
Durham E-Theses

Quark confinement and the properties of hadrons

Michael Howard McCall

How to cite:

McCall, Michael Howard (1980) Quark confinement and the properties of hadrons. Doctoral thesis,
Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

• a full bibliographic reference is made to the original source

• a https://etheses.durham.ac.uk/id/eprint/7617/ is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

https://etheses.durham.ac.uk

https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/7617/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk


QUARK CONFINEMENT 

AND THE 

PROPERTIES OF HADRONS. 

BY 

MICHAEL HOWARD McCALL. M.A. 

A th e s i s presented f o r the degree of 
Doctor of Philosophy 

a t the U n i v e r s i t y of Durham. 
March 1980. 

The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written consent and information derived 

from it should be acknowledged. 



PREFACE 

The work presented i n t h i s t h e s i s was c a r r i e d out between October 

1977 and March 1980 i n the Department of Mathematics at the U n i v e r s i t y 

of Durham under the su p e r v i s i o n of Professor E.J.Squires. 

The m a t e r i a l herein has not been p r e v i o u s l y submitted f o r any degree 

i n t h i s or any other u n i v e r s i t y . No c l a i m of o r i g i n a l i t y i s made f o r 

chapter one. The work described i n chapters two and three was under­

taken j o i n t l y by the author and Professor Squires. Much of the work 

of chapter three has been published i n reference 1. Chapters four and 

f i v e c o n t a i n work based on published papers by the author, r e s p e c t i v e l y 

references 2 and 3. 

1 would l i k e to express my thanks to Professor Squires f o r h i s help, 

guidance, and encouragement, and to Mrs J.McGough f o r her c a r e f u l t y p i n g 

of t h i s t h e s i s . I am g r a t e f u l to the Science Research Council f o r 

p r o v i d i n g a grant. 



ABSTRACT 

This t h e s i s considers the e f f e c t s of quark confinement on the 

p r o p e r t i e s of hadrons. We begin w i t h a b r i e f i n t r o d u c t o r y chapter on 

quark models. I n chapter two a simple free quark model i s used to 

c a l c u l a t e the s t r u c t u r e f u n c t i o n s f o r deep i n e l a s t i c lepton nucleon 

s c a t t e r i n g . Quark confinement i s then taken i n t o account by g i v i n g 

the quarks a d i s t r i b u t i o n i n energy-momentum. Various sum r u l e s 

are d e r i v e d , and a comparison i s made w i t h other work. 

I n chapter three we consider the bubble sea, the existence of which i s 

a consequence of quark confinement. A formula f o r i t s c o n t r i b u t i o n to 

the s t r u c t u r e f u n c t i o n i s deri v e d , evaluated, and compared w i t h an estimate 

of the sea from experimental data. i n chapter four a comparison i s made 

between the spin and f l a v o u r dependences of the bubble sea and of the 

gluon-induced sea. I t i s suggested t h a t i t may be possible to deduce 

which of these i s the dominant c o n t r i b u t i o n to the sea from measurements 

of a n t i q u a r k asymmetries. 

I n chapter f i v e the magnetic moments of the o c t e t baryons are 

discussed. I t i s found t h a t they are best explained i n the M.I.T.Bag 

Model of quark confinement, by t a k i n g a l a r g e r v a r i a t i o n i n the radius 

of the bag, when a l i g h t quark i n the baryon i s replaced by a strange 

quark, than was thought p r e v i o u s l y . We conclude w i t h the comment t h a t 

a f l e x i b l e bag i s needed both to make a reasonable p r e d i c t i o n of the 

bubble sea, and to e x p l a i n to a f a i r degree of accuracy the experimental 

measurements of the o c t e t baryon magnetic moments. 

I n the p o s t s c r i p t i t i s shown t h a t serious d i f f i c u l t i e s are en­

countered i n e x p l a i n i n g the magnetic moments of leptons, i n composite 

models. 
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1. 

CHAPTER 1 

INTRODUCTION - QUARK MODELS 

1.1 Quarks and partons 
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I n 1964, Gell-Mann and Zweig independently p o s t u l a t e d quarks 

as the basic c o n s t i t u e n t s of hadrons. Their model i n which baryons 

are composed of three quarks, and mesons of a quark and an an t i q u a r k , 

has had many t h e o r e t i c a l successes; f o r example, i t gave an understanding 

of the hadron spectrum, and l e d to the p r e d i c t i o n - c o r r e c t to w i t h i n 

a few per cent - of 2/3 f o r the r a t i o of the TC-N t o t a l c r o s s - s e c t i o n t o 

the N-N t o t a l c r o s s - s e c t i o n a t high energy. 

However, experimental searches f o r quarks proved unsuccessful, and 

so quarks were considered by many t h e o r i s t s merely as a t o o l f o r doing 

group theory c a l c u l a t i o n s . This s t a t e of a f f a i r s l a s t e d u n t i l the 

e a r l y 19 70's, when deep i n e l a s t i c s c a t t e r i n g experiments on nucleons 

gave e x c e l l e n t i n d i r e c t evidence f o r the existence of quarks. 

Figure 1.1 Deep I n e l a s t i c S c a t t e r i n g of e l e c t r o n s on protons ep-=-̂ >eX 

The cross s e c t i o n f o r t h i s process i s given by the formula^ 

I . I 

where 9 i s the e l e c t r o n s c a t t e r i n g angle, E' i s the f i n a l e l e c t r o n 

energy, q i s the photon 4-momentum ( a l l i n the proton r e s t frame), M 

i s the proton mass, and the dimensionless s c a l i n g v a r i a b l e x i s defined 

by 

X = 
'0' 

36 MAY Si 1.2 
:Tlo„ 
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2 2 F-^(x,q ) and F2(x,q ) are known as s t r u c t u r e f u n c t i o n s . They are found 
2 2 2 to be approximately q independent, f o r q above 2GeV . This behaviour 

i s known as approximate Bjorken s c a l i n g . I n the l i m i t of exact 

Bjorken s c a l i n g , the s t r u c t u r e f u n c t i o n s depend on the dimension less 

v a r i a b l e x alone. This led Feynman^ to propose t h a t the s c a t t e r i n g 

took place o f f l i g h t p o i n t l i k e objects i n s i d e the nucleon, which he 

named par tons. Evidence has accumulated t h a t the partons are, i n 

f a c t , quarks. Deep I n e l a s t i c S c a t t e r i n g , and s t r u c t u r e f u n c t i o n s , are 

considered i n much greater d e t a i l i n Chapter 2. 

I n the naive parton model, the s t r u c t u r e f u n c t i o n s are taken as 
2 

independent of q . The Callan-Gross r e l a t i o n , = 2xF^, i s obeyed 

f o r s pin partons. We w r i t e 

where the sum i s over the d i f f e r e n t types of partons, f ^ ( x ) i s the 

p r o b a b i l i t y d e n s i t y f u n c t i o n f o r a parton of type i (See Section 2.4). 

Experimentally F^(x) tends to a constant, 0.32, as x tends to 0. 
0 32 This means t h a t f . ( x ) / v * — as x — 4 0 , f o r some i , and thus t h a t the I X i 

number of partons r i s e s as x — 4 0 . This i s explained by d e s c r i b i n g a 

hadron as c o n t a i n i n g a 'sea' of quark-antiquark p a i r s as w e l l as valence 

quarks. The sea d i s t r i b u t i o n dominates at small x. 

