of the observed p a r t i c l e s , which at the 

same time p o s s e s s e s a l l the symmetry p r o p e r t i e s of the QCD Lagrangian 

( i . e . c h i r a l symmetry i n the massless l i m i t ) . Such a low energy 

e f f e c t i v e QCD l a g r a n g i a n i s a n o n-linear sigma model [42] and i t s 
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a p p l i c a t i o n s to g l u e b a l l physics w i l l be d i s c u s s e d i n Chapter 3. 

1.3.3 HybrjLds 

Apart from forming colour s i n g l e t hadrons from quarks and g l u e b a l l s 

from gluons, t h e r e a l s o e x i s t other p o s s i b l e c o l o u r l e s s systems c a l l e d 

h y b r i d s or meiktons or hermaphrodites [ 4 3 ] . These hybrid s t a t e s contain 

both c o n s t i t u e n t quarks and gluons i n the form of q^g and qqqg. The 

e x i s t e n c e of c o n s t i t u e n t gluons can a l s o be confirmed by e s t a b l i s h i n g 

t h e s e h y b r i d s t a t e s . In the framework of the Bag Model, the l i g h t e s t 

h y b r i d s t a t e s t h a t can be formed a r e : 

( q q ) - - X g -> 0~"̂ , l " * " , 2"^, l". 
1 ,0 TE 

The e x o t i c 1-+ s t a t e can be as l i g h t as - 1.5 GeV i n both the QCD sum 

r u l e s [ 4 4 ] and the Bag Hodel [ 4 5 ] [ 4 6 ] c a l c u l a t i o n s . However, the mass 

spectrum can be s h i f t e d by an o v e r a l l energy s c a l e by the s e l f - e n e r g i e s 

of gluons and quarks i n the Bag Model [ 4 3 ] [ 4 5 ] . These hybrids have 

t h e i r own c h a r a c t e r i s t i c decays and these w i l l be d i s c u s s e d i n the 

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

F i n a l l y , QCD has been remarkably s u c c e s s f u l i n c l a s s i f y i n g the many 

hadron s t a t e s so f a r discovered and has proved i n v a l u a b l e i n studying 

hadron spectroscopy. However QCD could not be regarded as a complete 

theory for the strong i n t e r a c t i o n of hadronic matter i f i t s p r e d i c t i o n s 

f o r the g l u o n i c s e c t o r are not borne out by experiment. What follows i n 

t h i s t h e s i s i s an account of my e f f o r t s to v a l i d a t e QCD by e s t a b l i s h i n g 

the e x i s t e n c e of the ground s t a t e s c a l a r g l u e b a l l . 
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CHAPTER TVJO 

THE VALIDITY OF THE TDEA OF VALENCE GLUOMS IM A GLUEBALL 

2,1 HQTIVATION 

Using the language of a c o n s t i t u e n t model, the s i m p l e s t c o n f i g u r a t i o n 

of an even s p i n , even charge c o n f i g u r a t i o n and even p a r i t y g l u e b a l l i s a 

s t a t e composed of two hard gluons c a r r y i n g most of the g l u e b a l l ' s 

momentum. Of course, these gluons can, and w i l l , c o n t i n u a l l y emit 

gluons degrading t h e i r momenta so tha t the idea of valence gluons may 

became l o s t i n a sea of s o f t gluons and qq p a i r s . The aim of t h i s 

chapter i s to check i f , and how, t h i s happens by c o n s i d e r i n g a simple 

computation. 

Let us begin w i t h a prototype c a l c u l a t i o n . I f we co n s i d e r the s t a t i c 

p r o p e r t i e s of a nucleon, i t i s e s s e n t i a l l y made of j u s t t hree 

c o n s t i t u e n t quarks, which c a r r y a l l the p r o p e r t i e s of the nucleon 

i n c l u d i n g a l l i t s momentum. However, when the nucleon i s probad mors 

c l o s e l y , f o r example i n deep i n e l a s t i c s c a t t e r i n g , t h i s simple p i c t u r e 

r a p i d l y e v o l v e s to a s i t u a t i o n where the thr e e valence quarks c a r r y l e s s 

than 50% of the nucleon's momentum and gluons most of the 

remainder [ 4 ] [ 4 7 ] . Probing s t i l l c l o s e r , these d i s t r i b u t i o n s evolve 

p ) e r t u r b a t i v e l y t i l l e v e n t u a l l y a t t r u l y asymptotic e n e r g i e s , quarks and 

a n t i q u a r k s i n the nucleon e q u a l l y share the momentum c a r r i e d by charged 

p a r t o n s . The r a p i d v a r i a t i o n a t low momentum i s r e a l l y 
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n o n - p s r t u r b a t i v e . However, t h i s can be crudely mimicked by the lowest 

or<a®r A l t a r e l l i - P a r i s i equations { 1 0 ] [ 4 8 ] with A reasonably l a r g e % 

500 H<2V (s®® S e c t i o n 2 . 3 ) . T h i s then suggests a simple model, i n tjhich 

a t Q % 1 GeV, a l l the nuclson's raocientuE i s c a r r i e d by j u s t t h r e e 

quarkSo So a t Q = , the parton d i s t r i b u t i o n f u n c t i o n s s a t i s f y : 

I 1 
/ dx q(x,Q2) = 3 ; / dx Hq(x,Q^) = l (2.1) 

where q(x,Q^) i s the sum over quark d i s t r i b u t i o n s , w h i l e a t Q = Q̂^ the 

sum over antiquark p r o b a b i l i t i e s , q(x,Q^), and the gluon d i s t r i b u t i o n , 

g ( x , Q ^ ) , v a n i s h . Moreover, we n a i v e l y expect the momentum d i s t r i b u t i o n 

xq(x,Qg) to peak c l o s e to x = 1/3 corresponding to each quark c a r r y i n g 

1/3 of the t o t a l momentum. He can then use the lowest-order 

M t a r e l l i - P a r i s i equations to evolve these p r o b a b i l i t i e s to Q 'V' 10 GeV 

and s ee tha t the valence d i s t r i b u t i o n , , ( q ^ = q - ^« wh i l e 

= q + q) then peaks down a t s 'V' 0.18 and that the gluon's laoraentuia 

f r a c t i o n has grown frota zero to 40% with a sea-quark component i s 

gene r a t e d a t ssaall s [ F i g , 2 . 3 ] , simply s t a r t i n g f r o o a form f o r 

q(3J,Q^) 'V* x " ^ ( l - x ) ^ Q O t i v a t e d by Regg® behaviour [ 4 9 ] a t s o a l l s and 

c o n s t i t u e n t interchange as s -> 1, as explained i n the nest s e c t i o n . 

Armed with t h i s s i m p l i f i e d model of parton e v o l u t i o n , assumed 

governed by the equations of perturbation theory a t a l l momenta, we go 

on i n S e c t i o n 2.4 to see how such d i s t r i b u t i o n s evolve f o r a s t a t e which 

i s p u r e l y g l u o n i c a t Q = 1 GeV. There two gluons a r e p i c t u r e d a s 

c a r r y i n g a l l i t s raoaentuB, so that sg(x,Q^) peaks near s = 1/2 and 

/ dx g(s,Q^) = 2 ; / ds xg(s,Q;) = l (2«2) 
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with q(x,Qg) = q(x,Q*) = 0 . A form for g ( x , Q j ) s a t i s f y i n g these 

c o n d i t i o n s i s x ( l - x ) which we w i l l again e x p l a i n i n S e c t i o n 2.4. 

With these i n i t i a l c o n d i t i o n s we w i l l d i s c u s s i n S e c t i o n 2.4 whether 

t h e r e i s s t i l l a sense i n Which a hard gluon c o n t r i b u t i o n can be 

s e p a r a t e d , as s o f t gluon and sea quark components develop with 

i n c r e a s i n g momentum of the probe. For a hadron whose ' s t a t i c ' 

c o n s t i t u e n t s are quarks, the s e p a r a t i o n of hard and s o f t quark 

components i s q u i t e n a t u r a l . The quark d i s t r i b u t i o n i s the sum of 

v a l e n c e and sea c o n t r i b u t i o n s . Since baryon number c o n s e r v a t i o n ensures 

the t o t a l number of quarks ( i . e . quarks minus a n t i q u a r k s ) i n the hadron 

remains unchanged, the sea d i s t r i b u t i o n can be f i x e d by i t s e q u a l i t y 

w i t h the antiquark d i s t r i b u t i o n . For a g l u e b a l l , the s e p a r a t i o n of hard 

and s o f t glue, not being aided by such a b a s i c c o n s e r v a t i o n r u l e , may 

appear more problematic. We t h e r e f o r e make the o p e r a t i o n a l d e f i n i t i o n 

t h a t a l l the glue with x > XQ(Q^) i s hard, where x^ i s f i x e d by: 

1 
/ dx g(x,Q*) = 2 (2.3) 

the analogue of baryon number c o n s e r v a t i o n , but where x i s expected t o 

grow s t e a d i l y from = 0 a t Q = Q̂  . Of c o u r s e , the f r a c t i o n of 

momentum c a r r i e d by t h i s hard component i s expected to decrease s t e a d i l y 

as Q i n c r e a s e s . However, the question i s whether xg(x,Q*) fo r x > x^ i s 

r e a l l y d i s t i n g u i s h a b l e i n shape from t h a t with x < x^ , or i s there j u s t 

a t o t a l l y smooth d i s t r i b u t i o n ? The r e s u l t s , shown i n F i g u r e 2.8, as 

d e s c r i b e d i n the S e c t i o n 2.4, show th a t hard and s o f t components can be 

s e p a r a t e d upto Q 10 GeV, even though the gluon d i s t r i b u t i o n i s 
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raonotonic. 

2-2 THE EVQ{.VTIOy •EQVftTIQMS AMD THE MOMEWTUW FRACTIOW 

As d i s c u s s e d i n S e c t i o n 1.2, the momentun dependence of the s t r u c t u r e 

f u n c t i o n s measured i n deep i n e l a s t i c s c a t t e r i n g can &e computed i n 

p e r t u r b a t i v e QCD i n terms of c o r r e c t i o n s to the naive parton model with 

i t s n a t u r a l Bjorken s c a l i n g . 

Thus t o 0 ( 0 ^ ) and lieeping only l e a d i n g logs of momentum Q: 

1 1 
= Zel Sdy /dz q i ( y , Q ^ ) [ 6 ( l - z ) + i o n u 0 0 

1 1 
27r qq P (z)ln^ ] 6 ( x - z y ) 

I qi(x,Q2) 
(2.4) 

The s p l i t t i n g f u n c t i o n P^^iz) ( 4 8 ] ( l 0 ] d e p i c t e d a 
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can be computed from the appropriate Feynman diagraas; 

A 
w i t h s and t c h a n n e l quarK exchanges. With p the t r a n s v e r s e momentum 

T 
of the outgoing quarK, the d i f f e r e n t i a l c r o s s - s e c t i o n for Y*q -> qg i s 

do 2 4Tra . 1 . s „ , , (2.5) 

With z = ^ . For p^ small ( i . e . s >> | t | ) 

(2.6) 

where C j ( F ) i s the u s u a l colour C a s i m i r a s s o c i a t e d with quarlis being i n 

Che fundamental r e p r e s e n t a t i o n of SU{3)c . Pqq(2) i s s i n g u l a r a t 

2 -> 1. T h i s i n f r a r e d divergence i s a s s o c i a t e d with the emission of 

s o f t or c o l l i n e a r roassless gluons. T h i s divergence i s c a n c e l l e d by the 

a d d i t i o n of v i r t u a l gluon c o n t r i b u t i o n s of the same order i n a , . so 

t h a t we r e p l a c e 
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by 

^ ' V " 

These v i r t u a l gluon c o n t r i b u t i o n s a r e of the form 6 ( l - z ) and a r e 

absorbed i n t o Pqq(z) by the '+ p r e s c r i p t i o n ' [ l O ] r e g u l a r i z a t i o n i n 

which > 77^—7 d e f i n e d i n terms of a non-singular weight f u n c t i o n 
1-2 (1-2) + 

<t>(z) by 

0 (1-2)+ 0 ^"^ (2.7) 

C a l c u l a t i o n of the v i r t u a l c o n t r i b u t i o n m o difies P ( z ) t o 

'(l-t-2) ^ 3 
(1-2)+ 2 6(1-2) 

(2.8) 

or e q u i v a l e n t l y 

.1-* J + (2.9) 

remembering t h a t f ( z ) + = f ( z ) for z < 1. The r e g u l a r i z e d form of Pqq(z) 

en s u r e s baryon number c o n s e r v a t i o n as we w i l l d e s c r i b e s h o r t l y . 

The other s p l i t t i n g f u n c t i o n Pqg(z) i n Eqn, 2.4 i s d e p i c t e d by 

=- z 

and can be s i m i l a r i l y computed. I t i s o b v i o u s l y symmetric under 

s -> 1 - z and i s e x p l i c i t l y 
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Pqg<z) = T 2 ( F ) [ z * + (2.10) 

vhere T^i?) i s the t r a c e f a c t o r of the fermion r e p r e s e n t a t i o n , which i s 

1/2 w i t h the c o n v e n t i o n a l normalization of Og . D i f f e r e n t i a t i n g 

Eqn. 2.4 with r e s p e c t to we have the lowest order A l t a r e l l i - P a r i s i 

e q u a t i o n f o r the e v o l u t i o n of the quark d i s t r i b u t i o n of f l a v o u r i : 

3qi(x,Q^) Oa(Q^) ^dv r , x , x ' 

As seen i n Eqn. 2.11 the e v o l u t i o n of each quark d i s t r i b u t i o n depends on 

knowledge of the gluon p r o b a b i l i t y too, any d i f f e r e n c e 

q (x,Q^) = q.(x,Q^) - q.(x,Q^) (2.12) 

Which i s a n o n - s i n g l e t (NS) under f l a v o u r t r a n s f o r m a t i o n , does not 

i n v o l v e g(y,Q*), f o r we simply have 

3lnQ^ 2 T r - i ^ ^ N s ( y . Q ' ) P q q ( 7 ) (2.13) 

S i n c e c l e a r l y the number of quarks of any f l a v o u r must be conserved, 

s i n c e quarks and a n t i q u a r k s can only be c r e a t e d i n p a i r s . 
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3lnQ' 
/dx {q.(x,Q^) - q.(x,Q^)} = 0 (2.14) 

T h i s i s ensured by / dz P^„(z) = 0 , see Eqn 2.9. 
0 qq 

The e v o l u t i o n of the gluon d i s t r i b u t i o n i s d e s c r i b e d i n a s i m i l a r way 

to Eqn. 2.11 by 

3g(x,Q2) Og(Q2) X 
2Tr i y 

2Nf 
Z qi(y»Q2)Pgq(7) + g(y,Q*)Pgg(y) (2.15) 

z 

where the new s p l i t t i n g p r o b e i b i l i t i e s a r e given by: 

C2 ( F ) 1 * n-z)' 
z 

1-z = P q q ( l - 2 ) 

(2.16) 

S i n c e t h e r e i s e x p l i c i t l y a gluon i n the f i n a l s t a t e , t h i s f u n c t i o n i s 

f i n i t e a s z -> 1. 

The gluon s p l i t t i n g f u n c t i o n i s c l e a r l y symmetric under z -> 1 - z 

and has v i r t u a l c o n t r i b u t i o n s a t z = 1 which r e g u l a r i z e s i t under an 

i n t e g r a l , c f . Eqn. 2.15 to be: 
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P ( z ) = 2C2(A) U ^ — + — + z ( l - z ) l + 6 ( l - z ) (2.17) 
gg L ( l - z ) + z J 2 

S i n c e we have seen any n o n - s i n g l e t quark d i s t r i b u t i o n e v olves 

independently of the gluon d i s t r i b u t i o n , i t can only be the s i n g l e t 

f u n c t i o n 

2N, 
.(x,Q^) = E q.(x,Q2) = Z 

1=1 i = l 

t h a t c o u p l e s to g(x,Q ) to give 

3lnQ^ g(x,Q^) 2ir X y 

q.(x,Q2) + q.(x,Q2) 

Pqq(-) 2NfPqg(f) 

t'gq^y^ ^gg^y' 

(2.18) 

qj.(y,Q') 
g(y,Q') 

(2.19) 

A l l o t h e r quark d i s t r i b u t i o n s evolve according to Eqn. 2.13 

S i n c e i n QCD a l l the momentum of the parent hadron must be shared by 

qua r k s , a n t i q u a r k s and gluons: 

2N, 
/dx x{ Z^q.(x,Q^) + g(x,Q*)} = 1 
0 i = l (2.20) 

I . e . 
dlnQ 2 0 

/ dx x ( q j ( x , Q ^ ) + g(x,Q*)) = 0 

a t a l l momentum Q. T h i s c l e a r l y r e q u i r e s 

/dz z{Pqq(z) + Pgq(z)} = 0 (2.21) 

and 

jTdz z{2NfPqg(2) + Pqq(z)} = 0 gg (2.22) 

The forms given above f o r the s p l i t t i n g f u n c t i o n s ensure these momentum 

c o n s e r v a t i o n c o n d i t i o n s a r e a u t o m a t i c a l l y s a t i s f i e d . To see how the 
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momentum i s shared between the partons i n the hadron, cons i d e r the n = 2 

moments, Eqn 2.20 of the d i s t r i b u t i o n f u n c t i o n s . With 

ti^iO.^) = /dx xc^j.(x , 0 * ) » M ^ ( O ^ ) = /dx X < | ( X , Q 2 ) ( 2 . 2 3 ) 

momentum c o n s e r v a t i o n means M J ( Q') + M ^ ( Q ^ ) = 1 . 

Taking moments of the coupled e v o l u t i o n equations, Eqn. 2 . 1 9 g i v e s 

3 M2(Q') _ v e i l 
- 1 6 / 9 Nf/3 

3lnQ2 M ^ ( Q ' ) 
2Tr 1 6 / 9 -Nf/3 

( 2 . 2 4 ) 

having used the forms of the s p l i t t i n g f u n c t i o n s to deduce 

/dz 2P„„(z) = - ( 4 / 3 ) C , ( F ) = -/dz zPgq(z) ( 2 . 2 5 ) 

2Nf /dz 2Pqg(z) = (2/3)NfT^(F) = -/dz 2Pgg(z) ( 2 . 2 6 ) 

We can r e a d i l y see tha t 

3 ,..Z 
, 7 { M . ( Q 2 ) + M ^ ( Q 2 ) } = 0 
3lnQ^ * * 

( 2 . 2 7 ) 

3lnQ 
M 2 "sum = V Q ^ l ( l i + !!f )„ 

2Tr 9 3 
( 2 . 2 8 ) 

where M sum 

M J ( Q ^ ) = 
Z 2 

- 3 N £M | ( Q ' ) ) from which we deduce: 

3N, 2x Td 

16+3Nf 
2 3Nf 

+ 16+3Nf 
( 2 . 2 9 ) 
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3Nf 
16+3Nf 

16 
16+3N« (2o30) 

2(16 •!- 3M̂ :) 
2 3(33 - 2Nf) 

w h i l e f o r any n o n - s i n g l e t component„ l i n e t h a t of v a l e n c e quarks, 

M f ( Q ^ ) = n f i Q l ) 

,NS 

(2.31) 

w i t h ,NS 32 
2 3(33 - 2Nf) 

In order to study the s i g n i f i c a n c e of n o n - p s r t u r b a t i v e dynamics» ue 

n a i v e l y e x t r a p o l a t e the lot?est order e v o l u t i o n equations to low Q / A and 

corapare the s i m u l a t e d proton s t r u c t u r e f u n c t i o n u i t h e sperimental data 

and us® t h i s t o gauge the r e l i a b i l i t y of the s i Q u l a t e d g l u e b a l l 

s t r u c t u r e f u n c t i o n , as a f i r s t s t e p l e t us look a t the behaviour of 

and £31 f o r a proton and f o r a g l u e b a l l u s i n g Eqn. (2.29,30) with the 

f o l l o w i n g i n i t i a l . c o n d i t i o n s a t Q© = 1 GaV wi t h = 3s 

EKMm K ! f ( Q ^ ) = 1 , H ^ ( Q J ) = 0 

^XM?m?.J, nf(Q2) = 0 , n|(Q2) = 1 

The r e s u l t s with A = 0.5 GeV a r e shown i n F i g u r e 2.1. 
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F i g u r e 2.1 The evolutio n s of and i n 

( a ) a proton, 

(b) a gg G l u e b a l l . 
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2.2.1 The e v o l u t i o n of s t r u c t u r e functions 

Having seen t h a t i n t h i s siiaple Hodel of wholly psrturbativ© 

e v o l u t i o n the laoaentuia f r a c t i o n of the proton i s shared i n rough 

agreement with experiment, we turn to the d e t a i l e d e v o l u t i o n of the 

s t r u c t u r e f u n c t i o n s themselves. As a prototype we consider the f l a v o u r 

s i n g l e t component of a proton constrained to s a t i s f y 

1 
/ dx qj,(x,Qg) = 3 ; the number c o n s t r a i n t (2.32) 
0 

' 2 / dx xq (x.Qg) = 1 ; the momentum c o n s t r a i n t (2.33) 
0 ^ 

xqjJ(x,Qg) peaks roughly a t x = 1/3 (2.34) 

a t Qo = 1 Before s e a r c h i n g for s u i t a b l e forms for qj.(x,Q|) t h e r e 

a r e a couple of p o i n t s about the r e g u l a r i z i n g of the s p l i t t i n g f u n c t i o n s 

we must f i r s t d i s c u s s . 

I n t h e pr e v i o u s s e c t i o n we only considered the r e g u l a r i z a t i o n of 

i n t e g r a l s from z = 0 t o 1 as that i s what i s i n v o l v e d i n baryon nuEiber 

and momentum c o n s e r v a t i o n . However, the e v o l u t i o n equations, Eqns 2.19, 

i n v o l v e i n t e g r a l s from z = x to 1. The '+ p r e s c r i p t i o n ' r e q u i r e s 

/dz (S)(z ) r f(z ) l = ^ ( l ) r - / d 2 f(2 ) l -s- / d z r 0 ( 2 ) - 0 ( l ) l f ( 2 ) (2.35) 

Where once again ^ ( z ) i s a n o n - s i n g l u l a r f u n c t i o n and f ( z ) i s s i n g u l a r 

a t 2 = lo Then f o r i n s t a n c e 
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/ % { 2 C 2 ( A ) + + 2(1-2) (1-2). 2 + ^ 6(1-2)} g(|,Q') 

^ g(x,Q^) + 2 C 2 ( A ) g ( x , Q ^ ) l n ( l - x ) 

+ 2C2(A) /dz ^ 
1 { g ( f . Q * ) - g(x,Q2)} 

1 - 2 

+ 2C2(A) / ^ ( l - 2 ) ( l + 2 ^ ) g ( f , Q * ) 
X z 

(2.36) 

where 
g(x,Q2) 

z-»l 

I n an analogous way 

1 - 2 
3 2 

} ^ Pqq(f) q(y,Q^) 

/ ^ C2(P) x z * 

= C2(F) { | q(x,Q*) + 2 q ( x , Q ^ ) l n ( l - x ) 

d2 l±z^ q(|,Q2) - 2q(x,Q') 
(2.37) 

where the int e g r a n d j u s t becomes 2x ^ g(x,Q^) when z -> 1. 
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To begin our c a l c u l a t i o n we need to guess s t a r t i n g forms f o r i n 

the c a s e of a proton and g i n the case of a g l u e b a l l . T h i s ve do with 

the guidance of the dimensional counting r u l e s of the parton model. 

2.2.2 CQMntinq ruA^? 

I t i s well-known t h a t the e l e c t r i c and magnetic form f a c t o r s of the 

proton determined by e l a s t i c e"p s c a t t e r i n g using the Rosenbluth formula 

a r e e m p i r i c a l l y given by d i p o l e forms 'V, 1/(Q* + 0.71)^. I f one 

understands how such a dependence a r i s e s f o r t h e s e e l a s t i c 

f o r m - f a c t o r s , one can h o p e f u l l y g e n e r a l i z e the i d e a to the s t r u c t u r e 

f u n c t i o n s of deep i n e l a s t i c s c a t t e r i n g . 

A meson i n the parton model has two valence quarks which a r e r e s o l v e d 

by a v i r t u a l photon i f Q >̂  3 GeV. The v a l e n c e quark, knocked o f f - s h e l l 

by the probing Y * , i s c a l l e d the a c t i v e quark; the other i s the 

s p e c t a t o r . 

Y * 

\ 
a c t i v e 

s p e c t a t o r ^ , • 

^ ^ ^ ^ meson f i n a l s t a t e 

A f t e r having been s t r u c k , the a c t i v e quark must recombine with the 

unperturbed v a l e n c e quark to form an e x c l u s i v e meson f i n a l s t a t e . To do 

t h i s , they must exchange a gluon with momentum Q. T h i s gluon propagator 

behaves l i k e 1/Q* and so the meson form-factor must behave l i k e l/Q* f o r 

Q >> 1 GeV. S i m i l a r arguments, when a p p l i e d t o baryons, g i v e 

f o r m - f a c t o r s a il/Q^)^ dependence because a t l e a s t two hard gluons must 
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be exchanged between the a c t i v e quark and the two sp e c t a t o r s . 

Thus the momentum dependence of the form-factors, f ( Q ^ ) , can be 

summarized as 

f(Q^) { — 7 ) s 

where ng i s the number s p e c t a t o r s . 

To see what such r e l a t i o n s mean f o r parton s t r u c t u r e f u n c t i o n s , we 

need t o express i n terms of x. When x -> 1, the hadron f i n a l s t a t e 

of mass V i s no longer a continuum but passes a d i s c r e t e s e t of 

e x c l u s i v e s t a t e s f o r which the above a n a l y s i s a p p l i e s . With 

K i^ZJSljjL (2.38) 
1 - X 

we see t h a t the p r e d i c t i o n of parton interchange becomes 

f ( x ) ( l - x ) " s f o r X -> 1„ 

W r i t i n g the s t r u c t u r e functions i n the parton model i n terms of these 

f o r m - f a c t o r s , we have f o r ep -> ep 

F j ( x , Q * ) = vW^ 'V'Q*f(Q*)* 'V' ( l - x ) ^ " 8 ~ ^ as X -> 1. 

For an a c t i v e v a l e n c e quark i n a proton n- = 2 i s the minimum number of 
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sf>ectators, w h i l e f o r an a c t i v e sea quark we have a minimum of 4 

s p e c t a t o r s , the 3 va l e n c e quarks and the brother a n t i q u a r k i n the sea, 

so t h a t the v a l e n c e quark d i s t r i b u t i o n q ^(x) ( 1 - x ) ' , 

w h i l e a s e a quark d i s t r i b u t i o n q„(x) 'v* ( 1 - x ) ' i n t h i s model. 

The c o n t r i b u t i o n from the sea i s then only important a s x -> 0. T h i s 

i s h a r d l y s u r p r i s i n g i f we view the sea of qq p a i r s a s being c r e a t e d by 

gluons from Bremstrahlung r a d i a t i o n , they n a t u r a l l y occur with degraded 

momentum. The l i m i t of x -> 0 with Q l a r g e i s r e c o g n i s e d to be a regime 

i n which Y*p s c a t t e r i n g may be thought to be c o n t r o l l e d by Regge pole 

exchange, the s c a t t e r i n g o f f a valence quark being a n o n - d i f f r a c t i v e 

p r o c e s s , w h i l e t h a t of a sea quark i s d i f f r a c t i v e . Regge asymptotics 

then p r e d i c t s for x -> 0 t h a t the s t r u c t u r e f u n c t i o n 

F j ( x ) = I e j x q . ( x ) x'^**^"^ 

where aiO) i s the i n t e r c e p t of the a p p r o p r i a t e Regge exchange. For a 

s e a quark, t h i s i s the exchange of vacuum quantum numbers, i . e . the 

pomeron, f o r which O^p(O) = 1, while for a v a l e n c e quark, the exchange i s 

t h a t of a t y p i c a l meson t r a j e c t o r y , f o r which <l(0) - 1/2. Thus we 

expect f o r x -> 0, 

q ( X ) ^.x"^/^ , q J x ) A- x"^ v 
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2.3 THE PROTOH STRUCTURE FUNCTIONS 

As a l r e a d y e x p l a i n e d i n Sec t i o n 2.1, we use the lowest order 
A l t a r e l l i - P a r i s i equations to evolve ein i n i t i a l proton s t r u c t u r e 
f u n c t i o n which s a t i s f i e s Eqns. 2.32-34. The s i m p l e s t form of q(x,Q5) i s 
'V' x * ( l - x ) * ' but t h i s does not s a t i s f y simultaneously Eqns. 2.32-34. A 
more complicated form i s "V* x*( l-x)*'( 1+Cx) with the ranges of a and b 
c l o s e t o the values suggested by the counting r u l e s i . e . -1/2 and 3. 
Although there a r e s o l u t i o n s of t h i s form t h a t s a t i s f y the c o n s t r a i n t s 
but q ( x , Q j ) has negative values between 0 S x S 1 i n a l l these c a s e s . 
I n s t e a d of adding more c o r r e c t i o n terms to t h i s , we turn to counting 
r u l e s f o r suggestion. 

L e t us f i r s t w r i t e down the general form 

q ( x , Q j ) = Ax ^{l-x)'[l+B(l-x)^+C{l-x)''+D(l-x)*+E(l-x)®] (2.39) 

The s i m p l e s t case with B = C = D = E = 0 does not s a t i s f y a l l the 

i n i t i a l c o n s t r a i n t s so i t i s r u l e d out and c o r r e c t i o n t e r n s a r e needed. 

The c o r r e c t i o n terms i n Eqn. 2.39 can be i n t e r p r e t e d a s hard exchanged 

gluons which c o n t r i b u t e powers of ( 1 - x ) ^ to the s t r u c t u r e f u n c t i o n . The 

c o e f f i c i e n t s A,B and C are needed to s a t i s f y the c o n s t r a i n t s but again 

q(x,Q^) has a negative region between 0 S x S 1. The D term i s r e q u i r e d 

to make q(x,Qj) p o s i t i v e with the c o n s t r a i n t 1 + B + C + D > 0 . The 

s o l u t i o n to Eqn. 2.32-33 i s 

A = 33.96 B = -1.55 C = 0.091 D = 0.45 

and x q ( x , ^ ^ ) peaks a t x = 0.38 which i s c l o s e to 1/3. 
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The e v o l u t i o n s of q_ , g and q„_ a r e governed by Eqns. 2.13 ,19 with 

i n i t i a l v a l u e s q(x,Qj) = q_ = q and g = 0. These s t r u c t u r e f u n c t i o n s 
£ NS 

a r e a l l evoluted from = 1 GeV upto Q = 10 GeV with A = 0.5 GeV. The 

s t r u c t u r e f u n c t i o n s of quarks q(x,Q*) and antiquark q(x,Q*) a r e 

s e p a r a t e d as 

q = Z q. = I (qj. + q^^) (2.40) 

The r e s u l t s of xq and x^ are shown together with experimental data [50] 

i n F i g u r e 2.2 for comparision. 

The l a r g e discrepancy between the data and the p r e d i c t e d xq i n 

F i g u r e 2.2 i n d i c a t e s t h a t the momentum f r a c t i o n c a r r i e d by the s e a 

gluons has been underestimated. The nai v e s t a r t i n g form of q(x, Q j ) can 

be improved by imposing t h a t xq(x,Q') must peak a t x = 1/3. To ac h i e v e 

t h i s we must use a l l the terms i n Eqn. 2.39. The s o l u t i o n t h a t 

s a t i s f i e s a l l the c o n s t r a i n t s and the p o s i t i v i t y c o n d i t i o n 

1 + B + C + D + E > 0 i s 

A = 68.81 B = -5.15 C = 12.0 D = -12.82 E = -4.98 

The xq and xq d i s t r i b u t i o n s a r e evolved upto 10 GeV as before and the 

r e s u l t s a r e p l o t t e d i n F i g u r e 2.3. Experimentally the gluons a r e 

found t o c a r r y about 50% of the proton's momentum and the d e f i c i e n c y of 

our crude model i s i n d i c a t e d by the low gluon momentum f r a c t i o n of 36%. 

We extend t h i s approach to t e s t the v a l i d i t y of v a l e n c e gluons i n a 

g l u e b a l l i n the next s e c t i o n . 
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Figures 2.2-3 Comparisons between experimental data [50] and 

simulations of the Proton structure functions. 
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2.4 THE gTPtiCTVPg FVNCT^QHS QF ft Qh^mhl^h 

For s i m p l i c i t y , we consider only a glueball made up of two 'hard' 

gluons. The i n i t i a l conditions for the gluon structure function are 

( s i m i l a r to those of the proton): 

1 
/ dx g(x,Qf) = 2 ; the number constraint (2.42) 
0 » 

/ dx xg(x,Q^) = 1 ; the momentum constraint (2.43) 
0 " 

xg(x,Q^) peaks roughly at x = 1/2 (2.44) 
0 

a b 

The simplest form i s >\j x (1-x) and Eqn. 2.42-43 require a = b. The 

counting rules t h i s time do not offer much hint so we f i r s t test the 

rate of evolution by using 4 different sets of a = b. 
1. g(x,Q^) = 5.10 x* ( l - x ) T 

2. g(x,Qj) = 12.0 x (1-x) 

3. g(x,Qj) = 60.0 x^(l-x)2 

4. g(x,Q^) = 280.0 x ' ( l - x ) ' 

xg(x,Q*) pealis at X = 0.75 

xg(x,Qj) peaks at x = 0.67 

xg(x,Qf) peaks at x = 0.60 

xg(x,Qj) peaks at x = 0.57 

The r e s u l t s of the evolution of these g(x,Q|) up to 3 GeV with A = 0.5 

are shown in Figures 2.4-7. These graphs indicate that the momentum 

contribution from small x increases rapidly with increasing Q. The 

approximate valence gluon d i s t r i b u t i o n functions are obtained by 

requiring that the area under each g^(x,Q^) be equal to the number of 

valence gluons which i s two. We have learnt from t h i s exercise that the 

evolution of the small x region i s so rapid that the i n i t i a l value of a 

in x i s i r r e l e v a n t . Furthermore, we observe in Figure 2.7 that 
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Figures 2.4-7 Simulations of the (gg) Glueball structure functions. 
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g(x,Qf) = 2 8 0 x ' ( l - x ) ' has a d i s t i n c t peak at Q = 3 GeV and th i s means an 

obvious separation of g^(x,Qj). To study the v a l i d i t y of the valence 

gluon idea we chose the extreme case ' v x ( l - x ) , which does not have a 

d i s t i n c t peak at Q = 3 GeV, as the basic form in our next discussion. 
1 i_ 

We didn't choose x ( 1 - x ) * because i t would mean overestimating the large 

X behaviour of xg(x,Q^) as i t i s indicated in Figure 2.4. 

As in the case of the proton, correction terms are added to the basic 

form x ( l - x ) to s a t i s f y the i n i t i a l constraints and the po s i t i v i t y 

condition. The form of g(x,Qg) required i s 

g(x,Qj) = Ax(l-x) [l+B(l-x)^+C(l-x)'*+D(l-x)*+E(l-x)^] (2.45) 

with 

A = 10.90 B = -3.79 C = 40.0 E = -91.01 E = 57.0 

The shapes of various momentum distribution functions at Q = 10 GeV with 

A = 0.5 GeV are depicted in Figure 2.8. The momentum distribution 

xgy(x,Q') for so-called valence gluons i s separable down to about 

X = 0.09. Hence the idea of valence gluons i n l i g h t mass glueballs 

appears to be a v a l i d one, at least as far as a perturbative treatment 

of the problem i s concerned. The implication i s that such low mass 

states would r e t a i n t h e i r glueball nature with an e s s e n t i a l hard gluon 

content even when probed closely and would not dissolve into a sea of qq 

pairs and soft gluons u n t i l much higher momenta. 

F i n a l l y , the evolution of the momentun distributions for the proton 

and the glueball are summarized in Figure 2.9, which are in good 

agreement with Figure 2.1. We next describe the experimental searches 
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for g l u e b a l l s and our analyses of the data on the ground state scalar 

g l u e b a l l . 

Q = 10GeV A = 0 5GeV 

g{x .Qj ) = A x { 1 - x ) I 1 * B ( 1 - x ) ^ » C ( 1 - x ) * * D ( 1 - x ) * * E { 1 - x ) * l 

^ - I 1 1 i — > 
01 0 2 0 3 04 0 5 0 6 07 08 0 9 10 

X 

Figure 2.8 The structure functions of a (gg) Glueball with an i n i t i a l 

form of g{x,Q^) given by Eqn. 2.45. 
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Figure 2.9 The evolutions of and i n 

(a) a proton with q(x,Q^) given by Eqn. 2.39^ 

(b) a gg Glueball with g{x»Qj) given by Eqn. 2.45. 
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CHAPTER THREE 

EXPERIMENTAL SEARCHES FOR GLUEBALLS 

3.1 INTRODUCTION 

This chapter serves as a b r i e f review of the current status of 

t h e o r e t i c a l and experimental aspects of g l u e b a l l spectroscopy. The 

c u r r e n t t h e o r e t i c a l c r i t e r i a f o r i d e n t i f y i n g g l u e b a l l s are examined and 

ap p l i e d t o the possible candidates found up t i l l now [ 5 l ] [ 5 2 ] . The 

discovery i n 1 9 8 0 of a large s i g n a l i n J/vjj -> Y(KKTT), at 1440 MeV (see 

Section 3 . 4 . 1 ) , sparked o f f the curr e n t i n t e r e s t i n the search f o r 

gl u o n i c degrees of freedom i n the hadron spectrum. This i s because f o r 

J/^ t o decay i n t o non-charm quarks, gluon intermediate states must be 

in v o l v e d . However, the search i s made d i f f i c u l t by the problem of 

glu o n i c states having no uniquely c l e a r signatures [ 5 3 ] ; they must be 

disentangled from a complex, densely spaced spectrum of qq mesons. This 

i s hindered f u r t h e r by our poor understanding of the r a d i a l l y e x c i t e d 

meson spectra. Because of t h i s no d e f i n i t e conclusions have been 

reached on the g l u e b a l l candidates t h a t have emerged since 1980- The 

s i t u a t i o n can only be improved by high q u a l i t y data w i t h l a r g e l y 

increased s t a t i s t i c s such t h a t the necessary p a r t i a l wave analyses can 

be performed w i t h greater confidence. 

The p o t e n t i a l g l u e b a l l candidates have been i d e n t i f i e d using a number 

of d i f f e r e n t c r i t e r i a . Some of these are not s t r i n g e n t enough t o be 
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taken l i t e r a l l y . Moreover a l t e r n a t i v e explanations t o the gluonium 

i n t e r p r e t a t i o n have been suggested f o r a l l these p o t e n t i a l candidates. 

There are already many reviews [ 5 4 ] [ 5 5 ] [ 5 6 ] on g l u e b a l l s w i t h emphasis 

on comparing p r e d i c t i o n s from various models of explanation w i t h 

experimental data. However, the c r e d i t a b i l i t y of these models depends 

very much on the assumptions involved. The s e l e c t i o n c r i t e r i a and 

i n g r e d i e n t s of i n d i v i d u a l models are examined i n the f o l l o w i n g sections. 

3.2 GLUONIUM SELECTION CRITERIA 

Although we have not yet f u l l y understood the pro p e r t i e s of 

g l u e b a l l s , l a r g e l y because of the lack of any convincing g l u e b a l l 

candidates, there are some general features of g l u e b a l l s which can be 

used as po i n t e r s i n g l u e b a l l searches. The f o l l o w i n g s are c r i t e r i a 

based on such features f o r i d e n t i f y i n g p o t e n t i a l g l u e b a l l candidates. 

3.2.1 Flavour symmetric couplings 

Pure g l u e b a l l states are by nature SU(3) f l a v o u r s i n g l e t s and i n 

p r i n c i p l e w i l l have no p r e f e r e n t i a l coupling t o p a r t i c u l a r quark 

f l a v o u r s or charges. According t o t h i s , g l u e b a l l s must decay t o 

i s o s p i n , f l a v o u r s i n g l e t s . 

Another use f u l s e l e c t i o n mechanism i s t o use the conservation of 

charge conjugation together with SU(3) symmetry. The i s o s p i n , f l a v o u r 

s i n g l e t i s j u s t the I g i n the tensor products of two o c t e t s , 
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8 x 8 = 1 + 8 + 8 + 1 0 + 1 0 + 2 7 s s a a a s 

and i s a l i n e a r combination of charge conjugated p a i r s l i k e KK [ 5 7 ] . 

The s e l e c t i o n r u l e s are (without kinematics): 

1. by SU(3) 

g j> non f l a v o u r s i n g l e t s i . e . /> Kj^Kg, nr|' 

2. by SU(3) and conservation of charge conjugation w'tK 

g* /> VP, VT etc i . e . /> K^K, K^K^ 

g' /> PP, VV, TP e t c i . e . /> KK, K^K^ , K̂ K 

where V, P and T stand f o r vector, pseudoscalar and tensor 

r e s p e c t i v e l y . 

For o c t e t s i n the tensor product both even and odd C can be constructed 

depending on the symmetry of the combination. As a quarkonium qq can 

decay i n t o f l a v o u r non s i n g l e t s hence 

(qq) -> PP, PV, PT, VV, VT e t c . 

Therefore a g l u e b a l l can be i d e n t i f i e d by checking the decay channels. 

The l a s t two s e l e c t i o n rules are stable against SU(3)^ symmetry 

breaking, as quark masses only create s p l i t t i n g s between d i f f e r e n t 

i s o - m u l t i p l e t s w i t h i n f l a v o u r m u l t i p l e t s . Nevertheless, such breaking 

w i l l change the r e l a t i v e decay rates between allowed s t a t e s . They are 

al s o expected t o hold even i f by some mechanism some p a r t i c u l a r f l a v o u r 

channels are prefered as t h i s again w i l l only change r e l a t i v e decay 

r a t e s . SU(3)^ symmetry breaking e f f e c t s of both dynamical and 

ki n e m a t i c a l o r i g i n are discussed i n the context of 1(1440) and 9(1690) 

decays. The f i r s t s e l e c t i o n r u l e may be broken by mixing between 

i s o s c a l a r s . There i s an a l t e r n a t i v e d e r i v a t i o n of the above s e l e c t i o n 
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r u l e s which generalizes the G^-parity of i s o s p i n t o Gy and Ĝ  p a r i t i e s 

of U, V spin t h a t r e l a t e s, d and u, s quarks [58] , 

3.2.2 Suppression of r a d i a t i v e decays 

Since photons do not couple d i r e c t l y t o gluons, g l u e b a l l s can only 

decay r a d i a t i v e l y v i a a v i r t u a l quark loop. From Figure 3.1 , the 

amplitude i s suppressed by a f a c t o r ttg compared t o the two photon decays 

of quark mesons. The suppression breaks down i f there i s s u b s t a n t i a l 

mixing between quark and gluon s t a t e s . Such mixing can happen i f the 

s t a t e s are almost degenerate. However, the suppression can s t i l l be 

broken f o r the scalar and pseudoscalar channels without mixings. This 

i s because of the t r a c e and a x i a l anomalies, which a f f l i c t the scalar 

and pseudoscalar channels r e s p e c t i v e l y [ 3 3 ] . The t o t a l anomalies i n 

c h i r a l l i m i t which include QED c o n t r i b u t i o n s are: 

t o t ^(O's) 2 3(a„) 

c 2Nf % , a ^ 
V y = — TrG-G + Z e?) — F-F (3.2) 

Where 3(a) = QED beta f u n c t i o n 

= , ^ , 
3Tr 2-n 

and e. = e l e c t r i c charge of i t h quark. 
1 

From these anomaly equations, the low energy theorems [33] f o r two 

photon matrix elements can be derived. 

<0| -^^TrG'G | T ( k ^ ) Y ( k 2 ) > = — Nj,( Z el)F^F^+ o[{k^k^)^] (3.3) 
S 1 
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Y 

Figure 3.1 The lowest order QCD diagram for gg => T(° 
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I ^ T r G . G | Y ( ^ ) Y ( k 3 ) > = I el)F'F' + o [ ( k ^ k , ) ^ ] (3.4) 

The important f e a t u r e of these equations i s t h a t the r i g h t hand sides do 
2 

not have the expected suppression f a c t o r ttg . Thus the scalar and 

pseudoscalar g l u e b a l l s may w e l l have s u b s t a n t i a l two photon widths. 

Furthermore the photon widths can be converted i n t o r a d i a t i v e decay 

widths using vector dominance [59] arguments. Hence t h e i r r a d i a t i v e 

widths may also be s i g n i f i c a n t . 

3.2.3 Exotic quantum numbers and s t a t e counting 

There are gluonic states w i t h quantum numbers not accessible t o qq 
DC — 

mesons i n the quark model such as J = 1 i n the spectrum of pure 

g l u e b a l l s and h y b r i d s . The discovery of such a s t a t e would provide 

strong evidence f o r the existence of gluonic s t a t e s . However, even t h i s 

would not be d e f i n i t i v e , since such e x o t i c quantum numbers might also be 

c a r r i e d by quark states not describable i n the n o n - r e l a t i v i s t i c quark 

model. As there w i l l be no mixing f o r odd g l u e b a l l s , r a d i a t i v e decay 

modes can be used t o d i s t i n g u i s h odd g l u e b a l l s from exotic quark states. 

Other g l u e b a l l s t h a t do not have e x o t i c quantum numbers are d i f f i c u l t t o 

separate from s i n g l e t s of meson nonets. A clear signature of these 

g l u e b a l l s i s the presence of an e x t r a s i n g l e t , one more than required by 

the n o n - r e l a t i v i s t i c quark mode. The counting of the number of states 

( 1 = 0 ) w i t h given quantum numbers i s the only r e l i a b l e way t o e s t a b l i s h 

the i n t r u s i o n of e x t r a dynamics regardless of the strong p o s s i b i l i t y of 

mixing or h y b r i d s . This i s the s o l i d c r i t e r i o n t h a t we use i n our 
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search f o r the ground s t a t e g l u e b a l l t o be described i n Chapter 4. 

3.2.4 OZI s e l e c t i o n r u l e 

OZI r u l e [60] applies t o i d e a l l y mixed quarkonium decays i n which 

f i n a l s t a t e s without the i n i t i a l quarks are suppressed. Together w i t h 

the c r i t e r i a i n Section 3.2.1 the f o l l o w i n g s e l e c t i o n rules can be 

obtained ( w i t h o u t k i n e m a t i c s ) : 

(uu, dd) /> (t)n 

( S S ) / > (JO(JO, wri' PP» PTT' TTTT 

g"*" - > U X J J , (JXJ) , pp, TTTT 

g" -> wn, 4)n, PTT 

P o t e n t i a l g l u e b a l l candidates would decay i n t o both OZI allowed and 

forbid d e n channels. However these rules may not be exact because of 

symmetry breakings i n which some p a r t i c u l a r f l a v o u r channels are 

favoured. A g l u e b a l l may then be m i s i d e n t i f l e d as an i d e a l l y mixed 

meson as a r e s u l t . In any case, the breakdown of the OZI r u l e has been 

used as an i n d i c a t i o n f o r g l u e b a l l formation [ 6 l ] and examples of such 

i d e n t i f i c a t i o n w i l l be discussed i n the next Section. I t i s generally 

taken t h a t the g l u e b a l l widths should be the geometric mean of OZI 

allowed and forbidden decays [ 6 2 ] . This i s based on the observation 

t h a t i n p e r t u r b a t i v e QCD, OZI suppressed amplitudes are mediated by 

inte r m e d i a t e gluons. Figure 3.2 shows t h a t i n i t i a l s t a t e quarks i n the 

process a n n i h i l a t e i n t o gluons which then create the f i n a l s t a t e quarks. 