1.2 Quark confinement 

The success of the parton model, and the continued lack of any 

observation of f r e e quarks led to the f o r m u l a t i o n of the hypothesis 

of quark confinement, and, thence, to models i n c o r p o r a t i n g quark 
6 8 

confinement. The most successful of these i s the M.I.T. Bag Model, ' ' 

i n which quarks are confined w i t h i n a bag of radius R by a bag surface 

pressure B. 

1.3 
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Quantum Chromodynamics^ i s a possible theory of the strong i n t e r ­

a c t i o n . I t i s a non-abelian gauge theory, based on an exact SU (3) 

symmetry of the quarks. This symmetry i s described by saying t h a t 

quarks e x i s t i n three d i f f e r e n t 'colours', u s u a l l y chosen to be red, 

green and blue. Quarks couple to the intermediate v e c t o r bosons of the 

theory, c a l l e d gluons, which also couple to themselves. Hadrons have 

no o v e r a l l 'colour'. 

The theory of quantum chromodynamics i s not completely solved. 

There i s no proof t h a t i t p r e d i c t s colour confinement, though i t i s 

g e n e r a l l y assumed to do so. I t i s worth remarking t h a t r e c e n t l y 
1 12 f r a c t i o n a l changes of + -je have been measured on niobium spheres 

A. possible explanation of t h i s i s the presence of f r e e quarks. 
13 

DeRujula, Giles and J a f f e spontaneously break QCD by g i v i n g the gluons 

a small mass u. This allows f r e e quarks and gluons to e x i s t w i t h a 

large mass of Whether quarks are, i n f a c t , approximately or 

a b s o l u t e l y confined w i t h i n hadrons, should have l i t t l e e f f e c t on the 

c a l c u l a t i o n of hadronic p r o p e r t i e s . Thus i t i s eminently reasonable 

to use a model, such as the M.I.T. Bag Model, i n which they are a b s o l u t e l y 

confined. 
S t r u c t u r e f u n c t i o n s cannot be d i r e c t l y c a l c u l a t e d i n QCD - only 

2 

t h e i r v a r i a t i o n w i t h q can be. This i s c o n s i s t e n t w i t h the e x p e r i ­

mentally observed d e v i a t i o n s f r o n Bjorken s c a l i n g . However, s t r u c t u r e 

f u n c t i o n s can be c a l c u l a t e d i n the c a v i t y approximation to the M.I.T. 

Bag M odel,^' ^ i g n o r i n g strong i n t e r a c t i o n e f f e c t s such as gluon 

emission. There are 3 diagrams to consider (See Figure 1.2) 

Q ( I ) 
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Figure 1.2. Diagrams c o n t r i b u t i n g to the s t r u c t u r e f u n c t i o n . 

Figure 1.2(a) corresponds to s c a t t e r i n g o f f a valence quark. The 

bubble diagram of Figure 1.2(c) c o n t r i b u t e s to the sea of qq p a i r s 

observed i n hadrons. The Z-graph of Figure 1.2(b) must be subtracted 

to remove the exc l u s i o n p r i n c i p l e v i o l a t i n g p a r t of the bubble diagram. 

So F = F - F, + F . 

a b c 

QCD also gives us a mechanism f o r generating the sea of qq p a i r s 

(see Figure 1.3). We c a l l t h i s the gluon induced sea, i n comparison 

w i t h the bubble sea of Figure 1.2(c). 

. 5 
Figure 1.3 The Gluon-lnduced Sea. 



5. 

CHAPTER 2 

FREE QUARK MODEL. 

2 . 1 Cross-sec t i o n c a l c u l a t i o n 

I n the sections 2.1 - 2.3 we use a simple free quark model to 

c a l c u l a t e che s t r u c t u r e f u n c t i o n s . We assume that a nucleon i s composed 

of three free massless valence quarks, and consider e l e c t r o n s c a t t e r i n g 

o f f a quark, as shown i n f i g u r e 2.1. 

Figure 2.1 Electron-Quark S c a t t e r i n g 

The d i f f e r e n t i a l cross s e c t i o n i s given by 

J C T T ) 6
 2€1e' 2Jk°2t ' ' 

where M i s the m a t r i x element f o r eq-*eq s c a t t e r i n g . 

Using k' C =jk. | = jk + ̂ | we have 

U(2tt{ EE* Jk* ' 

2. 1 

2.2 

We w r i t e d p = P' d |p | d j l , and t a k i n g £ J = E (we put m& = 0 

throughout), f i n d t h a t 
_ / 

Now, assuming the s p h e r i c a l symmetry of the proton i n i t s r e s t 
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frame, we average over angles; we i n t e g r a t e over z = cos ( k , j j ) and 

normalise by d i v i d i n g by | dz = 2. 

We use 

(Jb'1 4 l t l V 2 n . f l 

15) 
to o b t a i n 

2.4 

2.5 

Using Quantum Electrodynamics, and assuming p o i n t Dirac quarks, 
we f i n d t h a t 

I M T - Uk.m'-fl+ih.f'U'.rl 

where i s the quark charge i n u n i t s of e, the proton charge. 

We w r i t e t h i s i n terms of the v a r i a b l e s , s, t , and u, defined by 

s = (k + p ) 2 = (k ' + p' ) 2 = 2k. p = 2k'. p' 

u = (k - p ) 2 = (k' - p ) 2 = -2k. p' = 2k'. p 
' 2 1 2 2 t = ( k - k ) = ( p - p ) = q 

2 
Using (s + t + u) = J>m. = 0, we have 

i 

2.6 

2.7 

http://4ltlV2n.fl
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where denotes an average over the azimuthal angle. 

I n the proton r e s t frame, i n which k i s d i s t r i b u t e d s p h e r i c a l l y 

symmetrically, we w r i t e 

p = (E, Ecos (P) , E s i n Q , 0) 

q = (q°, q , 0, 0) 2.9 
,0 0 0 o 

k = (k , k cos cr, k sin«4 cos 8 , k s i n o t s i n 3) 
'2 12 

The mass-shell c o n d i t i o n s p = 0, k = 0 , give us r e s p e c t i v e l y 

cos (H) = 2Eq° g 2 

2Eq ' 
~ 2. 10 

o, 0 ° 2 

and cos a = 2k q -f q 

2k°q ' 

Now from (2.9) we f i n d 

k.p = k°E(l - cos cL cos ( H ) - s i n a c o s B s i n ( H ) J 2.11 We s u b s t i t u t e i n the values of or and (u) from (2.10), and average 
— r i 

over B. The s p h e r i c a l symmetry of the proton gives cos 6 = 0 , cos 8 = 2 . 

We f i n d , using q^ = -2Mq°x, 

and - T -\- U- E^^j A^d. 