Only the R.H.S of the diagram occurs i n g l u e b a l l decay so we expect a 

suppression which i s the square-root of f u l l OZI suppression given by 
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Figure 3.2 OZI disconnected diagram - the number of intermediate gluons 

depends on the quantum numbers of the i n i t i a l qq pair. 

_^oo90uoyo(^ywVJ 

( Q ) 0 

T 

d 
71" 

0 
k* 

: : : : ) 
^ A T l ' 

(c) K K — * p 7 i 

Figure 3.3 (a) The OZI quark l i n e diagram for the reaction (J> -> P"̂ TT~ , 

which i s disconnected and OZI forbidden. 

(b)&(c) The OZI allowed diagrams for <l> -> KK and KK -> ptr. 
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OZI forbidden" However t h i s estimate ignores the d i s t i n c t i o n between 

the two and three gluon channels which depends on the quantum numbers of 

the i n i t i a l s t a t e . As i s w e l l known the l i g h t pseudoscalars show large 

d e v i a t i o n s from i d e a l mixing (see Section 3.4.1.5) which implies t h a t 

the phenomenological OZI r u l e e x h i b i t e d by the vector nonet i s not 
PC -+ 

honoured i n the J = 0 two gluon channel at - 1 GeV. 

The width of a g l u e b a l l T i s usually estimated on the assumption 
G 

t h a t OZI suppressed amplitude l i k e F i g . 3.2 are dominated by g l u e b a l l s 

as intermediate s t a t e . A simple example of t h i s assumption i s the 

r e a c t i o n ^ -> G -> pv i n which a g l u e b a l l G appears as the dominant 

p o l e , such t h a t the width F of 4) -> pir i s roughly equal t o the square of 
r . r i s obtained by g i v i n g the OZI allowed width V ,, a G OZI allowed 
suppression f a c t o r F ^ , , y i e l d i n g the estimate OZI forbidden 
Ĝ - ^OZI allowed '^OZI forbidden^- ^ h i s assumption rests e n t i r e l y 

on the e m p i r i c a l OZI r u l e which i s not of i t s e l f consistent w i t h 

u n i t a r i t y (see Section 4.2). This can be i l l u s t r a t e d by the u n i t a r i t y 

equation f o r (J) -> piT, 

Im«J>|Pff> = <<t)|KK><KK|pTr> + OZI forbidden terms (3.5) 

(J) -> KK and KK -> piT are both OZI allowed as shown i n Figure 3.3. The 

L.H.S of the u n i t a r i t y equation i s OZI suppressed, though the term with 

KK intermediate s t a t e i s OZI allowed. There should be no c a n c e l l a t i o n 

between the allowed and disallowed terms so <KK|piT> must be small even 

though i t i s OZI allowed. The g l u e b a l l couplings i n t h i s case depend on 

the c o n t r i b u t i o n from the OZI allowed channel KK t o the r e a l part of 
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<(t)|pTT>. r would be s m a l l e r t h a n t n e s i m p l e e s t i m a t e i f Re<(J) pTT> i s 
' G 

s a t u r a t e d by t h e KK c o n t r i b u t i o n or much b i g g e r i f t h e r e a r e b i g 

c a n c e l l a t i o n s . T h i s d i s c u s s i o n becomes c o m p l i c a t e d i f quark resonances 

o c c u r c l o s e t o t h e r e l e v a n t g l u e b a l l p o l e s . I n g e n e r a l , t h e w i d t h s o f 

g l u e b a l l s may n o t be s i m p l y c h a r a c t e r i s t i z e d by h a d r o n i c w i d t h s t h r o u g h 

s i m p l e e s t i m a t e s based on OZI r u l e . 

3.2.5 P r o d u c t i o n i n h a r d g l u o n channels 

I f t h e g l u o n i c s t a t e s a re made o f v a l e n c e gluons t h e n t h e y w i l l be 

c o p i o u s l y produced i n h a r d g l u o n c h a n n e l s . A good example i s t h e 

r a d i a t i v e decays o f v e c t o r mesons, i n p a r t i c u l a r t h e r a d i a t i v e decays o f 

J/4J [ 6 3 ] [ 6 4 ] . There a r e f o u r main e n e r g e t i c a l l y a l l o w e d decay modes o f 

t h e J/4i -> Y + X t h a t r e q u i r e c and c quarks t o a n n i h i l a t e . They a r e 

t h o s e i n F i g u r e 3.4. T h i s ' c l a s s i c ' method i s a t t r a c t i v e because t h e 

e s t i m a t e TiJ/}^ -> y g g ) / ( J / ^ j -> ggg) = I 6 a / 5 a ^ g i v e s 

B ( J / ^ -> Ygg) - 10% [ 6 5 ] . I n p e r t u r b a t i o n t h e o r y J/^ -> Ygg i s t h e 

dominant r a d i a t i v e decay mode o f J/ii) -> Y + ^ where t h e two gluons a re 

i n a n e t c o l o u r s i n g l e t . Hence t h i s i s an e x c e l l e n t c hannel t o search 

f o r g l u e b a l l s w i t h p o s i t i v e C - p a r i t y . The 1 ( 1 4 4 0 ) , t h e 9(1690) and 

p o s s i b l y t h e ^(2 2 0 0 ) were found as g l u e b a l l c a n d i d a t e s i n t h e st u d y o f 

t h i s c h a n n e l [ 6 4 ] . The v a l i d i t y o f t h e s e c l a i m s w i l l be d i s c u s s e d l a t e r 

i n t h e Cha p t e r . 
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(a) (b ) 

•1,1 Z 
•q,i 

(c ) fd) 

F i g u r e 3.4 Leading order Feynman diagrams f o r r a d i a t i v e J/^ decay. 

I t * 

F i g u r e 3.5 Diagram f o r P P -> •mr. 
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3.2.6 Double d i f f r a c t i v e p rocesses 

An a t t r a c t i v e p o s s i b i l i t y a v a i l a b l e a t v e r y h i g h e n e r g i e s f o r 

g l u e b a l l searches i s t h e s p e c i a l n a t u r e o f double d i f f r a c t i v e 

p r o c e s s e s [ 6 6 ] . J u s t as s i n g l e d i f f r a c t i o n can be viewed as gluons 

s u r r o u n d i n g one p r o t o n b e i n g t r a n s f e r r e d i n t h e g l a n c i n g i n t e r a c t i o n t o 

t h e o t h e r t h r o u g h a g l u o n i c i n t e r m e d i a t e s t a t e , known as t h e pomeron, 

d o u b l e d i f f r a c t i o n can be p i c t u r e d as gluons from each p r o t o n f u s i n g t o 

make new meson s t a t e s [ F i g . 3 . 5 ] . This double pomeron exchange process 

y i e l d s f i n a l s t a t e s w i t h t h e quantum numbers o f g l u e b a l l s . Such was t h e 

m o t i v a t i o n f o r a s e r i e s o f e x p e r i m e n t s a t t h e ISR [ 6 7 ] [ 6 8 ] [ 6 9 ] . The 

f i r s t showed double pomeron events c o u l d be i s o l a t e d , w h i l e t h e 

A x i a l F i e l d S pectrometer (AFS) C o l l a b o r a t i o n e x p e r i m e n t [ 6 9 ] on 

e x c l u s i v e c e n t r a l meson p r o d u c t i o n i n pp -> PPTTTT, pp4Tr, ppKK, e t c . , 

a l l o w e d f o r b e t t e r r e s o l u t i o n and i n c r e a s e d s t a t i s t i c s . I n such a 

p r o c e s s , t h e quantum numbers a r e r e s t r i c t e d t o I = Y = 0 , C = P = + l and 

even s p i n s . The s t u d i e s o f meson s t a t e s produced i n such d i f f r a c t i v e 

r e a c t i o n s c o n s t i t u t e t h e main core o f t h i s t h e s i s and t h e d e t a i l s o f 

t h e i r a n a l y s i s a r e p r e s e n t e d i n t h e f o l l o w i n g C h apters. 
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3.3 THE TENSOR GLUEBALL CANDIDATES FROM BNL 

Three t e n s o r g l u e b a l l c a n d i d a t e s g ^ ( 2 0 5 0 ) , g^(2300) and g^'(2350) 

were f o u n d i n t h e BNL/CCNY 7r~p e x p e r i m e n t [ 6 1 ] t h r o u g h t h e OZI f o r b i d d e n 

M n c h a n n e l shown i n F i g u r e 3.6. The background t o t h e experiment a r e 

t h e two OZI a l l o w e d t r a n s i t i o n s 

( a ) Tr"p -> K'̂ K~K'*'K"n and ( b ) TT~p -> (t)K''"K"n, shown i n F i g u r e 3.7. The 

breakdown o f OZI r u l e i s i n d i c a t e d by t h e enormous enhancement i n the ((xj) 

p r o d u c t i o n c r o s s s e c t i o n . I t i s found t h a t a f t e r c o r r e c t i o n s t h e 

enhancement i s many t i m e s t h e d e n s i t y o f t h e backgrounds. The t h r e e 
Pc ++ 

resonances w i t h J - 2 c o r r e s p o n d t o t h e t h r e e K - m a t r i x p o l e s (see 

Appendix A . I l l & S e c t i o n 7.1) i n t h e b e s t f i t t o t h e d a t a found i n a 

p a r t i a l wave a n a l y s i s . A c c o r d i n g t o BNL t h e m i x i n g o f S- and D-waves i s 

s u b s t a n t i a l i n t h e s e t h r e e t e n s o r s t a t e s . N e v e r t h e l e s s , t h e 

i n t e r p r e t a t i o n of K - m a t r i x p o l e s as b e i n g t h e a c t u a l resonances r e q u i r e s 

more t h o u g h t . The t o p i c o f p o l e i n t e r p r e t a t i o n w i l l be d i s c u s s e d i n 

Cha p t e r s 6 and 7. 

3 . 3 . 1 Two p o l e s model 

I n terms o f a f i t w i t h B r e i t - W i g n e r p o l e s , t h e BNL f i r s t r e p o r t e d a 

two resonance s o l u t i o n s t o t h e i r 4)(J) enhancement [ 7 0 ] . L e t us f i r s t l o o k 

a t t h i s . F i g u r e 3.(2) can be re - e x p r e s s e d i n terras o f p a r t i c l e exchanges 

as shown i n F i g u r e 3 . 8 . With t h e a i d o f F i g u r e 3 . 8 , t h e a m p l i t u d e f o r 

iT~p -> 4)(t)n can be w r i t t e n as a p r o d u c t o f t h r e e terms summing over t h e 

number o f g l u e b a l l s t a t e s [ 7 l ] , 
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F i g u r e 3.6 The OZI disconnected diagram f o r the r e a c t i o n TT p -> ^ n . 

For the q^, = 2+'*', only two intermediate gluons a r e 

r e q u i r e d . 
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(a) I I - p • K * K " K * K'A 

(b) a -p »0 K*K-n 
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F i g u r e 3.7 Backgrounds (OZI allowed) of the OZI forbidden ir"p -> ^x^n. 

' I f 

j =1.2 

F i g u r e 3.8 The r e a c t i o n Tr~p -> <M)n with a ir exchange and two p o s s i b l e 

g l u e b a l l s G, « as resonance propagators. 1 • * 
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i . e . A(TT p -> <J)(J)n) = Z R(7T p -> G.n)$.T(G. -> . 
3=1 1 D D 

where R i s t h e p r o d u c t i o n a m p l i t u d e g i v e n by a s t a n d a r d Reggeized 

e x p r e s s i o n , 

$ i s t h e u s u a l resonance p r o p a g a t o r , 

T r e p r e s e n t s t h e decay a m p l i t u d e f o r G_. -> M . 

The g l u e b a l l p o l e i s t h e average o f g^ and g^ w h i l e Ĝ  i s i d e n t i c a l 

t o g^'. These a r e t h e p o s i t i o n s o f t h e 2 resonances f i r s t r e p o r t e d by 

BNL [ 7 0 ] . The g l u e b a l l s a r e t r e a t e d as o r d i n a r y hadrons i n t h a t t h e i r 

c o u p l i n g s t o clxj) a r e comparable t o o t h e r h a d r o n i c c o u p l i n g s . T h i s 

a s s u m p t i o n i s t h e s i m p l e s t e x p l a n a t i o n f o r t h e OZI v i o l a t i o n i n g l u e b a l l 

p r o d u c t i o n c h a n n e l s . W i t h t h e f l a v o u r independent decays o f g l u e b a l l s 

as a f u r t h e r a s s u m p t i o n t h i s model i s a b l e t o e x p l a i n t h e main f e a t u r e s 

o f t h e BNL d a t a . The same may n o t be t r u e f o r a t h r e e p o l e a n a l y s i s as 

t h e r e a r e no o b v i o u s c a n c e l l a t i o n s i n t h i s model. The success o f t h i s 

a n a l y s i s r a i s e s t h e q u e s t i o n o f where t h e g l u e b a l l Regge t r a j e c t o r y i s . 

3.3.2 Quarkonium E x p l a n a t i o n 

Having b r i e f y d i s c u s s e d t h e g l u e b a l l o p t i o n o f t h e "3^5. We now 

c o n s i d e r t h e p o s s i b i l i t y o f quarkonium. A t e n s o r i s o s c a l a r resonance £ 

has been seen i n p a r t i a l wave a n a l y s i s o f pp -> TTTT a t 2150 MeV [ 7 2 ] . I f 

t h e t e n s o r nonet i s i d e a l l y mixed as i t i s b e l i e v e d t o 

be ( c . f . S e c t i o n 3.4) , t h e n e can be t h o u g h t o f as a second r a d i a l 

e x c i t a t i o n o f t h e nons t r a n g e f ( 1 2 7 0 ) . The i s o s c a l a r p a r t n e r o f t h e e 

would t h e n be e n t i r e l y made up o f s t r a n g e quarks and decay s t r o n g l y t o 

M as t h e ĝ pS do i n -n'p. However, t h i s does n o t match t h e number o f 
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resonances o b s e r v e d , even i f a g l u e b a l l i s i n c l u d e d . E i t h e r t h i s s i m p l e 

minded p i c t u r e i s c o m p l e t e l y wrong o r t h e BNL i n t e r p r e t a t i o n i s a t r i s k . 

S i n c e t h e r a d i a l l y e x c i t e d t e n s o r nonet i s n o t w e l l u n d e r s t o o d , t h i s 

makes t h e d i s c u s s i o n o f q u a r k o n i u m - g l u e b a l l m i x i n g i m p o s s i b l e . I n any 

case i t i s i m p o r t a n t t o l o o k f o r o t h e r decay channels as an ss meson a t 

2160 MeV would decay t o M, K*K* and KK i n t h e r a t i o s 1 : 4 : 0.37 [ 7 3 ] . 

3.3.3 H y b r i d s 

The (J)(l) enhancement can a l s o be a h y b r i d qqg. These h y b r i d s t a t e s a r e 

l i k e l y t o decay by f o r m a t i o n o f a qq c o l o u r - o c t e t p a i r f r o m t h e g l u o n , 

g -> (qq)„, f o l l o w e d by d i s a s s o c i a t i o n o f t h e r e s u l t a n t qqqq s t a t e i n t o 

two qq mesons [ F i g . 3 . 9 ] , q q g -> ( q , q J ( q ,q,) "> ( q J , ) , ( q , q J , • 

As w i l l be d i s c u s s e d l a t e r i n S e c t i o n 3.4.1.1, t h e TM mode o f gluo n s i n 

t h e Bag Model has s t r o n g s-channel c o u p l i n g t o ss w h i l e t h e TE mode has 

f l a v o u r symmetric c o u p l i n g . A (J>-like h y b r i d w i t h a TM mode g l u o n , 

s5g , t h e r e f o r e decays t o f i n a l s t a t e s w i t h f o u r kaons i n c l u d i n g 4><t). 
TM 

The mass o f such h y b r i d has been e s t i m a t e d t o l i e w i t h i n t h e enhancement 

r e g i o n and can be i d e n t i f i e d w i t h one o f t h e c a n d i d a t e s [ 5 4 ] . 

A n o t h e r ())(J) c a n d i d a t e m i g h t a l s o be i d e n t i f i e d w i t h a 2"'"''' TM-TM g l u e b a l l 

w h i c h , l i k e t h e ssg^j^ h y b r i d , decays c h i e f l y t o t h e (jwj) i n a r e l a t i v e 

S-wave. However t h e g^s a r e known t o have b o t h S- and D-waves. The 
++ 

l a s t c a n d i d a t e would have t o be e i t h e r a 2 TE-TE g l u e b a l l or i t s 

r a d i a l e x c i t a t i o n . Because o f p a r i t y c o n s e r v a t i o n arguments, t h e TE 

g l u o n does not c o u p l e t o an S-wave p a i r ( q q ) g , these 2"*^"*" TE g l u e b a l l s 

decay t o two v e c t o r mesons w i t h two u n i t s o f a n g u l a r momentum. I f t h i s 
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F i g u r e 3.9 The dominant two-body decay diagram f o r a qqg h y b r i d . 

F i g u r e 3.10 D r e l l - Y a n type mechanism f o r the production of two v e c t o r 

mesons with a four-quark intermediate s t a t e . 
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i s t h e case t h e n o t h e r f i n a l s t a t e s such as pp and K'K* s h o u l d a l s o have 

been seen, because o f t h e f l a v o u r symmetric c o u p l i n g s o f t h e TE g l u o n . 

3.3.4 Four-Quark s c e n a r i o 

An a t t e m p t t o i d e n t i f y t h e enhancement i n (J)(J) as a f o u r - q u a r k s t a t e 

resonance has been made [ 7 4 ] . An S-wave f o u r - q u a r k s t a t e i n bag and 

p o t e n t i a l models has t h e f o l l o w i n g s a l i e n t f e a t u r e s : 

I . 

The w a v e f u n c t i o n s o f qqqq s t a t e s c o n s i s t o f two p a r t s ; i n one, t h e qq 

p a i r s a r e i n t h e c o l o u r s i n g l e t r e p r e s e n t a t i o n s and i n t h e o t h e r p a r t , 

t h e qq p a i r s a r e i n t h e c o l o u r o c t e t r e p r e s e n t a t i o n s . 

I I . 

T h e i r decays obey t h e OZI r u l e ; most o f t h e qqqq can be s p l i t i n t o 

two c o n s t i t u e n t c o l o u r s i n g l e t q^ mesons, making them d i f f i c u l t t o 

d i s t i n g u i s h from a continuum. However, t h e r e a r e qqqq s t a t e s which 

m a i n l y decay t h r o u g h a p a i r o f v e c t o r mesons (VV). They have w i d t h s 

n a r r ow enough t o be observed as resonances [ 7 5 ] . What i s a t t r a c t i v e i s 
++ 

t h a t a 2 ssss f o u r quark s t a t e a t 2.25 GeV has been p r e d i c t e d t o e x i s t 

i n t h e Bag Model [ 7 6 ] . T h i s p r e d o m i n a n t l y decays t o 4><|) w i t h a w i d t h o f 

360 MeV. 

The p r o d u c t i o n o f narrow f o u r quark s t a t e s i s by a D r e l l - Y a n [ 7 7 ] 

t y p e p r o c e s s i n which t h e g l u e p a r t o n s o r i g i n a t i n g from t h e c o l l i d i n g 

hadrons c o u p l e t o t h e c o l o u r o c t e t (V^) o f t h e qqqq s t a t e s which i n t u r n 

decay i n t o two v e c t o r mesons. T h i s mechanism i s d e p i c t e d i n 
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F i g u r e 3.10 . The c o u p l i n g between gl u o n and c o l o u r o c t e t v e c t o r qq i s 

e v a l u a t e d u s i n g t h e QCD v e r s i o n o f t h e V e c t o r Dominance Model i n QED. 

The c a l c u l a t e d <t'<l> p r o d u c t i o n c r o s s s e c t i o n f o r a 2^ s t a t e a t 2160 MeV 

i s i n agreement w i t h e x p e r i m e n t , when a K f a c t o r c o r r e c t i o n i s taken 

i n t o a c c o u n t . One o f t h e r e m a i n i n g (J)(j) resonances seen a t BNL c o u l d be 

a s s i g n e d as an e x c i t e d ssss f o u r quark s t a t e w i t h an o r b i t a l a n g u l a r 

momentum L = 2 which decays t o 4>(J) t h r o u g h a D-wave. Another p o s s i b i l i t y 
PC ++ _ _ f o r J = 2 i s an e x c i t e d ssss w i t h S = 2, L = 2, which s h o u l d be much 

h e a v i e r t h a n t h e S = 0, L = 2 s t a t e a t 2160 MeV. A t e n s o r g l u e b a l l can 

be i n c l u d e d t o make up t h e r e q u i r e d number. However, i t i s b e l i e v e d 
++ 

t h a t o n l y t h e 0 s e c t o r o f t h e f o u r - q u a r k s t a t e s can e x i s t as 

o b s e r v a b l e bound s t a t e s [ 7 8 ] . N e v e r t h e l e s s t h i s approach p r o v i d e s an 

a l t e r n a t i v e e x p l a n a t i o n o f t h e d a t a . 

3,3.5 S e q u e n t i a l P a i r model 

The i d e n t i f i c a t i o n o f t h e g s as g l u e b a l l s a t BNL s o l e y r e s t s on t h e 
T 

v a l i d i t y o f OZI r u l e . However, i t i s p o s s i b l e t h a t t h e glu o n s which 

c o n v e r t i n t o di-mesons do themselves f a v o u r some p a r t i c u l a r mass v a l u e 

t h r o u g h t h e s e m i - c l a s s i c a l s e q u e n t i a l p a i r c r e a t i o n mechanism [ 7 9 ] . The 
mesons a r e produced i n t h e f o l l o w i n g sequencer-

PC ++ _ _ _ _ 

J = 2 gg -> q^q^ -> q^(q^q^)q^ -> i^^^2^i^2^^) 

The g l u o n system i s supposed t o c o n v e r t r a p i d l y t o a l i g h t which 

t h e n breaks a p a r t , m a i n t a i n i n g a g l u o n i c f i e l d ( ' s t r i n g ' ) between them. 

E v e n t u a l l y a second p a i r ^2^2 produced a l o n g t h e ' s t r i n g ' and t h i s 

l e a d s t o t h e two v e c t o r mesons <l5<t' i n t h i s p a r t i c u l a r case. The decay 
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r a t e o f q^q^ -> ( q ^ q 2 ) ( q 2 q i ) i s p r o p o r t i o n a l t o t h e square o f t h e 

o v e r l a p i n t e g r a l o f t h e r a d i a l w a v e f u n c t i o n s o f q^q^ and two mesons. 

The i n t e g r a l i s an o s c i l l a t i n g f u n c t i o n o f t h e mass o f t h e system and 

l e a d s t o br o a d mass bumps which are n o t resonances b u t an i n t e r f e r e n c e 

e f f e c t r e f l e c t i n g t h e s e q u e n t i a l mechanism o f p a i r c r e a t i o n . The 

o s c i l l a t i o n s a r e governed by t h e zeros o f t h e s p h e r i c a l Bessel f u n c t i o n 

i n t h e p a r t i a l waves o f q^^q^ • Successive mass bumps a r e g e n e r a t e d by 

t h i s mechanism i n t h e r e g i o n o f t h e BNL enhancement. A l t h o u g h t h e r e i s 

no p r o h i b i t i o n f o r a genuine resonance t o occur on t o p o f such a bump. 

I t i s u n l i k e l y t h a t t h i s s h o u l d happen s e v e r a l times as i s i m p l i e d by 

t h e t h r e e resonance c l a i m . 

3.3.6 Phenomenoloqical argument 

A p a r t f r o m t h e above argument, t h e t h r e s h o l d enhancement can a l s o be 

e x p l a i n e d w i t h p h e n o m e n l o g i c a l r e a s o n i n g [ 8 0 ] . I n s t e a d of g o i n g t h r o u g h 

t h e process i n F i g u r e 3.6, t h e r e a c t i o n Tr~p -> <i><t>n can proceed by t h e 

e m i s s i o n o f two h a r d g l u o n s as d e p i c t e d i n F i g u r e 3.11 . The two hard 

g l u o n s a r e supposed t o be c o l l i n e a r and independent. They a l s o behave 

l i k e t h e gluons i n D r e l l - Y a n and o t h e r h a r d - s c a t t e r i n g processes. Since 

h a r d gluons i n these processes decay i n t o l e p t o n p a i r s w i t h 

<Pj_> = 0.6 GeV [ 8 l ] t h u s f o r t h e S-wave, t h e t h r e s h o l d enhancement i s 

m^^ - / [ ( 2 m ^ ) ^ + 2 x (0.6 GeV)^] = 2.2 GeV. 

The a n g u l a r momentum b a r r i e r f o r t h e D-wave i s a p p r o x i m a t e l y g i v e n by 

2g, + 1 
Z— - 1 GeV 
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F i g u r e 3.11 Tr~p -> with hard gluon emissions. 

F i g u r e 3.12 K"p -> <M)A as an OZI f o r b i d d e n process. 
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f o r % = 2 and r = 1 fm. 

Thus f o r D-wave 

nij .A - [ ( 2 m . ) ^ + 2 X (0.6 GeV)^ + ( 1 GeV)^] - 2.4 GeV. 
<P<P (P 

T h i s i s i n g e n e r a l agreement w i t h t h e d a t a . The same r e a s o n i n g does not 

a p p l y t o K~p -> (J)())A i n which two o f t h e quarks c r e a t e d h a d r o n i z e w i t h 

t h e f r a g m e n t s o f t h e o r i g i n a l p a r t i c l e s and these t e n d t o move i n 

o p p o s i t e d i r e c t i o n s [ F i g . 3.12]. I t i s t h e r e f o r e c r u c i a l t o search f o r 

g^s i n K~p s c a t t e r i n g t o c o n s o l i d a t e t h e g l u e b a l l c l a i m . However, t h e 

K"P -> (J)(t)A c h annel i s viewed as an OZI a l l o w e d process [ F i g . 3.13] by 

some f r a c t i o n o f t h e p h y s i c s community [ 6 1 ] . To them t h e absence o f g ^ 

i n K p i s n o t a prob l e m . 

3.4 GLUONIUM CANDIDATES IN J/vl) RADIATIVE DECAYS 

As a l r e a d y mentioned i n S e c t i o n 3.2.5 t h a t J/i); -> Y + X i s a hard 

g l u o n process w h i c h i s t h o u g h t t o be an i d e a l p l a c e f o r g l u e b a l l 

h u n t i n g [ 8 2 ] . Two more g l u e b a l l c a n d i d a t e s 6(1690) [ 8 3 ] and 

C(2200) [ 8 4 ] have been found i n t h i s channel a f t e r t h e d i s c o v e r y of t h e 

f i r s t c a n d i d a t e , t h e 1(1440) [ 8 5 ] . The r a d i a t i v e J/ip decays have been 

s t u d i e d i n ex p e r i m e n t s DM2 [ 8 6 ] , MARK I I [ 8 7 ] , MARK I I I [ 8 8 ] and 

CRYSTAL BALL [ 8 9 ] o p e r a t i n g a t t h e s t o r a g e r i n g s DCI and SPEAR. 

A l t h o u g h l o t s o f d a t a have been assembled no d e f i n i t e c o n c l u s i o n s about 

t h e i r g l u e b a l l s t a t u s can be made. What f o l l o w s i s an a t t e m p t t o g i v e a 

c o n c i s e r e v i e w o f t h e v a r i o u s i n t e r p r e t a t i o n s o f t h e X, 9 and 
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Figure 3.13 K"p -> •4>A at an OZl a l l o w e d process. 

(a) 

(b) 

meson 

meson 

g(utt»U 

(0 
F i g u r e 3.14 R a d i a t i v e decay of the J/4> i n t o mesons or g l u e b a l l s . 
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3.4.1 The Pseudoscalar G l u e b a l l Candidate I o t a ( 1 4 4 0 ) 

The I o t a was seen i n J/ip -> YKKir [ 8 5 ] . The KK system was produced 

p r e f e r e n t i a l l y w i t h low mass as though t h e decay l -> 6TT , 6 -> KK were 

t h e dominant decay mode of I o t a . These d a t a o v e r w h e l m i n g l y f a v o u r s t h e 

0""*" c h a n n e l i n a p a r t i a l wave a n a l y s i s a l l o w i n g b o t h t h e 0~ and 1"'" 

p a r t i a l waves [ 9 0 ] . The p o s s i b i l i t y o f s p i n 2 has y e t t o be t e s t e d . 

The s u p p r e s s i o n o f = l " ^ i s t h o u g h t t o be due t o Yang's 

theorem [ 2 4 ] and i t s p-wave decay t o STT. There a r e f o u r low l y i n g O""*" 

i s o s c a l a r s namely t h e e s t a b l i s h e d n(54B), n'(958) and 1(1440) t o g e t h e r 

w i t h a p o s s i b l e n ( 1 2 7 5 ) . I t i s n o t c l e a r whether t h e I i s a r a d i a l 

e x c i t a t i o n o f H'. The s i t u a t i o n i s made worse by t h e presence o f a 

nearby i s o s c a l a r E(1420) observed i n h a d r o n i c r e a c t i o n s . The E i t s e l f 

i s a m y s t e r y . I t was f i r s t seen i n pp a n n i h i l a t i o n s a t r e s t [ 9 1 ] and i n 

t h e more r e c e n t 7T~p [ 9 2 ] e x p e r i m e n t s as a O""'' resonance i n 6TT, j u s t as 

f o u n d f o r t h e I o t a . T h i s E can be i d e n t i f i e d w i t h t h e I o t a . However, 
PC ++ 

t h e E has a l s o been observed as a J = 1 w i t h dominant decay mode K*K 

and KK* [ 9 3 ] . 

The g l u o n i u m i n t e r p r e t a t i o n o f 1(1440) i s based on t h e f o l l o w i n g 

arguments: 

I . 

The I o t a i s produced i n a hard g l u o n channel w i t h t h e l a r g e s t 

b r a n c h i n g r a t i o o f i t s k i n d f o r reasons t r a n s p a r e n t from F i g u r e 3.14 , 

and i t s mass i s c o n s i s t e n t w i t h Bag model [ 9 4 ] [ 9 5 ] and l a t t i c e [ 9 6 ] [ 9 7 ] 

c a l c u l a t i o n s f o r a 0 g l u e b a l l . 
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I I . 

The B(J/iJj -> y i ) i s t o o l a r g e f o r t h e I t o be a member o f r a d i a l l y 
e x c i t e d O""*" nonet w i t h t h e n.T and n(1275) [ 9 8 ] . T h i s i s based on two 
o b s e r v a t i o n s 

1 . n(1275) -> rrn̂ TT i s s t r o n g l y p r e s e n t i n ir'p s c a t t e r i n g and t h e r e i s no 

s i g n i f i c a n t s i g n a l f o r i -> n'n"n'. 

2. I n J/ii -> y\ , i s s t r o n g l y p r e s e n t i n KKir and i n d i c a t e d i n n^fr 

bu t t h e r e i s no n(1275) , s i g n a l i n b o t h c h a n n e l s , 

i . e . r(J/\i) -> yi) >> r(J/4j -> Y n ( 1 2 7 5 ) ) . 

I f t h e n(1275) and I a r e r a d i a l l y e x c i t a t i o n s o f f) and n' w i t h t h e same 

s i n g l e t m i x i n g t h e n 

0(TT~p -> n l ) ^ o(Tr"p -> nn' ) 
0 ( 7 1 ~p -> nn(1275)) ' aCfT"p -> nn ) 

T h i s i s b a d l y v i o l a t e d by e x p e r i m e n t a l o b s e r v a t i o n s , 

i . e . R.H.S >> L.H.S [ 9 9 ] . I f I and n(1275) a r e i d e a l l y mixed w i t h 

1 - ss t h e n r(j/4) -> Y n(l275) -> yr\-m\) >> T(J/^ -> y i - > yriTTTr), s i n c e 

nfffT would be a OZI suppressed decay o f l. But t h i s i s v i o l a t e d by ( 2 ) 

t h e r e f o r e i i s u n l i k e l y t o be t h e I = 0 p a r t n e r o f n(1275). This n a i v e 

argument i s s e n s i t i v e t o how t h e SU(3) f l a v o u r symmetry i s broken so i t 

can o n l y s e r v e as a g u i d e . To c o n s o l i d a t e t h e g l u e b a l l c l a i m one must 

c o n f i r m t h e n(1275) and f i n d an a c c e p t a b l e 1 = 0 r a d i a l e x c i t a t i o n , n*, 

f o r r)(1275) t o e x c l u d e i from t h e nonet. The members o f 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 , 2^5^ , seen so f a r are t h e 1 = 1 7 T ( 1 3 0 0 ) , 

I = (1 / 2 ) K ( 1 4 0 0 ) and 1 = 0 r i ( 1 2 7 5 ) . P h e n o m e n o l o g i c a l l y t h e approximate 

degeneracy o f Tr ( i 3 0 0 ) and r|(1275) suggests i d e a l m i x i n g between T]* and 

n ( 1 2 7 5 ) , as i n t h e i d e a l l y mixed v e c t o r nonet where p and w are almost 
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degenerate i n mass. G e n e r a l i s i n g the rough e q u a l i t y ^ "^^YL* ~ '"p 

the r a c a i a l l y e x c i t e d pseudoscalar gives m(n*') - 1 6 0 0 MeV. However 

mixing between g l u e b a l l and i s o s c a l a r s may s h i f t the masses of ri(1275) 

and v\*, making the mass degeneracy of irdSOO) and n(1275) a c c i d e n t a l . 

Hence again high s t a t i s t i c s data are needed to allow a p a r t i a l wave 

a n a l y s i s i n channels l i k e TT~p -> (KRiT)n, (r\T\T\)n and (ri'ffn')n, and 

pp -> ( K K T 7 ) i n T , ( r i T T T T )T T T T , (H'TTTT)TTTT to Search for n*- T h i s i s the way i n 

which r i ( 1 2 7 5 ) was d i s c o v e r e d . 

I l l 

The width of the I i s more than an order of magnitude greater than 

the n' so the l decays too f a s t to be a r a d i a l e x c i t a t i o n of the H' or a 

quarkonium s t a t e . 

There a r e a l s o o b j e c t i o n s to the gluonium i n t e r p r e t a t i o n of the I o t a . 

I . 

The c r i t e r i o n of f l a v o u r symmetric decays i s the strongest argument 

a g a i n s t the g l u e b a l l i n t e r p r e t a t i o n as B ( t -> r i T f T T ) / B ( l -> KKTT) < 0 . 2 6 

a c c o r d i n g to MARK I I I [ l O O ] . 

However as a l r e a d y mentioned i n S e c t i o n 3 . 2.1 there a r e f l a v o u r 

symmetry breaking mechanisms which may produce non-flavour symmetric 

decays and such mechanisms are d i s c u s s e d i n the next s e c t i o n . 

I I . 

The I o t a may have been seen i n the YP° channel, but the experimental 

r e s u l t s are confusing. With the present s t a t i s t i c s , i t i s not p o s s i b l e 

to unambiguously i d e n t i f y the enhancement i n TP° as being due to the I . 

Assuming the I to decay mainly i n t o KKir then t h i s corresponds t o a 
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s i z a b l e r a d i a t i v e decay width of 2 MeV which looks s u r p r i s i n g l y large 

f o r a g l u e b a l l and seems to r u l e out the pure gluonium c l a i m [ 9 8 ] . 

Although g l u e b a l l s a r e not normally expected to have l a r g e r a d i a t i v e 

decay widths, a h y b r i d or a mixed s t a t e may have r a d i a t i v e widths 

comparable to or d i n a r y quark mesons. As i n the case of the g^s, the 

p r o p e r t i e s of the 1(1440) can be explained by v a r i o u s models and these 

models are examined i n the f o l l o w i n g s e c t i o n s . 

3.4.1.1 Models f o r a pure l g l u e b a l l 

I n t h i s s e c t i o n we d i s c u s s ways of producing non-flavour symmetric 

decays f o r a g l u e b a l l which may then overcome the strongest o b j e c t i o n to 

the g l u e b a l l i d e n t i f i c a t i o n of the i o t a . 

I . 

There are ways of breaking S U ( 3 ) f l a v o u r symmetry. The lowest order 

diagrams for the decay of a two gluon g l u e b a l l are shown i n Figure 3.15. 

The f l a v o u r symmetry i s broken k i n e m a t i c a l l y i n Figure 3.15(a) because 

P 

f o r a J = 0 i n i t i a l s t a t e the corresponding amplitude i s proportional 

to mq [ l O l ] [ l 0 2 ] . The s i t u a t i o n i s the same as that of the h e l i c i t y 

argument r e s p o n s i b l e f o r the l e p t o n i c decays of pion having 

r(TT -> y v ) >> r(Tr -> ev) d e s p i t e the e x i s t e n c e of y-e u n i v e r s a l i t y . 

T h i s then produces an enhancement of the f i n a l s t a t e s c o n t a i n i n g strange 

quarks or kaons. Another breaking mechanism i s due to Bag Model 

dynamics [ 9 4 ] which enhances f i n a l s t a t e s r i c h i n kaons and i s 

a p p l i c a b l e to both diagrams i n Figure 3.15 . In c a v i t y perturbation 
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theory the v e r t i c e s a r e pr o p o r t i o n a l to the overlap i n t e g r a l s of the 

c a v i t y mode e i g e n f u n c t i o n s . When the s e l f energies of a quark and 

gluon, determined e m p i r i c a l l y , are included , the TE gluon mode i s found 

t o have f l a v o u r symmetric s-channel couplings, while on the other hand 

the TM mode couples s t r o n g l y to ss [ 9 4 ] . A pseudoscalar g l u e b a l l made 

of TE-TM modes t h e r e f o r e decays predominantly to f i n a l s t a t e s with kaons 

j u s t as the I o t a does. Although these counter arguments a r e based on 

p e r t u r b a t i o n theory, they h i g h l i g h t the point that i t i s p e r i l o u s to use 

f l a v o u r symmetry as a c r i t e r i o n for g l u e b a l l s p o t t i n g . 

I I . 

The dominance of 6iT , 6 -> KK and the absence of HTTTr i n I decays can 

a l s o be exp l a i n e d with a simple pole model [ l 0 3 ] with the l taken as a 

g l u e b a l l pole. The suppression of i -> riirir i s due to the c a n c e l l a t i o n 

of the two diagrams i n Figure 3.16 . Furthermore, an estimate of the 

r a d i a t i v e decay width V(l -> y j ) for a gluonium I o t a which makes use of 

the matrix element of Eqn. 3.4 i s as large as 1 MeV [104]. 

3.4.1.2 I o t a as a KIT molecule 

The dominance of I - > 6TT , 6 - > KK can a l s o be explained i f the I i s 

not a qq meson but r a t h e r a KK molecule [I'OB]. I t has been claimed that 

c o n t r a r y to the f i n d i n g s i n both p o t e n t i a l and bag models, four-quark 

bound s t a t e s can only e x i s t i n the form of a weakly bound s t a t e of two 

col o u r s i n g l e t mesons [ 7 8 ] . The Hamiltonian used i n t h i s a n a l y s i s i s of 

the s i m p l e s t form i n which only the harmonic confinement p o t e n t i a l and 

the c o l o u r h y p e r f i n e i n t e r a c t i o n are included. For three f l a v o u r s , the 
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qq p a i r may r e s i d e i n a 3 or 6 of SU(3)£ and v i c e v e r s a for qq. Two 

s c a l a r nonets can be obtained from combining qq and qq p a i r s together 

u s i n g s p i n assignments c o n s i s t e n t with the e x c l u s i o n p r i n c i p l e . The low 

mass s c a l a r nonet i s the c r v p t o e x o t i c s e c t o r [ 6 ] . Four-quark bound 

s t a t e s can be searched f o r by s o l v i n g the f o u r - p a r t i c l e Schrodinger 

equation. I t was found t h a t with the phenomenological SU(3) c o n s t i t u e n t 

quark masses only the c r y p t o e x o t i c s e c t o r with KK quantum numbers can 

e x i s t [ 7 8 ] . In t h i s model, the 6(980) i s a KK molecule bound v i a the 

r e s i d u a l colour i n t e r a c t i o n analogous to those binding two nucleons in t o 

the deuteron. The e x i s t e n c e of such KK four-quark bound s t a t e a l s o 

a f f e c t s the i n t e r p r e t a t i o n of the w e l l known s c a l a r S*, a t o p i c to which 

we w i l l r e t u r n l a t e r on (see Chapter 7 ) . 

There are two ways i n which the KK r e s i d u a l i n t e r a c t i o n , V _ , can 
KK 

c r e a t e the 6 produced i n \ decay. The f i r s t i s a d i r e c t decay of the i 

to KKTT, as shown i n F i g u r e 3.17 The observed 6 i s simply an e f f e c t of 

the enhanced KK wave fu n c t i o n at the ' o r i g i n and i s derived by 
approximating V with a square w e l l . KK 

The second case i n v o l v e s the isobar decay of the l [ F i g . 3.18]. The 

presence of V^^j^ smears the KK* + KK* i n t o a much weaker and wider s i g n a l 

and causes an enhancement at low KK'raass. Since a C = +1 g l u e b a l l 

cannot decay to KK* + KK*. I f t h i s KK molecule s c e n a r i o i s c o r r e c t for 

the <5 then a d e t a i l e d a n a l y s i s of the e f f e c t i v e mass d i s t r i b u t i o n s w i l l 

g i v e a d e f i n i t e answer to the g l u e b a l l i n t e r p r e t a t i o n of the \. 
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Figure 3.17 i -> KR with 

Figure 3.18 i -> KR* + RK* -> KJTTr with V^- . 

^ ^ ^ ^ ^ ^ 

Figure 3.19 The lowest order diagraun for J/^ -> Yqqg. 
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3.4.1.3 I o t a as a Hybrid 

The I may a l s o be a hybrid meson [ 4 5 ] [ l 0 6 ] because QCD p r e d i c t s that 

the branching r a t i o of J/tj; -> yqqg [ F i g . 3.19] i s the same order as that 

of J/\Jj -> Ygg. For low l y i n g hybrid mesons the qq p a i r i s a ^S^ colour 

o c t e t . The quantum numbers of hybrids with a TM mode gluon are O'*'"'" , 

1^^ , 2^^ and with a TE mode are 0 , 1 ^ , 2 ^ where spin one s t a t e s 

may be produced with o f f s h e l l gluons. A hybrid s t a t e decays i n t o two 

o r d i n a r y mesons with an amplitude p r o p o r t i o n a l to the overlap i n t e g r a l 

of the wave f u n c t i o n s of the mesons [ 1 0 6 ] . An estimate for the decay 

width of a 0 hybrid of the mass of the I o t a can be made using 

n o n - r e l a t i v i s t i c wavefunctions given by the harmonic o s c i l l a t o r 

p o t e n t i a l model. Such a n o n - r e l a t i v i s t i c c a l c u l a t i o n gives a width of 

15 MeV which i s much sm a l l e r than the experimental value of "^01^° MeV. 

Unfo r t u n a t e l y the magnitude of r e l a t i v i s t i c c o r r e c t i o n s i s not known and 

the p o s s i b i l i t y of a hybrid I o t a remains. I t i s p o s s i b l e to i d e n t i f y 

the I as the 0"'*' Wg. But t h i s would mean a 0""*" (t)g s t a t e a t 1650 MeV 

with h a l f the production r a t e of the l i n J/\\) r a d i a t i v e decays, which i s 

i n c o n s i s t e n t with observation [ 4 5 ] . S i n c e the 0 ^ g l u e b a l l i s p r e d i c t e d 

to have a mass w i t h i n the mass region of the low-lying O""*" hybrids, 

mixing between them i s a l s o a p o s s i b i l i t y which may change the above 

p i c t u r e . 
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3.4.1.4 I o t a as a Mixed s t a t e 

The s i z a b l e width of the magnetic d i p o l e t r a n s i t i o n I -> YP° remains 

an o b s t a c l e to i d e n t i f y i n g the i as a pure g l u e b a l l even though the 

simple pole model o f f e r s an explanation of t h i s . F i ne tuning i s needed 

to a c h i e v e the r e q u i r e d c a n c e l l a t i o n i n the model. There are other 

a l t e r n a t i v e e x p l a n a t i o n s i n which the l i s t r e a t e d as a mixed s t a t e , 

such a l t e r n a t i v e models are d i s c u s s e d below. 

I . Mixing i n the Bag Model; 

To e x p l a i n the r a d i a t i v e decay width of the l , mixings between a 0 ^ 

g l u e b a l l and qq i s o s i n g l e t pseudoscalars (both the ground s t a t e and the 

f i r s t r a d i a l e x c i t a t i o n ) a re found to be l a r g e i n the Bag 

model [ 1 0 7 ] [ 1 0 8 ] . The photon couplings of a g l u e b a l l are generated by 

mixing qq components i n t o i t s wavefunction. A l a r g e electromagnetic 

width of the l (taken to be a mixed g l u e b a l l ) can be obtained i n t h i s 

framework fo r two reasons: 

1. Phase space i n c r e a s e s s t r o n g l y with the mass of the 1. 

2 . Mixings with the ground s t a t e s are s i z a b l e . 

Apart from these, c o n t r i b u t i o n s from higher order diagrams are a l s o 

s i g n i f i c a n t . These f e a t u r e s enable mixed g l u e b a l l s to have a l a r g e r 

magnetic d i p o l e r a d i a t i v e width than r a d i a l l y e x c i t e d qq mesons. 

However, the above model r e l i e s on the assumption t h a t a l l p a r t i c l e s 

have the same r a d i u s , and that mixing amplitudes was very s e n s i t i v e to 

s h i f t s i n quark masses and other parameters i n the model. Another 

approach i n the Bag model [ l 0 9 ] with n-ri'-glueball mixing gives s i m i l a r 
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q u a l i t a t i v e c o n c l u s i o n s . 

I I . Mixing i n the N o n - R e l a t i v i s t i c Quark model: 

An a l t e r n a t i v e way of e s t i m a t i n g the mixing i s the non r e l a t i v i s t i c 

quark model i n which c o n s t i t u e n t quark masses, h a r m o n i c - o s c i l l a t o r 

c o n f i n i n g p o t e n t i a l and the hyperfine ( F e r m i - B r e i t ) s p i n - s p i n 

i n t e r a c t i o n are used. The hyperfine i n t e r a c t i o n i s r e s p o n s i b l e for the 

mass s p l i t t i n g s of the pseudoscalar and vector meson masses. In the 

f o l l o w i n g , d i f f e r e n t approaches w i l l be d i s c u s s e d i n order of i n c r e a s i n g 

complexity, 

( i ) 

The s i m p l e s t model i s t o consider mixings between the H, T and i . 

P h y s i c a l s t a t e s a r e expressed as a l i n e a r combination of non-strange, 

s t r a n g e and gg wavefunctions [ l l O ] . The content of a s t a t e i s simply 

given by the corresponding c o e f f i c i e n t s of the base s t a t e s . A constant 

mass matrix with orthogonal mixing and l i n e a r mass formulae are used i n 

t h i s . Using t h i s simple i d e a , an i n v e s t i g a t i o n of J/vjJ decays to 

p s e u d o s c a l a r - v e c t o r f i n a l s t a t e s suggests t h a t a s i z a b l e gluon 

component ( '\' 30%) may be present i n the T]'. Indeed, long ago 

N.Isgur [ i l l ] proposed t h a t the mass s p l i t t i n g between the H and H' may 

be due to a s i z a b l e mixing with g l u e b a l l s . 