2. 12 

Y x 

H- [hr EE + f ) (44* 4- 4 4 % + { ) 
2. 13 

S u b s t i t u t i n g (2.12) and (2.13) i n t o (2.8) gives 
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1 ^ • 
4 3 ' 4 2 . o „ o ,, o w EE . 2e e [q + 2q (k + Mx + — o ) 

a_ q 
„.4 

2 2 
+ q° (3M 2x 2 - 2Mxk°+2k° + 2 E E ' (6k° - Mx) 

q° 

2 , 2 
+ 2q° (-Mxk° + 6EE k° ) ] 2. 14 

and s u b s t i t u t i n g (2.14) i n t o (2.5) we have 

d2CT e 4e 2 E' ^ q° [ l +r§ (k° + MX + 3-) EE 7 
2 2 — i 

+ 1 (3M x - 2Mxk° + 2k° + 2EE (6k° - Mx) ) 
r* 2 n ̂  ' 

+ 2 (-Mxk + 6EE 
- 2 - i 

2. 15 

We use q =-2Mq x = -4EE s i n 9, and q = q ( 1 + 2Mx) 
2 q° 

to o b t a i n 

r 
J U 1 ^ ' (2TTIV 2jT 

I + 
V 

2. 16 

We compare w i t h the standard formulae, equation ( 1 . 1 ) , 

i . e . 
dA'dE' ( 2 n ) / q 

F2 ( x.»q 0 ) cos 29 + 2 F l ( x ! q ° ) s i n 2 9 
M 2 ] 

2. 17 

2 9 2 9 
W r i t i n g cos — = 1-sin -y, and then equating the terms independent of 
9 i n (2.16) and (2.17) gives us 



i 

n , o, 2 2 2 F 2(x,q ) = e^ M x M x / \ 
2 1 + 6(k°-Mx) + 0 ( ^ 5 7 ) J 2.18 

2k° V q° q ' 

2 
Equating the c o e f f i c i e n t s of sin*" 9 now y i e l d s 

2 
2F 1(x,q°) F 2(x,q°) e 2 

M q° 2 k o 

o 2 2 So FAx.q ) = e M x ,,.0 

2k° z \ q° q° / 

and we f i n d 

2xF 

2. 19 

+ 2(k -Mx) + Q j 2 2 0 

4k° 2 q q° 

^ x . q 0 ) = F 2(x,q°) ( 1 - ^ ( k 0 ^ - Mx) + 0(~z)) 2.21 

Thus the Callan-Gross r e l a t i o n i s obtained i n the Bjorken l i m i t , i . e . 

as q° tends to i n f i n i t y . 

2.2 Hadronic tensor c a l c u l a t i o n 

The Hadronic Tensor f o r spin-independent processes i s given by 

W = (-g + q q ) W, + 1 (P - j \ q q ) (P - P^q q )W„ 
uv V 1 M. -qT n v -qir v 2 

q 2 

2.22 
I t i s symmetric. W, and W_ are s t r u c t u r e f u n c t i o n s . P i s the 

1 2 [i 
proton 4- momentum. I t equals (M,0) i n the r e s t frame. So P-q = Mq°. 

Now the r e l a t i o n 

u^,, = — = — o (,-W + (1 + q ) W 1 2.23 
q +2Mx q' q° 2Mx 1 ^ 2' 

holds e x a c t l y . 

Also W22 = W33 = Wx 

.and W = W = W 
w12 w23 31 

2. 24 
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The modulus Squared of the m a t r i x element f o r quark l e p t o n 

s c a t t e r i n g can be w r i t t e n i n the form 

K,l2 4 2 „ uv 2.25 I Ml = e e X IT I 9 q uv 

where X and L ^ V are, r e s p e c t i v e l y , the c o n t r i b u t i o n s of the quark-uv 
photon v e r t e x , and the electron-photon v e r t e x . 

X 
|iV 

2 ( k k' + k' k - g (k. k' ) j I u v u v °uv / 

S i m i l a r l y L ^ V = ^ TV Jf ' 7 ̂  jf J Y 

2. 26 

2 ( p p + p p - g ( p . p ) / u v u v °uv ' 
2.27 

Thus we o b t a i n equation (2.6) by s u b s t i t u t i n g (2.26) and (2.27) i n t o 

(2.25). 

Now X v i s d i r e c t l y p r o p o r t i o n a l to Ŵ v. For e l e c t r o n - p r o t o n 

s c a t t e r i n g 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 i s given by 

2.28 

d 2 q _ 1 |M/ 2 

dE' dJL' " 4 ( 2 K ) 2 E 

where I M | 2 e 4 W L ^ V . 
' -7T uv 

q 

S u b s t i t u t i n g equations (2.22) and (2.27) i n t o (2.28), and w r i t i n g 

MŴ  = F^, and q ^ ^ = F^, gives us equation (2.17). Comparing equations 

( 2 . 5 ) , (2.25) and (2.28), we f i n d t h a t 

W e 2 X 2.29 
uv q uv 

OK q 

A comparison of the components of these two tensors w i l l give us 

formulae f o r and Ŵ , which should be c o n s i s t e n t w i t h those obtained 
f o r F^ and F£ i n the previous s e c t i o n . From the mass-shell c o n d i t i o n 

on the f i n a l quark, k' 2 = 0, we have q.k = Mq°x. Using t h i s , and 

equations ( 2 . 9 ) , (2.10) and (2.26), we f i n d t h a t 



11. 

0̂0 
q°+2Mx 

X 01 
q 1 

2(2k°-Mx) + ~~u~ 
q 

,, 2Mx , 
( 1

 + ~ ^ } 

2. 30 

i s obeyed e x a c t l y . Comparing w i t h (2.23) and using (2.29) gives us 

( 1+ q ) W 
2Mx y "2 

w i + 2 k ° - M x ) c i 0 + 2 k 0 J 
2k° 2 qr(q°+2Mx) 

2 
Now X 2 ? = 2Mq°x+2(k° +q°(k°-^)) 

* 2Mx / 

= 2Mq°x J l+(2k°-Mx) +0 / 1 
T37 

Comparing w i t h (2.24) and using (2.29) we have 

2 
e Mxq 
4 k 5 7 

2 
e Mx 

(2k -Mx) 
+ 

4k°-
. 2(k -Mx) 1 + n + 

2. 31 

2.32 

2.33 

As = MŴ , t h i s i s c o n s i s t e n t w i t h equation (2.20). 

We s u b s t i t u t e f o r Ŵ  i n equation (2,31) and o b t a i n 

W, 
2 „ 2 2 e M x 

2k u 2q° 
1 + 6(k° - Mx) + 0(-s2) 

2. 34 

W r i t i n g F^ = q Ŵ  y i e l d s equation (2.18). So the p i c t u r e i s e n t i r e l y 

c o n s i s t e n t . 

A s i m i l a r c a l c u l a t i o n w i t h neutrinos r e p l a c i n g e l e c t r o n s gives us, 

i n the Bjorken l i m i t , 

I F 3 ( x ) 2 F 1 ( x ) F 2 ( x ) = |£x , 2.35 
k° 

the — sign being f o r s c a t t e r i n g o f f a quark, and the + sign being 

f o r s c a t t e r i n g o f f an ant i q u a r k . 
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2.3 Spin-dependent s t r u c t u r e f u n c t i o n s 

The spin-dependent s t r u c t u r e f u n c t i o n s and Ĝ  are defined 

from the hadronic tensor by^"*'^ 

"4 (W - W ) « W [ A ] (P, q, S) 2 uv vu uv n 

*) 2 , 3 6 

M 
I 

Here s denotes the sp i n of the proton. Note t h a t s.q = -s^q^". 

We can c a l c u l a t e X^v which i s r e l a t e d to W by equation (2.29), 

X^v = + ^ T r ^ ' - f . ^ j ^ l i l ^ J O - y V j y v 2.37 

We have included the quark mass m f o r reasons which w i l l soon 

become apparent. a^ i s the p o l a r i s a t i o n 4-vector. We f i n d t h a t 

~^ (X - X ) = -2mC. . Q?a.* 2.38 2 uv vu, rff^vT 

We use 

ma = ms + k (£.k) 
k°+m 2.39 

o 
ma = k. s 

and o b t a i n , averaging over the azimuthal angle p, 

i 1 ^ 2 
I ( X 0 2 " X 2 0 } = " 2 €1032 q ^ S_ 

k 
o 

1 ( X12 " X 2 1 } = - 2 < £ 0 1 3 2 ^ k 3 2 2 - 4 ° 
k 
o 

I ( X23 " X 3 2 } = " 2 ^0213 3 l k l ̂ "̂Y — 
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i n the l i m i t of m—i 0. 

We compare w i t h 

2 ( W02 " W 2 0 } ^0213 ^ s 3 ^ G l + q°V 

1 ( W 1 2 " W 2 1 } £ 1 2 0 3 1 ° s 3 ( M G l + 41 

- I 
^2301 " 2 x G

2
} 

This gives us the f o l l o w i n g p a i r of simultaneous equations f o r and 

H G 1 + q°G 2 = 2e_ 2 k 2 / q 3 

M(G 1 - 2xG 2) = 2 e q
2 k 1 ( q ^ 1 - q 1 k ° J 

8 q ° k ° V 

Solving these we f i n d t h a t , f o r mass less quarks, 

^ ( x . q 0 ) = M 2q°G 1(x,q°) 

2.42 

2v, 2 e M x 

4k o3 
^ i (9k°Mx - 2k° (Mx - k ; + o— 

2 2 6M x ) 

2.43 

and 

,(x,q ) o „ , o. Mq G 2(x,q ) 

2 2 e M x __9 
4k o3 

(2k o 3MX , +(3k°-12k°Mx^|M 2x 2; + Q / l )1 

I ^ L ^ I J 

2.44 

2.4 Energy-momentum d i s t r i b u t i o n of quarks 

Quarks are confined i n s i d e hadrons. From the u n c e r t a i n t y p r i n c i p l e 
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i t f o l l o w s t h a t they have a d i s t r i b u t i o n i n momentum. We take t h i s i n t o 

account by g i v i n g the i n i t i a l quark an energy-momentum d i s t r i b u t i o n , 

described by P(k°,k). The n o r m a l i s a t i o n i s such t h a t 

k2p(k0,k)dk°dk = 1 2.45 

The f i n a l quark, which has been s t r u c k by the photon and w i l l 
2 

thus be f a s t , w i l l be 'nearly' on mass-shell, i . e . k i s 0 ( 1 ) . i n the 

Bjorken l i m i t t h i s gives 

k° - Mx = k cos 9 2.46 

So j k° - Mx| <C k 2.47 

I f the i n i t i a l quark i s on mass-shell, as i n sections (2.1) to ( 2 . 3 ) , 
, -2k° 

(2.46) gives us O^x^-^-. 

As we are now v a r y i n g k, i . e . no longer imposing k° = k, we 

must r e w r i t e equation (2.4) thus 

dz 6[q 0+k 0-(k 2+[£j 2+2k( £| z ) 2 ] = ( k 2 + f 3 / 2 + 2 k y z ) * 

= k° + q° 2.48 
M a i 

So equation (2.5) now reads 

< t V - J — Si Im\z 

2.49 

and our formulae f o r the spin-independent s t r u c t u r e f u n c t i o n s f o r valence 

quarks are, i n the Bjorken l i m i t 

l ^ 

2K -ft 2.50 

= 1 2. 51 



15. 

(- f o r quarks, + f o r a n t i q u a r k s ) . 

The f a c t o r 2 outside the i n t e g r a l s i g n i n (2.51) appears as a 

r e s u l t of the weak c u r r e n t being of the form (V-A). The cross - s e c t i o n 

i s thus of the form (V-A)(V-A). So there are two equal c o n t r i b u t i o n s 

to the s t r u c t u r e f u n c t i o n s F^ and from the VV and the AA terms, and 

two equal c o n t r i b u t i o n s to F from the VA and AV terms. 

We now consider sum r u l e s , and f i n d t h a t 

H x 
2k6 k 

l i 

u sing equation (2,45). 

Thus 2. 53 

where f ( x ) i s the quark p r o b a b i l i t y d e n s i t y f u n c t i o n , and we o b t a i n 

as i n the naive parton model (equation 1.3). 

GA 2.5 -7T- and sum r u l e s f o r g, and g 0 «y7 i £ 
GA 

I n order to f i n d — , the r a t i o of the a x i a l vector coupling constant 
v _-

to the v e c t o r c o u p l i n g constant, we need to c a l c u l a t e , where 

f i s a s o l u t i o n of the Dirac equation f o r a quark mass ra. 

We f i n d t h a t 
2.55 
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and 

This i s the c o n t r i b u t i o n of one quark only. Thus we need to 

m u l t i p l y by 3, the number of valence quarks i n the nucleon, and a l s o , 

assuming SU (6) symmetry, by the Su (6) f a c t o r ~. 

So we o b t a i n 

I u + — 
3 1 3 3k°y 

2.56 

I n s e r t i n g the quark energy-momentum d i s t r i b u t i o n P(k , k) gives us the 

formula 

We can also i n s e r t P(k , k) i n t o the formulae (2.43) and (2.44) f o r g^ 
2 

and 2,2~ W e replace the e^ i n these formulae, which give the s t r u c t u r e 

f u n c t i o n s f o r e l e c t r o n s c a t t e r i n g o f f one quark only, by the SU ( 6 ) 

f a c t o r . This f a c t o r takes i n t o account the charges and spins of the 

quarks i n the nucleon, assuming SU (6) symmetry. For the proton i t 

i s ^, and f o r the neutron i t i s 0. 

So, i n the Bjorken l i m i t , and now i n c l u d i n g terms i n the quark 

mass, which are obtained by r e t a i n i n g terms i n m as we go from equations 

(2.38) and (2.39) to (2.40), we have 

2. 58 

2. 59 

We f i n d t h a t J^jh^-

5 J - 2 1 
6 

2. 60 
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using k m 
2 

Comparing w i t h equation (2.57) we o b t a i n the Bjorken Sum Rule 19 

2.61 

We also f i n d 
2.62 

as i s r e q u i r e d by the conservation of angular momentum ' 

2.6 Comparison w i t h other work 

20 

F r a n k l i n a lso c a l c u l a t e s s t r u c t u r e f u n c t i o n s i n the proton r e s t 

frame. However, he gives the i n i t i a l quark a d i s t r i b u t i o n i n momentum 

momentum d i s t r i b u t i o n down to x'vO.1, and f i t s the proton and neutron 

s t r u c t u r e f u n c t i o n s simultaneously, down to xvO. 1-0.2, w i t h harmonic 

o s c i l l a t o r momentum d i s t r i b u t i o n s . The f a i l u r e f o r x <^ 0. 1-0.2 i s 

because the sea quarks manifest themselves i n t h i s region. 