( i i ) 

A more s o p h i s t i c a t e d model [112] i n v o l v e s T], T]', n(1275), I and a new 

h y p o t h e t i c a l high mass pseudoscalar s t a t e between 1600 and 1900 MeV, 

l a b e l l e d NS. In t h i s model e i t h e r ^ or NS could be a mixed quarkonium 

s s or a mixed g l u e b a l l . Mixings only occurs between the g l u e b a l l and 
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i s o s c a l a r s , there i s no d i r e c t mixing between ground and r a d i a l 

e x c i t a t i o n s . Data on production and decays l i k e l -> YP°, H' -> YP° are 

needed to d i s t i n g u i s h between the two p o s s i b i l i t i e s . P h y s i c a l masses 

a r e taken as c o n s t r a i n t s . Bare masses and g l u e b a l l - i s o s c a l a r mixings 

a r e f r e e parameters. The quark or gluon content of the p h y s i c a l s t a t e s 

a r e determined by the e i g e n v e c t o r s of the mass matrix using the MARK I I I 

r e s u l t s on J/ili r a d i a t i v e decays [ 8 2 ] . The s o l u t i o n with i - 68% 

g l u e b a l l and NSĈ ^ 1700) - ss i s s t r o n g l y p r e f e r r e d , 

( i i i ) 

In a more complicated v e r s i o n [ l l 3 ] , the p h y s i c a l s t a t e s are a 

mixture of h a r m o n i c - o s c i l l a t o r b a s i s s t a t e s with mixing generated by the 

h y p e r f i n e i n t e r a c t i o n . The ground s t a t e , the f i r s t two r a d i a l l y e x c i t e d 

s t a t e s and a g l u e b a l l with b a s i s s t a t e |gg> mix together i n t h i s model. 

Known r a d i a t i v e decay widths are needed to c o n s t r a i n the parameters i n 

t h i s approach. The I i s taken as the mixed g l u e b a l l and the c a l c u l a t e d 

r ( l -> YP°) i s about 4 MeV. Apart from g i v i n g a reasonable r ( i -> YP") 

width, t h i s a l s o gives an explanation for the suppression of I -> r\'n'n i n 

terms of i t s composition. An u n s a t i s f a c t o r y point i s t h a t masses of the 

r a d i a l l y e x c i t e d r i ' a r e heavy. But these s t a t e s have not been seen and 

t h i s disadvantage may l a t e r turn i n i t s favour, 

( i v ) 

Another model th a t mixes the ground s t a t e with the f i r s t two r a d i a l 

e x c i t a t i o n s , but without a g l u e b a l l , i s c a l l e d the giant resonance 

model [ 1 1 4 ] . The mass s p l i t t i n g s i n t h i s model are f i x e d 

phenomenologically by comparing the charmonium and low l y i n g hadron 

s p e c t r a . The I o t a i s not i n t e r p r e t e d as a mixed g l u e b a l l but a mixture 
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of d i f f e r e n t degrees of r a d i a l e x c i t a t i o n with c o l l e c t i v e coherent 

e f f e c t s analogous to the giant resonant s t a t e s observed i n nuclear and 

condensed matter p h y s i c s . The p r e d i c t i v e power of t h i s model i s very 

l i m i t e d as i t i s very s e n s i t i v e to d e t a i l s of the r a d i a l wave fu n c t i o n s 

and e x a c t v a l u e s of some of the parameters. This and the previous model 

both s u f f e r from the f a c t that i f r a d i a l e x c i t a t i o n s are allowed to mix 

with ground s t a t e s then t h i s should not j u s t be confined to the 

i s o s c a l a r s . The consequences of such mixings to occur at low energies 

would s p e l l d i s a s t e r f o r conventional meson spectroscopy. 

A f i n a l comment on mixing models i s t h a t genuine r a d i a l l y e x c i t e d 

s t a t e s w i l l have a reduced magnetic d i p o l e t r a n s i t i o n amplitude. In a 

n o n - r e l a t i v i s t i c model, the e x c i t e d s t a t e wavefunction i s orthogonal to 

the ground s t a t e wave f u n c t i o n . I f the magnetic dipole t r a n s i t i o n was a 

simple s p i n f l i p , as i n n o n - r e l a t i v i s t i c model, the o v e r a l l amplitude 

would v a n i s h because of the wavefunction o r t h o g o n a l i t y . Although t h i s 

o r t h o g o n a l i t y i s not exact i n ^ r e l a t i v i s t i c c a s e s , a t l e a s t an order of 

magnitude suppression for the r a d i a t i v e decay r a t e s of r a d i a l l y e x c i t e d 

mesons compared to the ground s t a t e i s expected [ l 0 8 ] . Judging from the 

present data, the I o t a i s t h e r e f o r e u n l i k e l y to be a r a d i a l e x c i t a t i o n 

of the ri' . 

I I I . Mixing through the A x i a l Anomaly; 

A completely d i f f e r e n t approach i s to mix the pseudoscalar g l u e b a l l 

with the ri and n' through t h e i r anomalous couplings [ F i g . 3.20]. These 

g l u o n i c or anomalous couplings of the rj and are given by 
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<0\-^ TrG.G In , n'> (3.6) 

I d e n t i f y i n g TrG»G as the i n t e r p o l a t i n g pseudoscalar g l u e b a l l f i e l d , the 

n - r i ' - g l u e b a l l mixing [ l l 5 ] i s determined through the P a r t i a l 

C onservation of the U ( l ) c u r r e n t hypothesis [ l l 6 ] . Experimental data on 

e l e c t r o m a g n e t i c decays of the i s o s c a l a r s are used to r e l a t e the 

parameters i n the model. The mixing between the l and n ' i s found to be 

much bigger than t h a t of the l with the n because the amount of mixing 

depends on the square of the masses. The r e s u l t s on the decays of the l 

agree q u a l i t a t i v e l y with experiments and favour the I as a mixed 

g l u e b a l l . 

The above strong anomaly plays a more important r o l e i n the 

pseudoscalar nonet then j u s t mixing n - r i ' - g l u e b a l l . I t has been shown 

t h a t the n-ri' mass s p l i t t i n g and the d e v i a t i o n from i d e a l mixing can be 

understood i f t h e r e e x i s t s a s u b s t a n t i a l a n n i h i l a t i o n amplitude of 

p o s i t i v e s i g n [ i l l ] . Such a c o n t r i b u t i o n i s small i n the vector and 

t e n s o r nonets, where i d e a l mixing i s a consequence of the SU(3)^ 

breaking induced by quark masses. The p e r t u r b a t i v e c o n t r i b u t i o n to the 

a n n i h i l a t i o n amplitude i n the pseudoscalar nonet i s dominated by the 

'diamond' diagram of Figure 3.21 through t h i s anomalous coupling. Such 

a qq a n n i h i l a t i o n diagram i s r e l a t i v e l y suppressed i n the s c a l a r nonet 

because the two gluons are i n a P-wave. The i s o s c a l a r s c a l a r w i l l be 

d i s c u s s e d l a t e r i n Chapter Seven. Incorporating the p o s i t i v i t y of the 

q-q a n n i h i l a t i o n amplitude i n the previous mixing model, R.Sinha [ l l 7 ] 

f i n d s s o l u t i o n s f o r the n - n ' - i mixing that are c o n s i s t e n t with present 

experimental data. Although the l i n these s o l u t i o n s has a s u b s t a n t i a l 
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Figure 3.20 Diagram for the anomalous couplings of n» H 

Figure 3.21 Quark diamond diagram for i s o s c l a r pseudoscalar mesons 

(n»n') with only two gluons exchanged. 

- 84 



amount of gluonium content, the o v e r a l l p i c t u r e of mixing i s d i f f e r e n t 

from a l l previous mixing models. The anomalous coupling has to be put 

i n by hand i n t h i s mixing approach and a b e t t e r a l t e r n a t i v e i s to use 

the e f f e c t i v e QCD Lagrangian which we now d i s c u s s . 

3.4.1.5 E f f e c t i v e Lagrangian approach to the I o t a 

Because of confinement the fundamental f i e l d s (quarks and gluons) i n 

the QCD Lagrangian do not appear as f r e e p a r t i c l e s . I t i s t h e r e f o r e 

u s e f u l to c o n s t r u c t an e f f e c t i v e Lagrangian for d e s c r i b i n g the 

p r o p e r t i e s of the observed p a r t i c l e s and a t the same time possesses a l l 

the symmetry p r o p e r t i e s of the QCD Lagrangian ( i . e . c h i r a l symmetry i n 

the massless l i m i t ) . The o l d U ( l ) or the ri-mass problem can be solved 

by i n c l u d i n g a pseudoscalar f i e l d i n an e f f e c t i v e c h i r a l 

Lagrangian [ l l 8 ] which a u t o m a t i c a l l y gives the c o r r e c t anomalous 

c o n s e r v a t i o n law for the a x i a l U d ) c u r r e n t . The r e q u i r e d e f f e c t i v e 

Lagrangian which reproduces the a x i a l anomaly has been w r i t t e n down some 

time ago [ l l 9 ] and the mixing of r i - ' l ' - o " ' ' " g l u e b a l l i s d i s c u s s e d w i t h i n 

such a Lagrangian with the massless a x i a l anomaly term [Eqn. 1.23] 

i d e n t i f i e d as the pseudoscalar g l u e b a l l f i e l d [ l 2 0 ] [ l 2 l ] . The 

Lagrangian contains a k i n e t i c energy term and an i n t e r a c t i o n term with 

matter f i e l d s for the O""*" g l u o n i c f i e l d . The anomaly term can be s p l i t 

i n t o two d i s t i n c t g l u e b a l l f i e l d s . One of these i s r e s p o n s i b l e for the 

a n n i h i l a t i o n c o n t r i b u t i o n i n the ri' as i n F i g u r e 3.%^ while the other 

could correspond to the p h y s i c a l g l u e b a l l s t a t e . T h i s already i m p l i e s 
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mixing between n ' and o""*" g l u e b a l l . The amount of mixing between the T], 

n* and I i s obtained by f i t t i n g experimental data on the production and 

decays of the p a r t i c l e s . I t turns out i n t h i s p i c t u r e [120] that the I 

i s almost a pure gluonium with 92% glue content and the H i s a 

quarkonium. The o v e r a l l r e s u l t i s i n q u a l i t a t i v e agreement with data. 

3.4.1.6 Remarks on the I o t a 

There are s i g n s of the i i n other r a d i a t i v e decay channels of the 

J/\\) . At l e a s t t h r e e pseudoscalar s t a t e s below 2 GeV have been seen i n 

J/\\) -> Y{KKTT , yp° , pp , IOJO } [ 1 2 2 ] . In a d d i t i o n , a l a r g e r a d i a t i v e 

r a t e t o T)-m\ suggests the e x i s t e n c e of at l e a s t one other s t a t e i n the 

r e g i o n but i t s s p i n - p a r i t y has not been determined. I t i s d i f f i c u l t to 

say whether a l l these enhancements are due to the i or there are more 

new s t a t e s to be d i s c o v e r e d . The data on pp and aw mass d i s t r i b u t i o n 

can be explained i f a new resonance X(1800) i s allowed to i n t e r f e r e with 

the 1 [ 1 2 2 ] . However such a scheme does not agree with the yp° 

spectrum. The 1(1275) has now been confirmed and i t may have some 

c o n t r i b u t i o n to the above processes. 

As a concluding remark, the l i s the o l d e s t of the g l u e b a l l 

c a n d i d a t e s and yet both the present experimental and t h e o r e t i c a l 

s i t u a t i o n i s s t i l l c onfusing. I f both r|(1275) and I are r a d i a l l y 

e x c i t e d pseudoscalars then t h e i r mass pattern and production r a t e s i n 

J/il* r a d i a t i v e decays are hard to understand. I t seems that the i must 

have a s u b s t a n t i a l gluon content even i f i t i s not pure gluonium. The 
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next g l u e b a l l candidate to be considered i s the 9. 

3.4.2 The Tensor G l u e b a l l Candidate fl(1690) 

The 9 was f i r s t observed i n the channel J/A> -> YHH and l a t e r i n 

-> yB , Q -> KK, TTTT [ 6 4 ] . No O t h e r decay modes have been found and 

o v e r a l l r a t i o s of the decays i s 

KK : nn : TTTT - 3 : 1 : 0.8 (3.7) 

S i n c e the 9 does not seem to have '̂g decay channels t h i s makes i t 

more a c c e p t a b l e as a pure gluonium candidate. 

The gluonium i n t e r p r e t a t i o n of the 6(1690) i s based on arguments 

s i m i l a r to those of the I : 

I . 

The production r a t e of the 9 i n r a d i a t i v e J/\\) decay, along with i t s 

mass and width agreeing with c a l c u l a t i o n s [ 4 6 ] [ 9 5 ] [ 9 7 ] , q u a l i f y the 9 as 

a g l u e b a l l candidate. 

I I . 

The 6 i s not l i k e l y to be a member of the r a d i a l l y e x c i t e d tensor 

nonet because; 

1. The mass s p l i t t i n g between the 9 and f'(1525) i s f a r too small for 

the quarkonium s c e n a r i o to be tenable. 

2. The production r a t e of the 6 i n J/^ decay i s too l a r g e . 

f ( 1 2 7 0 ) and f'(1525) a r e the two e s t a b l i s h e d i s o s c a l a r s of the i d e a l l y 

mixed tensor nonets. The 9(1690) does not seem to f i t i n t o t h i s tensor 
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nonet and i t s p r e f e r r e d decay t o KK would p o i n t t o an ss c o n t e n t , so i t 

would have t o be t h e r a d i a l e x c i t a t i o n o f f f o r a quarkonium 

a s s i g n m e n t . Indeed, a s t u d y o f t h e 6 as an e x c i t e d nonstrange meson 

f a i l s t o e x p l a i n t h e observed decay r a t e s c o m p l e t e l y [73]. The 

B ( J / i i i -> Y 9 ) i s about two t i m e s l a r g e r t h a n B(J/^ -> Y f ) which i s i n 

c o n t r a d i c t i o n w i t h what i s e x p e c t e d o f a r a d i a l e x c i t a t i o n . 

I f r(TY -> f ) >> r(TT -> 6) t h e n t h e 9 would a l m o s t d e f i n i t e l y be a 

g l u e b a l l b u t t h e p r e s e n t e x p e r i m e n t a l l i m i t i s n o t y e t s e n s i t i v e enough 

f o r t h e c o m p a r i s i o n t o be made. The main problem f o r t h e glu o n i u m 

h y p o t h e s i s i s a g a i n t h e decay p a t t e r n . The decay r a t e s f o r a t e n s o r 

f l a v o u r s i n g l e t s h o u l d be r e l a t e d by SU(3) t o 

KiC : nn : fTTT = 3 : 0.5 : 6 

a f t e r t a k i n g i n t o account t h e D-wave phase space e f f e c t s [73]. There 

a r e a g a i n models t o e x p l a i n t h i s o b s e r v a t i o n and we now d i s c u s s these 

models i n t u r n . 

3.4.2.7 Models f o r a pure 6 g l u e b a l l 

I t i s p o s s i b l e t o argue t h a t t h e s u p p r e s s i o n o f t h e Q -> irir decay 

mode ( c f . Eqn. 3.7) i s due t o c o m p e t i t i o n o f phase space. A f l a v o u r 

s y m m e t r i c qq p a i r , g i v e n by (uu + d3 + SS)/T/3, would be c r e a t e d by a 

g l u o n o r f l a v o u r symmetric a n n i h i l a t i o n o f g l u o n s . The quark p a i r s t h e n 

s u b s e q u e n t l y h a d r o n i z e t o form t h e observed f i n a l s t a t e s . The uu + dd 

p a i r s can form t h e f o l l o w i n g f i n a l s t a t e s w i t h p i o n s : 

TTTT, P P - > 4TT UXJ) - > 6TT e t c . 
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However because o f t h e mass o f t h e 9, t h e ss p a i r s can o n l y m a t e r i a l i z e 

t o one KK p a i r , o t h e r h e a v i e r s t r a n g e s t a t e s l i k e nn a r e p e n a l i z e d by 

phase space. But t h e m u l t i - p i o n channels can proceed w i t h o u t i n h i b i t i o n 

t h r o u g h t h e q u a s i two body S-wave channels pp and OXJJ. T h e r e f o r e a much 

l a r g e r f r a c t i o n o f t h e ss decays t o KK t h a n uu + dS t o TTTT s i m p l y because 

o f phase space e f f e c t s . A l t h o u g h t h e i n i t i a l decays o f t h e gluons a r e 

f l a v o u r s y m m e t r i c , t h e symmetry i s broken i n t h e observed f i n a l s t a t e s . 

T h i s i s t o be compared w i t h t h e f l a v o u r symmetry b r e a k i n g mechanisms 

men t i o n e d f o r I o t a decays ( S e c t i o n 3.4.1.1). Hence t h e 0 w i t h i t s mass 

a t 1690 MeV can be i d e n t i f i e d as t h e 2^'^ TE-TE g l u e b a l l i n a Bag Model 

where t h e I o t a i s t a k e n as a gluonium [ 4 6 ] [ 5 4 ] . 

The p o s s i b l i t y o f a mixed s t a t e can n o t be r u l e d o u t w i t h t h e p r e s e n t 

e x p e r i m e n t a l d a t a and we c o n s i d e r such a p o s s i b l i t y i n t h e n e x t s e c t i o n . 

3.4.2.8 6 as a Mixed s t a t e 

A mixed 9 o f f e r s an a l t e r n a t i v e t o t h e f l a v o u r symmetry b r e a k i n g 

mechanisms used i n t h e p r e v i o u s d i s c u s s i o n i n e x p l a i n i n g t h e l a r g e decay 

r a t e s o f t h e 9 t o f i n a l s t a t e s w i t h s t r a n g e quarks w i t h t h e 9 taken t o 

be a g l u o n r i c h s t a t e . 

I . M i x i n g i n N o n - R e l a t i v i s t i c Quark Model: 

An a n a l y s i s o f t h e m i x i n g of t h e f , f and 9 i n t h e s i m p l e s t 

approach (see S e c t i o n 3.4.1.4) can e x p l a i n t h e decay c h a r a c t e r i s t i c s o f 

t h e p a r t i c l e s i f and o n l y i f [ 7 3 ] [ l 2 3 ] 
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f = 90% (uu + d3)/v/5 + 10% g l u e 

f = 99% ss + 1% g l u e 

9 = 90% g l u e + 10% (uu + dJ)/v/2. 

T h i s i s good p h e n o m e n o l o g i c a l l y b u t t h e ad hoc r e q u i r e m e n t t h a t f 

s h o u l d be l e f t o u t o f t h e m i x i n g i s not u n d e r s t o o d . Other v e r s i o n s 

r e q u i r i n g l a r g e r amount of m i x i n g s have n o t been v e r y s u c c e s s f u l [ 1 2 4 ] . 

I t may s i m p l y be t h a t t h e 9 i s almo s t pure gluonium and mixes v e r y 

l i t t l e w i t h qq s t a t e s . 

I I . M i x i n g i n E f f e c t i v e L a g r a n g i a n : 

The e f f e c t i v e L a g r a n g i a n approach d e s c r i b e d e a r l i e r can be 

g e n e r a l i s e d t o encompass t h e t e n s o r g l u e b a l l . T h i s i s t o be compared 

w i t h t h e s t r o n g g r a v i t y model which d e s c r i b e s t h e g r a v i t a t i o n a l , s c a l a r 

and e l e c t r o m a g n e t i c f i e l d s . I n such a model an ad hoc d i l a t o n f i e l d i s 

r e q u i r e d t o make t h e t h e o r y c o n f o r m a l i n v a r i a n t . I n t h e e f f e c t i v e QCD 

L a g r a n g i a n t h e s c a l a r g l u e b a l l f i e l d n a t u r a l l y a c t s l i k e t h e d i l a t o n . 

The QCD t r a c e anomaly ( i n t h e massless l i m i t ) i s i d e n t i f i e d as t h e 

s c a l a r g l u e b a l l f i e l d s i n c e t h e term TrG»G has quantum numbers of a 

s c a l a r . A c o n f o r m a l i n v a r i a n t L a grangian d e s c r i b i n g a massive s p i n 2 

f i e l d , t h e t e n s o r g l u e b a l l , has been d e r i v e d [ l 2 5 ] . The main f e a t u r e o f 

t h e L a g r a n g i a n i s t h a t t h e r e e x i s t s m u l t i - g l u e b a l l i n t e r a c t i o n 

t e r m s [ l 2 6 ] . The decay o f an unmixed t e n s o r g l u e b a l l 9̂  -> r\r\ then has 

c o n t r i b u t i o n s from t h e diagrams o f F i g u r e 3.22 . These c o n t r i b u t i o n s 

have been n e g l e c t e d i n t h e p r e v i o u s m i x i n g models b u t a r e i m p o r t a n t i n 

t h i s a pproach. The 9^ i s assumed t o mix o n l y w i t h t h e f ' ( s s ) and t h e 

above c o n t r i b u t i o n s a r e r e q u i r e d t o e x p l a i n t h e l a r g e 9 -> nn decay 
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(Q) 

( b ) 
Figure 3.22 (a) 9̂^ decays into nn through the SU(3) singlet. 

(b) A possible u n i t a r i t y correction to ( a ) . 
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r a t e . A l t h o u g h t h e e f f e c t i v e Lagrangian approach works re a s o n a b l y w e l l 

f o r t h e I , i t f a i l s t o e x p l a i n t h e t o t a l w i d t h o f t h e 8 . T h i s makes 

t h e p r e v i o u s m i x i n g i n which 0 and f a r e mixed more d i f f i c u l t t o 

u n d e r s t a n d as t h e f and 0 are c l o s e r i n terms of mass. Having 

d i s c u s s e d t h e p o s s i b l i t i e s o f a pure and mixed g l u e b a l l we now t u r n t o 

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

3.4.2.9 fl as a H y b r i d 

The p o s s i b i l i t y o f t h e 6 b e i n g a h y b r i d i s s m a l l as t h e l o w e s t l y i n g 

2'*'"'" a r e p r e d i c t e d t o be i n t h e mass range o f 1.9 - 2.3 GeV [ 5 4 ] [ 9 4 ] 

w h i c h a r e t o o heavy f o r 6 ( 1 6 9 0 ) . I n r a d i a t i v e J/ijj decays t h e qq p a i r s 

i n low l y i n g h y b r i d s a r e i n t h e ^ s t a t e . Hence t e n s o r h y b r i d s a r e 

made o f ^qgr^^^ snd because o f t h e s-channel c o u p l i n g of g ^ ^ they a r e 

e x p e c t e d t o decay p r e d o m i n a n t l y i n t o two v e c t o r mesons c o n t a i n i n g 

s t r a n g e q u a r k s . F u r t h e r m o r e c o n s t i t u e n t quark masses are u s u a l l y used 

i n t h e c a l c u l a t i o n o f decays t o i n c l u d e some o f t h e f i n a l s t a t e 

i n t e r a c t i o n s a s s o c i a t e d w i t h c o n f i n e m e n t . As a consequence o f t h i s 

a p p r o x i m a t i o n t e n s o r h y b r i d s a re f o r b i d d e n by t h e s p i n o p e r a t o r o, 

r e s p o n s i b l e f o r t h e t r a n s i t i o n , t o decay i n t o two meson f i n a l s t a t e s 

w i t h a p s e u d o s c a l a r . The h y b r i d i n t e r p r e t a t i o n t h e r e f o r e f a i l s t o 

e x p l a i n t h e decay p a t t e r n o f the 0(1690) [ l 0 6 ] . 
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3.4.2.10 6 as a Four Quark S t a t e 

A l t e r n a t i v e l y t h e 9 c o u l d be a f o u r quark s t a t e . These s t a t e s a r e 

g e n e r a l l y e x p e c t e d t o be v e r y b r o a d , except may be f o r t h e 0++. But t h e 

t e n s o r (utT + d d ) s ? s t a t e would have a mass below t h e f a l l a p a r t 

t h r e s h o l d and m i g h t be observed as a narrow resonance. However, i t i s 

e x p e c t e d t h a t r(9 -> KK) r(e -> HH) and t h i s i s i n s l i g h t disagreement 

w i t h t h e d a t a . I t i s p u z z l i n g t h a t g i v e n t h e l a r g e p r o d u c t i o n r a t e o f 

t h e 9 , no o t h e r p o t e n t i a l f o u r quark c a n d i d a t e s e s p e c i a l l y t h e S*(975) 

have been seen i n J/ip r a d i a t i v e decays (see S e c t i o n 5.4.1). 

3.4.2.11 Remarks on t h e 6 

N o t h i n g d e f i n i t e can be s a i d about t h e 9 a t p r e s e n t , b u t i t i s most 

l i k e l y t o be a g l u o n r i c h or f o u r - q u a r k s t a t e . Data on o t h e r decay 

c h a n n e l s a r e much needed, e s p e c i a l l y t h e r a d i a t i v e decays which may 

p r o v i d e us w i t h a f i r m f o o t i n g f o r a s s i g n i n g 9 as a g l u o n i c s t a t e . 

3.4.3 A p o s s i b l e G l u e b a l l Candidate £(2200) 

T h i s i s t h e l a s t g l u e b a l l c a n d i d a t e observed i n r a d i a t i v e J/\|; decays. 

I t has been seen i n K'̂ K" and KgKg channels i n t h e r a t i o o f 

1.3 ± 0.9 [ 1 2 7 ] . T h i s i s c o n s i s t e n t w i t h t h e v a l u e 2 expected f o r an 

i s o s c a l a r meson. A l t h o u g h i t i s known from o b s e r v a t i o n t h a t t h e E, has a 

n a r r o w w i d t h , p a r t i a l wave a n a l y s i s has f a i l e d t o d e t e r m i n e i t s s p i n . 

S i n c e t h e C decays t o K°K° i t s s p i n , p a r i t y , and charge c o n j u g a t i o n must 
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be = (2n)"*""*", n = 0, 1 , 2 , 3 Even though t h e s p i n o f t h e C 

i s n o t known, one can s t i l l s p e c u l a t e on i t s n a t u r e w i t h i t s known 

p r o p e r t i e s . 

I . £ as a Ouarkonium; 

I f t h e 5 i s a quarkonium then t h e observed KK decay r e q u i r e s i t t o be 

made o f s t r a n g e q u a r k s . Such a c a n d i d a t e i n t h e r e l a t i v i s t i c p o t e n t i a l 

model i s t h e L = 3 ^F^ ss meson, an e x c i t a t i o n o f t h e f ' ( 1 5 2 5 ) [ l 2 8 ] . 

I t i s e x p e c t e d t o decay t o K*K + K*K w i t h a b r a n c h i n g r a t i o 

a p p r o x i m a t e l y e q u a l t o KK. This i s an i m p o r t a n t decay mode as i t i s 

f o r b i d d e n t o a C = +1 g l u e b a l l . The absence o f such a decay i s hard t o 

e x p l a i n even when m i x i n g w i t h o t h e r s t a t e s i s a l l o w e d . 

I I . £ as a Gluonium; 

A l t h o u g h t h e E, i s t o o heavy f o r t h e low l y i n g O"'"'' and 2'^^ two g l u o n 

g l u e b a l l s i n Bag models w i t h massless c o n s t i t u e n t g l u o n s , i t i s p o s s i b l e 

t o i d e n t i f y them w i t h t h e ^ i f mass i s g i v e n t o t h e g l u o n s . The g l u o n 

mass i s supposed t o r e p r e s e n t a l a r g e d i s t a n c e e f f e c t and i s t a k e n t o be 

0.8 GeV [ 1 2 9 ] . The ^ i s t a k e n as a TM-TM g l u e b a l l i n t h i s approach. 

A c c o r d i n g t o t h e p r o d u c t i o n r a t e b o t h s c a l a r and t e n s o r g l u e b a l l s a r e 

p o s s i b l e c a n d i d a t e s , b u t t h e y are p r e d i c t e d t o decay s u b s t a n t i a l l y i n t o 

f i n a l s t a t e s o f KK + I T S . Although t h e s u p p r e s s i o n of t h e TTTT mode i s a 

d i r e c t consequence o f t h i s s c e n a r i o t h e f a i l u r e t o observe o t h e r 

p r e d i c t e d decay modes [ l 2 9 ] i s a s e r i o u s problem. 
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I I I . as a H y b r i d ; 

The p r e f e r e n t i a l decays o f t h e ? t o f i n a l s t a t e s w i t h s t r a n g e quarks 

q u a l i f y i t as a p o s s i b l e ssg h y b r i d . However o n l y a I _ = 2, 2'^'*' 
TM qq 

h y b r i d meson a t t h e mass o f t h e C would be narrow enough t o be 

c o m p a t i b l e w i t h t h e observed w i d t h [ l 0 6 ] [ l 3 0 ] . The c a l c u l a t i o n o f i t s 

decay r a t e s i s b a s i c a l l y t h e same as those d e s c r i b e d i n p r e v i o u s h y b r i d 

models. I t t u r n s o u t t h a t t h e p r o d u c t i o n r a t e t o KK i s t o o s m a l l i n 

comparison w i t h e x p e r i m e n t . Other decay channels l i k e (t>(t> and <^r\ a r e 

a l s o e x p e c t e d t o be seen. The h y b r i d i n t e r p r e t a t i o n seems t o be 

u n l i k e l y w i t h t h e p r e s e n t e x p e r i m e n t a l i n f o r m a t i o n . 

I V . g as a Four Quark s t a t e ; 

For a f o u r quark i n t e r p r e t a t i o n , t h e E, mass seems t o o h i g h f o r i t t o 

be o b s e r v a b l e . As mentioned e a r l i e r [ l 3 l ] , o n l y l i g h t f o u r quark s t a t e s 

a r e e x p e c t e d t o s u r v i v e as o b s e r v a b l e resonances. 

F i n a l l y , i t seems t h a t C does not f i t i n t o any o f t h e above s c e n a r i o s 

as t h e y a l l p r e d i c t o t h e r decay channels t h a t a r e not seen i n p r e s e n t 

e x p e r i m e n t s . S e a r c h i n g f o r o t h e r decay modes o f t h e ̂  i s t h e r e f o r e 

i m p o r t a n t i n i d e n t i f y i n g t h e C-

3.4.4 The L i g h t e s t S c a l a r G l u e b a l l 

The e x i s t e n c e o f t h e s c a l a r g l u e b a l l i s v e r y i m p o r t a n t i n 

e s t a b l i s h i n g t h e v a l e n c e g l u o n h y p o t h e s i s , 

c a l i b r a t i n g t h e g l u e b a l l mass spectrum, which i s c r u c i a l i n g l u e b a l l 
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p h y s i c s , 

and t o p r o v i d e h i n t s f o r b e t t e r model c o n s t r u c t i o n . 

The resonance G(1590) seen i n i r ' p -> G+n [ 1 3 2 ] has been c o n s i d e r e d as 

a c a n d i d a t e f o r t h e s c a l a r g l u e b a l l [ l 3 3 ] or as i t ' s r a d i a l 

e x c i t a t i o n [ 1 3 4 ] . I t s dominant decay mode i s riH' which i s p o s s i b l e f o r 

a s c a l a r g l u e b a l l i f f l a v o u r symmetry b r e a k i n g i s t a k e n i n t o account. 

The r\T]' decay i s t h o u g h t t o go v i a a g l u o n analogue o f t h e o r d i n a r y 

p l a n a r diagrams i n t h e quark s e c t o r [ F i g . 3.23b] which i s a l s o assumed 

t o be t h e dominant c o n t r i b u t i o n t o n i - T h i s i s m o t i v a t e d by t h e success 

o f Ref. 135 i n e x p l a i n i n g t h e l a r g e decay r a t e o f t h e r)' i n t h e 

r a d i a t i v e decays o f t h e J / ^ , which assumes a s t r o n g c o u p l i n g of t h e D ' 

t o g l u o n s . The a s s u m p t i o n t h a t t h e process o f F i g u r e 3.23(b) dominates 

t h o s e w i t h an i n t e r m e d i a t e qq p a i r of F i g u r e 3.23(a) i n s c a l a r g l u e b a l l 

decays i s q u e s t i o n a b l e . A n a i v e c o u n t e r argument i s t h a t t h e v a l e n c e 

g l u o n s must f i r s t be s t r e t c h e d o u t f a r enough f o r a v i r t u a l g luon p a i r 

t o be c r e a t e d t o s c r e e n t h e c o l o u r , and t h e r e i s no a p r i o r i reason t o 

f a v o u r such a p r o c e s s . A complete breakdown of t h e f l a v o u r s e l e c t i o n 

r u l e i s a l s o more t h a n e x p e c t e d . F u r t h e r m o r e , i f t h e G(1590) i s t h e 

s c a l a r g l u e b a l l t h e n t h e I o t a cannot be a p s e u d o s c a l a r g l u e b a l l 

c a n d i d a t e as i t i s l i g h t e r t h a n t h e G(1590) and 0 would be t o o l i g h t f o r 

a t e n s o r g l u e b a l l . I f t h i s i s the case t h e n why have b o t h t h e non 

g l u o n i u m s t a t e s , t h e l i g h t e r i ( 1 4 4 0 ) and t h e h e a v i e r 9(1690), been seen 

i n t h e g l u o n i c J/\\) r a d i a t i v e decays b u t n o t t h e G(1590). G(1590) i s 

a l s o n o t l i k e l y t o be a f o u r - q u a r k s t a t e ( u u + d d ) s s / y ^ as the r a t i 

BR(G -> KK)/BR(G -> H i ) i s t o o s m a l l f o r such an i n t e r p r e t a t i o n . 
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F i g u r e 3«23 ( a ) Diagram f o r th® (gg) g l u e b a l l decay through an 

intermediate, p a i r . 

(b) Diagram for the (gg) g l u e b a l l decay t o rin (n ° T I ') without 

an i n t e r m e d i a t e qq p a i r ( i . e . through anomalous c o u p l i n g s ) . 
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P h e n o m e n o l o g i c a l l y , t h e G(1590) i s more l i k e l y t o be t h e f i r s t r a d i a l 

e x c i t a t i o n o f t h e i s o s i n g l e t i n t h e s c a l a r o c t e t . The G(1590) i s no t 

g e n e r a l l y r e g a r d e d as a s c a l a r g l u e b a l l c a n d i d a t e . 

Having f o u n d c a n d i d a t e s f o r t h e l o w e s t 0""*" and 2"̂'*' g l u e b a l l s , t h e 

absence o f any p l a u s i b l e c a n d i d a t e f o r t h e s c a l a r g l u e b a l l s u b s e q u e n t l y 

prompts a l o t o f s p e c u l a t i o n s . There a r e m a i n l y two s c h o o l s o f t h o u g h t . 

One advocates a b r o a d s c a l a r gluonium [ 1 3 6 ] , i t s w i d t h so wide t h a t i t 

ceases t o be an o b s e r v a b l e resonance. Others p r e f e r t h e o p p o s i t e 

extreme f o r a v e r y narrow s c a l a r g l u e b a l l [ l 3 7 ] which escapes d e t e c t i o n . 

As t h e mass o f t h e s c a l a r gluonium i s p r e d i c t e d t o be i n t h e 

n e i g h b o u r h o o d o f 1 GeV [ l 3 8 ] , i t s p r o p e r t i e s depend on whether i t i s 

above, below o r on t o p o f t h e KK t h r e s h o l d . 

I f mi^q) < m(KK), Eg can decay i n t o two or f o u r p i o n s . But from 

p r e v i o u s s t u d i e s on TTTT s c a t t e r i n g , t h e f o u r p i o n channel i s found t o 

open o n l y w e l l above 1 GeV. Thus a Eg resonance i s h a r d t o h i d e i n TTTT 

s c a t t e r i n g below KK t h r e s h o l d , which i s v i r t u a l l y e l a s t i c . As a 

B r e i t - W i g n e r resonance u s u a l l y occurs w i t h a phase s h i f t 6 a t 90° (see 

S e c t i o n 4.2.1), one hopes t o u n d e r s t a n d more about Eg by s t u d y i n g t h e TTTT 

phase s h i f t . There a r e s e v e r a l measurements on t h e i s o s i n g l e t S-wave TTTT 

phase s h i f t '6 which do n o t agree on d e t a i l s , b u t t h e g e n e r a l f e a t u r e s 

a r e q u i t e w e l l e s t a b l i s h e d [ F i g . 5 . 3 ] . The phase s h i f t shows no r a p i d 

energy v a r i a t i o n below K K t h r e s h o l d , i t r i s e s s l o w l y from TTTT t h r e s h o l d 

and passes t h r o u g h 90° on i t s way up t o t h e K K t h r e s h o l d where i t i s 

r a p i d l y r i s i n g . A l t h o u g h 6 passes t h r o u g h 90°, i t c l e a r l y i s not t h e 

r e s u l t o f a t r a d i t i o n a l resonance d e s c r i b e d by a B r e i t - W i g n e r form. The 
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g e n e r a l l y a c c e p t e d e x p l a n a t i o n i s f o r a narrow resonance S*(975) near KK 

t h r e s h o l d t o s i t on a r i s i n g background o f a v e r y broad £(1300). There 

a r e a l t e r n a t i v e e x p l a n a t i o n s of t h e s t r u c t u r e e i t h e r i n terms o f a v e r y 

b r o a d S - m a t r i x p o l e e a t 700 MeV w i t h a 1 GeV w i d t h [ 1 3 9 ] , or a qqqq 

s t a t e a t 650 MeV [ 1 4 0 ] , or i n terms o f t h e u n i t a r i z e d quark model [ l 4 l ] . 

I f t h e w i d t h s o f g l u e b a l l s a r e b e l i e v e d not t o be much broader than 

o r d i n a r y h a d r o n i c s t a t e s than i t i s u n l i k e l y t o a s s o c i a t e t h e e n t i r e 

phase s t r u c t u r e below 1 GeV w i t h a s c a l a r g l u e b a l l . I t has been p o i n t e d 

o u t by t h e a u t h o r s o f Ref. 137 t h a t t h e r e a r e two p o s s i b l e ways o f 

h i d i n g a g l u e b a l l . The most obvious s o l u t i o n i s t o a s s i g n a v e r y narrow 

w i d t h t o Eg so as t o escape d e t e c t i o n due t o b i n n i n g o f t h e d a t a and t h e 

f i n i t e e x p e r i m e n t a l r e s o l u t i o n . Such a narrow s t a t e can o n l y have l o c a l 

e f f e c t s on t h e d a t a and i t i s found t h a t a f t e r smearing t h e l o c a l 

e f f e c t s , a g l u e b a l l w i t h a w i d t h l e s s t h a n 1-2 MeV can be hidden i n t h e 

d a t a . The second s c e n a r i o i s f o r a g l u e b a l l t o mix v i a u n i t a r i t y 

e f f e c t s w i t h a qqqq s t a t e a t 650 MeV. Both s t a t e s can have w i d t h s o f 

t h e o r d e r o f 100 MeV p r o v i d i n g t h e i r masses and w i d t h s are f i n e tunned 

t o r e p r o d u c e t h e g l o b a l b e h a v i o u r o f 6 and a v e r y narrow s t r u c t u r e which 

a g a i n i s h i d d e n i n t h e d a t a . 

I f m(£g) > m(KK), KK channel then becomes a v a i l a b l e and s i n c e S-wave 

d a t a can be c o n f i d e n t l y s e p a r a t e d up t o 1.5 GeV a g l u e b a l l w i t h mass 

l e s s t h a n 1.5 GeV can be i n v e s t i g a t e d w i t h a c o u p l e d channel a n a l y s i s . 

For a h e a v i e r s c a l a r g l u e b a l l , m u l t i c h a n n e l a n a l y s e s a r e needed and t h e 

e x p e r i m e n t a l s i t u a t i o n becomes more c o m p l i c a t e d . The p o s s i b l i t y of a 

n a r r ow Eg h e a v i e r t h a n 1 GeV has been examined i n t h e framework of t h e 
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e f f e c t i v e Q C D L a g r a n g i a n [ 1 3 6 ] . The Q C D t r a c e anomaly i s re p r o d u c e d by 

i n t r o d u c i n g a s c a l a r f i e l d i n t h e e f f e c t i v e L a g rangian which i s 

i d e n t i f i e d as t h e s c a l a r g l u e b a l l f i e l d . The c o u p l i n g s o f t h i s pure 

g l u o n i u m t o quark s t a t e s and two photons can be e s t i m a t e d u s i n g t h e 

a p p r o p r i a t e low energy theorems. I t i s conclu d e d t h a t t h e w i d t h of a 

s c a l a r g l u o n i u m w i t h mass g r e a t e r t h a n 1 GeV i s un o b s e r v a b l y wide, and a 

g l u o n i u m w i t h mass between 400 t o 1000 MeV would have d e t e c t a b l e w i d t h s 

b u t a r e r u l e d o u t by t h e TTTT s c a t t e r i n g d a t a . Such a r e s u l t comes as a 

s u r p r i s e , as a l r e a d y p o i n t e d o u t i n S e c t i o n 3.2.2. The s c a l a r g l u e b a l l 

can have a s u b s t a n t i a l two photon w i d t h t h r o u g h t h e t r a c e anomaly. 

Indeed u s i n g t h e m a t r i x element i n S e c t i o n 3.2.2, t h e e s t i m a t e d two 

pho t o n w i d t h o f a s c a l a r g l u e b a l l w i t h mass g r e a t e r t h a n 1 GeV i s 

comparable t o t h a t o f c o n v e n t i o n a l qq resonances [ 2 2 ] [ l 0 4 ] . 

A p a r t from m i x i n g t h e s c a l a r gluonium w i t h a f o u r - q u a r k s t a t e . Eg can 

a l s o be mixed w i t h t h e i s o s i n g l e t o f t h e s c a l a r quark m u l t i p l e t [ l 3 8 ] . 

The a p p a r e n t s o l u t i o n t o t h i s m i x i n g i s t h e S* + E s c e n a r i o which 

e x p l a i n s t h e TTTT phase s h i f t . T h i s s c e n a r i o has been s t u d i e d i n Q C D sum 

r u l e s which make use o f t h e low-energy theorem [ 1 4 2 ] d e r i v e d from t h e 

t r a c e anomaly ( i n c h i r a l l i m i t ) : 

<0| 9^^ | T r T T > = + QCq**) (3.8) 

where q i s t h e TTTT i n v a r i a n t mass. 

Again t h e disa p p e a r a n c e o f t h e a| f a c t o r on t h e r i g h t hand s i d e i n d i c a t e 

t h a t a s c a l a r g l u e b a l l can have a s t r o n g TTTT c o u p l i n g , much s t r o n g e r than 

t h e meson one. The s c a l a r g l u e b a l l may t h e r e f o r e have a broad w i d t h 
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w i t h o r w i t h o u t m i x i n g . The e i s t h o u g h t t o be such a broad mixed s t a t e 

w i t h a l a r g e g l u o n component and t h e S* i s m a i n l y a uu+d3 l i k e quark 

s t a t e w i t h a s m a l l amount o f g l u o n m i x t u r e [ l 3 4 ] . I t i s t h e n argued 

t h a t t h e S* s h o u l d be absent [ 1 3 4 ] i n t h e double pomeron exchange 

PP -> pp Tnr p r o c e s s . However t h e AFS group has found evidence f o r t h e 

S* i n t h e i r d a t a [ 6 9 ] which c o n t r a d i c t s t h i s e x p e c t a t i o n . Others who 

f a v o u r a m i x i n g s c e n a r i o w i t h a s i g n i f i c a n t g l u o n i c c o n t e n t i n 

S* [ I 3 7 ] [ l 3 8 ] r e c e i v e s u p p o r t from such a f i n d i n g . However, t h e l a c k o f 

e v i d e n c e f o r t h e S* i n J/^ r a d i a t i v e decays (see S e c t i o n 5.4.1) [ 4 3 ] 

seems t o f a v o u r t h e scheme w i t h s m a l l m i x i n g . The whole p i c t u r e seems 

c o n f u s i n g as our u n d e r s t a n d i n g o f t h e s c a l a r m u l t i p l e t i s poor. To make 

t h e s i t u a t i o n more b i z a r r e t h e S* has been nominated as t h e most 

p r o b a b l e c a n d i d a t e f o r b o t h a f o u r quark s t a t e [ 6 ] and a KK 

m o l e c u l e [ 7 8 ] [ l 4 3 ] . The m y s t e r i o u s n a t u r e o f S* q u a l i f i e s us t o c a l l i t 

t h e S* p u z z l e . 

C l e a r l y a d e t a i l e d s t u d y o f t h e i s o s i n g l e t s c a l a r channel below 2 GeV 

i s u r g e n t l y needed b o t h i n g l u e b a l l p h y s i c s and i n hadron s p e c t r o s c o p y . 

The r e s t o f t h i s t h e s i s d e s c r i b e s such an endeavour made i n 

c o l l a b o r a t i o n w i t h M i c h a e l Pennington and David Morgan. [ 1 4 4 ] 
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CHAPTER FOUR 

QUEST FOR THE LIGHTEST SCALAR gLUONIUM 

4.1 INTRODUCTION 

The dilemma faced i n the search for the s c a l a r g l u e b a l l i s that i t i s 

e i t h e r very narrow or very wide compared with normal qq hadrons. In 

e i t h e r c a s e a s y s t e m a t i c study of 'hard gluon' channels l i k e 3/4" -> y^i^, 

-> 4)7177, V - > J/4nn7, T' -> T7T7T and i n p a r t i c u l a r the AFS double 

pomeron exchange experiment i s needed. The AFS experiment 

PP -> pp 77TT ,(KR) a r e s p e c i a l l y designed to s e a r c h f o r the s c a l a r 

g l u e b a l l and provides the highest s t a t i s t i c s data on the 7777 spectrum a t 

low 777r masses which i s q u i t e d i f f e r e n t from t h a t of 7777 s c a t t e r i n g 

i t s e l f . However, any s c a l a r meson i n the 1 GeV mass region can only 

decay t o 7̂77 and/or KK channels, and the f a c t t h a t strong i n t e r a c t i o n 

p r o c e s s e s must conserve p r o b a b i l i t y t i g h t l y c o r r e l a t e s these processes 

t o the e l a s t i c r e a c t i o n s 777r -> 777r and 7777 -> KK and so s e v e r e l y l i m i t s 

the scope for new e f f e c t s . As we s h a l l see, the d i f f e r e n c e between the 

7777 mass s p e c t r a i s caused by f i n a l s t a t e i n t e r a c t i o n s t h a t can shape and 

c o l o u r the a c t u a l s p e c t r a we observe. N e v e r t h e l e s s , so t i g h t i s the 

r e l a t i o n s h i p r e q u i r e d by u n i t a r i t y between channels with e s s e n t i a l l y 

j u s t 7r77 and KK f i n a l s t a t e s , that any new experimental information can 

add g r e a t l y to our understanding of the I = 0 J = 0 s e c t o r . Another way 

of e x p r e s s i n g the u n i t a r i t y c o n s t r a i n t i s t h a t any e x t r a low mass s t a t e 

should a l r e a d y have been seen i n 7777 s c a t t e r i n g without any need f o r a 
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s p e c i a l production mechanism. Though the AFS experiment can of i t s e l f 

p rovide no new e x c i t a t i o n s , i t can shed v a l u a b l e l i g h t on s t a t e s a lready 

t h e r e . For t h i s i t i s i d e a l l y s u i t e d , because u n l i k e c l a s s i c processes 

l i k e v'p -> ir'tT^n, the S-wave TTTT f i n a l s t a t e i n pp -> pp TTTT i s not 

swamped by a dominant 1 = 1 (p) s i g n a l . Thus the AFS data i s a major 

a d d i t i o n , supplementing experimental information on meson-meson 

s c a t t e r i n g . T h i s a l l o w s us to perform a new coupled channel a n a l y s i s of 

e s s e n t i a l l y a l l T T T T , K K information and obtain more d e t a i l e d c o n c l u s i o n s 

than p r e v i o u s l y p o s s i b l e . Such a n a l y s i s r e l i e s c r u c i a l l y on our 

understanding of the i n t e r p l a y of production mechanisms and f i n a l s t a t e 

i n t e r a c t i o n s , which form the b a s i s f o r the e x t r a c t i o n of meson 

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

4.1.1 P r o d u c t i o n mechanisms and f i n a l s t a t e i n t e r a c t i o n s 

The nature of g l u e b a l l s suggests the way to look f o r them i s to 

c o n s i d e r p r o c e s s e s with an i n i t i a l s t a t e r i c h i n glue. We then look a t 

the meson f i n a l s t a t e of such r e a c t i o n s , f o r example the TTTT mass 

spectrum. From t h i s we l e a r n about a process we l i k e to regard as 

•gluon' -> T T T T . I t i s n a t u r a l then to compare and c o n t r a s t t h i s with the 

TTTT mass spectrum from a r e a c t i o n i n i t i a t e d by quarks. Let us r e c a l l how 

we l e a r n about meson s t a t e s i n such channels as t h i s w i l l introduce many 

i d e a s r e l e v a n t to gluonium s e a r c h e s . 

In c o n t r a s t to our very d e t a i l e d a c c e s s to baryons, e s s e n t i a l l y the 

only s t a t e s of zero baryon number we can form i n the laboratory are 
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those found i n e"*"e~ a n n i h i l a t i o n . Consequently, our linowledge of the 

spectroscopy of mesons comes about almost e n t i r e l y from production 

processes. There i n pN or NN s c a t t e r i n g , we analyse some sub-channel of 

the f i n a l s t a t e . For example, we learn about the p from studying the TTH 

f i n a l s t a t e i n Tr~p -> 7r~Tr'*"n. Such processes are o f t e n thought of i n a 

f a c t o r i s e d way, wherein we regard the p as being f i r s t produced by the 

p a r t i c u l a r mechanism involved and then decaying i n a u n i v e r s a l fashion. 

This i s the basis of the isobar p i c t u r e . 

I n g e n e r a l , the production process i s complex, depending on a 

m u l t i t u d e of kinematic v a r i a b l e s and sub-reactions. Consequently, the 2 

or multi-body f i n a l s t a t e s may have a q u i t e d i f f e r e n t appearance i n 

d i f f e r i n g kinematic s i t u a t i o n s and, i n p a r t i c u l a r , a 'resonance' may 

appear t o have a v a r i a b l e shape. An example i s the S* puzzle, the S* 

pro d u c t i o n i s b e l i e v e d by some group t o be suppressed i n the pp -> pp TTTT 

double pomeron exchange process due t o the absence of the S* peak i n the 

data [134]. But a p a r t i a l wave analysis of the data has shown a strong 

presence of S* i n t h i s process [ 6 9 ] . Thus unless we have a d e t a i l e d 

understanding of the production mechanism and the p r o p e r t i e s i t must 

s a t i s f y we may not know whether a s h o r t - l i v e d s t a t e appearing i n one 

channel i s the same or d i f f e r e n t from t h a t i n some other. I t i s 

t h e r e f o r e e s s e n t i a l t o have an accurate d e s c r i p t i o n of production t o be 

able t o d i s t i n g u i s h new from o l d e f f e c t s . Thus i n the i n v e s t i g a t i o n of 

f i n a l s t a t e s i n t e r a c t i o n s t o be described l a t e r , i t w i l l be necessary t o 

o u t l i n e f o r each r e a c t i o n what the production mechanism i s and how we 

are t o describe i t . 
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I n general, production mechanisms cannot be accurately modelled. We 

t h e r e f o r e seek, s i t u a t i o n s where these mechanisms s i m p l i f y : at high 

energies and small momentum t r a n s f e r s , f o r example. There processes 

become dominated by exchanges i n the t-channel, which carry well-defined 

quantum numbers and f o r which the Regge model provides an excellent 

phenomenological d e s c r i p t i o n . Thus the high energy production of the p 

i n w"p -> •iT"TT'*"n may be f a c t o r i s e d i n the t-channel t o give information 

about W'TT" -> p -> TTTT, where the " i n i t i a l " s t a t e ir i s o f f - s h e l l w i th a 

negative mass-squared. As recognised long ago by Chew and Low [145], 

and independently by Goebel [146], the pion has such a t i n y mass th a t 

i t s pole at t=0.02 (GeV) i s appreciably f e l t i n the s c a t t e r i n g region 

of t<0. I n reactions l i l t e TT~p -> Tr~ir"''n or Tr~p -> K~K"''n, which are 

c o n t r o l l e d by the exchange of pion quantum numbers i n the t-channel, we 

can t h e r e f o r e f a c t o r o f f the nucleon vertex and e x t r a p o l a t e the r e s i d u a l 

meson v e r t e x t o the pion pole. We thus obtain i n f o r m a t i o n on physical 

TTiT -> UTT, -> KK s c a t t e r i n g . For the channels i n question these have 

h i t h e r t o been the only purely mesonic processes, f o r which there has 

been s u f f i c i e n t experimental information t o allow the e x t r a c t i o n of 

amplitudes, thus our only source of i n f o r m a t i o n on what i n the naive 

parton d e s c r i p t i o n we may regard as quark i n t e r a c t i o n s i n i t i a t e d by 

meson. 

I t i s possible t h a t information on what we may t h i n k t o be gluon 

i n t e r a c t i o n s can be ex t r a c t e d by s p e c i a l mechanisms i n a s i m i l a r way. 

Such a mechanism i s believed t o be the 'hard gluon' double pomeron 

exchange which y i e l d s f i n a l states w i t h quantum number accessible t o 
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g l u e b a l l s . Experiments on both 'quark' and 'gluon' channels reveal t h a t 

up t o roughly 1.4-1.5 GeV i n mass, 4TT, 6TT e t c , production are small 

enough ( i n a sense t o be q u a n t i f i e d l a t e r ) t o be neglected i n comparison 

w i t h the dominant inr and KK channels. What i s more, below 1 GeV, H IT 

s c a t t e r i n g i s purely e l a s t i c and u n i t a r i t y i s a p a r t i c u l a r l y powerful 

c o n s t r a i n t [ l 4 7 ] . when the KK channel opens up, i t i s known t o couple 

s t r o n g l y , so th a t a coupled channel analysis i s e s s e n t i a l and wi t h 

d e t a i l e d experimental i n f o r m a t i o n on both channels, t h i s becomes 

f e a s i b l e . The formalism which allows us t o take i n t o account the 

c o n s t r a i n t of two channel u n i t a r i t y so important f o r such an analysis i s 

ex p l a i n e d i n Section 4.2. With t h i s apparatus, we w i l l be able t o 

i n v e s t i g a t e simultaneously the way the 1 = 0 S-wave appears i n the 

seemingly quark i n i t i a t e d ITIT - > TTTT (KK) channels (Section 4.2.2) and as 

w e l l as the supposedly g l u e - r i c h reactions pp -> pp inr (KK) of 

Section 5.2 and V -> J/^w, J/iJ) -> (^TITI of Section 5.4.1 . 

4.2 MULTI-CHANNEL UNITARITY AMD FINAL STATE INTERACTIONS 

4.2.1 U n i t a r i t y 

The conservation of p r o b a b i l i t y r equires t h a t the s c a t t e r i n g matrix 

S ( s , t , u ) be u n i t a r y : s'̂ S = I . i n terms of the t r a n s i t i o n matrix ^ and 

the phase space matrix p, S = i+i2p*4p*, the u n i t a r i t y c o n d i t i o n becomes 

; j - y = 2iP 1*5 (4.1) 

This i s the most powerful c o n d i t i o n i n hadronic physics and provides a 
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number of u s e f u l c o n s t r a i n t s on any model of hadronic i n t e r a c t i o n s . A 

b r i e f i n t r o d u c t i o n t o the usefuless of u n i t a r i t y i s f i r s t given here 

w i t h a simple one channel e l a s t i c process a + b - > a + b a s a n example, 

then f o l l o w s by i t s a p p l i c a t i o n t o coupled channel. The threshold 

f a c t o r or the density of f i n a l states p takes the form p = /(s-m^)/s' 

where m̂  = (m^+m^)^. Since a resonance has d e f i n i t e spin and p a r i t y , i t 

i s t h e r e f o r e n a t u r a l t o expand the t r a n s i t i o n amplitude i n terms of 

p a r t i a l waves 

^J(s,t) = I ( 2 i i + l ) l ( s ) P o { c o s e ) (4.2) 
1=0 ^ ^ 

where 'Hj^^s) i s the S,̂ ^ p a r t i a l wave amplitude and Pj^(cos9) are the 

Legendre polynomial. The u n i t a r i t y c o n d i t i o n of Eqn. 4.1 implies t h a t 

Im 3^(8) = p | t r^(s) 1̂  (4.3) 

For s i m p l i c i t y and l a t e r relevance we only consider the low energy 

domain where i n t e r a c t i o n s are purely S-wave. This reduces t o 

tJ(s,t) = ^{,=0^^^ ^ parametrization t h a t s a t i s f i e s the u n i t a r i t y 

c o n d i t i o n are e q u i v a l e n t l y : 

U(s) = sin6 e^^/p (4.4) 

/ 2i6 
= (e - l ) / 2 i p (4.5) 

- l/[p(cot6 - i ) ] (4.6) 

Cross sections are p r o p o r t i o n a l t o |P^|^. The energy dependence of p 

can be obtained w i t h a simple r a d i o a c t i v e decay argument [148] which 
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gives the w e l l known Breit-Wigner form 

r/2 
(4.7) 

{E^ - E) - i r / 2 

where V i s the t o t a l width of the resonance at . But from Eqn. 4.4, 

|PtJ| a t t a i n s i t s maximum value when = 2̂  • ^ simple Breit-Wigner 

resonance w i t h mass th e r e f o r e has a 90° phase s h i f t . We can now go 

back t o the conventional understanding of the low energy TTTT phase s h i f t 

i n which the S*(975) s i t s on a r i s i n g background from e(1300). This i s 

i l l u s t r a t e d i n Figure 4.1 as the superposition of phase s h i f t s from a 

narrow and a very wide Breit-Wigner resonances. The shape of the |ptf|^ 

or cross s e c t i o n corresponds t o the s o l i d l i n e i n Figure 4.1 i s drawn i n 

Figure 4.2 which shows the c h a r a c t e r i s t i c d i p of S* near 1 GeV. We now 

t u r n t o the next s e c t i o n f o r coupled u n i t a r i t y . 

4.2.2 Coupled channel u n i t a r i t v and i t s g e n e r a l i z a t i o n 

As we are only concerned w i t h the scalar sector, a l l the formalism i n 

t h i s s e c t i o n are f o r the 1 = 0 S-wave. When the KK channel becomes 

acc e s s i b l e there are three d i f f e r e n t t r a n s i t i o n amplitudes 3%^ which are 

the elements of the coupled hadronic tJ-matrix. The i and j of 

denotes the i n i t i a l and f i n a l s t a t e of the t r a n s i t i o n . The elements J j ^ j 

are 
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(1) (2)^ -

n • 
• 

9 

Figure 4,1 The d o t t e d l i n e s (1) and (2) are the phase s h i f t s of two 

pure Breit-Wigner resonances S« and e. The s o l i d l i n e i s 

the combined e f f e c t of these two pure resonances (one narrow 

and one wide) t h a t produces the c l a s s i c S« s i g n a l (see 

Figure 4.2). 

S*19751 

Figure 4.2 The shape of the cross-section corresponds t o the s o l i d l i n e 

i n Figure 4.1. 
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3 - 3 ( i n r •»• irir) (4.8) 

:Ji2 " * (4-5) 

:l22 " ̂ (KK - KK) (4.10) 

and i j j ^ 2 "^21 ^̂ "̂  invariance of strong i n t e r a c t i o n s . I n e l a s t i c 

e f f e c t s can be accounted f o r by i n t r o d u c i n g the e l a s t i c f a c t o r r\ 

(0< n <1) i n t o Eqn. 4.5 which becomes 

^ 1 1 " (̂ «̂ '̂̂ " - l ) / 2 i P i (4.11) 

Pi stands f o r the e f f e c t i v e t h r e s h o l d f a c t o r f o r the vv channel w i t h 

e f f e c t i v e pion mass de f i n e d by 

4m^ = {Mm^f ^ 8(mJ)2)/3 (4.12) 

= 0.076132 GeV'' 

where n and c denote n e u t r a l and charged r e s p e c t i v e l y . We al s o d e f i n e 

an e f f e c t i v e t h r e s h o l d f a c t o r p^ f o r the KK channel as 

Pj = ( P" * )/2 (4.13) 

w i t h = / [ s -4(m5)*-]/s' , k = n and c 

These t h r e s h o l d f a c t o r s p^ and Pj form the elements of the di g o n a l 

m a t r i x p w i t h p.. = p. , i = 1, 2. 

The s i n g l e channel e l a s t i c u n i t a r i t y f o r inr -> TTTI m the language of 

bubble diagrams i s 
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Im5 = P l ^ l ^ 

The coupled channel u n i t a r i t y can be w r i t t e n as g e n e r a l i z a t i o n of the 

s i n g l e channel u n i t a r i t y bubble diagram: 

Tl. K Tl 

Tl.K Tl 

inr -> inr 

mr -> KK 

Tl K Tl 

(4.14) 

Having obtained the coupled channel u n i t a r i t y we can auialyse the 

ITTT -> i m , KK data and i n p r i n c i p l e f i n d a l l the possible resonances i n 

these channels- However a l l e x i s t i n g data have r e l a t i v e l y poor 

s t a t i s t i c s i n the c r u c i a l 1 GeV mass reg i o n where the scalar g l u e b a l l i s 

p r e d i c t e d t o be and may have a very narrow w i d t h . The reason f o r t h i s 

can be seen i n Figure 4.^ where the S-wave i s a t a minimum i n the 1 GeV 

re g i o n . I n order t o make use of data from other processes w i t h the saune 

f i n a l s t a t e s , such as the AFS data, we need t o r e l a t e the amplitudes 

t o the amplitudes of these processes. 
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We use the term 'production processes' t o denote any mechanisms, l i k e 

YY -> hadrons or IP IP -> hadrons, where the incoming p a r t i c l e s do not 

p a r t i c i p a t e as i n t e r m e d i a t e states i n the u n i t a r i t y bubble diagram. 

Ti,K A TI.K A 

T̂ ,K B Tl,K 

where A and B are not pions nor kaons 

2 2 

The produ c t i o n amplitudes are denoted by The u n i t a r i t y c o n d i t i o n 

f o r the coupled production channel i s 

Im (4.15) 

which i s a g e n e r a l i z a t i o n of Eqn. 4.14. Note t h a t Eqn. 4.15 i n contrast 

t o Eqn. 4.14 i s a l i n e a r c o n s t r a i n t , a consequence of the assumed 

non- s t r o n g l y i n t e r a c t i n g character of the incoming p a r t i c l e s . Where 

j u s t one f i n a l s t a t e i s a v a i l a b l e , Eqns. 4.14-15 r e q u i r e t h a t 

(modulo I T ' S ) the phase of the hadronic and a l l production processes 

should be the same - the f a m i l i a r Watson's f i n a l i n t e r a c t i o n 

theorem [ l 4 9 ] . We are concerned w i t h i t s multi-channel 

g e n e r a l i z a t i o n [ l 5 0 ] . To t h i s end, we can immediately w r i t e down an 

expression f o r , which embodies the above c o n s t r a i n t s , 

^ J * " ^ - 1 a r ' : j . . (4.16) 

w i t h t h e 

5 J ^ J i 

'V'(c) 
a r e a l . Such a form obviously s a t i s f i e s Eqn, 4.15 given 

j . 
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(c) Eqn 4.14. F i n a l l y , the production amplitudes ^ are r e l a t e d t o the 
i 

( c) 
corresponding cross section o by 

i 

i "^1 1 \ (4.17) 

(c) 
where f i s the i n i t i a l f l u x 
and p. i s the appropriate density of f i n a l s t a t e s . 

4.2.3 A n a l y t i c i t v and Adler zero c o n d i t i o n 

To give a sensible parametrization of our formalism we must take i n t o 

account a l l the p r o p e r t i e s of the amplitudes. We consider the TTTT 

s c a t t e r i n g as an example t o i l l u s t r a t e a n a l y t i c i t y and t o derive the 

Adler zero c o n d i t i o n [ l 5 l ] [ l 5 2 ] . T h e r i g h t hand side of the u n i t a r i t y sum 

of Eqn. 4.14 f o r TTH s c a t t e r i n g , Jjjj^ = Z '^j^'^lk'^kl ' "̂""̂  

k i n e m a t i c a l l y accessible channels. The opening of a new channel may 

t h e r e f o r e change the sum d r a s t i c a l l y and there must be a s i n g u l a r i t y i n 

•̂̂ •̂  a t each r e a c t i o n threshold s > 4m^ . Furthermore, the s-plane i s 

complex w i t h resonances as poles on the complex s-plane i . e . a simple 

Breit-Wigner resonance w i t h mass m and width T corresponds t o a pole 

s = m* - im r i n the complex s-plane. The complex s-plane can be R R 

d i v i d e d i n t o d i f f e r e n t sheets, known as Riemann sheets, according t o the 

signs of Im p̂ ^ . In p e r t u r b a t i o n theory the s i n g u l a r i t i e s i n take 

the form of cuts w i t h branch points at the thresholds on the r e a l s-axis 

and extending t o s = », known as Right hand c u t s , w i t h possible values 

of s extending over many Riemann sheets. The sheet c o n t a i n i n g the r e a l 

a x i s below the branch p o i n t i s c a l l e d the p h y s i c a l sheet. As s and u 
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are d i r e c t l y r e l a t e d by the expression s = j m ^ - t - u w i t h t f i x e d , 
i i 

then branch p o i n t s i n the u-channel r e a c t i o n must appear on the negative 

r e a l s-eucis, w i t h cuts extending t o s = -« . These are the Left hand 

c u t s of the complex s-plane. 

Furthermore, i f there e x i s t s a p a r t i c l e w i t h mass m̂  < 2m^ and the 

quantum number of TT + ir, then there i s a corresponding pole on the r e a l 

a x i s a t s = s ^ = m ^ . The c o n t r i b u t i o n of such pole a t ̂  i s c a l l e d 

the Born term. In TTTT s c a t t e r i n g s there i s no Born term (no p a r t i c l e 

e x i s t s w i t h mass < 280 MeV tha t can couple t o two p i o n s ) . Moreover, low 

energy s c a t t e r i n g i s known t o be suppressed as a consequence of the s o f t 

pion theorems we now describe. 

As already p o i n t e d out i n Section 1.3 the symmetry of the Lagrangian 

i s always r e f l e c t e d i n the algebra of c u r r e n t s . The QCD Lagrangian w i t h 

t h r e e quark f l a v o u r s has the c h i r a l symmetry SU(3)- x SU(3)_ i n the 
L R 

massless quark l i m i t but the symmetry i s spontaneously broken down t o 

SU(3)^ r e q u i r e d by the observation t h a t the vector nonet i s heavier than 

the pseudoscalar nonet. The l i g h t masses of the pions i n d i c a t e t h a t the 

SU(2)j^ X SU(2)^ c h i r a l symmetry i s only s o f t l y broken by the u and d 

quark masses and the breaking of the symmetry i s r e f l e c t e d i n the 

non-conservation of the a x i a l c u r r e n t . The p a r t i a l l y conserved a x i a l 

c u r r e n t (PCAC) hypothesis [ I 5 2 ] ( l 5 3 ] then assumes t h a t the divergence of 

t h i s non-conserved a x i a l current i s dominated by the pion f i e l d . 

e.g. 3UAJ<^> = V X ^ ' * ^ ^^-^^^ 

where creates a t r * and f ^ i s the pion decay constant, w i t h 
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A"*̂  = A* + i A ^ . U U U 
To i n v e s t i g a t e low energy TTIT s c a t t e r i n g we consider on-shell 

s c a t t e r i n g 

T T * ( P ) + / ( P ) - > J ( P ) + / ( P ) . 

1 2 3 (» 
With amplitude 

- + 

Assuming one of the iTs i s o f f s h e l l , say a, as i n TT p -> iv TT n then from 

PCAC we have 
; <Y, 6 | 3 / ^ ( y ) | 6>e^P2y dy ^ / f^m^ <Y , 6 |<j)^| g >e^^2^ dy 

' A 
^ < y . 6 l^i \ a , ̂  > {4.19) p2 - m̂  

But < y . 6 |3^AJJ| e > = - i p ^ Y ' 5 l̂ l̂ 3 > 

Hence < Y » 5 I'Xl O ^ 3 > « (P^ - m^)P^ / <Y ' « 1^1 3 >e^^2^ dy 

Thus i n the l i m i t P y ~ > 0 or s = t = u = m ^ the amplitude vanishes 

because the m a t r i x element of the a x i a l current between a s i n g l e - p i o n 

and a two-pion s t a t e has no pole i n t h i s l i m i t . This i s known as the 

Adler zero. Indeed experiment shows t h a t S-wave im s c a t t e r i n g i s 

suppressed a t t h r e s h o l d f o r on-shell pions. This i s t o be con|trasted 

w i t h a process l i k e yy -> T\T\ or IP IP - > TTTT f o r which there i s a pion 

exchange Born term and the Adler c o n d i t i o n i mplies no zero [ F i g . 4.3]. 

Having b r i e f y discussed the t h e o r e t i c a l background f o r our formalism 

t o describe the f i n a l s t a t e i n t e r a c t i o n s f o r both meson s c a t t e r i n g s and 

p r o d u c t i o n processes, we now t u r n t o the pa r a m e t r i z a t i o n of the 

amplitudes. 
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( Y ) P 

:Y)P 
channel 

i y ) F 

CY) IP ' ^ 
u-channel 

Figure 4o3 Born Diagrams f o r P l> (TY) -> m. 
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4.2.4 A n a l v t i c i t v and u n i t a r i t v 

We b e l i e v e , the coupled channel u n i t a r i t y of Eqn. 4.14 and i t s 
*.(c) 

g e n e r a l i z a t i o n Eqn. 4.15 w i t h the p a r t i c u l a r form of -J^ i n Eqn. 4.16, 

p r ovide a f u l l d e s c r i p t i o n f o r a l l the S-wave -mr and KK f i n a l s t a t e 

i n t e r a c t i o n s below 1.7 GeV. Before describing the s p e c i f i c 

p a r a m e t r i z a t i o n s used i n our formalism. We f i r s t consider some general 

f e a t u r e s . 

The assumed r e a l and smooth forms of the a's i n Eqn. 4.16 i s i m p l i e d 
. ( c ) 

by a l l the r i g h t hand cut s t r u c t u r e of 3-̂  being e x p l i c i t l y included i n 

the sum over .. • Moreover, i n the case of i n t e r e s t w i t h TTTT f i n a l 

s t a t e s , we must a l l o w a p p r o p r i a t e l y for the occurrence of Adler zeros 

near t h r e s h o l d . The a c t u a l p o s i t i o n of the zero i s process-dependent; 

i n p a r t i c u l a r , the zero f o r the e l a s t i c amplitude tJj^^ i s s h i f t e d , or i n 

some cases removed, when one turns t o the associated production process. 

We can c a t e r f o r t h i s i n the above formalism by d i v i d i n g through by the 

zero of the e l a s t i c channel a t s = s^ . Thus d e f i n i n g 

11 • S-8 
0 

(4.20) 

we can a l l o w f o r zeros i n the production process i n question by 
(c) 

r e q u i r i n g them t o enter i n the a 's. For s i m p l i c i t y of discussion, we 

set the c l o s e l y r e l a t e d zeros inJJj2 "̂̂ ^̂ 2̂2 p o s i t i o n , since 

the data are only s e n s i t i v e t o the zero of ij^j . Thus 

- 117 -



T 3 u 
i j 8 - 3 ^ (4.21) 

e n a b l i n g us to w r i t e 

'± ( c ) r ( c ) „ 

With the t i l d e over the O's removed t o s i g n i f y t h a t they are 
(c) 

c o e f f i c i e n t s of the 'reduced' T's. The o. may be viewed as 

i n t r i n s i c couplings, which c o n t r o l the propensity of process (c) t o 

i n i t i a t e production i n channel j , the f i n a l outcome being determined by 

the f i n a l s t a t e i n t e r a c t i o n s supplied by the T^^ f a c t o r s [ 1 5 4 ] . 
H (c) 

I t i s i n t e r e s t i n g t o compare the r e s u l t i n g expression f o r o . w i t h 

t h a t r e s u l t i n g from a one-channel a n a l y s i s [ l 4 7 ] , where an a p p l i c a t i o n 

of u n i t a r i t y and a n a l y t i c i t y y i e l d s the form 
- P<=' ,4.23) 

Here P̂ *̂^ i s , i n general, slowly v a r y i n g , i n c o r p o r a t i n g any zero 
(c) 

f a c t o r s , and S2 , the Omnes f u n c t i o n [ l 5 5 ] , i s given by 

«(c).exp [f / ds- i ^ ! ^ ] (4.24) 
4mJ s'(s'-s) 

w i t h <̂ *̂̂ ^ the phase of . the corresponding expression f o r the 

reduced e l a s t i c amplitude T̂^̂^ takes the form 

T^^ - n a^^^^ (4.25) 

where fl^^^is the analogue of Eqn. 4.24 w i t h the a p p r o p r i a t e phase 4)̂ ®̂ ^ 
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s u b s t i t u t e d f o r Below the second threshold (s=4m^), a l l the 

phases i n question are equal by Watson's theorem. This has the 

consequence, f o r the a c t u a l phases t h a t p e r t a i n i n p r a c t i c e , t h a t the 

Q's are e f f e c t i v e l y u n i v e r s a l below the v i c i n i t y of the thre s h o l d . 

As p r e v i o u s l y discussed, t h i s v i r t u a l l y eliminates any p o s s i b i l i t y of 

new processes uncovering new e f f e c t s i n the s i n g l e channel region [ 1 4 7 ] . 

However, very close t o K7. t h r e s h o l d the sign a l may be i n d i v i d u a l t o th a t 

r e a c t i o n . 

To see how t h i s t r a n s l a t e s i n t o the two-channel formalism, we need 

only compare the r i v a l formulae f o r ^ j * ^ ^ : 

•iM . p(=) 

^ 40 !a , , a<'l> ,4.26) 

The q u a n t i t y t o compare w i t h P̂ *̂^ i s P̂ ^̂  defined by 

P̂ "̂  - (a{^> T^^ + (4.27) 

which i s r e a l over the region of i n t e r e s t , since 

a r g ( T 2 j ) = a r g ( T j j ) = a rg (3:^^^ = i^^^'^'by Watson's theorem. For the 

p r a c t i c a l a n a l y s i s t o be described i n Chapter 5, the r e s u l t i n g P 

compares w e l l w i t h the corresponding P^°^[Fig. 5.11], i n d i c a t i n g the 

near u n i v e r s a l i t y of the fl's below KK th r e s h o l d . 
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A simple r e a c t i o n which i l l u s t r a t e s t h i s i n t i m a t e r e l a t i o n s h i p 

between processes w i t h the same f i n a l s t a t e imposed by u n i t a r i t y and 

a n a l y t i c i t y i s e ^ " -> Tr+ir". Here the production mechanism i s 

e x p l i c i t l y c o n t r o l l e d by one v i r t u a l photon t o a high degree of accuracy 

and consequently the quantum numbers of the TTTT f i n a l s t a t e are forced t o 

be those of the photon and have isospin one. Through Eqns 4.14-17 & 

4.23-25, the p s i g n a l i n the e l a s t i c process i s cl o s e l y r e l a t e d t o t h a t 

i n e"'"e", the Omnes fu n c t i o n being almost i d e n t i c a l . The small 

d i f f e r e n c e i n the l i n e shape of the p i n these two channels i s a r e s u l t 
(ee) 

of the d i f f e r e n c e between n ( r e c a l l Eqn.J^^B) and P expected form 

t h e i r d i f f e r i n g l e f t hand cut s t r u c t u r e s - p^®®^ i n p a r t i c u l a r , having 

no c u t , i s j u s t a simple polynomial. This r e l a t i o n s h i p has been 

e x t e n s i v e l y i n v e s t i g a t e d i n studies of the pion's electromagnetic 

f o r m - f a c t o r [ l 5 6 ] . 

As we s h a l l see the s i t u a t i o n i n the I = 0 J = 0 channel w i t h 

s t r o n g l y overlapping resonances and a nearby t h r e s h o l d g r e a t l y 

complicates t h i s s i m p l i c i t y . Indeed, the I = 0 S-wave c o n s t i t u t e s the 

most s i g n i f i c a n t n o n - t r i v i a l mesonic example of coupled channel 

u n i t a r i t y amenable t o d e t a i l e d analysis. I t i s t o t h i s we now t u r n . 
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4.3 PARAMETRI2ATI0NS OF THE K- AND M-MATRICES 

After outlining the formalism for re l a t i n g production and scattering 

information on tne I = 0 TTTT and KK S-waves. We need a parametrization 

to describe the energy behaviour of the 3-natrix and at the same time 

account for the u n i t a r i t y properties and threshold s i n g u l a r i t i e s of the 

Ormatrix. A form of such parametrization i s suggested by Eqn. 4.fe from 

which we can w r i t e the single-channel amplitude i n the form 

Where K^j i s a r e a l function of s. The generalization of t h i s to 

multi-channel(^is Known as the K-matrix formalism and that 

3 - 5 [ i - iE I]" 

- [M - (4.30) 

Here, ^ i s the diagonal matrix with diagonal elements , . Jĵ  i s a 

r e a l symmetric matrix and Jl̂  i t s inverse. The associated S-raatrix i s 

defined by 

8 - I + 2i£* t (4.31) 

In the f i t s reported i n Section 5.3, we take Jl^, which i s now 2x2, of the 

form [157] with s = 
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( S - S ^ ) y fPfP 

Our 'reduced' T -matrix elements ( c f . EqnsJv.20-22) are then given by 

T =• K [ 1 - I p K ] ~ 1 (4.34) 

A 

Note, i m p o r t a n t l y , the s i n g l e appearance of K i n t h i s formula. 

A l t e r n a t i v e l y , we parametrize the M-matrix, Eqn. 4.30, as 

a f'P f'P r T 

In Eqns. 4.33,35, s = s represents the Adler zero of the T-matrix, 
0 

Eqns. 4.20-21. The number of poles and order of the polynomial i n 

Eqns. 4.33,35 r e q u i r e d t o f i t the data w i l l be d e t a i l e d i n Chapter 5. 

F i n a l l y , f o r the ct.^'s we take the simple power expression 

8 a - I ^ " (4.36) 
^ n-0 ^ ' ' 

(Note t h a t we have now ceased t o l a b e l the i n i t i a t i n g r e a c t i o n and use 

the s u p e r f i x l a b e l t o i d e n t i f y terms i n t h i s Taylor expansion). The 

number of terms we take i n such an expansion w i l l depend upon the range 

of energies over which we are f i t t i n g data. For example f o r the 

-> \lnnT decay, f o r which phase space i s l i m i t e d t o 279 < M ^ 589 MeV, 

a l i n e a r form i s adequate, while f o r the P P r e a c t i o n , we f i t S-wave 

i n f o r m a t i o n up t o 1700 MeV and use quadratic forms. 
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I n order t o determine the parameters i n our K- and M-matrix 

expressions, we need t o f i t data on the c l a s s i c hadronic phase-shift 

data on and i f . We s h a l l see l a t e r t h a t i n f a c t a combined f i t t o 
11 12 

the IP IP production r e s u l t s i s even more c o n s t r a i n i n g , since we can 

p r o f i t from the a d d i t i o n a l s t a t i s t i c a l weight and the d i s t i n c t and 

e f f i c i e n t p a r t i a l wave separation these new data allow. As i s 

customary, the KK̂  channel i s assumed t o dominate the i n e l a s t i c i t y from 

TTTT, r e n d e r i n g a two channel analysis a good approximation. We w i l l 

comment i n d e t a i l l a t e r when and where t h i s assumption breaks down and 

the l i k e l y e f f e c t of t h i s . 
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CHAPTER FIVE 

DATA ANALYSIS 

5.1 DATA SELECTION 

Given the framework described i n Chapter 4, one i s looking f o r 

i n f o r m a t i o n on j u s t 3 parameters at each energy 6 , n and 6 
11 11 12 

These f i x ̂ .̂̂  and '3^2 • through the usual r e l a t i o n s ( c f . Appendix B) 

216., 
^ 1 1 = t ^ l « - l ] / 2 i p ^ (5.1) 

"3i2 ' [ l - ^ l J e ^^/2(p^p^)^ (5.2) 

The q u a n t i t i e s and 6̂ ^ have been determined i n numerous analyses of 

d i - p i o n production experiments. Of these, we select as input to the 

present f i t , the c l a s s i c energy independent analysis by the CERN-Munich 

group of t h e i r high s t a t i s t i c s expeiment on T T ~ P - > TT''"TT~n at 

17 GeV/c [ 1 5 8 ] [ l 5 9 ] . These r e s u l t s are strongly supported by e a r l i e r 

experiments, i n p a r t i c u l a r by the LBL I T + T T ~ experiment of 

Protopopescu et a l [ l 6 0 ] . Above KK threshold, we supplement t h i s Tr''"iT~ 

i n f o r m a t i o n w i t h the phase s h i f t s derived by Cason et a l from an 

a n a l y s i s of t h e i r 8 GeV/c experiment on Tr~p -> A''"''TT°Tr'' [ l 6 l ] . However, 

below 1 GeV, the S-wave s o l u t i o n s of Cason et a l are c o n t r o v e r s i a l being 

i n t o t a l disagreement w i t h the TT'^TT" r e s u l t s of LBL and CERN-Munich. We 

t h e r e f o r e exclude t h e i r r e s u l t s at lower ITIT masses. Above 1 GeV, when 

many waves become important p a r t i c u l a r l y i n Tr"*'TT~ s c a t t e r i n g , a multitude 
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of p a r t i a l wave s o l u t i o n s i s possible. These are constrained by f i x e d 

t - d i s p e r s i o n r e l a t i o n s t o e s s e n t i a l l y two so l u t i o n s [ l 6 2 ] . Of the •fr''"7r" 

s o l u t i o n s found i n the energy independent analysis of Martin and 

Pennington, the 7r"''u~ r e s u l t s of Cason et a l [ l 6 l ] and the p o l a r i z e d 

t a r g e t data of the ACCMOR c o l l a b o r a t i o n [ l 6 3 ] favour the so-called B' 

s o l u t i o n . We t h e r e f o r e i n p u t t h i s s o l u t i o n together w i t h the phase 

s h i f t s o l u t i o n s of Ochs [ l 5 9 ] and of Cason et a l [ l 6 l ] . The reason f o r 

i n c l u d i n g as independent data sets the r e s u l t s of both the Ochs and the 

Martin and Pennington analyses of the same TTTT data i s t h a t these 

analyses have d i f f e r i n g c o n s t r a i n t s and the r e s u l t i n g S-wave, being the 

lowest wave i n data dominated by higher waves up t o spin 3, i s poorly 

determined, and has sizeable e r r o r e l l i p s e s (shown on representative 

data p o i n t s i n F i g . 5.6). Our aim i s t o pick out a smooth t r a c k through 

t h i s e r r o r c o r r i d o r . 

Under the two-channel assumptions, a d d i t i o n a l and perhaps more 

r e l i a b l e i n f o r m a t i o n on [Eqns. 5.1-2], comes from the analogous KK 

production experiments w i t h incoming pion beams. There have been a 

number of experiments both on K+K" and 

production [ 1 6 4 ] [ 1 6 5 ] [ 1 6 6 ] . Besides f i x i n g the magnitude of • these 

a l s o provide i n f o r m a t i o n on i t s phase, , r e l a t i v e t o one of the 

other p a r t i c i p a t i n g waves, i n p r a c t i c e the D-wave. On the magnitude, 

l ^ ^ ^ l , the various experiments concur f a i r l y w e l l ; however, there i s a 

s i g n i f i c a n t disagreement as t o the phase behaviour of (J)„_ = |<t>,- 45 ̂,1 
SD L 2. D 

below 1150 MeV. According t o the K'''K~ experiments of Ref. 164, (t)gp i s 

f l a t over t h i s energy domain w h i l s t the^KK experiments f i n d a steep r i s e 
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[ F i g . 5.8], at the lowest energy, the discrepancy i s some 70° [167]. 

Since 'a p r i o r i ' we do not know which, i f e i t h e r , i s c o r r e c t , we input 

the r e s u l t s of the amplitude analyses of two representative high 

s t a t i s t i c s experiments: 

1. by Cohen et a l [164] of t h e i r TT~p -> K'''K"n and TT''"n -> K"^"p 6 GeV/c 

data, and 

2. by E t k i n e t a l [ l 6 5 ] of t h e i r Tr"p -> K°K°n 23 GeV/c data. 

These appear t o span the range of experimentajtl p o s s i b i l i t i e s . 

I n order t o e x t r a c t <^ from the published info r m a t i o n on (J) , we 
1 ̂  SO 

need t o know the behaviour of the D-wave phase i n TTTT -> KK. Below 

roughly 1.4 GeV, t h i s i s dominated by the f-resonance and accordingly 
assumed t o be given by 

S-fs') Q(s-s.) 
(5.3) 

I m^r^e^Cs) 9(s-s^) 
tan ' " D 2 

ni|-s 

where i runs over a l l c o n t r i b u t i n g channels T T T T , nn, KK, each w i t h 

t h r e s h o l d a t s = s . We inp u t the b a r r i e r f a c t o r 3, suggested by 
i ^ 

d u a l i t y [ l 6 8 ] from the nearest crossed-channel s i n g u l a r i t y t o be 

s-s^ I h P,(l+2m2/(m2-s.)) 
ai, V 1 2 P f 1 
3,(s) = /c Al 

where we take the standard PDG values f o r the f-resonance mass and 

w i d t h , and t h e i r u n c e r t a i n t i e s [ l 6 9 ] . 

Such a form f o r 4)^ we believe more p l a u s i b l e than t h a t modelled by 

E t k i n e t a l [166] below 1.2 GeV and t h i s i s the form we take t o e x t r a c t 
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^̂ 12 ' ̂ PP'^°P'^^^tely f o l d i n g i n the u n c e r t a i n t i e s i n given by those on 

m̂  and , which are t y p i c a l l y 1° - 4°. Since the D-wave phase given 

by Eqn. 5.3 accords w e l l w i t h D-wave modelled by Cohen et a l [ l 6 4 ] below 

1.4 GeV, where i t i s f-dominated, we take t h e i r p l o t t e d values of (t)^^ 

d i r e c t l y as i n p u t . The r e s u l t i n g phases are shown i n Figure 5.8, while 

the magnitude of | ' ^ 2 l p l o t t e d Figure. 5.7. 

A p r i o r i we have no reason t o favour one experiment over the other 

(and i n f a c t the ana l y s i s by Gorlich et a l [ l 7 0 ] of t h e i r p o l a r i z e d 

t a r g e t r e s u l t s disagrees w i t h a l l of them). I t i s however worth noting 

t h a t other experiments on KK production from Wetzel et a l , Costa et a l , 

Polychronakos et a l [ 1 6 5 ] , while a l l agreeing on the magnitude of the 

cr o s s - s e c t i o n , tend t o support the phase of E t k i n et a l , Figure 5.8. On 

the other hand, Cohen e t a l would j u s t i f i a b l y argue t h a t t h e i r analysis 

i s the only one amenable t o the necessary I = 0, 1 separation. I n face 

of t h i s , we s h a l l henceforth assume t h a t the r e s u l t s of Cohen et a l and 

of E t k i n et a l span the range of current knowledge of . Their 

s i z e a b l e disagreement means t h a t our input on the TTTT -> KK channel i s 

f a r from homogeneous and we w i l l describe i n Section 5.3 the e f f e c t t h i s 

has. L a s t l y , the u n c e r t a i n t i e s i n <t>ĵ 2 w i t h i n each experiment are very 

s i m i l a r , r e f l e c t i n g t h e i r comparable s t a t i s t i c s . Only the second data 

p o i n t of Et k i n et a l w i t h a quoted ±6 ° on ({) i s acutely out of l i n e and 
SD 

i t s e r r o r has been increased t o ±20° i n our g l o b a l f i t t o a l l these 

data, see Figure 5.8. 

A guide t o where our two channel s a t u r a t i o n of u n i t a r i t y breaks down 

can be seen by comparing the S-wave i n e l a s t i c cross-section, v i z 
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( 1 - n^^)/4, as determined from the analyses of the CERN-Munich T I K 

s c a t t e r i n g data [ l 5 8 ] and the b e t t e r defined KK c o n t r i b u t i o n t o t h i s 

given by the a c t u a l TTTT -> KK cros s - s c t i o n on which e s s e n t i a l l y a l l 

experiments agree [ l 6 4 ] [ l 6 5 ] [ l 6 6 ] . We see i n Figure 5.7 t h i s comparison 

suggests the importance of other f i n a l states above 1.4 GeV. There 

already e x i s t s experimental evidence of a by no means n e g l i g i b l e nn 

S-wave s i g n a l i n the f - r e g i o n [ l 7 l ] and 4Tr production i s beginning t o 

take o f f [172]. Rather than attempt t o f i t obviously i n c o n s i s t e n t data, 

i n which the b e t t e r determined KK cross-section would dominate t h i s 

aspect of the f i t , when c l e a r l y the t o t a l i n e l a s t i c cross-section i s 

more l i k e l y t o be t h a t of the CERN-Munich r e s u l t s of Figure 5.7, i f 

other channels were included, we have determined s o l u t i o n s i n which the 

TTTT -> KK data above 1.4 GeV are switched i n and out. The r e s u l t s we 

describe i n Section 5.3 w i l l f o r the most part be those w i t h i t out and 

we w i l l discuss l a t e r the rath e r small e f f e c t t h a t neglecting other 

i n e l a s t i c channels has on our r e s u l t s . 

5.2 DOUBLE POMERON MECHANISM 

The AFS experiment [69] was designed to study c e n t r a l dimeson 

production i n pp -> pp(MM). The t r i g g e r i n g i s such t h a t though t h i s 

experiment was performed a t the CERN ISR, where the square of the 

cm. energy, s^^^ , i s almost 4000 GeV*, most of t h i s momentum continues 

along the d i r e c t i o n of the. two beams. The protons s c a t t e r at t i n y 

angles and only a small amount of momentum i s t r a n s f e r r e d from each: 

-0.015 > t ^ -0.045 (GeV/c)^ . Importantly, t h i s i s a f a r smaller range 
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than any other experiment [ 6 7 ] [ 6 8 ] . Moreover, the two mesons produced 

are well-separated i n r a p i d i t y from the on-going protons, so t h a t the 

mechanism f o r t h e i r production i s n a t u r a l l y f a c t o r i s e d from the 

s c a t t e r i n g of the protons. The Regge model provides a 

phenomenologically w e l l - t e s t e d d e s c r i p t i o n f o r t h i s [ 1 7 3 ] . The 

s a t i s f a c t o r y f a c t o r i s a t i o n of the dimeson production from the forward 

going protons means t h a t t h i s r e a c t i o n can be regarded as (pp)(pp) -> TTTT 

and the formalism of Section 4.2.2 i s applicable t o i t s a n a l y s i s . 

The quantum numbers of the 'reggeons' coupling t o the 

protons [ F i g , 5.1] are those appropriate t o pp e l a s t i c s c a t t e r i n g . At 

such high energies, these exchanges are dominated by vacuum quanum 

numbers c a r r i e d by the 'pomeron'. Though the motivation f o r t h i s 

experiment, as discussed i n Section 3.2.6, i s predicated on the s p e c i f i c 

idea t h a t the pomeron i s a colour s i n g l e t c o n f i g u r a t i o n of glue, so t h a t 

the c e n t r a l production of mesons i s generated by the fu s i n g of glue, 

r a t h e r than quarks [ 6 6 ] , knowledge of the exact nature of the production 

mechanism i s i n e s s e n t i a l f o r our analysis which only needs an accurate 

phenomenological d e s c r i p t i o n . 

The pomeron, having vacuum quantum numbers, f i x e s the quantum numbers 

of the dimeson f i n a l s t a t e t o have 1 = 0 and ^even spin. Contamination 

from lower l y i n g Regge exchanges l i k e the p shows up i n the dimeson 

angular d i s t r i b u t i o n having odd angular momentum components i n a d d i t i o n 

t o a p peak i n the TTTT mass spectrum. This s i g n a l allows such extraneous 

e f f e c t s from non-vacuum quantum numbers t o be removed, as discussed 

e x t e n s i v e l y i n Refs. 69 and 176. With such a t i n y range of t i n t h i s 
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p a r t i c u l a r experiment, such contamination fF©m non-pomeron exchanges i s 

be l i e v e d t o be under c o n t r o l and r e a d i l y separated. 