14 

J a f f e i n the c a v i t y approximation to the Bag Model takes the 

i n i t i a l quarks as having f i x e d energy, and gives them a d i s t r i b u t i o n i n 

momentum. He obtains reasonable q u a l i t a t i v e agreement w i t h experiment. 
We now compare i n d e t a i l our formulae f o r the s t r u c t u r e f u n c t i o n s 

w i t h those obtained e q u i v a l e n t l y from a l i g h t cone a n a l y s i s and the 
21 

operator product expansion by B a r b i e r i , E l l i s , G a i l l a r d , and Ross 

These are f o r massless quarks, 

only. He f i t s the proton s t r u c t u r e f u n c t i o n w i t h a simple Gaussian 

r, I + 2.63 

I + 2.64 
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i s the Nachtmann s c a l i n g v a r i a b l e defined f o r massless quarks by 

- x 

M 
^ J: 

f 

2.65 

2.66 

G 1 
Now /F i s 0(—Q-). We now w r i t e formulae (2.63) and (2.64) to t h i s 

order. 

f 
2.67 

2.68 

We compare w i t h formulae (2.18) and (2.20), now g i v i n g the quark a 

d i s t r i b u t i o n i n energy k°, described by P(k°), which i s normalised 
/OO so t h a t P(k°) dk° = 1 

The quarks remain on mass-shell. The c o n d i t i o n k = 0 gives us 

k°^Mj, working to O ^ ) . SO ( 2 . 1 8 ) and ( 2 . 2 0 ) become 

f , Ufl - V M Hi*} ^ (I + ̂ ) + o ty. 
2 

+ 0 f 

2.69 

2. 70 

2. 71 

Comparing to 0 ^ order we f i n d t h a t 
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f 00 

1 M uk' 2. 72 

'Hi 
--e 

a 

rr 

2. 73 

' H f 
2 

S u b s t i t u t i n g back i n (2.67) and (2.68), and, bearing i n mind th a t 
£ * . JJ-) 

_5t- r ^T-H t?\,(2»7 > w e o b t a i n equations (2.70) and (2.71). Thus these 

two approaches are eq u i v a l e n t to f i r s t order f o r the spin-averaged s t r u c t u r e f u n c t i o n s , 

Bace and Scholz " have obtained formulae f o r the spin-dependent 

s t r u c t u r e f u n c t i o n s , using the operator product expansion. They f i n d 

t h a t , f o r massless quarks, 

2. 74 

2. 75 

r 1 d ' f1 

where G(y) = Jy f ^ J d y " F(y">> 

= f dy H(y' ) 
J y 

= f f dy" H(y" 
J v y J v« 

K ^ y ) 2. 76 

K 2 ( y ) 
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We o b t a i n from equation (2.43) and (2.44), excluding the e 
q 

f a c t o r , and g i v i n g the quarks a d i s t r i b u t i o n i n energy, the f o l l o w i n g 

equa t i o n s . 

m zy1 v f I 

2 

2. 77 

K 0 We observe t h a t 

1 

0j y>Mz L-

plkV 1 

2. 78 

We f i n d t h a t 

1 ^ s ? / ^ M X ^ - ? * i = - M ^ P f « * ) W - i r ) 
2. 79 

W r i t i n g (2.74) and (2.75) up to and i n c l u d i n g terms of o(-^j) , we have 

2 4 ° <)•>: 

2.80 

and 

o o i *J 2.81 
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A comparison to 0 order gives us 

2-

and 

2.82 

2.83 

This y i e l d s 

H(x) = F ( x ) 

and so from (2.76) 

G(x) = K 2 ( x ) 

2.84 

2.85 

We f i n d t h a t 

d>3 

and 

^(z] - T Ml* Plk°) ̂ °z!t^ 
J H J £ 
"a 

2.86 

1 V *t L$S 

.87 

2.88 

Adding (2.87) and (2.88) together gives the s c a l i n g v i o l a t i o n term 

i n equation (2.77). 

Now 

"2" 

2.89 

and 

1 ^ f 
2. 90 

Summing equations (2.89) and (2.90) gives a c o n t r i b u t i o n of O f — u ) to 
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2g 2(x,q°) of 

2. 91 

This d i f f e r s from the corresponding term i n equation (2.78) by 

M x (3k° - 2Mx) 2 g 2 

.. o3 o 4k q 

Considering t h a t the two methods give the same r e s u l t f o r (2gj+2g2), 

we f i n d t h i s discrepancy most s u r p r i s i n g , and can f i n d no explanation 

f o r i t . Excepting t h i s , the mass-shell quark model gives us formulae 

f o r the s t r u c t u r e f u n c t i o n s , which are eq u i v a l e n t to those obtained from 

the operator product expansion, a t l e a s t up to 0|-^J . 
VI / 

2.7 The momentum sum r u l e 

The f r a c t i o n of momentum of a nucleon, held by one quark, i s given 

by 0~ x f ( x ) d x . M u l t i p l y i n g by 3, we ob t a i n the momentum f r a c t i o n of a 
Jo 

nucleon, held by the valence quarks. The c o n t r i b u t i o n of the sea quarks 

to t h i s sum r u l e w i l l be small, as the sea i s large only f o r x small. 

Using equations (2.50) and (2.53) we f i n d t h a t 

j x f ( x ) d x = jdk° 3 \ x f ( x ) d x = )dk" dk k2P(k°,k) (3k^ + k^_ ) 2.93 
M k°M 

For free massless quarks t h i s equals 4k° - which oversaturates the sum 
M 

r u l e unless k°^0.235 GeV. 

I n the c a v i t y approximation to the bag model, t h i s sum r u l e i s 

satu r a t e d by the valence quarks alone. However e x p e r i m e n t a l l y the 

f r a c t i o n of the nucleon momentum, held by quarks, i s found to be about 

. Gluons presumably account f o r the r e s t of the momentum. 
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CHAPTER 3 

THE BUBBLE SEA. 

3.1 Quark d i s t r i b u t i o n s and s t r u c t u r e f u n c t i o n s 

Figure 3.1(a) Valence Quark S c a t t e r i n g 
( b ) The Bubble Diagram. 

I n t h i s Chapter and the next, we w r i t e , f o r convenience, the quark 

energy as E, ra t h e r than as k° as i n Chapter 2 (where E denoted the 

i n i t i a l e l e c t r o n energy). We assume t h a t the 'slow' i n i t i a l valence 

quark i n Figure 3.1(a) i s i n the ground s t a t e w i t h f i x e d energy E, and 

thus has a d i s t r i b u t i o n i n momentum only. So the c o n t r i b u t i o n o f 

Figure 3.1(a) to the s t r u c t u r e f u n c t i o n i s given i n the Bjorken l i m i t 

by (see Equation 2.50). 

r 
dk k 2P(E,k) M 2x 2 3.1 

2Ek 
|E-Mx|<k 

We def i n e 

V(x) = Idk k 2P(E,k) M 2x 2 3.2 
2Ek 

JE-Mx[< k 

The d i f f e r e n c e between f i g u r e s 3.1(a) and 3.1(b) i s t h a t the slow 

i n i t i a l valence quark i n (a) has 'swung round' to become an antiquark. 