The Mueller-Regge approach gives us a d e s c r i p t i o n f o r the 

c o n t r i b u t i o n f o r the pp -> pp(MM) process. With s^^^ the t o t a l cm. 

energy squared, M the mass of the meson p a i r , t ^ and t ^ the square of 

the momentum t r a n s f e r r e d at each pp vertex [ F i g . 5.1] and y the 

r a p i d i t y , such a Regge analysis allows us t o f a c t o r i s e o f f the pp 

v e r t i c e s and pomeron propagators t o give what we may regard as a 

pomeron-pomeron cross-section (much l i k e the YY process studied i n 

e'*"e" -> e''"e"X - see Section 5.4.2) defined by 

dt^dt2dydM2/s^^^ 

<^jPlp(M) (5.5) L a(M2) J ^ t o t 

where C|p(t) i s the 'signature' f a c t o r f o r the reggeon, normalised so 

t h a t Im^ = 1, and a' i s the Regge slope of 0.9 GeV"^ introduced t o make 

a l l the couplings 3 dimensionless. With such a normalization the 

pomeron c o n t r i b u t i o n t o the pp t o t a l cross-section i s then 

pp PP 'P 

The e x p l i c i t ^ '^tot ^'^ ^ "̂""̂ ^ f a c t o r , which i s t o be 

d i s t i n g u i s h e d form the a(s^^^)/a(M^) f a c t o r . Though when 

^ t o t GeV^, t h i s also becomes ^tot^^^' general 
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a(M^) = 1/2 + a'M̂  i s expected from the f-dominance of the pomeron; such 

a form provides an e x t r a p o l a t i o n t o low dimeson masses of t h i s Regge 

behaviour [ 1 7 4 ] . As s i s so enormous, a(s ) can be replaced by 
t o t t o t 

a's^^^ , leading t o the expression 

a(s ) a*s 8^ 
tot = tot ^ t o t _ (5.7) 

a(M2) ^ + a'M̂  + 

I n the AFS experiment, t ^ and t ^ cover such a t i n y range near the 

forward d i r e c t i o n t h a t we can take t ^ = t ^ = 0.03 GeV^ = t and 

a p ( t ) = 1. Then we simply have 
(m2-Hl2)^ 

^ P . p W = (5.8) 
' 2a'2 e .^Ct)** M3 dt.dt^dydM 

5.2.1 O v e r a l l mass dependence of the cross-section 

Though t h i s i s i n e s s e n t i a l t o our spectroscopic analysis of these 

data, i t i s i n t e r e s t i n g t o see i f we can understand the mass dependence 

of t h i s corss-section over the whole region studied. Expressing the 

cross-se c t i o n i n terms of the IP IP amplitude "^^iVl^ ,z) where z i s the 

cosine of the s c a t t e r i n g angle of the mesons i n the pomeron-pomeron cm. 

f o r d i p i o n production, t h i s amplitude can be crudely modelled by one 

pion exchange. That the IP IP -> MM process has such a one meson exchange 

Born term means t h a t the Adler c o n d i t i o n requires no vanishing of such 

amplitudes close t o threshold [ l 8 2 ] , i n contrast t o TTTT s c a t t e r i n g 

i t s e l f . This w i l l be important l a t e r on. This (P IP r e a c t i o n i s i n many 

ways s i m i l a r t o the YY process [175]. Though both have such one meson 
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exchange Born terms (whether reggeised or not i s almost i r r e l e v a n t ) , 

t h e i r phenomenology requires t h i s c o n t r i b u t i o n t o have low p a r t i a l wave 

components t h a t are s t r o n g l y absorbed. Exactly how i s not w e l l 

understood [ 1 7 5 ] . Nevertheless, we can use such a model t o i l l u s t r a t e 

the o v e r a l l t r e n d of the d i p i o n mass spectrum. To confront the data we 

have t o f o l d i n the experimental angular acceptance f u n c t i o n . From 

Cecil's t h e s i s [ l 7 6 ] we l e a r n t h a t t h i s i s 

A(M,z) = I (2L+1) H^(M) P^(z) (5.9) 
L even 

w i t h z the cosine of the s c a t t e r i n g angle i n dimeson r e s t frame and 

where the c o e f f i c i e n t s H (M) are given by Cecil f o r L ^ 8 up t o 
L 

2.5 GeV - the acceptance f u n c t i o n i s roughly l i k e ( 1 - z ^ ) ^ . With a 

f r e e o v e r a l l n o r m a l i z a t i o n , we see from Figure 5.2, where (M**) times the 

experimental cross-section i s p l o t t e d , such a model can crudely describe 

the f a l l of the data. Of course, t h i s amplitude, has no e x p l i c i t 

M^ - channel dynamics. From o l d ideas on the d u a l i t y , we may expect 

pion exchange t o average t h i s i n some sense, which i t approximately 

does. However, such d u a l i t y was never a w e l l - d e f i n e d concept f o r 

pomeron processes [ 1 7 7 ] , as discussed again i n Section 5.2.3, so perhaps 

we should not expect any b e t t e r agreement. We would expect such an 

approximation t o model the trend of the e a r l i e r data of 

Waddi et a l [ 6 7 ] , i f we knew the r e l a t i v e acceptance and included the 

e f f e c t s of the l a r g e r range i n t , t i n Eqn. 5.5. 
1 2 
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5.2.2 S-wave dimeson production 

Let us now t u r n t o our main purpose which i s t o analyse S-wave 

dimeson production. Decomposing t h i s |P p cross-section i n t o components 

f o r which the dimeson f i n a l s t a t e has d e f i n i t e spin J, the c o n t r i b u t i o n 

a p a r t i a l wave ^ ( M ) makes i s 

(M) = 16Tr J^EiZ (2J+1) I3-^(M) 2 (5.10) 
IP IP ^3 ' 

where y i s the mass of each of the f i n a l s t a t e mesons, TT or K as 

ap p r o p r i a t e . D e t a i l e d analysis of the dimeson angular d i s t r i b u t i o n 

shows t h a t the cross-section i s overwhelmingly S-wave t o w e l l beyond 

1 GeV. The AFS c o l l a b o r a t i o n have separated out t h i s S-wave component 

up t o 2.3 GeV and i t i s t h i s we s h a l l study i n both the TTTT and KK 

channels. From the tables of Ref. 69, we can deduce these S-wave 

cross-sections i n 50 MeV bins by f o l d i n g i n the appropriate acceptance 

f u n c t i o n , or more r e a d i l y we can read o f f the f u l l - c o r r e c t e d S-wave 

cors s - s e c t i o n from Cecil's t h e s i s [ l 7 6 ] Figure 7.11, our Figure 5.9, i n 

25 MeV b i n s . The corresponding S-wave amplitudes are then given by 

combining Eqns. 5.8,10 t o give 
(m24w2)2 J^Q 

| ^ ' = % ) | 2 =N --i=r — (5.11) 
/M2-4y2 dt^dt2dydM 

where 

The circumstance t h a t the TTTT and KK channels both couple s t r o n g l y must 

be allowed f o r i n the formalism. From Section 4.2.2 we have f o r 
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IP IP - > TT"'"Tr 

S IPIP ^ / T r IPIP _ . ̂ IPIP _ 1 
J l ' *̂  3 L°l ^11 + °2 ^21J (5.12) 

Where the /2/3 i s the appropriate i s o s p i n Clebsch-Gordon c o e f f i c i e n t . 

and f o r IP IP -> K+K' 

Where again 1//2 i s an i s o s p i n f a c t o r . The functions and contain 

the l e f t hand cut s i n g u l a r i t i e s of the IP IP amplitude which d i f f e r from 

those of TTTT s c a t t e r i n g being i n p r i n c i p l e complicated by a d d i t i o n a l 

s i n g u l a r i t i e s of the s i x poi n t f u n c t i o n pp -> p p T T T T as studied by 

H a l l i d a y [ 1 7 8 ] . Nevertheless, w i t h such a small range i n t ^ , the major 

d i f f e r e n c e along the r i g h t hand cut i s , as we have already remarked, the 

f a c t t h a t the Adler c o n d i t i o n requries no near threshold zero i n the 

IP IP channel, i n c o n t r a s t t o most other pion processes we consider. So 

though we parametrize , by simple polynomials i n M̂  s u i t a b l e t o 

describe t h e i r smooth behaviour along the r i g h t hand c u t , they are not 

expected t o vanish close t o threshold. 

In p r i n c i p l e , knowing 'j^^ , ^̂ 22 f i t t i n g the TTTT - > TTTT, 

and -> KK channels, the ISR data j u s t determine , • However, the 

AFS r e s u l t s provide s i g n i f i c a n t e x t r a information on the hadronic i n 

the 1 GeV region t o add t o the t r a d i t i o n a l meson s c a t t e r i n g processes, 

l a r g e l y because the TTTT S-wave i s small there and the angular 

d i s t r i b u t i o n i n TTTT - > TTTT s c a t t e r i n g c o n t r o l l e d by S-P int e r f e r e n c e 

- 134 



e f f e c t s . In c o n t r a s t , the IP IP r e a c t i o n i s overwhelmingly S-wave even 

a t 1 GeV and a more accurate s i g n a l i s obtained. Thus the AFS data acts 

as a severe c o n s t r a i n t on the determination of even and , 

p a r t i u c l a r l y through the c r u c i a l KK threshold region. In Section 5.3 we 

describe f i t s t o the data selected i n Section 5.1, together with the AFS 

S-wave dimeson r e s u l t s [ 6 9 ] [ 1 7 6 ] . 

5.2.3 Note on the D-wave cross section 

Using notions of d u a l i t y one can also estimate the expected 

c r o s s - s e c t i o n f o r f-resonance production i n t h i s double pomeron process. 

Assuming the t r i p l e Regge coupling of the f t o two pomerons determined 

i n pp -> pX w i t h the f-exchange having zero mass extrapolates on s h e l l 

i n the same way as the f coupling t o TTTT does, one pre d i c t s from the 

t r i p l e Regge analysis of Inami and Roberts [ l 7 9 ] t h a t the f - s i g n a l i n 

the r e a c t i o n pp -> p p T T T T i n the kinematic regime of the AFS experiment 

should be a t l e a s t 5 yb GeV "** f o r d''a/dt ̂ dt^dy dM i n t e g r a t e d over the 

f - w i d t h [ 1 8 0 ] . The p a r t i a l wave analysis [ 6 9 ] [ l 7 6 ] gives the 'observed' 

c r o s s - s e c t i o n t o be merely (0.5 ± 0.3) Ub GeV"**. This discrepancy, 

discussed i n more d e t a i l i n Ref. 180, could be ascribed e i t h e r t o a 

f a i l u r e of s i m p l i s t i c d u a l i t y ideas f o r pomeron couplings or an 

i n c o r r e c t modelling of the r e l a t i v e D-wave acceptance i n t h i s experiment 

or both. Even i f the experimental D-wave acceptance i s at f a u l t , t h i s 

has l i t t l e bearing on the predominantly S-wave cross-section we use, 

since such c o r r e c t i o n f a c t o r s w i l l i n e v i t a b l y be smooth functions of 

dimeson mass and so, as discussed i n the previous s e c t i o n , absorbable i n 
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the c o u p l i n g f u n c t i o n s a ^ ( s ) . I t i s f o r t h i s reason t h a t the previous 

simpler a n a l y s i s [147] using e a r l i e r data w i t h no acceptance c o r r e c t i o n s 

or p a r t i a l wave separation at a l l i s q u i t e consistent with the present 

treatment Section 5.3.1. 

Neverthless, the f a c t t h a t the f - s i g n a l i s so small i n the AFS 

r e s u l t s , while c l e a r l y seen i n other ISR experiments w i t h l a r g e r , t ^ 

ranges [ F i g . 5 . l ] may i n d i c a t e t h a t the f IP IP coupling has a more 

complicated t-dependence than we have na i v e l y assumed. Only by 

comparing the r e l a t i v e t-dependence of the S- and D-waves at both large 

and small momentum t r a n s f e r s w i l l we understand t h i s dramatic d i f f e r e n c e 

between the 3% D-wave i n the AFS experiment i n the f-region and 47% i n 

t h a t w i t h the SFM. 

5.3 THE FITS 

In Section 4.2 we introduced a formalism t o implement two channel 

u n i t a r i t y . This i s r e a d i l y expressed i n terms of e i t h e r the K-matrix, 

or i t s inverse the M-matrix, Eqns. 4.29-30. Their r e a l matrix elements 

we parametrize by sums of poles plus simple polynomials i n s, the square 

of the dimeson mass, Eqns. 4.33,35. These forms determine the Jj-matrix 

elements * t . . , Eqns. 4.29-30 and, through the channel dependent 

f u n c t i o n s , the amplitudes f o r each production process, Eqn. 4.22. 

I n t h i s s ection we describe the outcome of an extensive global f i t of 

these forms t o the 1 = 0 S-wave data on inT -> TTTT, TTTT -> KK selected i n 

Section 5.1 and the cross-section f o r TTTT, KK production i n the AFS 
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experiment discussed above. 

To summarize Section 5.1, the data sets used i n our global analysis 

are: 

TTTT -> TTTT ; Cern-Munich [ l 5 8 ] [ l 5 9 3 , Cason et a l [ l 6 l ] and the 3' 

s o l u t i o n of Martin and Pennington [1 6 2 ] . 

TTTT -> KiC ; E t k i n [ l 6 6 ] and Cohen [ l 6 4 ] 

(P IP -> TTTT, KK ; AFS [69] 

We observe from Figure 5.8 t h a t E t k i n and Cohen provide two 

c o n f l i c t i n g data sets f o r ( t ^ ^ Section 5.1). To obtain a good 

s t a r t i n g p o i n t f o r our gl o b a l analysis we f i r s t ignored the data of 

Cohen et a l i n our i n i t i a l f i t s . As explained i n Section 5.1, the 

S-wave 4)^2 been separated up t o 1.4 GeV, we therefore f i t E t k i n 

from KK thr e s h o l d up t o 1.4 GeV. A l l data on TTIT -> TTTT are f i t t e d from 

the TTTt threshold up t o 1.7 GeV. Our i n i t i a l s t rategy i s t o avoid a l l 

f i n e t u n i n g and unnecessary complications, so e f f e c t i v e pion and kaon 

masses given by 4m^ = 0.07613 GeV^ and 4m^^ - 0.98277 GeV* have been used 

i n and ( c f . Appendix A.V) t o obtain the f i t s we now describe. 

We f i r s t employed the K-matrix formalism w i t h j u s t one pole ( c f . 

Eqn. 4.33 and Appendix A . I l l & I V ) . As a s t a r t i n g p o i n t , we t r i e d out 

an i l l u m i n a t i n g exercise leaving out the AFS data. The outcome of t h i s 

i s t h a t we obtained numerous good f i t s a l l with x^/<3-f • 1 for- the r e s t 

of the data. When the AFS data was included the parameter space was 

found t o be g r e a t l y constrained and t i g h t l y r e s t r i c t i n g the ^ - m a t r i x 

amplitudes. These r e s t r i c t i o n s mean t h a t only by painstaking work were 

the best f i t s ( t o be described l a t e r ) obtained. The best way I found of 
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f i t t i n g data w i t h r a p i d v a r i a t i o n s , l i k e the sharp r i s e i n 

6° [ F i g . 5.3] and the shoulder of the AFS data [ F i g . 5.9], i s t o f i t 

the data p o i n t by poi n t (or i n small groups) i n the region of r i c h 

s t r u c t u r e s . To see how best t o deal w i t h t h i s we performed an exercise, 

i n which the data i n the region of r a p i d v a r i a t i o n (0.9 4 E 4 1.1 GeV) 

were switched o f f and we were able t o f i n d s o l u t i o n s without a K-raatrix 

pole. However, when the 0.9 - 1.1 GeV region was switched back on we 

found t h a t the polynomial alone ( w i t h a reasonable number of terms 

i . e . < 10) could not do the job and the t o t a l number of parameters was 

d r a m a t i c a l l y reduced with the i n t r o d u c t i o n of a K-matrix pole (see 

Appendix A. I I I ) . I n f a c t one does not need t o go very f a r with the 

polynomial t o f i n d out t h a t i t alone i s not adequate. When one 
2 

introduces an e x t r a parameter t o a f i t one expects a decrease i n X by a 

sens i b l e amount. We i l l u s t r a t e t h i s t e c h n i c a l aside by introducing the 
2 

concept of X / d . f . used f o r measuring the q u a l i t y of f i t s . Let's denote 
the number of data points by and the number of parameters by 

data 
N . The degree of freedom d.f. i s defined t o be N , - N . When par data par 
one increases N t o N' one expects the q u a l i t y of the f i t t o par par 
improve, i . e . 

d.f. d.r. 

From t h i s we can j u s t i f y the number of parameters required i n our f i t s . 

Furthermore, one can also look at the c o r r e l a t i o n s between the 

parameters t o f i n d out i f any of them i s redundant, i . e . with t i n y 

c o r r e l a t i o n c o e f f i c i e n t s . (The minimizer employed i n our analysis i s 

the MINUIT (Cern) programme which has the f a c i l i t y f o r working out 
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c o r r e l a t i o n c o e f f i c i e n t s ) . Based on the above reasoning we only use one 

common Adler zero i n a l l our f i t s [ l 5 7 ] . 

Having b r i e f l y explained the philosophy of our f i t t i n g approach we 

now describe the various f i t t i n g procedures t h a t lead t o the f i n a l 

r e p r e s e n t a t i v e f i t s given i n Table 5.1 ( w i t h K and M f o r K- and M-

m a t r i x f i t s ; the s u b s c r i p t s are f o r the number of poles i n the 

p a r a m e t e r i z a t i o n s ) . We s h a l l leave a l l the f i n e d e t a i l s l i k e resonance 

assignments t o Chapter Six and only concentrate on g i v i n g an account of 

the f i t t i n g procedures here. 

A r e p r e s e n t a t i v e one K-matrix pole gl o b a l f i t without Cohen et a l 

described e a r l i e r has a x^/6.f. of 1.24 f o r 224 data and 24 parameters. 

When we searched f o r the ^ - m a t r i x poles (Appendix A.VI) of a l l the one 

K-pole s o l u t i o n s we always found among other poles one ( t o be explained 

l a t e r ) on sheet I I at 0.988 GeV which we c a l l the B pole (See Chapter 6 

f o r d e t a i l s ) . The pole p a t t e r n of a l l the s o l u t i o n s were extremely 

s i m i l a r and deserved more i n v e s t i g a t i o n . Here, I would l i k e t o point 

out t h a t the K-matrix pole i n t h i s parametrization must be near 1 GeV as 

r e q u i r e d by the r i s e of 6° i n the region (see Appendix A . I I I ) . 

Therefore t o make sure t h a t the B pole i s not an a r t e f a c t of the 

K-matrix parameterization we look f o r v a r i a t i o n s i n the nearby K-matrix 

pole by performing m u l t i - p o l e K-matrix f i t s , an example being the 3-pole 

K-matrix f i t . A t y p i c a l three pole f i t has a X^/d-f- of 223/196. With 

two a d d i t i o n a l poles i n the K-matrix the polynomial background i s 

consequently simpler ( c f . Eqn. 4.33). The main fe a t u r e of the three 

pole f i t s i s t h a t one of the K-matrix pole i s always near 1 GeV as 
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expected, while the other two are dispersed, so t h a t compared w i t h the 

one pole s o l u t i o n s the e f f e c t of these e x t r a poles i s j u s t t o 

reparametrize the smooth background - one pole occurs below TTTT threshold 

r e p a r a m e t r i z i n g l e f t hand cut e f f e c t s and the other above the region we 

f i t r e p a r a metrizing the high energy continuum ( c f . see K3 i n Table 5.1). 

The q u a l i t y of the one pole and three poles K-matrix f i t s i s remarkably 

s i m i l a r , as i s the pole p a t t e r n of these d i f f e r e n t amplitudes. While 

the p o s i t i o n of the ^ 1 GeV K-matrix pole varies s l i g h t l y from f i t s t o 

f i t s , the p o s i t i o n of the B pole remains unchanged. To confirm our 

b e l i e v e t h a t the B pole i s not an a r t e f a c t of the parameterization and 

the pole p a t t e r n i n general, we have obtained d i s t i n c t s o l u t i o n s w i t h an 

M-matrix parameterization, Eqn. 4.35. 

The f i r s t M-matrix parametrization we used had one M-matrix pole 

( e x c l u d i n g the Adler zero pole, Appendix A.IV). A t y p i c a l f i t has a 

X^/d.f. of 217/196 = 1 . 1 1 . We found again the B pole at e x a c t l y the 

same p o s i t i o n as i n a l l the previous K-matrix f i t s . An i n t e r e s i n g 

o bservation i s t h a t the M-matrix pole i s always close t o 1 GeV which I 

b e l i e v e i s the r e f l e c t i o n of i t s companion the 1 GeV K-matrix pole 

( c f . K]^ and M i n Table 5.1 and Eqn. A. 19). To convince myself t h a t 

t h i s i s indeed the case, I have t r i e d a two poles M-matrix f i t and the 

X^/d.f. i s 213/193 = 1.10. One of the two M-matrix pole i s again near 

1 GeV and the other one turns out t o be above 2 GeV which i s j u s t the 

r e f l e c t i o n of the f a r distance K-matrix pole i n our previous three pole 

K-matrix f i t s ( c f . K3 i n Table 5.1). The ^ - m a t r i x pole p a t t e r n i s 

again found t o be unchanged and proves the existence of the B pole 
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beyond doubt (see Section 6.1). However, the nature of B i s not clear 

from these f i t s and we w i l l study the r o l e of B i n more d e t a i l s l a t e r 

(see Section 6.2). 

Having understood the nature of the poles i n the parameterizations 

and e s t a b l i s h e d the p a t t e r n of the 5-matrix poles, we went on t o 

complete our g l o b a l a n a l y s i s by i n c l u d i n g Cohen et a l up t o 1.4 GeV ( c f . 

Section 5.1). Furthermore, i n o b t a i n i n g the f i n a l representative f i t s 

[Table 5.1] we have used the p^ defined i n Eqn. 4.13 (Appendix A.V). 

This i s j u s t a f i n e t u n i n g procedure because we had reproduced a l l the 

t r i a l f i t s using t h i s averaged p^ instead of the o l d p^ ( w i t h 

4m^ - 0.98277). In general, we have not concerned ourselves w i t h the 

f a c t t h a t the experimental r e s u l t s are binned. In f i t t i n g , we have 

t r e a t e d each datum as though i t represented the value of the experiment 

at the bin's mean energy value. This i s appropriate f o r smoothly 

v a r y i n g amplitudes. However, from our t r i a l f i t s described e a r l i e r we 

know t h a t the B pole i s on the r e a l energy axis and i s close t o 1 GeV. 

Hence i n the case of the AFS r e s u l t s i n the neighbourhood of 1 GeV, f o r 

both TTTT and KK channels [ 6 9 ] , we have a c t u a l l y averaged the 

parametrizations over the b i n widths, using Simpson's r u l e , when 

comparing w i t h these data. This c o r r e c t l y allows for any r a p i d 

v a r i a t i o n i n the 3"> ^rid consequently J - , matrix elements i n t h i s region 

caused by the B pole. We have found t h a t the K- and M- matrix 

parametrizations we have discussed give equally good f i t s t o a l l the 

258 data i n the mass range from TTTT threshold up t o 1.7 GeV, t h e i r 

parameters are l i s t e d i n Table 5.1. A t y p i c a l one pole s o l u t i o n , K-^ , 
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i s shown i n Figures 5.3-10. Apart from the revised e r r o r on one datum 

discussed i n Section 5.1, no attempt has been made t o weight p a r t i c u l a r 

sets of data i n t h e i r c o n t r i b u t i o n t o X̂  by anything other than the 

e r r o r s quoted i n the relevant analysis of each data set [ l 8 l ] . The 

X / d . f . i s then roughly 1.3. As seen from Figures 5.3-10 the major 

c o n t r i b u t i o n t o comes from the c o n f l i c t i n g data sets on <1)̂ 2 ' 

Figure 5.8 . Leaving out e i t h e r of these, i . e . exe r c i s i n g a prejudice 

as t o which i s c o r r e c t , decreases the X^/<3.f. i n our otherwise global 

f i t . (The s t r a t e g y employed i n the t r i a l f i t s described e a r l i e r ) . This 
2 

exercise favours E t k i n et a l over Cohen et a l w i t h a X / d . f . of only 

1.09 compared w i t h 1.23. The parameters of the s o l u t i o n , K ^ ( E t k i n ) , 

f i t t i n g the TTTT -> KK r e s u l t s of j u s t E t k i n et a l are l i s t e d i n table 5.1 

too ( i . e . one of the previous one pole t r i a l f i t s ) . However, we f i n d 

our amplitudes change so l i t t l e between such a l t e r n a t i v e s t h a t f o r the 

most p a r t we quote those of the compromise global f i t [ l 8 l ] . 

Figures 5.3-10. We w i l l comment l a t e r on t h i s s t a b i l i t y . Apart from 

the troublesome TTTT -> KK r e s u l t s , the data are very w e l l f i t t e d as 

i l l u s t r a t e d i n Figures 5.3-10, even, f o r example, the 3 data set on the 

TTTT phase, 6^^ , above 1 GeV from CERN-Munich as analysed by Ochs [ l 5 9 ] 

and by Martin and Pennington [162] and from the TT̂ TT" r e s u l t s of 

Cason et a l [ 1 6 3 ] . Though these are not exactly consistent, the f i t has 

found a very s a t i s f a c t o r y smooth t r a c k through these data, see 

Figures 5.4,6. 

As already remarked i n Section 5.2, the input of the AFS double 

pomeron r e s u l t s i s a severe c o n s t r a i n t on the s o l u t i o n , not j u s t on the 
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couplings OL^ , f o r which quadratic forms have been used (Eqns. 4.22,36), 

but on the strong i n t e r a c t i o n amplitudes i f ^ ^ and *i-^2 ' pointed out 

e a r l i e r i n the philosophy of our f i t t i n g , the t i g h t c o n s t r a i n t imposed 

by the AFS on the amplitudes i s borne out by the f a c t t h a t the data set 

i n the 1 GeV region could only be f i t t e d w i th p a t i e n t and d e l i c a t e 

v a r i a t i o n i n the parameters. The AFS data t i g h t l y r e s t r i c t how the 

amplitudes develop through the KK threshold region. This i s r e f l e c t e d 

i n the much more s t r i k i n g and s t r i n g e n t conclusions we w i l l be able t o 

deduce from t h i s a n a l y s i s than was previously possible using j u s t 

e l a s t i c hadronic r e a c t i o n s . Notice i n Figure 5.9 , the shoulder a t 

M 0.9 GeV before the steep f a l l . This i s an important feature of both 

the AFS data [ 6 9 ] and a l l our f i t s as w i l l be discussed i n Chapter Six. 

Such a s t r u c t u r e i s also seen i n the YY data discussed i n Section 5.4.2. 

I t i s important t o note t h a t the r a p i d v a r i a t i o n s i n tJ- n a t r i x 

elements required by experiment i n the c r u c i a l KK threshold region. 

Figures 5.3-10, are not wholly generated by the nearby K-matrix pole. 

Rather they are due t o the i n t e r p l a y between t h i s pole and the 

'background' polynomial. Because of the s t r u c t u r e s required near KK 

t h r e s h o l d , we have not been able t o f i n d s o l u t i o n s without a K-matrix 

pole w i t h less than 40 parameters, though with more parameters we 

b e l i e v e t h i s may be possible (see e a r l i e r discussion and 

Appendix A . I I I ) . We have on the other hand been able t o f i n d f u r t h e r 

s o l u t i o n s w i t h a d d i t i o n a l poles i n the K-matrix and a consequently 

simpler polynomial background ( c f . Eqn. 4.33). The parameters of a 

t y p i c a l three pole s o l u t i o n , K^ , are tabulated i n t a b l e 5.1 . As 
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expected from the s i m i l a r i t y of the previous one pole and three poles 

K-matrix t r i a l f i t s , the i n t r o d u c t i o n of more poles does out not change 

the g l o b a l d e s c r i p t i o n of the data and the f i t s are almost 

i n d i s t i n g u i s h a b l e from K^ of Figure 5.3-10. We s h a l l describe the 

d e t a i l e d features of these d i f f e r e n t amplitudes i n Chapter Six. 

We have also obtained f i t s w i t h a one-pole M-matrix parameterization. 

The parameters of a t y p i c a l M - f i t are l i s t e d i n Table 5.1. Again the 

q u a l i t y of the f i t i s e x c e l l e n t and the r e s u l t i n g physical amplitude i s 

almost i d e n t i c a l t o s o l u t i o n s K^ and K^ - see Chapter Six. The small 

d i f f e r e n c e s between these amplitudes i s h i g h l i g h t e d by looking a t the 

Argand p l o t of the TTTT -> TTTT s-wave, P^^-^-^ • I " Figure 5.5 the s o l u t i o n s 

^ 1 ' ̂ 2^^^^'^^"^' ^3 ^ compared. They are e s s e n t i a l l y i d e n t i c a l 

except f o r the energy range of 960 t o 1100 MeV, and then only K ^ ( E t k i n ) 

d i f f e r s above 1040 MeV. In t h i s region of KK thre s h o l d , the amplitudes 

are v a r y i n g most r a p i d l y and so differences become exaggerated. 

Focussing on K"'"K~ t h r e s h o l d where each s o l u t i o n leaves the c i r c l e and 

remembering t h a t u n i t a r i t y requires (J)^^ = (J)̂ 2 t h i s energy, we see 

how changes i n t h i s p o i n t can b r i n g a sizable d i f f e r e n c e i n 4)^^ with 

only a small change i n the corresponding amplitudes and t h e i r consequent 

pole s t r u c t u r e (See Chapter 6 ) . From Figure 5.5 ,the phase 

[(J)^^ = 6^^ + tan"^( ( l - r | ) / ( l + r i ) t a n 6 ^ ^ ) ] i s seen t o f a l l q u i c k l y above 

K"*"K~ t h r e s h o l d by almost 90° before r i s i n g again. I t seems rather 

n a t u r a l t h a t (j)^^ and <i>^_^ having been equal up t o K"''K" threshold should 

tend t o keep together i n the 8 MeV upto K°K° threshold (the reason f o r 

using the average i n the gl o b a l f i t s i s f o r such purpose - t o 
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d i s t i n g u i s h the d i f f e r e n c e between Etkin et a l , Cohen et a l and AFS, c f . 

Appendix A.V). I t i s a fe a t u r e of a l l our s o l u t i o n s t h a t 4)^2 does 

indeed f a l l i n i t i a l l y j u s t as implied by the TTTT -> KR r e s u l t s of 

E t k i n et a l . 

Our f i t t i n g procedure i s predicated on the assumption t h a t the TTTT and 

KK channels exhaust the content of u n i t a r i t y i n the energy range f o r 

which we f i t , namely up t o 1.7 GeV. We know, of course, t h a t t h i s i s a 

f a r too strong an assumption even above 1.2 GeV. Results on the HH 

f i n a l s t a t e [ l 7 l ] suggest t h a t t h i s may c o n t r i b u t e 2% t o the i n e l a s t i c 

c r o s s - s e c t i o n even i n the f-reg i o n [ F i g . 5.7]. Such an a d d i t i o n a l 

channel would i n f a c t have only a small e f f e c t on our amplitudes. More 

serious i s the appreciable onset of 4'IT channels near p-p threshold [172] 

as mentioned i n Section 5.1. Furthermore, we do not have precise 

i n f o r m a t i o n on the amplitude above 1.4 GeV (see Figure 5.7). In a l l 

the f i t s r eported so f a r ( i n c l u d i n g the t r i a l f i t s ) , the KK data are 

on l y f i t t e d up t o 1.4 GeV and beyond t h a t i s determined by the 

i n e l a s t i c TTTT cross-section as determined from the e l a s t i c channel by 

CERN-Munich [ l 5 8 ] (the magnitude (1 - n ^ j ) / 4 of ^ ^ 2 i s obtained by 

measuring V\^^ ). Another way t o obtain i n f o r m a t i o n on tl^2 to f o l l o w 

the KK c o n t r i b u t i o n of Cohen et a l [ l 6 4 ] and Et k i n et a l [ I 6 6 ] . We have 

obtained such a f i t , K^ , i n which the i n e l a s t i c cross-section i s 

r e q u i r e d t o resemble more the above KK c o n t r i b u t i o n ( i . e . the 

E t k i n et a l and Cohen et a l are f i t t e d up t o 1.7 GeV but the TTTT 

i n e l a s t i c data are only included up t o 1.4 GeV). The t r u t h presumably 

l i e s somewhere between the two extreme. Figure 5.7. In obtaining the K'̂  
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s o l u t i o n no phase inp u t on (̂ ^̂  has been imposed above 1.4 GeV, j u s t i t s 

magnitude. This i s because the s t r i c t i m position of the KR phase (as 

determined by Cohen et a l , f o r example) i s surely o v e r - r e s t r i c t i v e i n 

the presence of other appreciable open channels. Nevertheless, by 

i n t r o d u c i n g more parameters a s a t i s f a c t o r y f i t t o the phase information 

on (form Cohen et a l ) can be obtained g i v i n g a s o l u t i o n w i t h a 

s i m i l a r pole content t o K| . As expected, the d i f f e r e n c e s between K^ 

and K^ only occur above 1.4 GeV and then l a r g e l y i n t h e i r couplings t o 

KK- I n Chapter Six we w i l l e x h i b i t these d i f f e r e n c e s , which are again 

small. 

5.3.1 Consistency checks 

Here we perform two consistency checks on our s o l u t i o n and how they 

f i t the AFS double pomeron r e s u l t s . The f i r s t i s t o consider how t h i s 

much more s o p h i s t i c a t e d and complete treatment i s r e l a t e d t o the e a r l i e r 

s i n g l e channel Omnes analysis by D.Morgan and M.R.Pennington [147] using 

40% of the AFS s t a t i s t i c s w i t h t h e i r p r e l i m i n a r y treatment of t h e i r 

acceptance. As d e t a i l e d i n Section 4.2.4, t h i s can be done by comparing 

the two channel f u n c t i o n P of Eqn. 4.27 with the sin g l e channel 

P [Eqns. 4.23,26], which i n Ref. [ l 4 7 ] was taken t o be a constant. The 

P from our f i t s i s p l o t t e d i n Figure 5.11 and i s seen t o remain 

remarkably f l a t , emphasising the u n i v e r s a l i t y of the Omnes fu n c t i o n 

below KK thr e s h o l d and i n d i c a t i n g no dramatic d i f f e r e n c e i n the way the 

TTTT f i n a l s t a t e couples t o P IP than t o TTTT i t s e l f . This i s t o be 

contrasted w i t h our discussions of the yy process i n Sections 5.4.2 and 
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7.4. 

I n f i t t i n g the AFS data we have only considered the S-wave 

cr o s s - s e c t i o n , Eqn. 5.11, w i t h no reference t o i t s phase. However, 

there does e x i s t phase information on t h i s channel as analysed by 

C e c i l [ 1 7 6 ] . Our second check i s the r e f o r e t o compare the p r e d i c t i o n 

f o r the S-D wave i n t e r f e r e n c e predicted by our s o l u t i o n s with t h a t given 

by experiment. With the D-wave phase assumed dominated by j u s t the 

f - c o n t r i b u t i o n and so given again by Eqn. 5.3 and i t s normalisation 

chosen t o reproduce the reported height of the D-wave cross-section, we 

o b t a i n the p r e d i c t i o n shown i n Fig. 5.12 i n e x c e l l e n t agreement w i t h 

AFS's experimental i n t e r f e r e n c e [ 6 9 ] . Deviations at higher TriT masses 

are t o be expected as the D-wave phase i s no longer f-dominated. The 

a b i l i t y of our s o l u t i o n s t o p r e d i c t r e s u l t s not f i t t e d make t h i s a very 

s a t i s f a c t o r y t e s t of our amplitudes. 

Apart from the e l a s t i c and i n e l a s t i c channels of TTTT sc a t t e r i n g s which 

we have used t o obt a i n our amplitudes, there are other sources of 

dimeson f i n a l states l i k e heavy f l a v o u r decays and the two photon 

channel. These are a l l r e l a t e d through u n i t a r i t y t o the TTTT and KK 

hadronic amplitudes, ( c f . Eqn. 4.16), we have determined up t o 

1.7 GeV. In the next s e c t i o n , we have used one of our f i t s , K , t o 

represent these amplitudes and consequently determined the TTTT and KK 

couplings (the ) of these other processes. 
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5.4 OTHER SOURCES OF DIMESON FINAL STATES 

5.4.1 Heavy f l a v o u r decays 

The d i p i o n mass spectrum observed i n the decay of -> J/ipTT7T i s seen 

t o peak at high TTTI masses 600 MeV). This i s oft e n spoken of as 

r e f l e c t i n g some low mass e p s i l o n - l i k e s t r u c t u r e i n the 1 = 0 S-wave TTTT 

system. This i s t o forg e t t h a t TTTT and KK decays of the states of hidden 

charm and hidden beauty are subject t o exactly the same co n s t r a i n t s as 

a l l other hadronic decays by v i r t u e of t h e i r common f i n a l s t ates. The 

amplitudes f o r these S-wave decays are also given by the formulae of 

Sections 4.2,3. [182]. 

Let us f i r s t consider the decays ^' -> J/ipnir and T' ->TinT 

( g e n e r i c a l l y V - VTTTT). The phase space f o r the irTT f i n a l state i s 

l i m i t e d by the V - V mass diffe r e n c e s of less than 600 MeV. The 

experimental spectrum f o r the decay A -> B(MM) can be expresssed i n 

terms of the appropriate S-wave amplitude J(M) by 

§i { [ C \ - % ) ^ - M ^ ] [ ( M ^ - M B ) 2 - M 2 ] [ M 2 - 4 U 2 ] } ^ | ̂  ( M ) 2 (5.14) 

where M i s the dimeson mass and once again y i s the mass of the 

i n d i v i d u a l mesons i n t h i s p a i r . The amplitude ^ w i l l be given by an 

equation of the form of Eqn. 4.22. In the f o l l o w i n g f i t s we now 

describ e , the 'reduced' amplitudes T. . are obtained from the *r. . 

amplitudes of the K^ f i t through Eqn. 4.20. The functions and are 

expected t o contain an Adler zero, as PCAC requires such a zero close t o 
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t h r e s h o l d f o r these and T' decays, there being no Born term. 

Otherwise we expect these functions and t o be simple as these 

channels have a suppressed l e f t hand c u t , since the OZI r u l e ' f o r b i d s ' 

J/̂ Î TT and TTT intermediate s t a t e s . Figure 5.13. We ther e f o r e parametrize 

them by a l i n e a r f u n c t i o n of M̂ . The p o s i t i o n of the on-shell zero i s 

t o be determined by the data. I t turns out t h a t the experimental 

r e s u l t s are well-described by such forms which incorporate the c r u c i a l 

t w i n i n g r e d i e n t s of PCAC and f i n a l s t a t e i n t e r a c t i o n s required by 

u n i t a r i t y [ 1 8 3 ] . Others [ l B 4 ] have f i t t e d these, and e a r l i e r data on 

the same channels [ 1 8 5 ] [ 1 8 6 ] [ 1 8 7 ] [ 1 8 8 ] [ 1 8 9 ] [ 1 9 0 ] w i t h j u s t the 

c o n s t r a i n t of PCAC and a sin g l e channel a n a l y s i s , i . e . i n our language 

s e t t i n g T-ĵ -ĵ  i n Eqn. 4.22 t o be a constant and ot^ t o zero. In the small 

mass reg i o n explored i n these decays, i t happens t o be t r u e t h a t T^^ i s 

slowly v a r y i n g . However, the advantages of t h i s f u l l e r treatment are: 

1. no such f o r t u i t o u s accidents are needed; nevertheless, a peaking at 

l a r g e r TTTT masses i s generated by the low mass suppression provided 

by the Adler zero ra t h e r than a l o c a l i z e d £ enhancement. 

2. by performing a coupled channel analysis we can determine the 

r e l a t i v e couplings t o TITT and KK. 

In Table 5.2 we give the p o s i t i o n of the zero, s^ , and the r a t i o of 

a t o a f o r the f i t t o each data set shown i n Figures 5.14-15. Note 
1 2 

from Figure 5.15 t h a t the q u a l i t y of the f i t s t o the T' data, whether of 

the ARGUS group at DORIS [ l 8 7 ] w i t h over 5000 acceptance-corrected 

events or the CESR groups [ l 8 8 ] [ l 8 9 ] w ith over 4000 such events, i s 

e x c e l l e n t . I n c o n t r a s t , the data. Figure 5.14 , w i t h merely a 
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thousand acceptance-corrected events from each of Mark I I [185] and 

C r y s t a l B a l l [190] are considerably poorer. This suggests t h a t the 

s t a t i s t i c a l e r r o r s on the C r y s t a l B a l l TT̂ TT" r e s u l t s [190] i n p a r t i c u l a r , 

which are a l l t h a t are shown i n Ref. 186, are f a r from the t o t a l 

u n c e r t a i n t i e s on these data. 

The one s u r p r i s e among these decays i s when we t u r n t o T' -> TTTTT, 

which w i t h a l a r g e r mass d i f f e r e n c e allows TTTT masses up t o 900 MeV. 

Even though the s t a t i s t i c s are poor w i t h only f i f t y or so events from 

both CLEO [ l 9 l ] and CUSB [ l 9 2 ] . Figure 5.15 , we see the data are 

co n s i s t e n t w i t h unadorned phase space. In our terminology, and 

appear constant and show no sign of vanishing near threshold. Why the 

Adler zero does not occur i n t h i s channel i s a mystery. No Born term i n 

the T'' -> TTTTT channel i s known, but these data do suggest some 

unexpected dynamics, which more data would hopefully i l l u m i n a t e . 

A p a r t i c u l a r l y f o r t u n a t e s i t u a t i o n would arise i f one of these narrow 

s t a t e s , below heavy f l a v o u r threshold, would allow TTTT masses beyond KK 

th r e s h o l d . This, together w i t h e x p l i c i t information on the KK channel, 

would a l l o w another look i n t o the S* region, which at present only the 

AFS data explores f u l l y . Several such channels are possible but a l l 

have complications. F i r s t , there i s J/\p -> (J)(MM), where the 4) i s 

i s o l a t e d by i t s KK decay mode. This channel allows dimson masses up t o 

2 GeV, again has suppressed l e f t hand cut e f f e c t s (we know of no J/i|;7r or 

J/tl)K states i n keeping w i t h the OZI r u l e . Fig. 5.17) and can have q u i t e 

d i f f e r e n t couplings t o TTT: and KK from any of the channels previously 

discussed. Unlike the AFS data, the 'S*' shows as a peak near KK 

- 150 -



t h r e s h o l d [Fig§. 5.lS-1'^]. This i s a sign t h a t the KK couplings are 

dominant, as the presumed s i s t r u c t u r e of the (j) would 

imply [ F i g . 5.17(b)]. The only published data from Hark I I at 

Spear [193] are f a r too poor t o be very precise. However, a dramatic 

improvement i s expected i n the near f u t u r e w i t h r e s u l t s from Mark I I I at 

PEP and DM2 a t DCI on both the TTTT and KK channels. Preliminary 

r e s u l t s have been presented at the 1986 Rencontre de Moriand [ l 9 4 ] [ l 9 5 ] 

t o which we apply our a n a l y s i s . Knowing 'H^.^ and *^21' ^^^^^ data can be 

f i t t e d t o determine the coupling functions Otj and ot^ • These each 

co n t a i n the Adler zero f o r t h i s channel, but wi t h the present 

u n c e r t a i n t i e s we merely put SQ , Eqns. 4.33-35, equal t o i t s TTTT 

p o s i t i o n . Table 5.1. As an i n d i c a t i o n of what can be achieved, we have 

f i t t e d q u adratic forms f o r the a^'s simultaneously t o the published 

Mark I I [193] and p r e l i m i n a r y Mark I I I data [ l 9 4 ] . The parameters are 

l i s t e d i n Table 5.2 and the f i t s shown i n Figures 5.18-20. Though the 

f i t s are shown as continuous curves they are i n f a c t averaged over the 

same bins as the data shown, j u s t as f o r the AFS r e s u l t s [Section 5.3]. 

This i s e s s e n t i a l i n the KR threshold region, where our amplitudes have 

l o c a l s t r u c t u r e , caused by the B pole (See Section 6.1), r e s u l t i n g i n 

the shoulder and f a l l i n the IP P -> TTTT spectrum [ F i g . 5.9], while g i v i n g 

a peak i n the present J/ijj -> (J)TTTT d i s t r i b u t i o n s [ F i g s . S.ti-aQ ] . Data with 

s u f f i c i e n t s t a t i s t i c s t o allow f i n e r binning may u s e f u l l y check our 

amplitudes i n the 1 GeV region. Indeed, we eagerly await the f i n a l 

Mark I I I and DM2 [ l 9 6 ] r e s u l t s , which, once acceptance corrected, the 

dimeson mass accu r a t e l y c a l i b r a t e d and the S-wave separated, could be 

added t o the data sets of Section 5.1 t o constrain the determination of 
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our basic nadronic amplitudes . . of Section 5.3. 

Another r e a c t i o n w i t h f a r higher s t a t i s t i c s , f o r which data have been 

a v a i l a b l e f o r a number of years i s J/^ -> urrrTT [ 1 9 7 ] . This channel 

exposes a large TTTT mass region and i s known t o have a sizable D-wave 

s i g n a l as the f-resonance i s c l e a r l y seen. However, an analysis of t h i s 

decay i s complicated by crossed channel e f f e c t s [ 1 9 8 ] . The TTTT spectrum, 

even i f i t were angular separated, could not be discussed without regard 

t o s t r o n g r e f l e c t i o n s from the um channel which, again because of f i n a l 

s t a t e i n t e r a c t i o n e f f e c t s , has a sizable B-signal. To a r r i v e at any 

conclusions from t h i s channel, a f u l l D a l i t z p l o t analysis i s necessary 

together w i t h a complete treatment of the am as w e l l as coupled TTTT 

channel. 

5.4.2 Two photon channel 

We have already drawn an analogy i n Section 5.2 between the IP IP -> MM 

and the two photon process accessible i n e'''e~ -> e''"e (MM). 

Unf o r t u n a t e l y only r e l a t i v e l y poor s t a t i s t i c s r e s u l t s e x i s t f o r t h i s i n 

p r i n c i p l e cleaner channel [175]. Data on d i p i o n production have been 

published by PLUTO at Petra [199] and DM1 at DCI [200 ] , Figure 5.19, the 

shape of which has been r e c e n t l y corraborated by preliminary r e s u l t s 

from DM2 at DCI [ 2 0 l ] . In the absence of angular separation, we naively 

assume t h a t a l l the data below 1 GeV i s S-wave. Having determined 

and ^-^2 "̂'̂  g l o b a l f i t s (K^ i s used), we can f i t these TY data 

using the analogue of the IP IP s c a t t e r i n g formula Eqn. 5.10: 
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^J=0^^^ . |'i'=°(M)l2 (5.15) 

and so determine , f o r the YT process. Just as f o r the IP IP 

r e a c t i o n , there i s a non-zero pion exchange Born c o n t r i b u t i o n [ F i g . 4.3] 

and the as are not expected t o have an Adler zero. The r e s u l t s of a f i t 

t o the PLUTO [199] and DM1 [200] data are shown i n Figure 5.21, with the 

corresponding parameters l i s t e d i n Table 5.2. We would p r e d i c t t h a t the 

DM2 [ 2 0 l ] data when f i n a l i s e d should have the same form as t h i s . 

To i n v e s t i g a t e the i n t r i n s i c d i f f e r e n c e between the YY and IP IP 

processes, we compare t h e i r couplings by p l o t t i n g the relevant f u n t i o n P 

of Eqn. 4.27 i n Figure 5.2% t o be contrasted w i t h Figure 5.11. The 

e f f e c t i v e coupling t o the P P channel i s f l a t showing no mass 

dependence compared w i t h TTTT i t s e l f , but the YY couplings increase 

towards 1 GeV. Such sharp contrast between the two couplings can have a 

s i g n i f i c a n t i m p l i c a t i o n which we w i l l discuss i n Chapter Seven. A crude 

e x t r a p o l a t i o n of the S-wave couplings of Figure 5.22 up t o 

1.4 GeV (unconstrained by any data i n t h a t region!) does suggest however 

t h a t there i s a large S-wave s i g n a l under the f and emphasises the 

importance of a p a r t i a l wave separation before r e s u l t s on the size of 

the f s i g n a l can be believed. Moreover, a f t e r t h i s analysis was 

completed, new r e s u l t s from the TPC YY c o l l a b o r a t i o n have been 

published [ 2 0 2 ] , which do not agree with the PLUTO data of 

Figure. 5.21 (and hence Fig. 5.22) and so no f i r m conclusions can be 

drawn u n t i l t h i s discrepancy i s resolved. Nevertheless, the formalism 

o u t l i n e d i n Section 4.2-3 should apply as previously discussed f o r 

instance by Lyth [203] and by Mennessier [2 0 4 ] . 
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5.4.3 Diagrams and Tables 1̂ 

( e * ) p 

'tot 

( e " ) P 

F i g u r e 5.1 The double Pomeron exchange graph c o n t r o l l i n g c e n t r a l 

dimeson production i n pp -> pp(MM). I t s analogue 

e^e" -> e^e'CMM) i s shown i n brackets. 

> 1500 

: ? s 1000 

0 5 10 15 20 2 5 
M (GeV) 

Figure 5.2 The general t r e n d of the double Pomeron exchange 

cro s s - s e c t i o n f o r d i p i o n production may be a t t r i b u t e d t o 

pion exchange. Normalised t o the AFS data [69] and f o l d i n g 

i n t h e i r acceptance, t h i s ' d u a l i t y average' i s p l o t t e d 

together w i t h the AFS r e s u l t s on M" X d'^O/dt^ d t j dy dM as a 

f u n c t i o n of d i p i o n mass M. For ease of p l o t t i n g , the f a c t o r 

has been included as t h i s conveniently reduces the scale 

o f the M-dependence. - 154 -
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P> 180 

M^^(GeV) 
F i g u r e 5.3 The 1 = 0 S-wave phase s h i f t , 6° f o r Tnr s c a t t e r i n g 

(denoted 6^^ i n the t e x t ) froB the CERH-Munich group [ 1 5 8 ] . 

The hatched band represents the c o n t i n u a t i o n down t o 

t h r e s h o l d provided by t h e Roy equations [ 1 6 2 ] . The curve 

shows a f i t t y p i c a l of a l l the s o l u t i o n s . 
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Figure 5.4 The TTTT 1 = 0 S-wave phase-shift, 6° , and i n e l a s t i c i t y 

(denoted by 6̂ ^ , n^^ i n the t e x t ) above kR threshold 

showing the CERN-Munich r e s u l t s as analysed by Ochs [ l 5 9 ] 

and the p r e f e r r e d B s o l u t i o n of Cason et a l [ l 6 l ] . Again 

the curves show a t y p i c a l f i t given by the s o l u t i o n s . 
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Figure 5.5 The OT X = 0 S-oave aaplitude Pj_3j_j shoun i n an Argand p l o t 

coDparing th® s o l u t i o n s K ( o ) , K ( i t k i n X V ) , K (A) and U(a). 

Th© l a s t thr©® ar© only shorn whdre they <3iff©r fro d 

solution o 

- 157 -



- 0 5 

Figure 5.6 The 1 = 0 S-wave amplitude P^^j^j^ shorn i n an Argand p l o t 

w i t h s o l u t i o n compared w i t h the CERH-Munich r e s u l t s from 

the energy-independent a n a l y s i s of Martin and 

Pennington [162] from 1,15 t o 1.69 GeV i n 20 MeV b i n s . 

Error e l l i p s e s have been drawn a t r e p r e s e n t a t i v e energies. 
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Figure 5.7 The cr o s s - s e c t i o n f o r i n e l a s t i c I = 0 S-wave inr s c a t t e r i n g . 

This c r o s s - s e c t i o n i s p r o p o r t i o n a l t o ( l / 4 ) ( l - n j | j ) . where 

11^^ i s the inr i n e l a s t i c i t y , and i t i s t h i s t h a t i s p l o t t e d 

from the analyses of the CERM-Munich inr r e s u l t s by 

Ochs [ 1 5 9 ] ( • ) and by Martin and Pennington [ 1 6 2 ] ( A ) . The 

1 = 0 S-wave mi -> Kif c o n t r i b u t i o n t o t h i s i n e l a s t i c 

c r o s s - s e c t i o n i s p l o t t e d from t h e r e s u l t s o f 

Cohen e t a l ( l 6 4 ] ( x ) and EtJiin e t a l [ l 6 6 l ( o ) . Some of t h e 

data p o i n t s have been displaced f o r eas i e r p r e s e n t a t i o n . 

The f u l l curve corresponds t o s o l u t i o n and the do t t e d one 

t o as described i n the t e x t . 
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Figure 5.8 The phase of 1 = 0 S-wave im -> Kjf s c a t t e r i n g from 

Cohen e t a l [ l 6 4 > ] ( o ) , E t k i n e t a l [l66](»), and from 

Wetzel e t a l ( A ) , Polychronakos e t a l (?) and 

Costa e t a l ( A ) [ l 6 5 ] . Experiment determines the phase of 

t h i s S-wave r e l a t i v e t o the D-wave. Modelling t h a t by 

resonance dominated forms gives the S-wave phase, <t>j2 » 

shown. 
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Figure 5.9 Mass spectrum of c e n t r a l l y produced S-wave inr events i n 

pp -> ppinr from the AFS C o l l a b o r a t i o n [69] are shown above 

1 GeV. These data have been co r r e c t e d f o r acceptance [ 1 7 6 ] . 

The curves show a t y p i c a l f i t given by s o l u t i o n . 
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1.6 

Figure 5.10 Mass spectrum of c e n t r a l l y produced S-wave Tnr and KK events 

i n pp -> pp(MM) from the AFS C o l l o b r a t i o n [69] are shown 

above 1 GeV. These data have been corrected f o r 

acceptance [ 1 7 6 ] . The curves show a t y p i c a l f i t given by 

s o l u t i o n K, . 
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M^(GeV) 

Figure 5.11 A p l o t of the e f f e c t i v e tv#o-channel c o e f f i c i e n t f u n c t i o n of 

the Omnes r e p r e s e n t a t i o n , Eqn. 4.27, f o r the production 

process pp -> ppinr as a f u n c t i o n of d i p i o n mass, M f o r a 

re p r e s e n t a t i v e s o l u t i o n , . The f l a t n e s s i n d i c a t e s the 

near e q u a l i t y of the Omnes f u n c t i o n f o r t h i s process and TTTT 

s c a t t e r i n g i t s e l f , Eqns. 4.26-27. 
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Figure 5.12 The AFS r e s u l t s on S-D wave i n t e r f e r e n c e i n pp -> ppirir [ 69] 

are compared t o the p r e d i c t i o n from the a n a l y s i s w i t h the 

s o l u t i o n s determining the S-wave and the D-wave assumed 

dominated by the f-resonance below 1.4 GeV. (At higher 

masses, t h i s simple model of the D-wave becomes inadequate). 

164 



Figure 5.13 Parton diagram of the decay V -> Vinr, w i t h V made of heavy 

quarks v, so t h a t v = c, b means V = 'I' or T, emphasising the 

gluonic nature of the intermediate state expected i n t h i s 

p i c t u r e . 
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Mark H Crystal Ball 

02 03 

Figure 5.14 The inr mass spectrum f o r the decay ijj* -> J/Tlnr^ir" as a 

f u n c t i o n of f o r 

(a) TT^ir" from Mark I I [ 1 8 5 ] , 

(b) TT^Tr" from C r y s t a l B a l l [ 1 8 6 ] . 

The curves show the r e s u l t s of a combined f i t t y p i c a l l y 

given by the S-wave solutions;. 
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Figure 5.15 The inr mass spectrum f o r the decay T * - > TITIT as a f u n c t i o n 

of N f o r : 

(a) TT+iT" from Argus [187], 

(b) Tr"̂ Tr~ from CLEO [188], 

(c) ir+TT" from CUSB [189], 

(d) TT'TT" from C r y s t a l B a l l [ 1 9 0 ] . 

The curves show the r e s u l t s of a combined f i t t y p i c a l l y 

given by the S-wave s o l u t i o n s . 
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F i g u r e 5.16 The inr mass spectrum f o r T * -> Tim as a f u n c t i o n of M 

from 

( a ) CLEO [ 1 9 1 ] , 

(b) CUSB [ 1 9 2 ] . 

The curves show the data a r e e s s e n t i a l l y c o n s i s t e n t w i t h 

phase space with no low mass Adler s u p p r e s s i o n . 
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F i g u r e 5.17 Parton l i n e diagrams of the processed 

( a ) J/\i> -> (t)TnT, (b) J/4; -> 4>KR. 

Mark Q 

<I>KK 

M„^(GeV) 
1.0 1.1 

M^^(GeV) 
F i g u r e 5.18 The Tnr and K T mass s p e c t r a for the decays J ^ j j -> ^(MJ!) from 

Mark I I [ 1 9 3 ] . Our s o l u t i o n s t y p i c a l l y give the curves 

shown which i n f a c t represent the average over each b i n 

width, assuming pure S-wave. 
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F i g u r e 5.19 The p r e l i m i n a r y TH? and KK mass s p e c t r a f o r the decays 

J/4» -> •(MM) from Mark I I I presented by M a l l i k [ 1 9 4 ] . Our 

s o l u t i o n s a r e e x e m p l i f i e d by the c u r v e s shown; t h e s e 

r e p r e s e n t the average over each b i n width» assuming pure 

S-wave. 
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F i g u r e 5.20 As f o r F i g u r e 5.19 with the inr d a t a above 600 MeV i n 30 HeV 

b i n s . 
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F i g u r e 5.21 The -mr mass s p e c t r u a f o r the process °> 

( a ) the PLUTO C o l l a b o r a t i o n [199]„ 

( b ) DM1 [ 2 0 0 ] . 

Mote t h a t i n p l o t ( b ) the pur e l y l e p t o n i c c o n t r i b u t i o n t o 

the d e t e c t e d f i n a l s t a t e ha& been f o l d e d i n t o a l l o w 

c o m p a r i s i o n w i t h the DNl r e s u l t s [ 2 0 0 ] . Assuming the 

d a t a i s S-wave dominated, the s o l u t i o n s r e a d i l y accord with 

t h e s e s p e c t r a a s shown by the c u r v e s . 
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0.7 
(GeV) 'K 

F i g u r e 5.22 E f f e c t i v e two channel c o e f f i c i e n t f u n c t i o n f o r an Omnes 

r e p r e s e n t a t i o n of the process YY 1"̂ ' The data are from 

PLUTO [199] and the curve corresponds to the f i t shown i n 

F i g u r e 5.20. T h i s i s t o be c o n t r a s t e d with the f l a t 

f u n c t i o n of F i g u r e 5.11 f o r IP (P -> "ITIT i n d i c a t i n g that the 

S-wave s t a t e s have from 0.3 to 1 GeV ein i n c r e a s i n g coupling 

t o YY with i n c r e a s i n g mass compared t o im and P P. 

However, t h e s e c o n c l u s i o n s a r e not d e f i n i t i v e without 

peurtial wave s e p a r a t i o n , information on the KK channel and a 

r e s o l u t i o n of the experimental i n c o n s i s t e n c y between 

d i f f e r e n t YY <5^ta s e t s . 
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Paraa«ccr l ^ ( E t k i n ) M 
s 
0 

-O.OllO -0.0162 -0.0141 0.0220 -0.0074 
• l 0.9247 0.9383 0.9226 0.0544 0.9828 
•2 0.9547 
•3 2.2815 
' i -0.2242 -0.1659 -0.2334 0.0870 0.1968 
'J 0.5829 0.5852 0.5969 0.3800 -0.0154 

'! 
'I 
'I 

-0.1298 
'! 
'I 
'I 

0.6011 
-2.1130 
4.1900 

0.1131 a^^ 
0.0150 a^2 
-0.3216 a „ 22 
0.0337 '°n 0.7347 0.4247 0.7871 -0.9527 

0.1131 a^^ 
0.0150 a^2 
-0.3216 a „ 22 
0.0337 

-0.5266 -0.5822 -0.5610 -0.6893 -0.3185 
2.6151 2.5478 1.6987 1.1313 -0.0942 

-1.7747 -1.7387 -2.0451 -2.1052 -0.5927 
0.8031 0.8308 0.6361 0.1957 

''u -3.2762 -3.1401 -3.3270 0.6619 -0.2826 
'I2 -0.6662 -0.1359 -0.4788 1.9239 0.0918 

0.8778 1.0286 1.1362 0.3866 0.1669 
-2.1190 -2.3029 -1.0623 1.5638 -0.2082 
0.2319 0.1944 0.6290 -0.1386 

-2.6785 -2.8447 -2.7914 -3.4567 0.3010 
7.9951 6.9164 7.5952 -1.8117 -0.5140 

'It 5.5763 5.2846 4.5612 2.4379 0.1176 
'I2 -1.4956 -0.9646 -0.9356 -2.7982 0.5204 

'22 -0.3977 
•! -0.4012 -0.5711 -0.4700 -0.2368 0.1393 
•! 0.5468 0.7800 0.6593 0.3183 -0.0278 •1 0.2440 0.1622 0.2036 0.3131 0.3952 •5 3.273 3.310 3.542 3.328 3.241 

•5 -3.483 -3.533 -3.824 -3.763 -3.432 
'! 1.183 1.193 1.284 1.340 1.147 
^Daca 258 224 244 258 258 
?arm 24 24 24 28 24 

303 219 307 305 303 
X^/df 1.29 1.09 1.40 1.31 1.29 

T a b l e 5.1 P a r a a e t e r s of g l o b a l f i t s . The four s i g n i f i c a n t f i g u r e s a r e 

to, a l l o w an a c c u r a t e reproduction Of the f i t r a t h e r than an 

i n d i c a t i o n of t h e i r a c curacy. A l l dimensional parameters i n 

a p p r o p r i a t e powers of GeV. 
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Process Experiment s /m2 0 t a^(s) a2(s) X^/data 

Mark I I 5.4 -0.176 1.0 28/23 
Crystal B a l l 97/26 

Argus 9/13 
T'+Tinr CLEO 3.4 -0.176 1.0 7/11 

CUSB 10/14 
Crystal B a l l 5/10 

CLEO 13/11 
-0.176 1.0 

CUSB (fixed) 1/6 

Mark I I 39/18 
Mark I I -0.5 of =• 0.53 o° = 0.08 1/4 
Mark I I I (fixed) a| - -1.58 aj - 3.64 50/38 
Mark I I I 

* 

ci2 m 1,23 o2 = -2.72 1/5 

PLUTO 0° - -0.44 0° - 1.11 12/17 
CD aj = -2.46 al = 7.99 

DM1 =• 0 o2 - -8.10 4/6 

T a b l e 5.2 Parameters of f i t s t o heavy decays and yy -> w i t h s ^ the 

p o s i t i o n of the process°dependent Adler z e r o and the 

c o u p l i n g f u n c t i o n s a ^ ( s ) of Bqn. 4.36 n o r a a l i s e d so th« 
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CHAPTER SIX 

RESULTS AND SUMMARY 

6.1 POLES OF THE S-MATRIX 

I n t h i s C h a p t e r , we resume our main theme a d d r e s s i n g t h e q u e s t i o n : 

What 1 = 0 s c a l a r dynamics i s e n t a i l e d by our g l o b a l f i t ? When people 

d i s c u s s t n e p s e u d o s c a l a r s o r t e n s o r s , t h e r e i s no q u e s t i o n t h a t t h e 

I (1440) o r 9(1690) a r e resonances or what t h e o t h e r O""*" and Z"*"*" s t a t e s 

a r e ; s p e c u l a t i v e i n t e r p r e t a t i o n s t a r t s from t h a t p o i n t ( c f . Chapter 3 ) . 

For t h e s c a l a r s , e s p e c i a l l y i n t h e 1 = 0 s e c t o r , i t i s a major and 

s u b t l e e n t e r p r i s e t o e s t a b l i s h what t h e resonances a r e , s t i l l more t o 

a s s i g n m e a n i n g f u l p a r a m e t e r s . The d i f f i c u l t y stems from a l l t h e c l a s s i c 

c o m p l i c a t i o n s o f t h e resonance concept o c c u r r i n g s i m u l t a n e o u s l y : 

resonances a r e v a r i o u s l y broad and o v e r l a p p i n g w i t h s u b s t a n t i a l c o u p l i n g 

t o s t r o n g l y o p e n i n g channels (see t h e S* p u z z l e i n S e c t i o n 3.4.4). We 

a r e g o i n g t o proceed i n r a t h e r slow c a r e f u l stages i n t h e f o l l o w i n g 

d i s c u s s i o n s and t h i s i s i n e v i t a b l e g i v e n t h e c o m p l e x i t y o f t h e 

phenomena. 

I n t h e p r e s e n t s e c t i o n , we l i s t and d i s c u s s t h e p o l e c o n t e n t o f our 

s o l u t i o n s p o i n t i n g o u t how our r a t h e r e l a b o r a t e p o l e s c e n a r i o i s t i e d t o 

t h e phenomena i t e x p l a i n s and t o g e n e r a l r e q u i r e m e n t s on p o s s i b l e 

s t r u c t u r e s o f t h e S- m a t r i x . The ensuing l i s t o f pol e s and r e s i d u e s i s 

t h e o b j e c t i v e outcome o f our a n a l y s i s . As we s h a l l show i n t h i s 
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c h a p t e r , i n a l l our s o l u t i o n s , we always f i n d seven p o l e s o f t h e 

S - m a t r i x below 1.7 GeV. I n S e c t i o n 6.2 , we a t t r i b u t e these t o f o u r 

r e s o n a n c e s , two broad o b j e c t s e(900) and £'(1420) [ 2 0 5 ] and two narrow 

resonances S^(993) and S^iSBB), which t o g e t h e r reproduce t h e S* 

phenomenon. C o u p l i n g s t o TTTT and KK r e v e a l t h e e(900) and e'(1420) t o be 

c o n s i s t e n t w i t h a (uu + dS) c o m p o s i t i o n w i t h i n an i d e a l l y mixed nonet; 

l i k e w i s e t h e 82(988) c o u l d have an ( s s ) c o m p o s i t i o n and t h e S^(993) 

appears l i k e an SU(3) s i n g l e t , c o m p a t i b l e w i t h a g l u e b a l l make-up. 

Having s k e t c h e d our d e s t i n a t i o n , we now proceed t o d e t a i l and j u s t i f y 

t h i s p o l e c o n t e n t o f our s o l u t i o n s . T h i s e n t a i l s s p e c i f y i n g n o t o n l y 

p o s i t i o n s and r e s i d u e s ( c o u p l i n g s ) , b u t a l s o on which sheet o f t h e 

energ y p l a n e (see Appendix A.VI) p o l e s a r e l o c a t e d [ F i g . 6 . I ] . T h i s 

l a t t e r i s o n l y an i s s u e when dynamical a c t i v i t y c o i n c i d e s w i t h t h e 

o p e n i n g o f a new t h r e s h o l d - p r e c i s e l y , t h e p r e s e n t case. N o r m a l l y , a l l 

b u t one o f t h e u n p h y s i c a l sheets o f t h e energy plane i s remote and 

resonances a r e unambiguously i d e n t i f i e d w i t h p o l e s on 'the a d j a c e n t 

s h e e t , e.g. f o r p( 7 7 0 ) sheet I I and f ( 1 2 7 0 ) sheet I I I . A new t h r e s h o l d 

t e m p o r a r i l y m u l t i p l i e s p o s s i b i l i t i e s (see Appendix A . V I ) , s i n c e t h r e e 

u n p h y s i c a l s h e e t s a d j o i n t h e p h y s i c a l r e g i o n and can be t h e seat o f 

p h y s i c a l l y s i g n i f i c a n t resonance p o l e s . The r e s u l t i n g s t r u c t u r e i s 

c o n v e n i e n t l y d i s p l a y e d i n a k^-plane [ F i g . 6 . 2 a ] , which e x p l i c i t l y 

d i s t i n g u i s h e s t h e two a l t e r n a t i v e s k^ = + / E ^ / 4 - c o r r e s p o n d i n g t o a 

g i v e n complex energy E . I n f a c t , k^ i s t h e c m . 3-momenta o f t h e KK i n 

TTTT - > K K . 
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As mentioned i n S e c t i o n 4.2.3, r e a c t i o n t h r e s h o l d s appear as 

s i n g u l a r i t i e s i n which t a k e t h e form o f c u t s w i t h b r a n c h i n g p o i n t s a t 

t h e t h r e s h o l d s and e x t e n d i n g t o s = <». F u r t h e r m o r e , t h e r e i s no 

f u n d a m e n t a l d i f f e r e n c e between a resonance and a s t c i b l e hadron besides 

t h e mass (assuming a l l o t h e r quantum numbers t o be t h e same). One 

t h e r e f o r e expects t h e exchange o f a resonance t o r e s u l t i n a p o l e i n t h e 

complex s plane near t h e r e a l a x i s , b u t above t h e f i r s t branch p o i n t . 

For a s i m p l e B r e i t - W i g n e r resonance, t h e p o l e can n e i t h e r be on t h e r e a l 

a x i s nor on t h e p h y s i c a l s h e e t , so h e r m i t i a n a n a l y t i c i t y demands t h a t 

t h e r e be i n f a c t two p o l e s , p l a c e d s y m m e t r i c a l l y on o p p o s i t e s i d e s o f 

t h e r e a l a x i s and on an u n p h y s i c a l s h e e t . Only t h e one which i s below 

t h e r e a l a x i s i s c l o s e t o t h e p h y s i c a l s h e e t , s i n c e t h e u n p h y s i c a l sheet 

i s r e a c h e d from t h e p h y s i c a l sheet by c r o s s i n g t h e r e a l a x i s from 

above ( i . e . f rom I t o I I as i n F i g u r e 6.1). Hence, resonance p o l e s 

u s u a l l y have images on r e l a t e d s h e e t s , f o r example, t h e p h y s i c a l f - p o l e 

has a c o u n t e r p a r t on sheet I I and t h a t o f t h e p on sheet I I I . I n t h e 

K j - p l a n e , these images occur a t a p p r o x i m a t e l y t h e m i r r o r p o s i t i o n 

- (we w i l l r e t u r n t o t h i s f o r more d e t a i l s i n S e c t i o n 6 . 2 ) , as 

f o l l o w s d i r e c t l y f r o m t h e B r e i t - W i g n e r d e s c r i p t i o n o f these resonances. 

N o r m a l l y , t h i s phenomenon o f p a i r i n g i s o f no p h y s i c a l i m p o r t a n c e . I t 

i s o n l y where resonances occur c l o s e t o t h e c o r r e s p o n d i n g t h r e s h o l d t h a t 

b o t h members of such a duo g e t t h e chance t o a f f e c t t h e p h y s i c s . As we 

s h a l l see, t h e p r e s e n t s o l u t i o n s i l l u s t r a t e t h i s p o s s i b i l i t y i n r a t h e r a 

complex f a s h i o n . 
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We f i r s t a m p l i f y t h e s t a t e m e n t t h a t resonance p o l e s u s u a l l y have 

images and t o e x p l a i n how e x c e p t i o n s come about. The g e n e r a l i d e a i s as 

f o l l o w s : l e t T"''"'' denote t h e s c a t t e r i n g m a t r i x on Sheet I I and T i t s 

c o u n t e r p a r t on Sheet I I I . The a n a l y t i c c o n t i n u a t i o n from one t o t h e 

o t h e r i s s p e c i f i e d by t h e r e l a t i o n [ 2 0 6 ] 

[ T ^ " ] " ^ " + 2iP2 ( 6 . 1 ) 

and resonances a r e a s s o c i a t e d w i t h zeros o f d e t (T'M- N o r m a l l y , t h e 

v a r i a t i o n w i t h energy t h a t produces such zeros i s a l r e a d y p r e s e n t i n t h e 

c o r r e s p o n d i n g i n v e r s e K - m a t r i x elements ( c f . Eqn. 4 . 3 0 ) . A resonance 

p o l e i n T"''''" t h e n r e a d i l y induces an image p o l e i n T''"̂''' and v i c e v e r s a ; 

t h i s i s what u s u a l l y o c c u r s . However, i t can happen t h a t t h e K - m a t r i x 

elements a r e e s s e n t i a l l y c o n s t a n t . Then, i t i s t h e phase space f a c t o r s , 

i n p a r t i c u l a r t h e r a p i d l y v a r y i n g , which feeds t h e resonant 

v a r i a t i o n . I n t h i s case, t h e image p o l e does not occur ( o r has 'moved 

o f f t o i n f i n i t y ) and one has t h e s i t u a t i o n r e f e r r e d t o as a v i r t u a l 

bound s t a t e (an odd p o l e i n t h e sense t h a t i t does not have a m i r r o r 

i m a g e ) . The p o l e c o n f i g u r a t i o n t h a t our s o l u t i o n s generate combine b o t h 

p o s s i b i l i t i e s . D e s p i t e appearances t h i s corresponds t o q u i t e a s i m p l e 

s t r u c t u r e o f t h e K - m a t r i x . 

As a l r e a d y d e s c r i b e d i n S e c t i o n 5.3, we have performed f i t s u s i n g 

b o t h K - m a t r i x and M-matrix forms. The f o r m e r y i e l d e d s o l u t i o n s f o r 1 

e x p l i c i t K - m a t r i x p o l e , denoted K^ , a v a r i a n t K^ , and a s o l u t i o n f o r 3 

e x p l i c i t K - m a t r i x p o l e s , l a b e l l e d K^ ; c o r r e s p o n d i n g t o t h e l a t t e r we 

o b t a i n e d a s i n g l e f i t which we t e r m M (we have not extended t h e 2-pole 
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M - m a t r i x t r i a l f i t r e p o r t e d i n S e c t i o n 5.3 t o a g l o b a l f i t because t h e 

number o f p o l e s i n t h e K- and M- m a t r i x do n o t a f f e c t t h e p o l e c o n t e n t 

o f t h e - m a t r i x and we o n l y use t h e 1-pole M-matrix g l o b a l f i t here t o 

s t u d y t h e s t a b i l i t y o f t h e p o l e s ) . The p o l e p a t t e r n t h a t emerges from 

each o f t h e s e t y p e s o f s o l u t i o n i s r e m a r k a b l y s t a b l e . The d e t a i l s a r e 

d i s p l a y e d i n Tables 6.1-2, and F i g u r e s 6.2-3. Each s o l u t i o n i s seen t o 

have seven 'nearby' p o l e s , denoted A - G. Though S-matrix p o l e s are n o t 

demanded by t h e forms w i t h which we f i t , t h e y a r e t h e most i m p o r t a n t 

outcome o f our s o l u t i o n s . Table 6.1 g i v e s t h e i r p o s i t i o n s f o r our 

r e p r e s e n t a t i v e s o l u t i o n s K^ , K^ , K^ and M, w h i l e F i g u r e 6.2a, b 

d i s p l a y s t h e s e i n t h e k j and energy planes r e s p e c t i v e l y , t h e l a t t e r 

i l l u s t r a t i n g how sheet I I and sheet I I I p o l e s form p a i r s , v i z D - E and 

G - F. I n F i g u r e 6.3 a r e p l o t t e d t h e complex r e s i d u e s o f these 

p o l e s (Appendix A . V I ) , d e f i n e d by: 

Y Y = Lim ( s - 8 ) (6.2) 

I n f a c t , t o make t h e p l o t i n t e l l i g i b l e we show and = - Y j • The 

average v a l u e o f t h e s e c o u p l i n g s f o r each o f our seven p o l e s are 

t a b u l a t e d i n Table 6.2. Such r e s i d u e s a r e a i m p o r t a n t i n g r e d i e n t i n our 

p a r t o n ( s p e c t r a l ) assignments o f t h e a s s o c i a t e d resonances as d i s c u s s e d 

i n S e c t i o n 6.2.1. 

We must remark t h a t t h e f o r e g o i n g a r e not t h e o n l y s t r u c t u r e s i n our 

a m p l i t u d e s . Forms which f i t d a t a a l o n g a l i m i t e d r e g i o n o f t h e r e a l 

a x i s i n t h e energy p l a n e i n e v i t a b l y a l s o have d i s t a n t p o l e s which a r e 

mere a r t e f a c t s of t h e p a r a m e t r i z a t i o n and c o n s e q u e n t l y are u n s t a b l e . 
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Such p o l e s occur f o r a l l our s o l u t i o n s on t h e p h y s i c a l sheet I . Though 

such p o l e s v i o l a t e c a u s a l i t y , t h e y always occur a t l e a s t 500 MeV i n t o 

t h e complex p l a n e and so have no e f f e c t on t h e nearby s t r u c t u r e s 

r e l i a b l y d e t e r m i n e d by t h e d a t a . 

To g a i n a m e n t a l p i c t u r e o f t h e complex p o l e scheme t h a t has emerged, 

i t i s h e l p f u l t o f l i p between t h e p l o t i n terms o f t h e 

k ^ - p l a n e [ F i g . 6.2a] and t h a t i n t h e energy plane [ F i g . 6.2b]. Read 

t o g e t h e r , t h e s e d i s p l a y a s h o r t range system c o m p r i s i n g t h e t r i p l e t A, 

B, C g o v e r n i n g t h e KK t h r e s h o l d r e g i o n , and l o n g range s t r u c t u r e 

d o m i n a t e d by t h e p o l e - p a i r s D - E and G - F ( l o n g range because t h e y are 

f a r away from t h e r e a l energy a x i s . F i g u r e 6.2a). I t i s t h e former t h a t 

c o n s t i t u t e s t h e p r i n c i p a l n o v e l t y o f our s o l u t i o n s . The p o l e s r e v e a l e d 

by many p r e v i o u s a n a l y s e s ( u s i n g subsets o f t h e d a t a we c o n s i d e r ) are 

i l l u s t r a t e d i n F i g u r e 6.4 [ 2 0 7 ] . As w i l l be seen [ 2 0 7 ] , a n a l y s e s o f t h e 

S* have q u i t e a l o n g h i s t o r y [ 2 0 8 ] w i t h one p o l e [ 2 0 9 ] [ 2 1 0 ] and two p o l e 

s c e n a r i o s [ l 5 8 ] [ l 5 9 ] [ 2 1 l ] [ 2 1 2 ] h a v i n g e a r l y exemplars. For d i s c u s s i o n s 

i n a s i m i l a r s p i r i t t o t h e p r e s e n t one ( a l t h o u g h l e a d i n g t o q u i t e 

d i f f e r e n t c o n c l u s i o n s owing t o d i f f e r e n t i n p u t ) see e s p e c i a l l y F u j i i and 

F u k u g i t a [ 2 1 2 ] ; M a r t i n , Ozmultu and E.J.Squires [ 2 1 2 ] , [ 2 1 3 ] ; and I r v i n g , 

M a r t i n and Done[214]. (The l a s t o f these focusses v e r y much on t h e KK 

d a t a o f Cohen et a i [ 1 6 4 ] and o n l y uses TTTT i n f o r m a t i o n over t h e v e r y 

r e s t i c t e d mass range 0.91 t o 1.05 GeV). The PDG average [ l 6 9 ] ( i n our 

t e r m s f o r t h e p o s i t i o n o f p o l e A) i s dominated by t h e r e s u l t o f f i t t i n g 

t h e low s t a t i s t i c s d a t a on J/\Jj -> (J)IT"'"IT~ o f G i d a l e t a l [ l 9 3 ] . T h i s we 

b e l i e v e t o be q u i t e u n j u s t i f i e d as evidenced by t h e ease w i t h which we 
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f i t t h e same d a t a [ F i g . 5.1 ] u s i n g our own ^ - m a t r i x s o l u t i o n s w i t h 

t h e i r a p p r e c i a b l y d i f f e r e n t p o l e p o s i t i o n s (see F i g u r e 6.4b). These 

v a r i o u s a n a l y s e s [ 2 0 7 ] have commonly r e p o r t e d j u s t one p o l e ( s i m i l a r t o 

A ) , o r sometimes two, t o d e s c r i b e t h e S* e f f e c t w h i l s t we f i n d t h r e e . 

What a r e t h e d i f f e r e n c e s between these f i t s and what i s t h e r o l e o f a l l 

o u r p o l e s i n a c h i e v i n g t h e r e p o r t e d f i t s ? 

As a s t e p t o a n s w e r i n g t h e above q u e s t i o n s , we examine what t y p e s o f 

e n e r g y v a r i a t i o n a l t e r n a t i v e p o l e c o n f i g u r a t i o n s can a c h i e v e . Suppose 

j u s t one p o l e c o n t r o l l e d t h e KK t h r e s h o l d r e g i o n , say a t a p o s i t i o n 

= K . There w i l l i n g e n e r a l be a background phase, 6u • A l l o w i n g 

f o r t h i s , a m i n i m a l r e p r e s e n t a t i o n (see Appsendix C . I I f o r d e r i v a t i o n ) 

f o r t h e TTTT S - m a t r i x element S^^ i s s i m p l y : 

( k , + k*) 
^ A^e^'^b (6.3) 

'11 ( k , - k^) 

T h i s i l l u s t r a t e s t h e r u l e t h a t a p o l e a t k^ = k^ a u t o m a t i c a l l y e n t a i l s 

an a s s o c i a t e d z e r o o f S a t t h e m i r r o r p o i n t k = - k * . T h i s i s a 
11 2 A 

g e n e r a l r e s u l t and f o l l o w s f r o m a n a l y t i c a l l y c o n t i n u i n g u n i t a r i t y t o t h e 

p o l e . The p o l e A o f our f i t (on sheet I I ) t o g e t h e r w i t h t h e background 

( D - E ) produces t h e f a m i l i a r s h a r p r i s e o f t h e TTTT phase s h i f t j u s t below 

KK t h r e s h o l d seen i n F i g u r e 5.3 ( c f . S e c t i o n 4.2.1). T h i s i s t h e 

c l a s s i c s i g n a l f o r t h e S* resonance and, f o r t h a t r e a s o n , some v e r s i o n 

o f A has f e a t u r e d i n a l l a n a l y s e s o f t h e past 13 y e a r s [ 2 0 7 ] , ( c f . 

F i g u r e 6.4). The a s s o c i a t e d z e r o o f S^^ r e q u i r e d by u n i t a r i t y o f i t s e l f 

p roduces a deep d i p i n t h e i n e l a s t i c i t y , > j u s t above t h r e s h o l d , 

F i g u r e 5.4. Such a f e a t u r e i s q u a l i t a t i v e l y i n agreement w i t h 
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e x p e r i m e n t . I t i s f o r a c h i e v i n g q u a n t i t a t i v e agreement t h a t o t h e r p o l e s 

come i n t o p l a y [ 2 1 5 ] . 

I t has l o n g been n o t e d [ I 5 8 ] [ l 5 9 ] [ 2 1 l ] [ 2 1 2 ] [ l 5 2 ] t h a t a one-pole 

d e s c r i p t i o n o f t h e S * - e f f e c t g i v e s t o o b l u n t a s i g n a l i n 0(7771 -> KK) 

( o r , e q u i v a l e n t l y i n t h e b e h a v i o u r o f H^^) as compared t o t h e d a t a . The 

q u a l i t a t i v e e f f e c t i s e a s i l y u n d e r s t o o d , e i t h e r i n terms o f t h e p o l e s 

and z e r o s p i c t u r e s k e t c h e d above, o r by r e m a r k i n g t h a t h a v i n g j u s t a 

she e t I I p o l e w i t h no c o r r e s p o n d i n g sheet I I I image i s , i n a sense, t o 

have h a l f a resonance. Away fr o m t h e resonance, t h e c o r r e s p o n d i n g 
- 1 . 

a m p l i t u d e f a l l s l i k e E - E I ^, r a t h e r t h a n as |E - E 1"^. A l r e a d y 
r e s ' ' r e s ' 

f o r f i t t i n g t h e CERN-Hunich TTTT p h a s e - s h i f t d a t a [ 1 5 8 ] ( p a r t o f t h e i n p u t 

t o t h e p r e s e n t f i t ) , t w o - p o l e a n s a t z e s y i e l d much b e t t e r f i t s t o t h e S* 

r e g i o n t h a n do one p o l e f o r m u l a e , such as a r i s e from t h e complex 

s c a t t e r i n g l e n g t h d e s c r i t p i o n . The c o n t r a s t i s v e r y c l e a r l y exposed i n 

F u j i i and F u k u g i t a [ 2 1 2 ] (see e s p e c i a l l y t h e i r F i g . 2) wherein a 

t w o - p o l e d e s c r i p t i o n i s seen t o be f a r s u p e r i o r f o r f o l l o w i n g t h e l o n g 

r ange t r e n d s o f b o t h 6^^ and n^^^ . How does our 3-poles s o l u t i o n 

compares w i t h t h i s ? I t t u r n s o u t t h a t t h e phase s h i f t p r e d i c t i o n h a r d l y 

d i f f e r s , b u t t h e i n e l a s t i c i t y p r o f i l e has a l e s s pronounced and broader 

minimum [ F i g . 5 . 4 ] , consonant w i t h t h e a c t u a l TTTT -> KK c r o s s - s e c t i o n 

i n f o r m a t i o n used i n t h e p r e s e n t f i t and t h e assumption t h a t t h e KK 

c h a n n e l s a t u r a t e s i n e l a s t i c i t y . The way our f i t has responded t o t h i s 

r e q u i r m e n t i s t o move p o l e C upwards towards t h e r e a l a x i s [ F i g . 6.4] as 

compared t o F u j i i and F u k u g i t a [ 2 1 2 ] ' s v e r s i o n o f t h i s f e a t u r e . We 

s h a l l d e m o n s t r a t e t h i s i n t h e n e x t S e c t i o n . F i n a l l y , a l l t h i s r e a d i l y 
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provides an e x c e l l e n t f i t t o the IP IP - > TTTT production spectrum i n c l u d i n g 

tliG shoulder j u s t below 1 GeV. 

The primary r o l e of the pole B i n a sense i s t o enable the 

l o c a t i o n s f o r A and C, r e q u i r e d by the data, t o co-exist w i t h i n the 

general c o n s t r a i n t s of u n i t a r i t y . As we s h a l l see i n the next Section, 

removal of pole B d r a m a t i c a l l y worsens the g l o b a l f i t s (of course, a l l 

the c l a s s i c TTTT data could be reproduced by a 2 pole f i t ) . There are, of 

course, p o t e n t i a l l y , much more d i r e c t signals f o r B. The expected sharp 

peak i n o( IP IP -> KK) j u s t above threshold i s t o an extent borne out by 

the data [ F i g . 5.10]. (As i t stands t h i s i s not a convincing statement 

because the strong opening of the KK channel i n Figure 5.7 could be 

described by the conventional 2-pole scenario [ F i g . 6.6]. However, as 

we s h a l l see, the peak i n a( IP IP -> KK) can only be f i t t e d w i t h a 3-pole 

s o l u t i o n ) . With the pole B so close t o threshold very s t r i k i n g 

d i f f e r e n c e s should appear between spectra f o r K^" and K°Kg . The 

l a t t e r channel should also r e g i s t e r a very sharp peak (uncontaminated by 

a (t)(l020) s i g n a l ) i n K'p -> A(Z)K°K'' . Another consequence of B should 
s s 

be a very sharp downward b l i p i n (l)^^ ~ ^̂ "9 ^"^^ above threshold and 

indeed there are h i n t s of such behaviour i n the data [ F i g . 5.8]. We 

have pre v i o u s l y [144] suggested t h a t t h i s feature of the input plays a 

s i g n i f i c a n t r o l e i n s e l e c t i n g the 3-pole o p t i o n . We now know t h i s not 

t o be the case (see the f o l l o w i n g s e c t i o n ) . 

Our long range pole p a i r s D - E and G - F are c e r t a i n l y the most 

economic s o l u t i o n f o r d e s c r i b i n g the presently a v a i l a b l e data. An 

important goal f o r f u t u r e experiments i s t o e s t a b l i s h whether i t i s also 
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s u f f i c i e n t . Already, there are claims f o r a d d i t i o n a l s t r u c t u r e from 

E t k i n et a l [216] on the basis of TTTT - > K K information and an amplitude 

a n a l y s i s of HH production [ l 7 l ] . As always, i t w i l l be d i f f i c u l t t o t i e 

down d e t a i l e d pole parameters c l o s e l y ; indeed t h e i r very existence i s 

deduced from long rang phase movements ( c f . discussion of the analogous 

but much less complicated K(1350) e f f e c t i n K I T s c a t t e r i n g [ 2 1 7 ] ) . 

Nevertheless, the p a i r i n g D - E successfully unites the source of the 

slow r i s e of 6̂-|̂  from TTTT threshold (the o l d e(900) e f f e c t ) p r i n c i p a l l y 

given by D w i t h the d e s c r i p t i o n of phase movements above 1 GeV v i a E. 

(We s h a l l r e t u r n t o t h i s i n Section 7.2). This forms the background on 

which the p a i r A-C s i t s t o give r i s e the c l a s s i c S« s i g n a l . Our 

resonance assignments (Section 6.2) are based on the foregoing p a t t e r n 

of s hort range and long distance poles. 

6.1.1 The r o l e of pole B 

The p r i n c i p a l new f e a t u r e of our analysis i s t h a t we f i n d 3 poles, A, 

B, C i n the region of KK threshold rather than the one or two of 

previous treatments, which only considered subsets of the data we have 

used. Remember t h a t our parametrizations do not 'a p r i o r i ' have any 

p a r t i c u l a r number of poles of the S-matrix, yet a l l our s o l u t i o n s have 

t h i s same A, B, C s t r u c t u r e . Our extensive analysis w i t h f i t s of 

d i f f e r e n t forms ( i . e . K̂  , K̂  and M) i l l u s t r a t e s the well-known f a c t 

t h a t resonances are given by the poles of the S-matrix and not by the 

poles i n the parametrizations ( c f . the g^s i n BNL and see Chapter 7 ) . 

- 185 



When resonances are narrow and non-overlapping and a s i n g l e channel 

predominates, i t i s r e l a t i v e l y easy t o i n v e s t i g a t e the e f f e c t of adding 

i n or t a k i n g out p a r t i c u l a r resonances. In the present s i t u a t i o n w i t h 

s t r o n g l y coupled channels, t h i s i s n o n - t r i v i a l t o implement because of 

the o v e r - r i d i n g need t o ensure t h a t u n i t a r i t y remains s a t i s f i e d . 

Nevertheless, we present here a way t o discuss why our analysis f i n d s 3 

poles i n the neighbourhood of KK t h r e s h o l d w h i l s t previous treatments 

d i d not. 

To allow the number of S-matrix poles t o be f i x e d 'a p r i o r i ' , 

consider the Jost f u n c t i o n (or determinant [218] , see Appendix C), 

which up t o some r e a l f u n c t i o n d ( K 2 ) i s the denominator of the S-matrix, 

so t h a t 

•(k2) = d(k2) [ l - ip^ K^^ - i P j - P1P2 det K ] (6.4) 

The zeros of (j), which correspond t o poles of ^ or |̂  and thus t o 

resonances, are i t s sole source of v a r i a t i o n apart from d i s t a n t e f f e c t s 

from the TTTT t h r e s h o l d and from l e f t hand c u t s . The f u n c t i o n <t)(k^) thus 

provides a h i g h l y u s e f u l method f o r e x p l o r i n g possible pole scernarios 

f o r the KK t h r e s h o l d region. Indeed, i t enables one t o parametrize 

amplitudes e x p l i c i t l y i n terms of poles by representing the Jost 

f u n c t i o n by a simple product of zeros (one f o r each pole) and an e n t i r e 

f u n c t i o n (see Appendix C . I I ) . Thus, we w r i t e f o r example 

'2 1 ^̂ 2 1 ^2 
'̂ 2A ^ 2 B J ^2C 

[ I y k^] (6.5) exp L L -2 
n=0 

where the Y are complex numbers and k n 2 
k ( j = A, B, C) are the 
2 j 
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three poles A, B and C. Comparing Eqns. 6.4-5 above TTTT t h r e s h o l d , we 

can read o f f K^^ , K^^ and det and consequently r e l a t e the 3-matrix 

elements t o the parameters of Eqn. 5.5. U n i t a r i t y , of course, requires 

Ki2 r e a l (Appendix A.I and I I ) , i . e . r ) ^ ^ <̂ 1. Unfortunately, here t h i s 

c o n d i t i o n i s not automatic r e q u i r i n g ^-^-^22 ^^"^ \ [Eqn. C.S] which, 

though t r i v i a l l y f u l f i l l e d by a K- or M- matrix parametrization, i s 

e a s i l y l o s t w r i t i n g ^(Y.^^) as a product of zeros. The p o s i t i v i t y 

c o n d i t i o n , K,̂ K__ - det K > 0, must be checked at every stage and i s 
1 1 2 2 'V, 

found i n p r a c t i c e t o g r e a t l y r e s t r i c t the acceptable region of the 

parameter. 

As shown i n Appendix C.I, the a r b i t r a r y f u n c t i o n d ( k p cancels out i n 

p h y s i c a l q u a n t i t i e s , v i z the , as does any a r b i t r a r y r e a l f u n c t i o n 

i n Eqn. 6.5. Thus we can set Re y = 0 f o r a l l n because 
2n 

k̂ '̂  = [ ( l / 4 ) E 2 - m ^ ] " i s r e a l , so are the products ^^'^2t^T- ^^^^ ^ 

as Eqn. 6.5 w i t h only 3 poles (and not the 7 of Fig. 6.2) can only be 

expected t o represent experiment i n a l i m i t e d region of the kj-pl a n e . 

S p e c i f i c a l l y , from Figure 6.2a, we see t h a t we can expect the poles 

D - G t o provide j u s t a smooth background f o r |k^| < 0.24, say, 

i . e . 0.87 < E < 1.10 GeV. Our aim i s f i r s t t o show t h a t a f i t of a l l 

the data i n t h i s l i m i t e d energy regime with a 3 zero form l i k e Eqn. 6.5 

i s possible and then t o compare t h i s w i t h a s i m i l a r f i t using a two zero 

form ( i . e . t o remove the B p o l e ) . Because of the condensed ranges of 

the parameters t h a t allow u n i t a r i t y t o be f u l f i l l e d , we must choose the 

s t a r t i n g parameters w i t h care. In the case of the 3 pole scenario, 

these are r e a d i l y found by f i r s t f i t t i n g the form Eqn. 6.5 , t o any of 
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the amplitudes we already found w i t h 3 pjoles. (We use the e f f e c t i v e 

kaon mass i n and again Simpson's r u l e i n the AFS f i t i n the 1 GeV 

region t o allow f o r the r a p i d v a r i a t i o n caused by the B p o l e ) . We then 

r e f i t the experimental data w i t h i n a j k ^ l < 0.24 GeV radius of KK 

t h r e s h o l d . The parameters and r e s u l t f o r a l l the c l a s s i c TTTT, KK and AFS 

double pomeron data are l i s t e d i n Table 6.3b. In t h i s narrow energy 

range, the discrepant r e s u l t s on (i>^^ , Figure 5.8 , play a dominant 

r o l e . Hence, the compromise f i t has a X^/d.f. of 2.2, while s e l e c t i n g 

E t k i n e t a l [ l 6 6 ] very s a t i s f a c t o r i l y reduces t h i s t o 1.1 f o r the 3-pole 

f i t . The parameters of these f i t s are also displayed i n Table 6.3b. 

The success of such a f i t i l l u s t r a t e s t h a t a parametrization i n which 

poles of the s-matrix simply enter as a product of zeros i n the Jost 

f u n c t i o n i s v i a b l e ( c o n f i r m i n g the f a c t o r i z a t i o n of the Jost f u n c t i o n 

described i n Appendix C . I I ) . The l i m i t e d 3-pole g l o b a l f i t s t o the 

i n e l a s t i c TTTT - > TTTT, TTTT -> KK channels and the AFS data are i l l u s t r a t e d 

i n Figures 6.5-7 ( s o l i d l i n e s ) . 

Our next step i s t o compare the above 3-pole f i t w i t h one w i t h only 

two poles. To obtain good s t a r t i n g parameters without the B-pole, we 

choose a form w i t h the p o s i t i o n s of A anc C as found by F u j i i and 

Fukugita [212] f i t t e d j u s t t o the CERN-Munich TTTT data [158]. A 

p e r f e c t l y adequate f i t can be r e t a i n e d not only when the TTTT r e s u l t s of 

Cason et a l [ l 6 l ] are added, but when- we include one of the TTTT -> KK 

data sets. This shows t h a t a two pole scenario i s equally possible f o r 

a l l the c l a s s i c dimeson channels. Figures 6.5-6 (dotted l i n e s ) . I t i s 

when the AFS r e s u l t s on TTTT and KK channels [69] are introduced t h a t the 
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2-pole form f a i l s d r a m a t i c a l l y even i n t h i s l i m i t e d energy regime as 

i l l u s t r a t e d i n Figure 6.7 (dotted l i n e s ) . With many random s t a r t s , the 

best X^'s we have achieved, together with the corresponding parameters, 

are l i s t e d i n Table 6.3a. A l l these 2-pole f i t s are considerably worse 

than the corresponding 3-pole s o l u t i o n s . The f i t s are no longer able t o 

r e c o n c i l e the AFS data w i t h any of the r e s u l t s on TTTT -> KK. 

Furthermore, the 2-pole f i t t o the i n e l a s t i c 6^^[Figure 6.5] i s also 

worse than t h a t of the 3-pole f i t . Even t o achieve these l i m i t e d 

successes, the poles A, C both move very close t o the axis from the 

F u j i i - F u k u g i t a p o s i t i o n s [212] (Figures. 6.2b, 6.4 and the pole 

p o s i t i o n s i n Table 6.2a) t o compensate f o r the lack of the B pole. 