K i n e m a t i c a l l y t h i s means t h a t x—£ -x. C l e a r l y , i n the Bjorken l i m i t , 

a t l e a s t one of the quark and an t i q u a r k i n the sea must be f a s t . Our 
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convention i s t h a t the lower quark ( o r a n t i q u a r k ) i n the bubble i s the 

slower. We s p l i t the bubble sea i n t o a c o n t r i b u t i o n , i n which the 

lower quark,is i n i t s ground s t a t e , and one i n which i t i s i n an e x c i t e d 

s t a t e . These c o n t r i b u t i o n s may overlap, depending on our choice of the 

lower l i m i t f o r the e x c i t e d quark energy. 

The ground s t a t e bubble c o n t r i b u t i o n to the s t r u c t u r e f u n c t i o n i s 

given by aV(-x). The f a c t o r a, which i s due to spin and c o l o u r , 

v a r i e s w i t h the f l a v o u r of the quark i n the ground s t a t e . I f the quark 

i s strange, charmed, e t c , (or i s an a n t i q u a r k of any f l a v o u r ) , then f o r 

a proton (or neutron) a = 6. However f o r a proton we f i n d a = 4 f o r 

q = u, and f o r q = d, a = 5, as c e r t a i n states are not allowed by the 

e x c l u s i o n p r i n c i p l e . This i s e q u i v a l e n t to s u b t r a c t i n g o f f the z-graph 

of Figure 1.2(b). 

We w r i t e the e x c i t e d s t a t e bubble c o n t r i b u t i o n to the s t r u c t u r e 

f u n c t i o n as A ( x ) . I t i s evaluated i n the next s e c t i o n . We now o b t a i n 

formulae f o r various s t r u c t u r e f u n c t i o n s i n terms of these c o n t r i b u t i o n s . 

We ignore the strange and charmed seas. 

We f i n d , using ( 2 . 5 4 ) , t h a t 

F 2
6 p ( x ) = -| ( x u V A L ( x ) + 2A(X) + x u ^ A ( x ) + x U g g ^ ' C x ) ) 

+ - | ( x d v A L ( x ) + 2A(x) + x d g A ( x ) + x d ^ A ( x ) ) 3! 3 

Assuming t h a t the u and d valence quark d i s t r i b u t i o n s are the same, 

t h i s gives 

F 2
C p ( x ) = | ( 2 V ( x ) + 2A(X) + 10V(-x)) + -|(V(x) + 2A(X) + l l V ( - x ) ) 

3.4 

S i m i l a r l y we have 

F 2
6 n ( x ) = |C Vfe) + 2A(x) + l l V ( - x ) ) + | ( 2 V ( x ) + 2A(X) + 10V(-x)) 

3. 5 

So we f i n d t h a t 

F 2
£ P ( x ) - F* n(x> = j v ( x ) - j v ( - x ) 3 , 6 
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We now consider charged-current n e u t r i n o s t r u c t u r e f u n c t i o n s . 

a. 
U) 

,+ Figure 3.2(a) and ( b ) . Valence Quark S c a t t e r i n g w i t h W— as probe 

( c ) and ( d ) . Bubble Diagrams produced by W—. 

Considering the diagrams i n Figure 3.2, we o b t a i n 

F / P ( x ) d V A L ( x ) + USEA ( X ) + dSEA ( x ) 

- ( V ( x ) + 2A(x) + 10V(-x)) x 3. 7 

F x
V p ( x ) U V A L ( X ) + dSEA ( x ) + USEA ( X ) 

^ ( 2 V ( x ) + 2A(x) + l l V ( - x ) ) 

2 F 3 V P ( X ) = " d V A L ( x ) + USEA ( X ) + dSEA ( x ) 

- ( - V ( x ) + 2A(x) + 10V(-x)) x 

3.8 

3.9 

and j F 3
V P ( x ) " U V A L ( X ) + dSEA ( x ) + USEA ( X ) 

-(-2V(x) + 2A(x) + H V ( - x ) ) x 3. 10 

Thus we o b t a i n 

vp 
( F l ( x ) - F v V P ( x ) ) + 7 ( F , ( x ) - F , v t J ( x ) ) 

vp 
2 X 1 4 ^ 3 V -V(-x) 3. 11 
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* 

I n the naive partem model 

X
_ 1 ( F 2

e p ( x ) - F 2
6 n ( x ) ) = -|(u(x) + u(x) - d ( x ) - d ( x ) ) 3.12 

and i ( F l
V p ( x ) - F / P ( x ) ) + } ( F , V p ( x ) - F , V R ( x ) ) = u(x) - d( x ) 3.13 2 1 1 4 3 3 

These are c o n s i s t e n t w i t h equations (3.6) and (3.11) f o r 

u(x) - d(x) = V(x) 3. 14 
x 

and U(x) -d(x) = -V(-x) 3.15 

3. 2 Formula f o r A(x) 

Let us f i r s t suppose t h a t the quark and antiq u a r k i n the bubble 

are both on mass s h e l l . Then the c o n d i t i o n 

(q° - E ) 2 - (g - k ) 2 = m2 3. 16 

y i e l d s i n the Bjorken l i m i t 

kcosG = E + Mx 3.17 

This only allows c o n t r i b u t i o n s i n the unphysical x<̂ 0 region. However, 

o f f mass-shell e f f e c t s w i l l ensure a c o n t r i b u t i o n i n the small p o s i t i v e 

x region. 

We e f f e c t i v e l y take the ' f a s t ' quark to be on mass s h e l l , and 

describe the d e v i a t i o n of the slower quark from mass s h e l l by the 

d i s t r i b u t i o n P(E,k). We have to sum over a l l allowed energy st a t e s of 

t h i s quark. We do t h i s by r e p l a c i n g the sum by an i n t e g r a l , j d E ^ ( E ) , 

where f>(E) i s the de n s i t y of quark s t a t e s w i t h energy E. So we ob t a i n 

the f o l l o w i n g formula f o r A(x) i n the Bjorken l i m i t , ( c . f equation 3.2) 

* u ( x ) means the d i s t r i b u t i o n of the u quark i n s i d e a proton, e t c . , 
l s o s p i n symmetry gives u P ( x ) = d n ( x ) , u R ( x ) = d P ( x ) , e t c . 
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A(x) = £ | dE/>(E) f dk k 2P(E,k) M 2x 2 3.18 
J E 1 JE+Mx 2Ek 

E^, the lower l i m i t of i n t e g r a t i o n over E, should be greater than the 

quark ground s t a t e energy. There i s a f a c t o r 6 outside the i n t e g r a l , 

as there are 3 colour and 2 sp i n s t a t e s of the quark. 

2 ! For ease of i n t e g r a t i o n we take k P(E,k) to be an exponential; 

di s t r i b u t i o n : 

2.* k 2P(E,k) = uR exp(-uRfk-(E 2 - m 2)* 
2 1 

3. 19 

where R i s the e f f e c t i v e radius o f the c o n f i n i n g r e g i o n , and m i s the 
1 2 2 

quark mass. I n the n o r m a l i s a t i o n we have ignored a term exp[-uR(E -m 

compared w i t h u n i t y . The e r r o r i s unimportant. 
The average momentum associated w i t h (3.19) i s given by 

R 2 [k - ( E 2 - m 2) ] 2 = 3.20 

2 
The u n c e r t a i n t y p r i n c i p l e r e q u i r e s ( 1 ^ 2 . 

The e f f e c t i v e radius need not be the proton r a d i u s . Indeed, we 

expect i t to increase w i t h E, so t h a t f a s t e r quarks w i l l have less 

momentum u n c e r t a i n t y , i . e . w i l l be c l o s e r to the mass s h e l l . So we 

w r i t e 

R(E) = cE n 3.21 

where n w i l l be determined i n the next s e c t i o n . The constant of 

p r o p o r t i o n a l i t y c i s then f i x e d from knowledge of the proton radius 

and the quark energy i n s i d e the proton. 