This a n a l y s i s unambiguously favours our s o l u t i o n s w i t h 3 poles i n the 

neighbourhood of KK th r e s h o l d . The confidence l e v e l f o r t h i s i s some 

30%, w h i l e t h a t f o r j u s t 2 poles, when the AFS information i s included, 

i s l e s s than 0.01%: This has demonstrated d i r e c t l y the t i g h t c o n s t r a i n t 

provided by the AFS data through u n i t a r i t y (Section 4.2). 

6.2 RESONANCE ASSIGNMENTS AND INTERPRETATION 

Here we summarize the pole s t r u c t u r e reported i n the previous section 

and convert them t o a resonance spectrum. As already emphasized at the 

beginning of t h i s chapter, most resonance poles have r e p l i c a s on 

associated sheets. This i s usually true but not so here i n our 

s o l u t i o n s . I s h a l l use here a crude scheme f o r p a i r i n g up the 

associated resonances. A much more rigorous and systematic scheme i s 
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the 'A-tracking' method of David Morgan which i s presented i n Ref.[219]. 

As i t t u r n s out the conclusions of these two schemes are almost e x a c t l y 

i d e n t i c a l . This f u r t h e r strengthens our claim t h a t there are three 

poles i n the S* region. I n any case, no matter how the poles are paired 

we have e x t r a dynamics responsible f o r the i n t r u s i o n of a t h i r d pole, 

the B, i n our s o l u t i o n s . 

We now consider the convention f o r our resonance assignments. The 

convention f o r e x t r a c t i n g couplings has already introduced e a r l i e r , 

Eqn 6.2, and we simply f o l l o w the same recipe f o r e x t r a c t i n g masses and 

widths. To be more pr e c i s e , we assume t h a t each resonance be 

describable i n the neighbourhood of the pole by a f a c t o r i s a b l e form: 

f . J i ! i _ e ^ < * « - ' ,6.6) 

This w i l l have complex residues at the pole owing p r i n c i p a l l y t o the 

background phases; however one conventionally uses the corresponding 

moduli, \y^\ > as e f f e c t i v e coupling constants ( c f . Eqn. 6.2 and 

Appendix A.VI). For the resonance p o s i t i o n or mass one normally takes 

the r e a l p a r t of the complex pole p o s i t i o n 

where = Re(s ). The corresponding width i s given by R R 

r = 2 Im(E^) (6.8) 

where E F = -Im(s ). The crude resonance assignments given i n t h i s R R 
se c t i o n adhere c l o s e l y t o t h i s simple recipe. 
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We now consider the p a i r i n g procedure. As already argued i n 

Section 6.1 t h a t the respective pole pairs (D,E) and (G.F) should be 

a s s o c i a t e d simply from t h e i r nearness i n the energy plane (Table 6.2 and 

F i g . 6.2b). To put t h i s on a f i r m basis we need t o understand ( a t l e a s t 

c r u d e l y ) how sheet I I and sheet I I I poles might be associated. As 

e x p l a i n e d i n Appendix A.I the ^ - m a t r i x elements have a common 

denominator which i n terms of M-matrix can be w r i t t e n i n the form 

A = det M - i-P{^22~ ^^2 ^11 " ^1^2 ^^'^^ 

The poles of ^ correspond t o zeros of A; the r e l e v a n t sheet s t r u c t u r e 

a r i s e s from the f a c t o r s of p^(E 2k^/E) i n Eqn. 6.9 (see Appendix A.VI). 

The f a c t t h a t there e x i s t pole p a i r s (X - ¥) w i t h X on sheet I I and Y on 

sheet I I I means t h a t switching t o -p^ i n Eqn. 6.9 only s l i g h t l y 

d i s t u r b s the zeros of A. To assign the resonance p o s i t i o n t o the pole 

p a i r s (X - Y) we simply take the average of t h e i r values. This naive 

assignment can be j u s t i f i e d i f the above statement on the s t o i b i l i t y of 

the zeros under the switch p^ -p^ i s t r u e ( i , e , the zeros of A f o r p^ 

and -p^ are very s i m i l a r ) . The 'X-tracking' method of David Morgan 

[219] addresses t h i s problem i n much more d e t a i l s and the 

c o n c l u s i o n agrees w i t h the above naive approach f o r the resonance 

assignments. This then j u s t i f i e s the crude p a i r i n g of poles (D,E) and 

(G,F) on the ground t h a t they are close t o t h e i r partners i n the energy 

plane (Table 6.2). Furthermore, t h i s simple scheme also implies t h a t A 

and C should be p a i r e d and B as the odd man out - B does not have a 

imaginary p a r t ( i t i s i n f a c t very t i n y ~ 1 0 G e V ) but t h a t of A and C 

are very close. The supporting evidence comes from the previous 2- and 
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3- pole Jost f u n c t i o n f i t s i n the S* region. There we observe that the 

p o s i t i o n s of the poles i n the 2-pole Jost f i t are always close t o those 

of A and C i n the k^-plane (compare Tables 6.3a and b ) . This again 

leaves the B pole out and suggests t h a t i n the absence of B, A and C 

combine together t o reproduce the c l a s s i c S* e f f e c t s , i . e A and C should 

be p a i r e d up. A more t h e o r e t i c a l argument f o l l o w s from the s t a b i l i t y of 

zeros of A. We know from Table 6.2 t h a t the (untwinned) B almost s i t s 

on top of the KK t h r e s h o l d g i v i n g j P j l -> 0. Therefore changing 

-> -Pj i n Eqn. 6.9 does not d i s t u r b the zero (the p o s i t i o n of B) of A 

a t a l l , l e a v i n g B without a m i r r o r image. The zero imaginary part of B 

i s c r u c i a l i n such a phenomenon as even a small imaginary component 

would mean two d i s t i n c t s o l u t i o n s t o the quadratic ( i n energy) 

expression of Eqn. 6.9, the pole p a i r (A-C) being the best example. The 

pole B has a l l the features of a a v i r t u a l KK bound s t a t e , having no 

m i r r o r image and s i t t i n g close t o KK threshold. The above assignments 

are confirmed by the more rigorous 'X-tracking' approach [219]. 

F i n a l l y , we summarize the pole p o s i t i o n s of our 

s o l u t i o n s (Table 6.1-2) w i t h the above assignments i n Table 6.4. The 

v a r i a t i o n s of the pole p o s i t i o n s from s o l u t i o n t o s o l u t i o n are small 

except f o r the D-pole parameters according t o s o l u t i o n M (given i n 

brackets i n Table 6.1) which are not included i n the average values i n 

Table 6.1. We next look f o r p a r t i c l e i d e n t i f i c a t i o n s of the resonances 

i n Table 6.4 
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6.2.1 Parton composition of our states 

In t h i s s ection we consider the quark model assignments of our 

spectrum and the types of new dynamics responsible f o r the presence of 

our odd B pole. 

Conventional quark model c l a s s i f i c a t i o n looks t o f i n d meson f a m i l i e s 

arranged i n i d e a l l y mixed nonets, g e n e r i c a l l y [ s ( I = 0 ) , V(I = 1 ) , 

K ( I = 1/2), S'(I = 0 ) ] [ 2 2 0 ] w i t h a standard p a t t e r n of masses and decay 

couplings given by the presumed quark content and the OZI r u l e . This i s 

the benchmark against which we have t o discern n o v e l t i e s and 

abberations. This i d e a l i z e d p a t t e r n i s not always r e a l i z e d i n p r a c t i c e 

and various mechanisms are invoked t o explain the departures (eg. see 

Section 3.4.1.4(111) f o r the non-ideal mixing of the 0~ nonet). In 

p r i n c i p l e , the 1 = 0 sector should c o n s i s t of two standard ground-state 

qq compounds which w i l l be i d e a l l y mixed i f no s p e c i a l mechanism 

operates. Additions can come e i t h e r from r a d i a l e x c i t a t i o n s or from 

non-standard c o n f i g u r a t i o n s such as g l u e b a l l s , hybrids and multiquark 

compounds. Examples of these are the various i n t e r p r e t a t i o n s of the 

1(1440) and 9(1690) described i n Chapter 3. As we w i l l explain i n 

Chapter 7, the most l i k e l y candidate among non-standard c o n f i g u r a t i o n s 

f o r the B pole i s the ground s t a t e scalar g l u e b a l l eg(0 "*"•*") which 

according t o various models (Section 1.3) i s the l i g h t e s t g l u e b a l l . I f 

1(1440) i s i d e n t i f i e d w i t h the pseudoscalar g l u e b a l l Hg , than Eg should 

l i e w e l l w i t h i n our energy range (Section 3.4.4). I n the absence of 

mixing i t should be a pure SU(3) s i n g l e t (Section 1.3). The other 
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non-standard c o n f i g u r a t i o n s , l i k e h y b r i d s , e t c , a l l e n t a i l the existence 

of I ^ 0 companions ( e x t r a 6's and K ' S ) . We s h a l l p r o v i s i o n a l l y ignore 

these other p o s s i b i l i t i e s because the e x i s t i n g i n f o r m a t i o n on the 

r e l e v a n t decay channels (which could be improved) does not provide any 

c l e a r s i g n a l s f o r such additions (see Section 7.4 f o r more discussions). 

Another possible type of i n t r u s i o n i s from what we s h a l l c a l l 

•molecular' or 'bootstrap' resonances such as can occur i n multihadron 

systems from e x p l i c i t hadron exchanges (see Section 3.4.1.2). 

In our case, very broad states are involved making precise mass 

values of the resonances ambiguous. The only information a v a i l a b l e f o r 

spectroscopic assignments i s the p a t t e r n of branching r a t i o s and t h a t 

only as between TTTT and KK. The e m p i r i c a l l y determined |g.j^/gj^| r a t i o s 

are l i s t e d i n Table 6.4 (these values are s i m i l a r t o those obtained by 

the 'A-tracking' method i n Ref. 219). We now compare these empirical 

r a t i o s w i t h those of the simple i d e a l i z e d SU(3) 

c o n f i g u r a t i o n s (Table 6.5 and Appendix D). We use the lab e l s 

SU(3) f l a v o u r s i n g l e t . Eg f o r nonet i s o s i n g l e t , f o r non-strange 

meson and Eg ô"̂  strange meson i n Table 6.5 and the f o l l o w i n g 

discussions. On t h i s basis, S 2 ( 9 8 8 ) i s a na t u r a l candidate f o r the 

re g u l a r ss ground s t a t e . Direct c o n f i r m a t i o n f o r t h i s assignment could 

be sought i n p r e c i s i o n data on r a d i a t i v e (J) decay: (J) - > Y S 2 - This 

process would provide y rays of some 20 MeV (the mass d i f f e r e n c e between 

<t) and S 2 ) w i t h a spread of only a few MeV from the (J) width. This should 

y i e l d a cle a r s i g n a l r e a d i l y d i s t i n g u i s h a b l e from the continuum. With 

S 2 as the lowest ss state i n the quark model then i t i s na t u r a l t o 
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i d e n t i f y e(900) as i t s non-strange counterpart on the basis of |gygj^|. 

However, there i s a problem w i t h t h i s i d e a l mixing assignment because 

n a i v e l y one expects a m a s s - s p l i t t i n g of several hundred MeV ( c f . 

- ^ 0.43 GeV^). This descrepancy may be caused by a d d i t i o n a l 
(J) 0 ) 

mechanisms which s h i f t the ss l e v e l down i n mass and weaken i t s 

cou p l i n g [ 2 1 9 ] . 

Having i d e n t i f i e d the S2(988) and e(900) as the candidates f o r the 

two i d e a l l y mixed quark model s t a t e s , we now consider the roles of our 

remaining s t a t e s . From Tables 6.4-5 we see t h a t S-|^(993) i s compatible 

w i t h an SU(3) s i n g l e t i d e n t i f i c a t i o n . I t i s thus a prime candidate 

w i t h i n our spectrum f o r the 1 = 0 scalar g l u e b a l l (see Section 7.4). To 

check t h i s s i g n i f i c a n t assignment we need a d d i t i o n a l and more r e f i n e d 

data of the k i n d we have already discussed i n Section 5.1, This could be 

u s e f u l l y supplemented by new high p r e c i s i o n experiments on dimeson 

production r e a c t i o n s l i k e K~p -> KKA. In p r i n c i p l e , one can seek f o r 

s p e c i f i c evidence t h a t S-̂^ i s a g l u e b a l l by looking at the YY e x c i t a t i o n s 

of S^ which i s supposed t o be suppressed i n the framework of parton 

model (Section 3.2.2). However, there are complications such as 

enhancements through anomalous couplings (Section 3.2.2) and f i n a l s t a t e 

i n t e r a c t i o n s ( c f . YT ~> IT°'IT'' i n the f - r e g i o n ) . We w i l l r e t u r n t o the 

gluonium i n t e r p r e t a t i o n of S-^ l a t e r . 

The l a s t s t a t e t o be i d e n t i f i e d i s the e*(1420) [205] of Table 6.4. 

I t s parameters could w e l l undergo r e v i s i o n since i t occurs at the upper 

end of our energy range where unconsidered channels s t a r t t o play an 

appreciable r o l e (note also t h a t there have been claims f o r a d d i t i o n a l 
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s t r u c t u r e [ 2 1 6 ] [ l 7 l ] , c f . Section 6.1). Again from the r a t i o of 

couplings we assign £' t o the E ^ ^ i n Table 6.5. I t i s perhaps the f i r s t 

qq r a d i a l e x c i t a t i o n of E . E t k i n e t a l ' s S(1730) [166] could be the 
O S 

corresponding E i f i t i s confirmed. 
s 

We summarize the outcome of the above discussion as f o l l o w s : The 

resonance content of the 1 = 0 S-wave below 1.5 GeV p r i m a r i l y couples t o 

TTTT and KK. I t comprises 

(a) A narrow resonance Si(993) very close t o KK threshold 

E^ - 0.993 - 0.023i (g„ - 0.23, g^ - 0.28) 

Which manifests i t s e l f v i a sheet I I and sheet I I I poles A and C ( d e t a i l s 

i n Tables 6.1-2). 

(b) A KK bound s t a t e S_(988) y i e l d i n g pole B ( g ^ - 0 , 9^ ~ 0.35) 

(c) An E ( 9 0 0 ) 

E - 0.905 - 0.37i (g = 0.48, g^ - 0.28) 
R " K 

Which corresponds t o sheet I I and sheet I I I poles D and E ( c f . 

Tables 6.1-2) 

(d) An £'(1420) 

Ej^ = 1.42 - 0.23i (g^ - 0.56, gj^ = 0.10) 

corresponding t o poles F and G. ( c f . Tables 6.1-2) 

The way our s p e c t r a l assignments f o r the 1 = 0 scalars would f i t i n t o 

the o v e r a l l p a t t e r n f o r the lower meson f a m i l i e s i s displayed i n 

Table 6.6. (Note t h a t these numbers d i f f e r from those i n Ref. 219 by an 

i n s i g n i f i c a n t amount.) 

- 196 



6.3 DIAGRAMS AND TABLES 

I 

Sheet Structure of the Energy Plane 

Figure 6.1 Sheet s t r u c t u r e of the energy plane. 
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Figure 6.2 Positions of the 7 poles A-G for representative solutions 

( c f . Table 6.1): 

(a) plotted in k -plane (corresponding r e a l energies sHo*m 
2 

in brackets), 

(b) plotted in E-plane with insert showing id? threshold 

region enlarged: X for sheet I I , • for sheet I I I . The 

curved patches indicate spread among solutions. 
- 198 -



\ 
\ 

\ 

) 

A B / ° I P I P =VP c 

P 1̂ ^2 J 

D 

(if 

E 

/ 
• / 

\ r 
1» 

\ < 

, 0.2 O.i, 0.6 ^ (Scale 1 1 1 1 ) 

Figure 6.3 Complex residues and Eqn. 6-2) 

corresponding to poles of Figure 6.2. Dots correspond to 
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Figure 6.4 Present pole pattern conpared to previous findings as l i s t e d 

i n Ref. 169: (a) overview (t>) d e t a i l for the threshold 

region. Notations: the average pole locations (Table 6.2): 

• (Sheet I I ) , X (Sheet I I I ) ; in (a) points l a b e l l e d 'h' and 

•e' are froa Refs. 159 and 216 respectively; i n (b) the 

cross with error bars depict PDG average [Ref. 169], 'g* the 

value inferred fro« Ref. 193, ' f the outcone of the 

one-pole f i t of Ref. 212 and © that froa the associated 

two-pole f i t [212]. 
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Figure 6.5 The Tnr 1 = 0 S-wave phase-shift, fij , and i n e l a s t i c i t y 

(denoted by 6^^ . Tii^ i i " the text) above kR threshold up to 

1.1 GeV showing the CERN-Munich r e s u l t s as analysed by 

Ochs [159] eind the preferred B solution of 

Cason et a l [ l 6 l ] . The curves show a t y p i c a l 2-pole (dotted 

l i n e s ) and 3-pole ( s o l i d l i n e s ) Jost function f i t ( c f . 

Figure 5.4). 
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F i g u r e 6.6 The 1 = 0 S-yave magnitude, (1/<^)(1 •» nLJo ^nd i t s phase 

*̂ 12 ^̂ "̂  iTTT -> KK above KK t h r e s h o l d up t o 1.1 GeV f r o m 

Cohen e t a l [ 1 6 4 ] ( s ) and E t k i n e t a l [ 1 6 6 ] ( o ) . Again t h e 

c u r v e s show a t y p i c a l 2-pole ( d o t t e d l i n e s ) and 3-pole J o s t 

f u n c t i o n f i t ( c f . F i g u r e 5 . 7 ) . 
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Figure 6.7 Mass spectrum of ce n t r a l l y produced S-wave TK and K? events 

in pp -> ppdOf) froB the AFS Collaboration [69] i n the 

region of 0.87 to 1.1 GeV are shown. The 2-pole and 

3-pole Jo8t function f i t s are shown in dotted and s o l i d 

l i n e s respectively ( c f . Figures 5.9-10). 
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Solution 
H average Pole Sheet H average H average 

A 11 1.002-0.0261 l.(K)5-0.025i 0.997-0.0251 1.000-0,0261 1.001-0.0261 

B I I 0.986 0,990 0.990 0.987 0.988 

C I I I 0.984-0.0211 0.988-0.0181 0.983-0.0181 0.984-0.0211 0.985-0.0201 

D I I 0.88-0.401 0.91-0.311 (1.42-0.461) 0.83-0.421 0.87-0.381 

E I I I 0.95-0.371 0.96-0.301 (0.99-0.501) 0,90-0.391 0.94-0.351 

r I I I 1.48-0.261 1.40-0.181 1,37-0.261 1.42-0.201 1.42-0.231 

G I I 1.52-0.261 1.40-0.171 1.36-0.261 1,40-0.181 1.42-0.221 

NDF 1.3 1.3 1,3 1.4 

Table 6.1 Pole positions, E (GeV), for various solutions described i n 
K 

the text. 

Pole Ej^(GeV) TjCGeV) <l^l|) ir2(GeV) ( i T j D **IP ff 

A 1.001-0.0261 0.02-0.261 (0.27) 0,25+0.251 (0.35) 0.9 

B 0.988 0.011-0061 (0.01) 0.35-,011 (0.35) 1.0 

C 0.985-.0201 0.07+0,181 (0.19) 0,09+0.181 (0.20) 0,6 

D 0.87-0.381 0.44-0.211 (0.49) 0,27-0,131 (0.30) 0,7 

E 0.94-0.351 0,39-0.261 (0.47) 0.21-0.141 (0,25) 0,6 

F 1.42-0.231 0,43-M),361 (0.56) 0.08-0,011 (0,08) 0.9 

(G) 1.42-0.221 0.45+0,321 (0,55) 0.10-0,031 (0.10) 1.0 

TeUDle 6.2 Average pole positions, residues and !P P couplings, a , 

for the specimen solutions (d^ = |oij^Yj + "2^2!^° 
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2-poie 

Paraaeters (1.2) 1 2 

-0.0211 -0.0224 -0.0266 
IB k 

2A 
0.0366 0.0358 0.0260 

^ *2B 

^" "28 
Re k^^ 0.1411 0.1381 0.1611 

In k 
2C 

-0 .2371 -0.2338 -0.2723 

-0.9737 -0.9799 -0 .6364 

Be Y i 1.0700 1.0250 0.7283 

Im Y, 5.5240 5.2790 8.2110 

Im Y j 4.9580 3.0600 5.0820 

Re Y , 43.680 40.300 45.670 

Im Y , -39.640 -54.540 -51.050 

I n 286.700 287.200 258.100 

Re Y , -665.500 -686.800 -620.800 

Im Y j -689.100 -1046.000 -989.200 

In. y^ -2814.00C -2373.000 -3496.000 

a ' -0.2217 -0 .2191 -0.3442 

-1.6815 -1.6743 -1.6345 

1.0207 1.0061 1.1154 

a ' 0.2173 0.2176 0.2465 

a ' -0.1963 -0 .1941 -0.1793 

-0.1847 -0 .1926 -0.1966 

" Data 47 39 37 

" Parm 20 20 20 

96 70 49 

xVd.f. 3.6 3.7 2.9 

Table 6.3a 
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3-pole 

Parameters (1,2) 1 2 

Re kjA -0.0723 -0.0692 -0.0798 

''2A 0.0729 0.0706 0.0615 

-0.0029 -0.0028 -0.0037 

"28 -0.0023 0.002S 0.0027 

Re icjc 0.0439 0.0452 0.0549 

I . .Cj^ -0.0754 -0.0752 -0.0660 

IBI 0.7803 0.6982 1.1160 

Re Y 0.2202 0.2186 0.2708 

Im Y -0.4832 -1.2600 2.1840 

IBI Y, -0.7452 -0.6004 -0.3509 

Re Y -2.0200 -2.4940 -1.8500 

Im Y, -13.3000 -29.8100 -18.7100 

Im Y^ 

Re Yj 

Iffl Y 

Im Y, 

o' 0.3557 0.3573 0.3564 

oj 0.2566 0.3776 0.0453 

3.4158 3.3619 3.1684 

Oj -3.7337 -3.7229 -3.5495 

1.2077 1.2503 1.2409 

Data 
47 39 37 

" Farm 
17 17 17 

X* 66 37 22 

xVd.f. 2.2 1.7 1 .1 

Table 6.3b 

Table 6.3 Parameters of the Jost function f i t s . The four s i g n i f i c a n t 

figures are to allow an accurate reproduction of the f i t . 

The 1, 2 for the mr -> K R data sets refer to 

Cohen et a l [l64] and EtJtin et a l [166] respectively. 

(a) 2-pole Jost function f i t s , 

(b) 3-pole Jost function f i t s . 

206 -



Resonance Poles g,(GeV) g^(CeV) 
S^(993) A,C 0.993-0.0211 0.23 0.28 0.8 

8 2 ( 9 8 8 ) B 0.988 0.01 0.35 0.03 

c(900) 0,E 0.905-0.371 0.48 0.28 1.7 

£•(1420) G.F 1.42 -0.23i 0.56 0.09 6.2 

Table 6.4 I B 0 S-wav* resonances below 1.6 G«v froa the global f i t s . 

Scalar Simple constituent Final Dimeson State - P.P-
designation 90 

model r e a l i z a t i o n f t KX '̂8'̂8 

(uiH-dd+s8)//3 0.87 1 -0.5 

or gg 

•8 (uJrhid-2s8)//6 -1.73 I -1 

c (uJH^d)//2 1.73 I 0.33 
aa 

c 88 0 1 -0.67 
a 

Table 6.5 Relative branching amplitudes for S -> P̂ P̂  i n 30(3) 

according to various idealized composition p o s s i b i l i t i e s . 
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Table 6.6 Provisional placement of the I = 0 scala r assignments i n the 

low-lying meson spectrum. 
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CHAPTER SEVEN 

PICUSSION AND CONCLUSIONS 

7.1 DISCUSSION 

We have seen from t h e n a i v e s i m u l a t i o n s i n Chapter 2 t h a t t h e i d e a o f 

v a l e n c e g l u o n s seems t o be v a l i d . The mass s p e c t r a o f g l u e b a l l s and 

h y b r i d s d e s c r i b e d i n S e c t i o n 1.3.3 are based on t h i s v a l e n c e g l u o n 

c o n c e p t . We t h e r e f o r e use t h e t e r m 'simple c o n s t i t u e n t model' t o ex t e n d 

t h e c o n c e p t o f quark model s t a t e s ( c f . S e c t i o n 1.2) t o i n c l u d e systems 

w i t h c o n s t i t u e n t g l u o n s . The s p e c t r a l assignments p r e s e n t e d i n 

Chapter S i x i s w i t h i n t h e frameworli o f t h i s s i m p l e c o n s t i t u e n t model and 

s o l e y depends on how we i n t e r p r e t and i d e n t i f y resonances i n our 

s o l u t i o n s . We have a l r e a d y emphasized i n S e c t i o n 5.3 and Appendix A . I l l 

t h a t t h e p o l e s i n t h e K- and M- m a t r i x p a r a m e t r i z a t i o n s a r e n o t t h e same 

as p h y s i c a l resonances. We have a l s o p o i n t e d out i n S e c t i o n 5.3 (see 

a l s o Appendix A. I l l ) t h a t t h e K- and M- m a t r i x p o l e near 1 GeV i s needed 

f o r t h e r a p i d s t r u c t u r e s i n t h e r e g i o n . Before t h i s a n a l y s i s t h e r a p i d 

s t r u c t u r e s were t h o u g h t t o be caused by t h e S* on a broad r i s i n g 

b a c k g r o u n d ( S e c t i o n 4.2.1) and leads t o t h e s p e c u l a t i o n t h a t t h e r e i s a 

one-to-one correspondence between t h e number o f p o l e s i n p a r a m e t r i z a t i o n 

and t h e number of p h y s i c a l resonances i n a m p l i t u d e s . We have proved 

beyond doubt t h a t t h i s i s n o t t h e case by o b t a i n i n g s o l u t i o n s w i t h one, 

two and t h r e e p o l e s i n our p a r a m e t r i z a t i o n s . The r o l e o f th e s e m u l t i K-

and M- m a t r i x p o l e s a r e e x p l a i n e d i n S e c t i o n 5.3. A c c o r d i n g t o t h i s 

- 209 -



d i s c u s s i o n we have t o q u e s t i o n t h e v a l i d i t y o f t h e BNL resonance 

a s s i g n m e n t s ( S e c t i o n 3.3) where t h e t h r e e K - m a t r i x p o l e s are t a k e n t o be 

d i s t i n c t p h y s i c a l resonances. F u r t h e r m o r e , i f our view i s c o r r e c t ( i . e . 

t h e BNL resonances may have been m i s i d e n t i f l e d ) t h e n some of t h e 

p r o p o s e d e x p l a n a t i o n s f o r t h e BNL resonances ( S e c t i o n 3.3) would become 

h i g h l y s p e c u l a t i v e as t h e y have a c c e p t e d t h e BNL's i n t e r p r e t a t i o n . 

I n d e e d t h e (Jxj) enhancement i n BNL i s s i m i l a r t o t h e case we s t u d y i n t h a t 

t h e s i t u a t i o n i s c o m p l i c a t e d by o v e r l a p p i n g resonances i n t h e r e g i o n o f 

i n t e r e s t . (The 3 c l o s e by K - m a t r i x p o l e s i n t h e BNL a n a l y s i s i s an 

i n d i c a t i o n o f r i c h s t r u c t u r e s ) . I n f a c t t h a t c o m p l e x i t y i n our case i s 

g r e a t e r because o f t h e presence o f t h e s t r o n g l y c o u p l e d KK c h a n n e l . 

T h i s b r i n g s us back t o t h e s p e c t r a l assignments and t h e S« 

p u z z l e ( S e c t i o n 3.4.4). We have i d e n t i f i e d t h e 82(988) as t h e KK 

m o l e c u l e on t h e ground t h a t i t does n o t have an a s s o c i a t e d p o l e or a 

m i r r o r image. A f a m i l i a r example o f such s i t u a t i o n i s t h e A(1405) p o l e 

w h i c h a l s o s i t s on t o p o f t h e t h r e s h o l d i n KN and TTE s c a t t e r i n g [ 2 2 1 ] . 

I n c o n n e c t i o n w i t h t h i s i s t h e i n t e r e s t i n g s u g g e s t i o n f r o m W e i n s t e i n 

and I s g u r [ 7 8 ] t h a t a b o o t s t r a p e f f e c t would o p e r a t e i n t h e 1 = 0 and 

I = 1 KK systems. However, t h i s i d e a has been i n v o k e d m a i n l y t o e x p l a i n 

anomalous f e a t u r e s o f 1(1440) decay t o 67r ( s e c t i o n 3.4.1.2). 

B e f o r e r e t u r n i n g t o t h e S* phenomenon, one f u r t h e r s u g g e s t i o n on t h e 

i n t e r p r e t a t i o n o f resonances i s t h e P - m a t r i x [ 2 2 2 ] concept o f J a f f e and 

Low. A l t h o u g h m o t i v a t e d a t t h e p a r t o n l e v e l ( t h e u n d e r l y i n g i d e a i s 

t h a t c o n s t i t u e n t model s t a t e s sometimes have u n p h y s i c a l boundary 

c o n d i t i o n s ) t h i s a g a i n i n v o l v e s a t r a n s m u t a t i o n o f t h e p h y s i c a l 
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s c a t t e r i n g a m p l i t u d e s a t t h e hadron l e v e l so as t o d e r i v e q u a n t i t i e s 

d i r e c t l y comparable w i t h c o n s t i t u e n t model s t a t e s (see Appendix E ) . We 

have searched f o r t h e p o l e s o f t h e P - m a t r i x w i t h our s o l u t i o n s as i n p u t 

and t h e p o l e p o s i t i o n s a r e l i s t e d i n Table 7,1 f o r t h e K̂ ^ and f i t s . 

T h i s does n o t appear t o c l a r i f y t h e dynamics i n t h e p r e s e n t s i t u a t i o n as 

t h e P - m a t r i x p o l e s a r e n o t s i m i l a r t o our resonances. However, i t i s 

i n t e r e s t i n g t o n o t e t h a t t h e r e a r e two c l o s e by P-matrix p o l e s i n t h e 

1 GeV r e g i o n i n d i c a t i n g perhaps some r i c h s t r u c t u r e . 

7.2 THE S* PHENOMENON 

We have, by c o n s i d e r i n g a number o f r e a c t i o n s l e a d i n g t o TTTT and KK 

f i n a l s t a t e s , p e r f o r m e d a new a m p l i t u d e a n a l y s i s o f I = 0 s c a l a r dimeson 

p r o d u c t i o n f r o m TTTT t h r e s h o l d t o beyond 1.6 GeV. The resonance spectrum 

t h a t emerges comprises two br o a d o b j e c t s e ( 9 0 0 ) and £'(1420) s i m i l a r t o 

t h o s e f o u n d i n p r e v i o u s a n a l y s e s and two narrow resonances S^(993) and 

82(98 8 ) c o r r e s p o n d i n g t o t h e S« phenomenon. A t t r i b u t i n g t h e S* e f f e c t 

t o two resonances r a t h e r t h a n , as p r e v i o u s l y , t o s i n g l e o b j e c t i s t h e 

p r i n c i p a l n o v e l t y o f our s o l u t i o n . As d i s c u s s e d i n Chapter S i x , t h e 

3^(993) forms a v e r y p l a u s i b l e c a n d i d a t e f o r t h e l o n g sought ground 

s t a t e s c a l a r g l u e b a l l which we w i l l d i s c u s s i n more d e t a i l l a t e r . The 

82(98 8 ) which we a s s i g n as t h e s5 ground s t a t e i s an almo s t s t a b l e 

p a r t i c l e w i t h v e r y t i n y w i d t h ( t h o u g h t h e c o u p l i n g t o TTTT t h a t we f i n d 

f o r t h i s p o l e i s v e r y s m a l l , c o r r e s p o n d i n g t o a w i d t h o f some 10 )ceV, a 

d e t e r m i n a t i o n o f i t s e x a c t w i d t h would r e q u i r e much more p r e c i s e d a t a ) 

t h e r e f o r e can o n l y cause l o c a l e f f e c t s i n t h e a m p l i t u d e s . I t s e f f e c t on 
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t h e phase s h i f t would t h e r e f o r e n o t be n o t i c a b l e i n e x p e r i m e n t a l d a t a 

because o f b i n n i n g . C onsequently, t h e p r e v i o u s e x p l a n a t i o n f o r t h e 

c l a s s i c S* phenomenon i n w h i c h a narrow resonance s i t s on t o p o f a 

r i s i n g background i s i n some sense s t i l l v a l i d . T h i s t i m e t h e narrow 

r e s o n a n c e i s n o t t h e c l a s s i c S*(975) quo t e d i n t h e l a t e s t PDG [ 1 6 9 ] b u t 

i s t h e S^(993) s c a l a r g l u e b a l l . The r i s i n g background i s p r o v i d e d by 

t h e b r o a d e(900) and £'(1420). I n making these i d e n t i f i c a t i o n s f o r t h e 

b a c k g r o u n d , we have i n e f f e c t m a r r i e d two o f t h e s c e n a r i o s f o r t h e S« 

d i s c u s s e d i n S e c t i o n 3.4.4, i . e . t h e background i s e i t h e r comprised o f a 

v e r y b r o a d £(1300) o r a b r o a d S-matrix p o l e e a t 700 MeV. T h i s i s i n a 

way r a t h e r s a t i s f a c t o r y because t h e two s c e n a r i o s were o b t a i n e d from 

a n a l y s i n g s u bsets o f our d a t a and t h a t t h e y a r e c o n t a i n e d i n our 

s o l u t i o n s i s an e x p e c t e d consequence r a t h e r t h a n a s u r p r i s e . 

F u r t h e r m o r e , our e x t e n s i v e i n v e s t i g a t i o n o f t h e dynamics i n t h e S* 

r e g i o n u s i n g t h e J o s t f u n c t i o n i n S e c t i o n 6.1.1 has r e v e a l e d t h a t among 

t h e p r e s e n t i n p u t , i t i s p r e d o m i n a n t l y t h e new DPE d a t a on 

IP IP -> TTTT, KK and i t s i n t e r p l a y w i t h t r a d i t i o n a l TTTT processes t h a t 

r e q u i r e t h e a d d i t o n a l B p o l e , t h e S^{988). T h i s S^(993) has been 

m i s t a k e n as t h e ss 8^(988) i n a l l t h e p r e v i o u s a n a l y s e s because t h e y d i d 

n o t have t h e necessary c o n s t r a i n t s p r o v i d e d by t h e AFS data (see 

C hapter 4 f o r our f o r m a l i s m ) . We now c o n s i d e r t h e n a t u r e o f 52(988) i n 

more d e t a i l s . 
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7.3 THE S?(988) AS A KK MOLECULE 

We have a l r e a d y e x p l a i n e d t h e i d e a s b e h i n d our s p e c t r a l assignment o f 

t h e 8 2 ( 9 8 8 ) i n Chapter S i x . Here we summarize t h e phenomenological 

i m p l i c a t i o n s o f such assignment. We have mentioned e a r l i e r t h e i d e a o f 

W e i n s t e i n and I s g u r ( e x p l a i n e d i n S e c t i o n 3.4,1.2) t h a t t h e r e i s a KK 

r e s i d u a l i n t e r a c t i o n , V - , b i n d i n g t h e KK t o g e t h e r t o form a molecule. 
KK 

F u r t h e r m o r e , t h e i r i d e a i s based on t h e s t u d y o f t h e s t a b i l i t y o f 

f o u r - q u a r k bound s t a t e s which t u r n s o u t t h a t t h e y o n l y e x i s t as l i g h t KK 

bound s t a t e s [ 7 8 ] . T h i s i m m e d i a t e l y b r i n g s t o mind t h e 8* 

p u z z l e ( S e c t i o n 3.4.4) i n w h i c h t h e o l d c l a s s i c 8* i s s i n g l e d o u t as t h e 

most p r o b a b l e f o u r - q u a r k bound s t a t e or a KK m o l e c u l e . I n f a c t i t i s 

r a t h e r d i f f i c u l t t o say whether t h e p a r t o n c o n t e n t o f a KK m o l e c u l e i s 

ss o r ssss as we do n o t have a r e l i a b l e scheme t o d i s t i n g u i s h such 

d i f f e r e n t t y p e s o f resonances (see Ref. 219 f o r a u s e f u l d i s c u s s i o n ) . 

Our ss assignment o f t h e 82(988) i s based on t h e s i m p l e quark model i n 

w h i c h 82 i s t a k e n as t h e i d e a l l y mixed p a r t n e r o f t h e non-strange e(900) 

because o f i t s c o u p l i n g r a t i o ( S e c t i o n 6.2.1). I t i s t h e l a c k o f a 

m i r r o r p o l e image t h a t q u a l i f i e s 82 as a KK m o l e c u l e . Having i d e n t i f i e d 

t h e two i s o s c a l a r s r e q u i r e d by t h e s i m p l e quark model, we a r e l e f t w i t h 

t h e S^(993) which i s i d e n t i f i e d as t h e s c a l a r g l u e b a l l (a SU(3) s i n g l e t ) 

because o f i t s c o u p l i n g s . We n e x t e l a b o r a t e on t h i s i m p o r t a n t f i n d i n g 

o f our a n a l y s i s . 
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7.4 THE S i ( 9 9 3 ) AS THE GROUND STATE SCALAR GLUEBALL 

As we have s t r e s s e d , t h e S^(993) o f f e r s a p o t e n t i a l s o l u t i o n t o an 
o u t s t a n d i n g problem o f s p e c t r o s c o p y - t h e i d e n t i t y o f t h e h y p o t h e s i z e d 
s c a l a r g l u e b a l l . For t h i s , t h e S^(993) forms a v e r y p l a u s i b l e 
c a n d i d a t e . Of course (as d i s c u s s e d i n S e c t i o n 6.2.1), f u r t h e r 
e x p e r i m e n t a l e v i d e n c e i s needed t o c o n f i r m t h i s assignment. I f t h e 
S^(993) does pro v e t o be t h e l o w e s t mass g l u e b a l l , n o t o n l y w i l l t h i s 
v i n d i c a t e t h e p r e d i c t i o n o f bag m o d e l l e r s , g l u o n condensate c a l c u l a t i o n s 
and l a t t i c e computers o f t h e pure gauge s e c t o r , b u t w i l l serve as a 
c a l i b r a t i o n f i x i n g t h e c r u c i a l m i s s i n g parameter needed t o n o r m a l i z e 
t h e i r whole g l u e b a l l spectrum (see S e c t i o n 1.3). We c o n s i d e r below how 
t h e g l u o n i u m i d e n t i f i c a t i o n o f S^(993) compares w i t h o t h e r gluonium 
c a n d i d a t e s d i s c u s s e d i n Chapter 3. 

As mentioned i n Chapter 3, ha r d g l u o n channels l i k e t h e r a d i a t i v e J/^ 

decays and DPE processes a r e t h o u g h t t o be i d e a l f o r gluonium p r o d u c t i o n 

because a c c o r d i n g t o t h e OZI r u l e ( S e c t i o n 3.2.4) o n l y g l u o n r i c h s t a t e s 

o c c u r as resonances i n th e s e OZI f o r b i d d e n c h a n n e l s . Such i s t h e prime 

m o t i v a t i o n f o r t h e AFS e x p e r i m e n t i n which t h e DPE mechanism i s presumed 

t o f a v o u r g l u e b a l l p r o d u c t i o n . I f S^(993) i s indeed a g l u e b a l l , t h e 

IP IP c o u p l i n g s t h a t we f i n d ( T a b l e 6.2 end co l u m n ) , p r o v i d e no s u p p o r t 

f o r t h i s n o t i o n . T h i s may be a problem f o r OZI s y s t e m a t i s t s b u t does 

n o t d e t r a c t f r o m DPE as an e x p l o r a t o r y t o o l . The e m p i r i c a l OZI r u l e may 

even be i n c o n s i s t e n t w i t h u n i t a r i t y ( c f . Eqn. 3.5). We have i g n o r e d any 

i n t r i n s i c d i f f e r e n c e between g l u o n and quark channels i n our 
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f o r m a l i s m (Chapter 4) as t h e y w i l l a u t o m a t i c a l l y show up i n t h e i r 

r e s p e c t i v e c o u p l i n g s . F u r t h e r m o r e , we b e l i e v e t h a t so t i g h t i s t h e 

r e l a t i o n s h i p r e q u i r e d by u n i t a r i t y on t h e TTTT and KK f i n a l s t a t e 

i n t e r a c t i o n s (Eqn. 4.14-15) t h a t t h e r e i s n o t h i n g new which has n o t been 

seen i n t h e c l a s s i c TTTT d a t a . Though t h e h i g h s t a t i s t i c s AF8 d a t a do n o t 

p r o v i d e scope f o r new e f f e c t s ( c o n t r a r y t o t h e b e l i e f o f t h e OZI 

s y s t e m a t i s t s ) , t h e y can supplement t h e c l a s s i c meson-meson s c a t t e r i n g 

r e s u l t s . Our p h i l o s o p h y i s amply v e r i f i e d by t h e IP |P c o u p l i n g l i s t e d 

i n T a b l e 6.2 [ F i g u r e 5 . 1 1 ] . The g l u e b a l l i d e n t i f i c a t i o n o f S-|^(993) i s 

s o l e l y based on t h e c o u p l i n g s o b t a i n e d f r o m our g l o b a l a n a l y s i s s u b j e c t 

t o u n i t a r i t y c o n s t r a i n t s . T h i s i s t h e o n l y j u s t i f i c a b l e way of 

i n d e n t i f y i n g resonances i n m u l t i - c h a n n e l s i t u a t i o n s and n o t by l o o k i n g 

f o r peaks i n c r o s s - s e c t i o n s . As e x p l a i n e d i n Chapter 4, f i n a l s t a t e 

i n t e r a c t i o n s can d i s t o r t t h e appearance o f a resonance and we c o u l d be 

m i s g u i d e d by t h e shape o f i t s c r o s s - s e c t i o n . The f u n d a m e n t a l d i f f e r e n c e 

between our 8^(993) and t h e g^s, i ( 1 4 4 0 ) and 9(1690) g l u e b a l l 

c a n d i d a t e s (Chapter 3) i s t h e way i n which t h e y a r e i d e n t i f i e d . The 

3^(993) i s an i d e a l SU(3) s i n g l e t and t h e r e i s no need t o i n v o k e f l a v o u r 

symmetry b r e a k i n g schemes t o j u s t i f y i t s gluonium s t a t u s as has been 

done f o r o t h e r g l u e b a l l c a n d i d a t e s ( c f . S e c t i o n 3.4.1.1). 

W h i l e we a r e s t i l l on t h e s u b j e c t o f c o u p l i n g s , l e t us c o n s i d e r t h e 

YY c o u p l i n g o f S^ o b t a i n e d f r o m f i t t i n g YY -> '"•IT ( F i g u r e 5.22). 

G l u e b a l l s are u s u a l l y t h o u g h t t o have suppressed photon 

c o u p l i n g s ( S e c t i o n 3.2.2) b u t t h e s e can be changed e i t h e r t h r o u g h 

m i x i n g ( S e c t i o n 3.4.1.4) or anomalous c o u p l i n g s ( S e c t i o n 3.2.2 and 
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3 . 4 - 4 ) . Since we have a l r e a d y a s s i g n e d t h e and e as t h e i d e a l l y 

m i xed p a r t n e r s t h e r e i s no scope f o r m i x i n g between t h e g l u o n i u m and 

t h e and e quark mesons. I t i s i n t e r e s t i n g t o no t e t h a t t h e 

d e v i a t i o n from i d e a l m i x i n g i n t h e 0~ channel c o u l d be u n d e r s t o o d i n 

t e r m s o f m i x i n g t h r o u g h t h e a x i a l anomaly ( S e c t i o n 3 . 4 , 1 . 4 ( 1 1 1 ) ) . I n 

t h e s c a l a r c h a n n e l , t h e r e i s t h e t r a c e anomaly [Eqn. 1.24] which i n 

p r i n c i p l e can i n d u c e a m i x i n g o f t h i s k i n d b u t t h i s does n o t seem t o 

happen i n our spectrum. I f our assignments a r e c o r r e c t t h e n i t would be 

a p r o b l e m f o r t h o s e who advocate t h e E f f e c t i v e 

L a g r a n g i a n ( S e c t i o n 1.3.2) approach i n which such m i x i n g i s 

i n e v i t a b l e ( S e c t i o n 3.4.1.5 and 3 . 4 . 2 . 8 ( 1 1 ) ) . F u r t h e r m o r e , t h e 

d e v i a t i o n f r o m i d e a l m i x i n g i n t h e p s e u d o s c a l a r channel would be more 

d i f f i c u l t t o u n d e r s t a n d as t h e anomaly m i x i n g i d e a c o u l d not be 

g e n e r a l i z e d t o t h e s c a l a r c h a n n e l . N e v e r t h e l e s s , t h e s c a l a r g l u e b a l l 

can a c q u i r e a s u b s t a n t i a l y y c o u p l i n g t h r o u g h t h e t r a c e anomaly (see 

S e c t i o n 3.2.2 and Ref. 2 2 ) . The r i s e o f t h e YY c o u p l i n g i n F i g u r e 5.22 

seems t o suggest t h i s i s i n d e e d what happens. N a i v e l y , one would expect 

t h e c u r v e s o f t h e yy and IP IP c o u p l i n g s [ F i g u r e s 5.11,5.22] t o be v e r y 

s i m i l a r as i s suggested by t h e s i m i l a r i t y o f t h e i r mechanisms. 

F i g u r e 5.1. The t r a c e anomaly t h e r e f o r e seems o n l y t o enhance t h e YY 

c o u p l i n g o f t h e s c a l a r g l u e b a l l S^(993) and n o t t o induce m i x i n g . 

However, as we remarked i n S e c t i o n 5.4.2, t h e p r e s e n t y y -> UTT data do 

n o t a g r e e w i t h each o t h e r so t h e argument p r e s e n t e d here i s j u s t a 

s p e c u l a t i o n . F i n a l l y , our S^(993) does n o t s u f f e r , l i k e o t h e r gluonium 

c a n d i d a t e s , from b e i n g p o s s i b l y a r a d i a l e x c i t a t i o n , some k i n d o f g i a n t 

resonance s t a t e o r h y b r i d (See Chapter 3 f o r examples). I t i s s i m p l y 
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t o o l i g h t f o r a l l o f t h e s e . F u r t h e r m o r e , as e x p l a i n e d i n 

S e c t i o n 3 . 4 . 1 . 2 , t h e l i g h t e s t f o u r - q u a r k bound s t a t e i s b e l i e v e d t o 

appear i n t h e f o r m o f a KK m o l e c u l e . The S-^{993) i s c l e a r l y not a 

f o u r - q u a r k bound s t a t e . The S ^ ( 9 9 3 ) i n our s o l u t i o n i s t h e r e f o r e a v e r y 

s t r o n g c a n d i d a t e f o r t h e ground s t a t e s c a l a r g l u e b a l l . As remarked 

e a r l i e r , t h e S ^ ( 9 9 3 ) has p r e v i o u s l y been m i s i d e n t i f i e d as a qq s t a t e , 

t h e S * ( 9 7 5 ) , l e a d i n g t o s p e c u l a t i o n s t h a t t h e ground s t a t e g l u e b a l l 

w o u l d e i t h e r be v e r y narrow or v e r y broad (see S e c t i o n 3 . 4 . 4 ) . We now 

u n d e r s t a n d why i t has been m i s s i n g f o r so l o n g : The hi d d e n g l u e b a l l 

s c e n a r i o a d v o c a t e d i n Ref. 1 3 7 t u r n s o u t t o be our S 2 ( 9 8 8 ) - a K K 

m o l e c u l e . 