The de n s i t y of s t a t e s f a c t o r i s given by 

where V i s the volume o f the proton. We take t h i s as 

V = | TC R Q
2R(E) 3.23 



28. 

where i s the proton r a d i u s . This allows f o r an increase i n e f f e c t i v e 

radius i n the l o n g i t u d i n a l d i r e c t i o n . 

3.3 Eva l u a t i o n of the formula 

We now perform the i n t e g r a t i o n over k i n equation (3.18) to 

o b t a i n 
-oo -± 

A(x) = M"x"R0"c ( dE E n exp[-(jcE n(E + Mx - ( E Z - m ) ] 3.24 2 2 2 r 0 0 

M x RQ C 

23 

For n = 0, there i s a l i n e a r divergence. B e l l , Davis and R a f e l s k i 

use the c a v i t y approximation to the M.I.T. Bag Model to c a l c u l a t e the 

sea c o n t r i b u t i o n to the s t r u c t u r e f u n c t i o n , and also o b t a i n a l i n e a r 
24 

divergence. Hughes remarks t h a t the f i x e d radius bag does not 

provide an adequate d e s c r i p t i o n of deep i n e l a s t i c s c a t t e r i n g a t small 

x. This i n d i c a t e s t h a t a f l e x i b l e bag i s needed. 
Note t h a t we can w r i t e f o r large E i n equation (3.19) 

k - ( E 2 - m 2 ) * £z ( k 2 - E 2) 
k + E 

( k 2 - E 2) 
2E ' 

So i f R i s independent of E, i . e . n = 0, the e f f e c t i v e mass spread 

increases l i n e a r l y w i t h E. I n c a l c u l a t i o n s of the valence d i s t r i b u t i o n 
• , , j ,14, 16, 20, 21, 24, 25 .fc , m the simple quark model i t has been assumed 

tha t the e f f e c t i v e mass of the s t r u c k quark a f t e r the c o l l i s i o n remains 

f i n i t e i n the s c a l i n g l i m i t , thereby i m p l i c i t l y r e q u i r i n g n^-1. On 

the other hand, i f we take n̂ > 1, the i n t e g r a l i n (3.24) converges f o r 
2 

a l l x, i n such a way t h a t F„(x)/vx , as x tends to zero, unless m = 0, 
JL 2 

1 - " 
when F 2 ( x W x as x — $ 0. 

So we are uniquely led to r e q u i r e n = 1, which leads to F 2 ( x ) 

constant as x —5 0 , i n agreement w i t h experiment. Thus the c o n f i n i n g 
2t 

** Baacke f o r m a l l y shows t h a t the parton d i s t r i b u t i o n f o r a s t a t i c fermion 
bag i s l o g a r i t h m i c a l l y divergent even f o r f i n i t e ( n o n - c o n f i n i n g ) and 
smooth p o t e n t i a l s . We do not o b t a i n such a divergence; however, we are 
not using a formal bag model. 
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radius of the proton increases l i n e a r l y w i t h quark energy. This i s 

compatible w i t h the idea of a l i n e a r p o t e n t i a l , used i n charmonium models. 

I n order to evaluate the i n t e g r a l i n equation (3.24) we make the 

approximation 

? 0 < 2 

( E Z ~ nT) E - ~ 3.26 

This i s obviously v a l i d f o r a l l x f o r m^E^. 

Now as x — ) 0, A(x) diverges. We s p l i t the i n t e g r a l over E thus; 
v 2 

M*l ^ \ d E — + dE 3.2 7 
ET 

C l e a r l y the divergence occurs i n the i n t e g r a l from Ê , to ay, t h i s 

i s true for any choice of Ê ,. So, f o r s u f f i c i e n t l y small x, the approx­

ima t i o n (3.26) i s v a l i d f o r m̂ Ê ,, i . e . f o r a l l m. 

Now s u b s t i t u t i n g (3.26) i n t o (3.24) and i n t e g r a t i n g , we o b t a i n 

A(x) = R Q
2 ( 1 + uc Mx E^) exp(- u.c Mx E ^ exp(- ^yicm2) 3.28 

n\i2c 

3.4 Comparison w i t h data 

27 
Barger and P h i l l i p s obtained values f o r the sea d i s t r i b u t i o n of 

non-strange quarks a t several values of x from f i t s t o uu production. 
2 2 The data are taken at values of Q ranging from 47 to 131 GeV . I g n o r i n g 

the r e l a t i v e l y small e f f e c t of s c a l i n g v i o l a t i o n s , we compare w i t h our 

formula f o r A ( x ) , equation (3.28) i n Figure 3.3. We f i t the data w i t h 
2 

parameters uc ME^ = 16, R~ = 1. The u and d quarks are taken to be 
|j.2c 

massless, although, i n f a c t , g i v i n g them'a mass of up to 150 MeV w i l l 

have l i t t l e e f f e c t on the r e s u l t s . . 
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Figure 3.3 Sea of L i g h t Quarks, and comparison w i t h the values 
2 7 

e x t r a c t e d from the data by Barger and P h i l l i p s 

At x = 1 , A(x)/%^6e which i s t i n y . However, A(x) should tend 

to 0, as x tends to 1. The reason i t does not i s t h a t the model i s 

not t r a n s l a t i o n a l l y i n v a r i a n t . The c o n d i t i o n x ^ l a r i s e s because the 

i n v a r i a n t mass squared of the f i n a l p a r t i c l e i n e l e c t r o n proton 
2 

s c a t t e r i n g (see Figure 1 . 1 ) must be greater than or equal to M . The 

case (P + q ) - = M , which y i e l d s x = 1 , corresponds to e l a s t i c s c a t t e r i n g . 

2 - 1 
I n the u n c e r t a i n t y p r i n c i p l e l i m i t of u =2, t a k i n g R Q = 6 GeV , 

-2 

we r e q u i r e c to be 18 GeV , and E^ = 0.6 GeV - a value i n between the 

energy of the ground s t a t e and the f i r s t e x c i t e d s t a t e of the proton i n 

the MIT Bag Model. So i t i s a reasonable choice as the lower l i m i t 

of our continuum approximation. P u t t i n g R equal to the proton r a d i u s , 

R q, i n equation ( 3 . 2 1 ) ( w i t h n = 1 ) , we f i n d E = -| GeV, which i s probably 

a i a i r estimate of the ground s t a t e quark energy i n the proton. 
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I t i s u n l i k e l y t h a t we are i n f a c t close to the u n c e r t a i n t y p r i n c i p l e 

l i m i t , as the quark and a n t i q u a r k produced are i n e x c i t e d s t a t e s . I f 
2 

we take yi = 1, we f i n d 5GeV, again t a k i n g a proton radius of 

6 Gev I t i s c l e a r t h a t , however we choose to ' f i d d l e ' w i t h the 

parameters, reasonable agreement i s obtained w i t h data. 
The f a c t o r e x , a C m i n equation (3.28) shows t h a t the heavier quark 

seas are suppressed f o r a l l x. Taking the values of the parameters 
2 

from our f i t w i t h u = 2, we f i n d t h a t the suppression f a c t o r i s given 
by 

exp[- 9 / T ( m - m , ) ] 3.29 q MO 

For a strange quark w i t h mass 0.3 GeV and massless u,d quarks, t h i s 
1 28 f a c t o r i s about —. This compares w e l l w i t h the experimental value 

or 

= Jxs(x)dx = 0.35 3.30 
:)dx 

f o r s and d in the sea. 