7.5 CONCLUSIONS 

As we e x p l a i n e d , t h e n o v e l f e a t u r e s o f our a m p l i t u d e a r e t h e presence 

o f two narrow resonances S ^ ( 9 9 3 ) and 8 2 ( 9 8 8 ) . The d i s c o v e r y o f t h e 

e x t r a S^OSS) has f r e e d t h e S ^ ( 9 9 3 ) , which used t o be known as t h e S* , 

t o be i d e n t i f i e d as a p l a u s i b l e c a n d i d a t e f o r t h e ground s t a t e g l u e b a l l . 

The a d d i t i o n a l B p o l e o f S2 i s p r e d o m i n a n t l y r e q u i r e d by t h e c o n s i s t e n c y 

o f t h e AFS d a t a w i t h t h e c l a s s i c meson s c a t t e r i n g r e a c t i o n s ( c f . 

C h a p t e r 6 ) . As we d i s c u s s e d , much more d i r e c t s i g n a t u r e s o f t h e e x t r a 

r e sonance would show i n v a r i o u s r e a c t i o n s p r o d u c i n g KK f i n a l s t a t e i f 

o n l y t h e p r e c i s i o n were s u f f i c i e n t . Even w i t h e x i s t i n g d a t a , TTTT -> KK 

i n f o r m a t i o n a r e an i m p o r t a n t i n g r e d i e n t t o our f i t and, as mentioned, 

v e r y s i g n i f i c a n t d i s c r e p a n c i e s remain among t h e p u b l i s h e d r e s u l t s , 

n o t a b l y r e g a r d i n g t h e r e l a t i v e phase o f t h e TTTT -> KK a m p l i t u d e below 
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1 2 0 0 MeV. Our o v e r a l l s o l u t i o n , which f i t s t h e h i g h l y s t r u c t u r e d 

IP p -> TTTT i n f o r m a t i o n so w e l l , d i s f a v o u r s t h e f l a t phase a l t e r n a t i v e 

f o r tJ(TTTr -> KK). Only e x p e r i m e n t can de c i d e which i s c o r r e c t . 

U n f o r t u n a t e l y , t h e l a r g e e f f o r t needed t o r e p e a t e x i s t i n g e x p e r i m e n t s i s 

u n l i k e l y t o be f o r t h c o m i n g q u i c k l y . I n t h e s h o r t t e r m , r e s o u r c e s would 

p r o b a b l y be b e t t e r d i r e c t e d t o s t u d y i n g new r e a c t i o n s l i k e 

K~p -> A ( Z)K°K° or i n a c c u m u l a t i n g b e t t e r s t a t i s t i c s on IP IP -> KK. 

We have seen from our a n a l y s i s t h e power o f t h e DPE approach t o meson 

s p e c t r o s c o p y . The AFS e x p e r i m e n t has p r o v i d e d us i n v a l u a b l e d a t a on t h e 

DPE p r o c e s s e s . An u n a n t i c i p a t e d b e n e f i t o f t h e DPE approach t o meson 

p r o d u c t i o n i s i t s emphasis on low p a r t i a l waves i n c o n t r a s t t o 

t r a d i t i o n a l OPE r e a c t i o n s l i k e TTN -> TrirN i n which t h e h i g h e r waves 

dom i n a t e ( e g . t h e p ) . I t i s t o be hoped t h a t more and b e t t e r data o f 

t h i s k i n d w i l l come fr o m t h e SPS and/or T e v a t r o n c o l l i d e r s i n t h e 

f u t u r e . 

O ther ' p r o d u c t i o n r e a c t i o n s ' ( i n our t e r m i n o l o g y t h i s i n c l u d e s 

v a r i o u s heavy f l a v o u r decays) a r e b e g i n n i n g t o p r o v i d e u s e f u l 

i n f o r m a t i o n on s c a l a r f i n a l s t a t e s . At p r e s e n t , t h e d a t a a re r e s t r i c t e d 

b o t h s t a t i s t i c a l l y and i n t h e mass range e x p l o r e d and p a r t i a l wave 

s e p a r a t i o n i s u s u a l l y l a c k i n g . I t was not t h e r e f o r e a p p r o p r i a t e t o 

pr o c e e d as we d i d w i t h t h e AFS r e s u l t s and l e t t h e p r o d u c t i o n data h e l p 

s e l e c t t h e s t r o n g i n t e r a c t i o n a m p l i t u d e s . I n s t e a d , we merely sought t o 

d e m o n s t r a t e c o n s i s t e n c y , o n l y a l l o w i n g t h e c h a r a c t e r i s t i c r e a c t i o n 

( c ) 

c o u p l i n g s (Ot ' o f Eqn. 4.22 above) t o v a r y . The r e a c t i o n s we have 

s t u d i e d a r e , y y -> TTTT, ip' -> J/ijnrir, T ' ( T ' ' ) - > TTTTT and J/\jJ -> <J)TriT. 
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I n f o r m a t i o n on t h i s l a t t e r process and i t s companion decay J/^ -> (jiKK 

w i l l s h o r t l y be g r e a t l y enhanced. I t may then be a p p r o p r i a t e t o emulate 

t h e t r e a t m e n t o f t h e AFS da t a and I hope t h i s can be done i n t h e near 

f u t u r e . 

For t h e h i g h e r mass range t h a t we e x p l o r e , i n f o r m a t i o n i s needed on 

o t h e r c o u p l e d c hannels l i k e 4TT and riH- The l a t t e r has been q u i t e 

e x t e n s i v e l y e x p l o r e d i n a r e c e n t e x p e r i m e n t a t CERN [ l 7 l ] . A c c o r d i n g t o 

t h e accompaning (somewhat r e s t j i c t e d ) a m p l i t u d e a n a l y s i s , t h e p a r t i a l 

wave s t r u c t u r e i s v e r y d i f f e r e n t from t h a t r e p o r t e d i n t h i s t h e s i s , i n 

p a r t i c u l a r t h e S-wave c r o s s - s e c t i o n peaks a t 1200 and 1600 MeV w i t h a 

s h a r p d i p in - b e t w e e n . The d i f f e r e n c e o f t h i s spectrum from t h a t found 

f o r TTTT and KK f i n a l s t a t e s , a l t h o u g h f o r m a l l y p o s s i b l e , seems u n l i k e l y 

and m e r i t s f u r t h e r i n v e s t i g a t i o n . 

I have r e p o r t e d i n t h i s t h e s i s t h e complex f e a t u r e s o f our g l o b a l 

f i t s (namely t h e 7 ^ - m a t r i x poles f o r 4 r e s o n a n c e s ) , and have gone t o 

some l e n g t h t o j u s t i f y t h e number o f t J - m a t r i x p o l e s r e q u i r e d and e x p l a i n 

our resonance a s s i g n m e n t s . Another way o f i d e n t i f y i n g resonances i n 

t h i s c o m p l i c a t e d s i t u a t i o n , which a r r i v e s a t t h e same c o n c l u s i o n s , i s 

t h e ' X - t r a c k i n g ' method o f David Morgan p r e s e n t e d i n Ref. 219. F i n a l l y , 

o u r e x t e n s i v e a n a l y s i s does r e v e a l d e f i n i t e evidence f o r dynamics beyond 

t h e n a i v e quark model w i t h t h r e e s t a t e s i n t h e 1 GeV r e g i o n . T h i s 

r i c h n e s s may prove a key s i g n a t u r e of n o n - p e r t u r b a t i v e QCD. 
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7.6 T a b l e 

•• 

0.648 0.638 

0.993 0.997 

1,069 1.063 

1.295 1.297 

1.629 1.655 

T a b l e 7.1 Poles ( i n u n i t s o f GeV) o f t h e P- m a t r i x (see Ref. 222 and 

Appendix E) f o r t h e K^ and s o l u t i o n s . 
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ftPPEWDIX ft 

K- and M- matrix formalism 

The i d e a of these formalisms i s to express the c o n s t r a i n t s implied by 

coupled channel u n i t a r i t y i n a t r a n s p a r e n t way. The M-matrix formalism 

i s f i r s t introduced i n A.I as a t r i v i a l g e n e r a l i z a t i o n of f u l f i l l i n g 

s i n g l e channel u n i t a r i t y . The conversion to the K-matrix formalism i s 

e x p l a i n e d i n A . I I . The d e t a i l s of our p a r a m e t r i z a t i o n s are given i n 

A . I l l and A.IV. In A.V we d i s c u s s a s i m p l i f i e d v e r s i o n of the three 

c h a n n e l formalism. The l a s t S e c t i o n A.VI deals with the d e r i v a t i o n s of 

c o u p l i n g s . 

ft. I i n t f P d u c t i Q n %o t n ? H-matriS fQrtna^lsip 

R e c a l l the Eqn. 4.6 f o r the s i n g l e channel TTIT inr amplitude can 

be e x p r e s s e d i n terms of a r e a l f u n c t i o n M̂ ^ (= 1/^^^^) as i n Eqn. 4.28, 

i . e . 

^ ^ 1 1 
J l l " P j ( c o t 6 - i ) ' - i P j ( A . l ) 

where i s the t h r e s h o l d f a c t o r introduced i n S e c t i o n 4.2. These 

e q u i v a l e n t e x p r e s s i o n s for ^ otiviously s a t i s f y the s i n g l e channel 

e l a s t i c u n i t a r i t y c o n s t r a i n t Im = P j i^Jj^^l^- The d i s c o n t i n u i t y i n 

i m p l i e d by t h i s r e l a t i o n f o r s > 4m^ i s e x p l i c i t l y e x h i b i t e d i n the 

f a c t o r i n Eqn. A . l with M̂ ^ a r e a l a n a l y t i c f u n c t i o n of s. We next 

g e n e r a l i s e Eqn. A . l to the coupled channel c a s e . For the two channels 1 
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and 2 ( e g . TTTT and idT) there are two t h r e s h o l d f a c t o r s and , 

p. = / ( I - 4 n i ^ / s ) . He do not concern o u r s e l v e s with the d i s t i n c t i o n 

between charged ( i . e . K*K") and n e u t r a l ( i . e . K°K°) channels for the 

moment. Though the i n Eqn. A . l has no cut a t channel 1 t h r e s h o l d , 

i t must have a d i s c o n t i n u i t y corresponding to channel 2 which because of 

c u t plane a n a l y t i c i t y w i l l occur through e x p l i c i t f a c t o r s of P2 . To 

e x h i b i t t h e s e r i g h t hand cut s t r u c t u r e s i n J j ^ ^ we need to express i n 

terms of r e a l f u n c t i o n s of s, p^ and p^ . T h i s can be achieved by 

r e - p a r a m e t r i z i n g the s i n g l e channel case by 

D ( s ) 

' ' l l " N^^(s) - i P j D ^ ^ C s ) 

and g e n e r a l i s i n g t h i s to the two channel s i t u a t i o n by 

N ^i^^'P»^ 

" ' l l " N ^ ^ ( s , p j ) - i p j D ^ ^ ( 8 , p j ) (A.3) 

We can f u r t h e r expand D̂ ^̂  and M̂^̂  a s : 

D ^ ^ { s , p j ) = a ( 8 ) + i p j b ( s ) 
N ^ ^ ( 3 , P j ) = c ( s ) + i P j d ( s ) 

where a , b, c and d are r e a l functions of s, s i n c e below channel 2 

t h r e s h o l d i p ^ i s r e a l and so N^^ , D^^ a r e . Eqn. A.3 then becomes 

a ( s ) + i p j b ( s ) 

^11 " c ( s ) + i p j d ( s ) - i p ^ a ( s ) + p j p j b ( s ) 

Now l e t ' s examine what happens i n each energy regime. Vfhen s < 4m^ , 

the tJ a r e r e a l having no d i s c o n t i n u i t i e s . There the p a r e 
i j *»2 
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imaginary, and guaranteed r e a l provided a, b, c and d a r e a l l r e a l 

f u n c t i o n s . 

When 4mJ < s < 4mj , e l a s t i c u n i t a r i t y r e q u i r e s Im t j ^ ^ = P i l J ^ j P • 

T h i s i s a s s u r e d by the form Eqn. A.3. Of the four r e a l f u n c t i o n s a, b, 

c, d, one i s a r b i t r a r y s i n c e we can c l e a r l y d i v i d e the numerator and 

denominator of Eqn. A.4 by any r e a l f u n c t i o n . I t i s now convenient to 

e x p r e s s Eqn. A.4 i n terms of three other r e a l f u n c t i o n s M̂ ^ ( i , j = 1,2) 

d e f i n e d by: 

d 
" i i = T " 

M - M = ^bc - ad 
" l 2 ^ 1 b 

M 2 2 = ^ (A.5) 

We then have 

^ 2 -

Because of the symmetry property of the l a b e l s 1 and 2, we can 

immediately w r i t e down t j ^ ^ , i . e . 

M - i p 
S = U 11 ^ (A.7) 

To o b t a i n a s i m i l a r e xpression for J j ^ ^ we co n s i d e r the energy r e g i o n of 

s > 4m̂  , where P j and P j are r e a l . The coupled channel u n i t a r i t y then 

[Eqn. 4.14] r e q u i r e s t h a t 
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and ^"^^12 ' P i ^ n ^ l 2 * Pa'3l2522 ^̂ '̂ ^ 
S u b s t i t u t i n g Eqns. A.6-7 i n t o Eqns. A.8-9 we o b t a i n 

Note t h a t t h e s i g n i n f r o n t of M^^ ambiguous because of the 

n o n - l i n e a r i t y of Eqn.4.8 and the l i n e a r i t y of Eqn .A.9. We have chosen the 

n e g a t i v e s i g n as our convention. A l l the u n i t a r i t y c o n s t r a i n t s i n 

Eqn. 4.14 a r e t r i v i a l l y s a t i s f i e d with the forms of given i n 

Eqns. A. 6 - 7 and Eqn. A. 10. Furthermore, a l l the ^ elements have the 

same denominator as r e q u i r e d by u n i t a r i t y . Summarizing the Eqns. A.6 - 7 

and Eqn. A. 10 i n m a t r i x form we have the M-matrix formalism. 

5 • (S - !£]-' 

Here, p i s the d i a g o n a l matix with diagonal elements p , p . M i s a 
'\/ 1 2 w 

r e a l symmetrix m a t r i x with elements M^^ , i = 1,2. 

ft.n The K-matri^ formal^gp 

From Eqn. 4.28 or Eqn. A . l we have f o r s i n g l e channel 

1 

K - -
(A.11) 

which suggests t h a t we can express J j ^ ^ as a f u n c t i o n of M̂ ^ or i t s 

i n v e r s e ^ / ^ ^ and v i c e v e r s a . Instead of going through a l l the previous 

procedures i n A.I we immediately w r i t e down the K-matrix formalism f o r 

coupled channel w i t h Jl̂  = JJ"^ »' 
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and show hot? th® K- and U~ l a a t r i s f o r i a a l i s E a r e r o l a t e d . 

In t e r r a s o f th© K-natsrisj el©ra®nts 

11 Ban (a.12) 

•̂ 12 
12 D<an (A„13) 

^ 2 2 ^ ( A a 4 ) 

where Den = 1 - i P i K , - i p , K ^ -p D , [ K , - K ^ J i s t h e common den o m i n a t o r . * 11 * 22 ^ ^ 11 22 12 

E q u a t i n g Eqns A.5-7 and Eqn A.10 w i t h Eqns. A.12-14 we o b t a i n t h e 

f o l l o w i n g e q u a l i t i e s between the K- and M- m a t r i x elements? 

11 d e t 

n. 1^-12 d e t 

22 d e t K 

w i t h d e t K = Kj^^K^j ~ K^^- The K - m a t r i x f o r m a l i s m o b v i o u s l y s a t i s f i e s 

t h e c o u p l e d channel u n i t a r i t y c o n s t r a i n t s o f Eqn. 4.14. He n e x t 

c o n s i d e r t h e K- r o a t r i x p a r a m e t r i z a t i o n i n more d e t a i l s . 

A o I I I More on t h e K - m a t r i x f o r m a l i s m 

As d i s c u s s e d i n S e c t i o n 4.2.1 a s i m p l e B r e i t - H i g n e r resonance w i t h 

R mass Ep has a 90® phase s h i f t , i . e . 6 = 90®, on resonance 
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For a s i n g l e channel 

(1/PxKj^) - i cotS - i 

t h e r e f o r e a u s t have a p o l e a t s = E^ bscaus® c o t (w/2) i s z e r o a t 

t h e r e s o n a n c e . T h i s i s t h e r e a s o n ohy t h e p o s i t i o n s o f t h e K - m a t r i x 

p o l e s a r e sometimes i n t e r p r e t e d as resonances. Hotjever, t h i s i s o n l y 

t r u e when t h e resonance o c c u r s w i t h no nearby resonance o r t h r e s h o l d . 

The S« i s t h e b e s t known example i n which t h e phase s h i f t 6 reaches n/2 

a t a p o s i t i o n which cannot be i d e n t i f i e d w i t h t h a t o f t h e resonance 

because o f a r i s i n g background ( c f . S e c t i o n s 3.4.4 and 4 . 2 . 1 ) . 

To i l l u s t r a t e t h e c o m p l i c a t i o n s a r i s i n g i n t h e c o u p l e d c h a n n e l case 

we c o n s i d e r as an example. For 4m^ < s <.^m^ , p^ i s r e a l and p^ i s 

i m a g i n a r y or p^ = i l p ^ |. From Eqn. A.12 we have 

11 

T h i s t i m e c o t 6 does not necessary go t o z e r o a t t h e p o s i t i o n o f 

K - r a a t r i x p o l e . T h i s scheme o f i d e n t i f y i n g resonance becomes more 

c o m p l i c a t e i f t h e resonance o c c u r s above t h e KK t h r e s h o l d w i t h p and p 

b o t h r e a l . As i s well-known t h e p r o p e r p r o c e s s - i n d e p e n d e n t c r i t e r i o n i s 

t o i d e n t i f y t h e masses and w i d t h s o f resonances w i t h t h e complex 

p o s i t i o n s o f t h e p o l e s of t h e ^ ( o r S ) - m a t r i x . To be more p r e c i s e , we 

r e w r i t e Eqn. 4.7 f o r a s i m p l e B r e i t - H i g n e r resonance as 

- s - I E r 
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The z e r o of 3 o c c u r s a t s = Ef - iE „ r . S i n c e we have seen i n A.I t h a t 
R R 

a l l tJ^. elements i n the coupled channel ^ - m a t r i x have the same 

denominator, the poles of the 3-matrix a r e u n i v e r s a l as resonances ought 

t o be. 

A.|V parametrj-ZatiQng 

Here we d e s c r i b e f i r s t the K-matrix p a r a m e t r i z a t i o n given i n 

Eqn. 4.33 and then e x p l a i n how one goes from the K-matrix to the 

M-matrix p a r a m e t r i z a t i o n . Since the phase s h i f t r i s e s s harply near a 

resonance ( s e e S e c t i o n 4.2.1) or an openning of a new t h r e s h o l d , i t i s 

h e l p f u l i n f i t t i n g data to introduce a pole i n the K-matrix to generate 

such s t r u c t u r e . T h i s pole of course does not necessary correspond t o 

any p h y s i c a l e n t i t y . Indeed, the number of K-matrix poles i s not 

n e c e s s a r i l y the same as the number of p h y s i c a l resonances as d i s c u s s e d 

i n S e c t i o n 5.3 where we perform one- and t h r e e - pole f i t s and obtai n 

the same resonance s t r u c t u r e s . Here we only address the t e c h n i c a l i t i e s 

of the p a r a m e t r i z a t i o n s . 

To i l l u s t r a t e the e s s e n t i a l i n g r e d i e n t s of the K-matrix 

p a r a m e t r i z a t i o n we r e w r i t e Eqn. 4.33 i n a s i m p l i f i e d form with only one 

K-matrix f j o l e . 

K. . = ( s - s) 
1 ] 0 

f .f . 
P. . + ^ i j ( s ^ - s ) ( s ^ - s,) 

(A.18) 

where s^ i s the Adler zero [157] and s^ i s the p o s i t i o n of the K-matrix 

p o l e . The P^^ polynomials c h a r a c t e r i s e 'backgrounds' and are smooth 
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f u n c t i o n s of s. The form of Eqn. 4.29 suggests t h a t the Adler zero of 

the ^ " " ' ' t r i x can be parametrized by a simply f a c t o r ( s - s^) i n the 

K-matrix. The e x t r a f a c t o r ( s - S j ) i n the denominator of the pole term 

i s t o ensure t h a t the c o e f f i c i e n t s a re the same as the r e s i d u e s at the 

p o l e , i . e . s = s^ . 

From Eqns A.12-14 we observe that the determinant of the K-matrix 

(det K) appears i n both the numerators and denominators of the ^-matrix 

elements. Since det K i s quadratic i t t h e r e f o r e c o n t a i n s products of 

the pole terms, i . e . double poles. To achieve the c a n c e l l a t i o n of the 

double poles we demand the pole terms i n Eqn. A.18 be f a c t o r i z a b l e ( i . e . 

w i t h the c o e f f i c i e n t s (or r e s i d u e s ) given i n Eqn. 4.33 or Eqn. A.18). 

The double pole c a n c e l l a t i o n goes as f o l l o w s : 

V 2 2 = - P p + p 2—2 
11 22 11 ( S j - s ) ( S j - s , ) 

* P i l i l 

' " -

22 ( 8 ^ - 8 ) ( S j - S j ) ( S j - 8 ) ( S j - S j ) ' 

f f f ' f ^ 
p2 + 2P ^2 ^ 12 
12 12 ( 3 j - s ) ( s ^ - s,) ( s ^ - s ) ^ s ^ - 3 , ) ' 

and the double pole term disappears i n det JC. The essence of the 

c a n c e l l a t i o n l i e s i n the f a c t o r i z a b i l i t y of the pole and the 

g e n e r a l i z a t i o n of the c a n c e l l a t i o n to K-matrix with m u l t i - p o l e s are most 

s t r a i g h t forward. Of course, terms l i k e l / ( S j - s ) ( S j - s ) e t c do not 

count as double p o l e s . 
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Having e x p l a i n e d the philosophy behind the K-matrix p a r a m e t r i z a t i d n , 

we now e x p l a i n how the form of the K- and M- matrix p a r a m e t r i z a t i o n s 

g i v e n i n Eqns. 4.33,35, a r e r e l a t e d . Since J(J = J|^'^ t h i s i m p l i e s that 

M ± — 
det K 

^22 

-K 21 

12 

11 

As t h e det i s q u a d r a t i c and c o n t a i n s the f a c t o r ( s - s ^ ) * , the 

M-matrix elements must have a pole to account f o r the Adler z e r o of the 

3 - m a t r i x . Furthermore, i f det K = 0 then one a l s o needs to introduce an 

e x t r a pole i n the M-matrix p a r a m e t r i z a t i o n . Apart from these, the 

M-matrix elements can have as many poles as t h e r e are i n the K-matrix 

elements. Again, we s i m p l i f y the p a r a m e t r i z a t i o n of Eqn. 4.35 to 

i l l u s t r a t e i t s essence; 

M L i 
ID s - s, 

1 1 
1] ^1 " s (A.19) 

T h i s time t h e r e i s no need for a ( s - s ) f a c t o r i n the denominator of 
0 

the ( S j - s ) pole term as the c o e f f i c i e n t s a re guaranteed t o be the 

r e s i d u e s of the p o l e s . The M-matrix poles a r e given i n f a c t o r i z a b l e 

forms hence t h e r e w i l l be no double poles i n the !l-matrix elements. 

From Eqns. A.6-7 and Eqn. A.10 we see t h a t there i s no double counting 

f o r the Adler zero pole term as w e l l . 

A.V Three channel -> Two channel formalism 

R e c a l l i n S e c t i o n 4.2.2, Eqn, 4.13, we have introduced an averaged 
n c 

P2 = ( l / 2 ) ( p 2 + P j ^ * reason for t h i s i s to s e p a r a t e the E t k i n 
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Tnr -> K ' K ' [166] ( p j = p"), Cohen TTTT - > K * K ' [164] (p^ = p^) and AFS 

I P P -> K * K ' (p^ = p^) from the r e s t of the data [ I 5 8 ] [ l 5 9 3 [ l 6 l ] [ l 6 2 ] 

( w i t h the averaged p^). We have only done t h i s for the YS. channel 

because we know from experiment [ F i g u r e 5.7] that the K K channel has a 

s t r o n g c o u p l i n g i n irrr s c a t t e r i n g . Data i n the K ? t h r e s h o l d region may 

t h e r e f o r e be s e n s i t i v e t o the sm a l l mass d i f f e r e n c e between the K ^ K " and 

K ^ K " . The s e p a r a t i o n of K * K and K ' K ' a r e f i n e tuning e x e r c i s e s and the 

r e s u l t s r e ported i n Chapters F i v e and S i x are not very d i f f e r e n t from 

our p r e v i o u s a n a l y s i s [ l 4 4 ] i n which we used the e f f e c t i v e kaon mass 

4m2 = 0.98277 GeV* i n n • 
2 ^2 

In c a r r y i n g out the s e p a r a t i o n of the K * K ~ and K ' K ' channel we have 

i n e f f e c t performed a s i m p l i f i e d 3 coupled channel Tnr, K ^ " , K ^ K * * 

a n a l y s i s . To i l l u s t r a t e the connection between the s i m p l i f i e d 3 coupled 

channel and coupled channel formalism, we consider the K - m a t r i x 

f ormalism as an example, i n p a r t i c u l a r . 

P u t t i n g the averaged P j i n t o Eqn. A. 12 we get i n the coupled channel 

c a s e , 

J l l — r - —-; (A.20) 
l-ip^K^^-i0.5(p^.p;,K^^-p^0.5(pX)<^iK22-Kj2' 

To o b t a i n t l j ^ i n the 3 coupled channel we denote T I I T , K ^ K and K ' K ' * by 1, 

2 and 3 r e s p e c t i v e l y ; and use the l e t t e r L for the 3x3 K - m a t r i x while 

keeping the symbol K for the 2x2 K - m a t r i x . The three coupled channel 

amplitudes (denoted by ^ ' ) i s given by 
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where the diagonal matrix p has elements p, , plT and p ' . Based on the 

assumption that the K * K and K ° K " channels a r e i d e n t i c a l d y n a m i c a l l y , 

a p a r t from the d i f f e r e n c e i n t h e i r t h r e s h o l d s , i s accounted f o r by p^ 
n 

and P j , making the following i d e n t i f i c a t i o n s 

^13 = ^12 ^23 = ^22 ^33 = ^22 
We then have f o r J j ^ ^ 

L , , - i { p ^ P ? ) ( L _ L _ - L ? J 
5' = 11 2 2 11 22 12 

l-iO,4,-i(pX)L^2-Pl^p2^p2><^lS2-"?2^ 
(A.21) 

To connect the 3 and 2 coupled channel K-matrix formalism we equate 

Eqns. A.20 and A.21 to obtain the f o l l o w i n g i d e n t i t i e s ; 

hi = ' ^ l l ' h2 = ( l / ^ J l ^ l Z ' 42 = <^/2)K22 

i . e . L^^L22 - = ( l / 2 ) d e t ^ 

Hence by making the separation of p̂  and p" we have p>€rformed a 

s i m p l i f i e d 3 coupled channel a n a l y s i s . 

c n 

We need to make sure that a f t e r s e p a r a t i n g p̂  and p̂  , the j - n i a t r i x 

a mplitudes i n the coupled channel formalism s t i l l s a t i s f y u n i t a r i t y . 

The r e g i o n where u n i t a r i t y may be v i o l a t e d i s 4m* < s < i . e . p̂  

i s r e a l and p" i s imaginary. We again use the TTTT -> im channel as an 

example. In the 3 coupled channel formalism, the u n i t a r i t y equation f o r 

TTTT - > TTTT i n the region of 4m* < s < 4m* i s simply 
K * K " 

12 i - y j i = pj^;j^ ^p^is;^^ (A.22) 

w i t h = ''12 

i-pihr'<p2^p^S2-^^pX>^SiS2-'l2^ 
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I n terms of the coupled channel Eqn. A.22 becomes 

where the l/»^ f a c t o r comes from L^^ = (1/»^)K^^ . P u t t i n g p" = i l P j l 

i n Eqn. A.20 one o b t a i n s the f o l l o w i n g e q u a l i t y ; 
c The numerator of (Im " P i l t J i j I ' ) = "O-Spj det K + O.Sp^ K^^K 22 

Hence the coupled channel K-matrix formalism s t i l l s a t i s f i e s the 
c n 

n e c e s s a r y u n i t a r i t y c o n d i t i o n s a f t e r the s e p a r a t i o n of and p^ i n p^ . 

As a f i n a l comment, the c o n v e r s t i o n of a l l the K-matrix formalism i n 

t h i s s e c t i o n to the M-matrix formalism i s s t r a i g h t forward with the help 

of Eqn. A.15. 

ft.VI Coyp^Anqs and Pole Searcnings 

In S e c t i o n 6.1 we use the idea of a X^-plane to s e p a r a t e the sheet 

s t r u c t u r e s of the complex energy plane. For a s i n g l e channel there i s 

only one t h r e s h o l d f a c t o r p^ which g i v e s r i s e to two energy sheets I and 

I I , see F i g u r e A . l . For two channels t h e r e a r e two t h r e s h o l d f a c t o r s P j 

and P j which then g i v e r i s e to four energy sheets I , I I , I I I and IV, see 

F i g u r e A.2. 

In d e f i n i n g the sheet s t r u c t u r e s we have used the e f f e c t i v e masses 

f o r the pions and kaons i n pj and P j to avoid i n t r o d u c i n g e x t r a sheet 

s t r u c u t r e s (which would not l e a d to any new p h y s i c s not a l r e a d y included 

i n the l i j - p l a n e , F i g u r e 6.2a). Sheet I i s )inown as the p h y s i c a l sheet 
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Sign of Im P 

( - ) 

F i g u r e A . l Sheet s t r u c t u r e s for s i n g l e channel 

Signs of 
Im p^, Im P j 

{ +, + ) 

( +, - ) 

( + ) 

( - ) 

F i g u r e A.2 Sheet s t r u c t u r e s f o r two channels ( s i n g l e channel i n 

b r a c k e t s ) . 
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because i t c o n t a i n s the r e a l energy a x i s below the branch point ( c f . 

S e c t i o n 4.2.3) and does not have p o l e s . The poles on the u n p h y s i c a l 

s h e e t s a r e found by s e a r c h i n g the zeros of the common denominator of the 

^ - m a t r i x with the appropriate s i g n s of Ira and Im p^ . The pole 

p o s i t i o n s reported i n Chapter S i x were obtained i n t h i s f a s h i o n . 

F i n a l l y , we come to the couplings or r e s i d u e s , Y, of the poles i n our 

^ - m a t r i x amplitudes. I n the proximity of p o l e s , s^^ , the elements 

can be w r i t t e n as 

Y.Y. 
* J . . = 

ID - s 

y y ^ Lim ( s - s ) y . (A.24) 
i j s s 

To o b t a i n Y.Y. we need a n a l y t i c e x p r e s s i o n s f o r Lim (s^^ - s ) t j . . • 

S i n c e the denominator. Den ( c f . Eqns. A. 12-14), of the 5.. elements 

v a n i s h e s a t the pole p o s i t i o n Sj^ , we can expand Den i n a Ta l y o r s e r i e s 

about s = Sj^ , i . e . 

Den(s) = ( s - S j ^ ) D e n ^ s ) + ( l / 2 ) ( s - s^)^T)en^{s) + (A.25) 

n 
where Den"(s) = — n - D e n ( s ) . S u b s t i t u t i n g Eqn. A.25 i n t o Eqn. A.24 one 

3s 
o b t a i n s f o r the K-matrix formalism the f o l l o w i n g e x p r e s s i o n s ; 

^ D e n ^ s ) 

1 2 DenMs) 

y2 = 

2 D e n ^ s ) 
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The e f f e c t i v e Icaon mass 4m^ = 0.98277 i s used i n for c o n s i s t e n c y 

(same a s the P^ i n pole s e a r c h i n g ) . 

I n the c a s e of the M-natrix formalism we get 

-M,. + i P , 

"12 
Y,Y, = 1 2 A M S ) 

. _ -"11 ' ''i Y 

where A ( s ) = (M - i p )(M - i p ) -
11 1 22 2 12 

1 3 and A M s ) = r — ^ < s ) , ds 
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APPENDIX B 

The ^ 2 »mplit:»<3^ 

In t h i s s h o r t appendix we d e r i v e the e x p r e s s i o n for ' 

from the f i r s t p r i n c i p l e . The expression f o r , Eqn. 5.1, i s derived 

i n S e c t i o n 4.2.2 and we a r e going to use tf̂ ^̂ ^ and the u n i t a r i t y equation, 

Eqn. 4.14 to obtain Eqn. 5.2. The coupled channel u n i t a r i t y equation 

f o r TTTT -> TTTT reads: 

w i t h 

o 13 |2 _ 1 ^ n;, - 2n,,cos26^^ 
P i U n ' 4p;̂  

and 

11 2Pj 

=> p 

=> 

=> 

IS. 2' 12' 4pj 

\ 2 -

/ ( I - n j i ) e ^ * i 2 
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The J o s t F^ncUon 

L e t ' s c o n s i d e r the diagonal S-matrix elements i n the K-matrix 

formalism which a r e given by 

= 1 - iP,K^, - i p / 2 2 - P i P a ^ ^ l S 2 - ̂ ^2^ 

and 
1 - ip,K^^ . ip^K^^ . P.P^^V22 - ""ly 

One observes from Eqns. C . l and C.2 t h a t the sig n s of p^ and p^ i n the 

numerators a r e opposite to thosie of the p^ and p^ i n the denominators. 

One can t h e r e f o r e express S^^ and as r a t i o s of a f u n c t i o n of P^ and 

. Such f u n c t i o n i s knotm as the J o s t f u n c t i o n , 0, which i s defined 

as ( c f . Eqn. 6.4) 

(t)(p .0 ) = d ( s ) [ l - i p K - i p K - p p (K K - KM] ^ ^ 1 ^ 2 ^1 11 ^2 22 ^1^2 11 22 12 

where d ( s ) i s some a r b i t r a r y r e a l f u n c t i o n . Hence 

<5)(-p,,P,) S = 4 5— (C 3) 
11 4)( P^.p^) ^ ° ^ 

and 

22 (t)(pj. p j ) 
P j . - P ^ ) 

— (Co4) 
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The d ( s ) f u n c t i o n has to bs r e a l because the i s a g i n a r y s i g n s i n the S-

or ^ - matrix a r e at t a c h e d only to the t h r e s h o l d f a c t o r s p and p ohich 

a r e p h y s i c a l q u a n t i t i e s . Furthenaor®, d ( s ) i s an a r b i t r a r y function 

because i t i s always c a n c e l l e d i n the S- and 3- l a a t r i s elements. He 

next demonstrate t h a t t h i s i s indeed the c a s e . tfe proceed o i t h the 

proof by d e f i n i n g 

= [(tXpj.Pj) + <j)(P^,-p2)]/2 

= d ( s ) ( l - ip,K, ) 
and 1 11 

^_ = ["tXPj.P^) - <t)(Pj,-p2)J/(2p2) 

= d ( s ) ( - i K 2 2 - P j d e t K) 

- Im \J> 
^> K = (Co5) 

' ^ l l p,Re 

-Im i!^ 
K = • — (C.6) 
22 Re ^ 

•V-

- Re ^ 
det K = ^C"'') 

PjRe \ 
and 

^ 2 = ^ 1 1 ^ 2 2 - I 

S i n c e Re = d ( s ) and the denoBiinators of the S- or %- matrix elements 

a r e given by (J)(p^ ,p^ ) / d ( s ) , we see immediately t h a t the S- or ^- matrix 

can be w r i t t e n as f u n c t i o n s of 0(±Pj.ip^)/d(s). Hence the f u n c t i o n d ( s ) 

never e n t e r s any p h y s i c a l q u a n t i t i e s and i s t h e r e f o r e a r b i t r a r y -
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C . n s e p a r a t i o n gf rgsppangg and b^ct^groypd i n S-m^tiri?t 

The prime v i r t u e of the (j>-representation i s t h a t the nuaerator of the 

S-matrix elements a r e r e l a t e d to t h e i r common denominator. I t i s 

n a t u r a l t o maintain t h i s property i n s e p a r a t i n g resonance and background 

e f f e c t s by e x p r e s s i n g <J> as a product; 

4) = (t)̂ <J)̂  (Cc9) 

Eqns. C.3-4 imply t h a t the diagonal S-matrix elements w i l l a l s o be 

f a c t o r i z e d . We i l l u s t r a t e t h i s below by c o n s i d e r i n g a s i n g l e pole 

s i t u a t i o n , say a t = k , i . e . 
2 A 
4) = (k - k)e~^^^ (ColO) 2 A 

where k^ = p2(E/2). S u b s t i t u t i n g Eqns. C I O i n t o C,3 we get 

- ( k , + k*) 
S = ' A e^^^b (Coll) 
11 (k^ - k^) 

Note t h a t the i d e n t i t y 

( S x - p j ^ P j ) = <i»^(Pt.-pp 

has been used to o b t a i n the above e x p r e s s i o n . We can g e n e r a l i s e 

Eqn. C.IO to m u l t i - p o l e s i t u a t i o n s and express <J) as product of zeros and 

an e x p o n e n t i a l f u n c t i o n as background. Eqn. 6.5 i n S e c t i o n 6.1.1 i s 

t h e r e f o r e a g e n e r a l i z a t i o n of Eqn. C.IO with three S-matrix f)oles. 

There i s no problem i n w r i t i n g the zero terms as (1 - k j / k j ^ ) e t c 

i n s t e a d of k^ - k^ as i n Eqn. C.IO. The complex k^ f a c t o r i n 

k (1 - k /k ) can be absorbed i n t o the e x p o n e n t i a l background l e a d i n g 
2 2 2A 

t o the simple form of Eqn. 6.5. 
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D e r i v a t i o n of SU(3) couplings 

To o b t a i n the SU(3) couplings i n Table 6.5 we use the SU(3) i s o s c a l a r 

f a c t o r s given i n Ref. 169 by making the f o l l o w i n g i d e n t i f i c a t i o n s ; 

1 >̂ 8 X 8 (NK - HK)/2 {kS.)//2 

{/37&){l-n) (/378)(Tni) 

-(ATI)//8 ^ -(ngMg)/*^ 

8^ -i^ 8 X 8 (NK - EK)//10 ̂ > (KK)//5 

- { / 3 7 5 ) ( 2 l T ) -f - ( /375' ) {TITr) 

•(Ari)//5 -> -(ngng)/A (Doi) 

Eg = ( / 2 7 3)e^ -f- EgZ/J 

= (uu + d ? ) / / 2 

= e y / I - ( / 2 7 3)e3 

= s§ (Do2) 
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L e t the amplitude f o r e ->pp be a , e ->PP &e 6 (P stands f o r 
1 i j a 1 3 

p s e u d o s c a l a r ) we then have from ( D . l ) and (D.2) the fo l l o w i n g 

a m p l i t u d e s ; 

E n s ^ ( / 2 7 I ) ( / 3 7 8)a - (l//3 ) ( / 3 7 5 ) 6 

E n s KK ( t ^ 7 3 ) ( l / / 2 ) a + ( l / / 3 ) ( l / / 5 ) 6 

^ n s ^8^8 • ( / 2 7 3 ) ( l / / 8 ) a - ( l / / 3 ) ( l / / 5 ) 6 

E g ^ TTTT ( l / / 3 ) ( / 3 7 8 ) a + ( /273)(/375)6 

£ 3 ^ KK ( l / / 3 ' ) ( l / / 2 ) a - ( / 2 7 3 ) ( l / / 5 ) 6 

-(1//3)(1//8)C! + ( / 2 7 3 ) { l / / 5 ) 3 (D,3) 

By OZI r u l e Eg •(>• TTTT 
=> 
=> 

Q5/t/8 + {/2/5)^ = 0 

(S = -46//5 (D,4) 

The c o u p l i n g r a t i o s given i n Table 6.5 can then be derived by 

s u b s t i t u t i n g (D.4) i n t o (D.3), i . e . 

E n s - ( 3 / A ) 3 E g ^ TTTT 

E n s ^ ( 3 / v ^ ) 6 £ 3 ^ K ^ -{/675)6 

Ens-^ngHe {1/A5)6 £0 n n 
S 'a 't 

(/87l5)3 
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APPENDIX E 

The P - m a t r i x 

The P - m a t r i x was f i r s t i n t r o d u c e d by J a f f e and Low [ l 4 0 ] as a l i n k 

between t h e d i s c r e t e s t a t e s o f t h e quark model and p h y s i c a l s c a t t e r i n g 

s t a t e s . I n a s i m p l e p o t e n t i a l model, t h e p o l e s o f t h e P-matrix 

c o r r e s p o n d t o t h e bound s t a t e s o f t h e system i . e . t h e i r w a v e f u n c t i o n s 

v a n i s h a t t h e boundary. I n g e n e r a l , t h e P-matrix i s s i m p l y r e l a t e d t o 

t h e S - m a t r i x ( c f . Eqn. 2.3 i n Ref. 140) g i v e n by Eqn. E . l . To search 

f o r t h e P - m a t r i x p o l e s i n our a m p l i t u d e s we need t o express t h e P-matrix 

d e n o m i n a t o r , Ap , i n terms o f our p a r a m e t r i z a t i o n s , t h e K - m a t r i x i n 

us f i r s t e x press 

Eqn. 2.3 i n Ref. 104 we have 

p a r t i c u l a r . Let us f i r s t e x press A i n terms o f t h e S-matrix. From 

s . - Q - i k b 1 - ii/^/^mii^ g - i k b ( E a ) 
1 * ( i / A ^ ) p ( l / A ) 

i = e„ 

•> ©^^^ i - Q^^^ S Q^^^]"^ - { l/i / k ) ? ( l/t / k ) (E^2) 

For 2 c o u p l e d c h a n n e l , ©^'^^ i s a 2x2 d i a g o n a l m a t r i x w i t h elements ©•'•'̂ î  

(tx^ = / E - , i = 1 , 2 ) . The denominator Ap depends o n l y on t h e 

d e t e r m i n a n t o f t h e i n v e r s e m a t r i x ( 1 - ©̂ '̂ '̂ SO''''̂ )̂ ' i n Eqn. E.2 which i s 

g i v e n by 
2 i k b^ 2 i k b 2 i k b 2ik,b,„ <= c2 , 

1 - ^ I S^^ - e ^ ^ e I . a ( s , , S ^ 2 • ^ 2 ' 
I n g e n e r a l , t h e S - m a t r i x can be w r i t t e n as 

n© I i / u - n )G 1 2 
s = 

(Eo4) 

u s i n g s = I * 2 i / p ^ i ^ 
% ^ % % % 
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S u b s t i t u t i n g t h e S- m a t r i x elements i n Eqn. E.4 i n t o Eqn. E.3 we o b t a i n 
2ik b 2i6 2ik,b 2i6, 2ikib 2ik2b 2i6j 2i62 

Ap « 1 - e i He i - e ^ ne ^ •!• e * e ^ e *e ^ 

-i(k , b + 6 , ) - i ( k b + 6 , ) „i ( k b + 6 , ) - i { k b + 6 , ) 
^ Q I I Q 2 2 - He 1 l e 2 2 

- i ( k b-i-6 ) i ( k b+6,) i ( k b+6,) i ( k b-i-6,) -ne 1 l e 2 2 + e i l e 2 2 

s cos(kjb+6j+k2b+62) - npos(kjb+6j -k2b-62 ) (E.S) 

wh i c h i s j u s t Eqn. 4.5 i n Ref. 104. 

From 2i6 2i6 
^11 = ^« ' '22 ' 

U s i n g t h e K - m a t r i x e x p r e s s i o n s f o r S^^ & S^^ g i v e n by Eqns. C.1-2 i n 

Appendix C we have f o r s > 4ra^ ( i . e . k. , p. ; i = 1, 2 are a l l r e a l ) 
K 1 i 

^22 ^ " ^^^11 • ^^2^2 • ^^2^^^^ ^ 

E i t h e r d i r e c t l y f rom Eqn. E.3 or by s u b s t i t u t i n g Eqns. C.1-2 and 

Eqn. E.6 i n t o Eqn. E.5 we o b t a i n 

A c: 1 - e' '^^ 1 ^ iP,K^, - iP,K^2 ^ P.P.det K 

^ Den 

2 i k b 1 - i P . S i ^ iPa^22 ' ^^2'^^^ ^ 
- e 2 —^ . 

Den 

2ik b 2xk b 1 - i P . ^ , - - P 2 S 2 - ^ 
+ e 1 e 2 — 

Den 
where Den = l - i P.K - i p K -p p det K i s t h e common S-matrix 

*11 ^ 2 2 * 2 

d e n o m i n a t o r . Since from Eqn. E.2 we observe t h a t t h e numerator of t h e 

P- m a t r i x depends a l s o on t h e S-m a t r i x e l e m e n t s , we can t h e r e f o r e f a c t o r 

o u t t h e common S-m a t r i x denominator Den t o o b t a i n 
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A - i k b - i k b 
Ap a: e 1 e 2 (1 - ̂ ^ ^ 1 - i p K ^2 22 - P j P j d e t K) 

i k b - i k b - e 1 e 2 (1 * ^^1^1 - ^^2-^22 
K) 

- i k b i k b - e 1 e 2 (1 - ^ " ^ i ^ l * ^ ^ 2 ^ 2 + P j p j d e t K) 

ik b i k b + e I e 2 (1 ' ̂ P i ^ l ' '^2^22 
- PjP^det K) (E.7) 

Grouping the c o e f f i c i e n t s i n front of 1, P^K^^ , P2^22 P i p 2 d e t K 

to g e t h e r we a r r i v e a t the expression 

Ap °̂  s i n ( k ^ b ) s i n ( k ^ b ) + cos ( k ^ b ) s i n ( k ^ b ) p ^ K ^ ^ 

+ c o s ( k ^ b ) s i n ( k 2 b ) p 2 K ^ 2 + cos ( k ^ b ) c o s ( k 2 b ) p ^ P 2 d e t K (E.8) 

In the c a s e of 4m^ < s < 4m^ , k and n are r e a l but k, and p, a r e 
1 2 1 2 2 

i m a g i n a r y ( i . e . k j = 11^2! P2 " ^1^2!^ ^® t't\Qn have 

Ap e"^''i''e''2^ (1 - ip^K^^ + 1̂ 21̂ 22 " ^PilPal^^et K) 
i k b k b 1 e 2 

•ik b -k b 
- e " " i e""2 (1 + i P i K ^ j + 1^21^22 * i p J P a U e t K) 

e '1 e 2 (1 - ip̂ K̂ ^ - IPJK^J + i p j p j d e t K) 

+ ê '̂ i'̂ e ^̂ 2̂  (1 + iP.K,, - |P,IK^^ - i p j p j d e t K) (E.9) 

Grouping the c o e f f i c i e n t s i n front of 1, PjK^^ , IP2IK22 Pj | p j d e t K 

we o b t a i n 

Ap <=̂  s i n ( k j b ) s i n h { |kJb) + c o s ( k ^ b ) s i n h ( |kJb)P^K^^ 

+ cosh( |k l b ) s i n ( k b) |pJK 

^ ^ ^ 22 

+ c o s ( k j b ) c o s h ( | k J b ) P J p j d e t K (E.IO) 

The pole p o s i t i o n s given i n Table 7.1 correspond to the zeros of 
Eqns. E„8,10 with b = 7 GeV"^. 
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