J x d ( x ; 

Of course, our suppression f a c t o r i s h i g h l y dependent on the 

values chosen f o r the quark masses. For example, i f we take 

mg = 0.4 GeV, and d = 0.14 GeV, we o b t a i n a suppression f a c t o r of 

about T". 

29 

T i t t e l gives d e t a i l s of measurements of quark and a n t i q u a r k 

d i s t r i b u t i o n s . He defines 
q ( x ) = u ( x ) + d(x) + s ( x ) 

3.31 
Q = J x q ( x ) dx 

S = J°x s ( x ) dx, etc 

Averaging the various experimental r e s u l t s , he obtains 

Q = 0. 13 + 0.02 3.32 
0+Q 
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and S = 0.02 + 0.01 3.33 

and concludes t h a t 

\ |(U + 5) 3.34 
Q + Q Q + Q 

For d e t a i l s of the CDHS r e s u l t s , see reference 30. 

The mean charge of a quark i n the sea at high energy has been 
31 

measured as 0.13 + 0.03 . I f the sea were SU(3) symmetric, n would 

be 0, and were i t SU(2) symmetric, n would be ̂ . This i n d i c a t e s t h a t 

the strange sea i s f a i r l y small compared to the sea of l i g h t quarks. 
Taking the charmed quark mass as 1.5 GeV, equation (3.29) gives 

— 28 

us a suppression f a c t o r f o r the charmed sea of less than e .' So 

there i s l i t t l e chance of i t s ever being observed. This i s i n agree­

ment w i t h the c u r r e n t l y accepted view t h a t the charmed sea does not 

play a s i g n i f i c a n t r o l e i n the observed j^and \js production. Other 

heavier quark seas, v i z . the b sea, w i l l be even more suppressed. 

3-5 

2 

The expected value of k^ f o r a quark i n the sea i s given i n our 

model by 
s -X f°° f 0 0 ? 9 2 2 ( k _ 7 A ( x ) = 6 d M E ) dk k P(E,k) M x k_ 3.35 

T J e 1 J e + M x 2k ' 1 

Now k r
2 = k 2 ( l - cos 28) 

k 2 - (E + Mx) 2 

3. 36 

using equation (3.17). 

Proceeding, as i n se c t i o n 3.2, we o b t a i n , f o r massless u and d 

quarks, 

A(x) <k j > = 2M 2x 2R Q
2 f dE /e + Mx 1 ] -ucEMx 3.37 

^ ^ I n + iTcE/ e 
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We approximate by r e p l a c i n g =• i n the l a s t term of the bracket by i t s 

upper l i m i t ^ T h i 8 l e a d g fco 

A(x> < k
T > Z ^ % -1 ( i + ucEMx) ( 1 + ^ ) e x p ( - u c E Mx) 

TCU^C U.C ^ 1 I 

= 4 < 0 ^ 2 . d + f ) 

3. 38 

3. 39 
u.c 1 

using equation (3.28). 

2 

So using the parameters from the f i t w i t h y± = 2 in s e c t i o n ( 3 . 4 ) , 

we have 

<k T
2/> 0.08 + 0. l l x 3.40 

0-S"-

01 

0-2 

o-r i-o a: 

Figure 3.4 Average transverse momentum 2. as a f u n c t i o n of x. 

3 2 
The experimental value of ^k \ at x = 0 i s about 0.5 GeV 

2\^ 

This gives a value f o r \k / a t x = 0 of 0.5 ̂ 0 . 3 5 GeV. " 0 0 

32 
r i s e s w i t h x at a r a t e f a s t e r than i s p r e d i c t e d by our model. 
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3.6 Approach to the s c a l i n g l i m i t 

We show i n Figure 3.5 the approach to the s c a l i n g l i m i t f o r mass-

less quarks obtained by r e p l a c i n g the upper l i m i t of the E i n t e g r a t i o n 
q° 

i n equation (3.18) by iL^. We have not included the kinematic non-

s c a l i n g terms of order k° and Mx , c a l c u l a t e d i n sections 2.1 and 2.2. 

031 <%-cs> 

3W 

0 0\ 0-Z 

Figure 3.5 Showing the non-uniform approach to s c a l i n g . 
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This i l l u s t r a t e s the no n - u n i f o r m i t y of the l i m i t as x —> 0, and 

should be observed i n quark and an t i q u a r k d i s t r i b u t i o n s . However, the 

e f f e c t i s not important i n the region where data are a v a i l a b l e (see 

Figure 3.3). 

3. 7 The pion sea 

Equation (3.28) can be used to c a l c u l a t e the quark sea i n any hadron. 

The v a r i a b l e parameters are M, RQ and E^. We now attempt to estimate 

the pion sea. The mass of the pion i s j u s t under 0.14 GeV. The pion 

i s an enigmatic p a r t i c l e . i t s p r o p e r t i e s are not w e l l p r e d i c t e d by 

the M. I.T. Bag Model'''0. So i t i s d i f f i c u l t t o know what values to 

take f o r R and E _. 

o 1 

F i r s t we put R q = 5 GeV and use the Bag Model r e l a t i o n ^ ' ^ 

t h a t the energy of a massless quark i n i t s lowest mode m u l t i p l i e d by 

the radius of the hadron equals 2.04, to estimate E^ as 0.4 GeV. 
-2 i — 

We o b t a i n C = 12.5 GeV from R = c E 1 } and f o r n = J 2 , we have 
O 1 r- » > 

A*(x) -2s - ( 1 + x ) e ~ x 3.41 
TC 

33 -1 Squires suggests t h a t R/VL. 7Rp. For R = 10 GeV , E = 0.2GeV, 
TC Tt 

and u. = y~2~, we f i n d 

AK(x)=£=- ( 1 + 2x) e " 2 x 3.42. 
TC 

See Figure 3.6. 

So we expect the pion sea d i s t r i b u t i o n to be of s i m i l a r magnitude 

to the nucleon sea d i s t r i b u t i o n near x = 0, but to be very much f l a t t e r . 

This f l a t n e s s occurs predominantly because the mass of the pion i s 

much smaller than t h a t of the nucleon. A^(x) i s s t i l l f a i r l y large 
P 

at x = 1 f o r both values of R, shown i n f i g u r e 3.6, - u n l i k e A ( x ) , 

which i s t i n y a t x = 1. The reason f o r t h i s i s t h a t r e c o i l e f f e c t s , 
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TT 

1 1 } — 
o-s i-o x 

Figure 3.6 ?ion Sea P r e d i c t i o n s i g n o r i n g r e c o i l e f f e c t s . 

which we have ignored, are much more important f o r the l i g h t pion than 

f o r the proton. I n reference 33, r e c o i l e f f e c t s are taken i n t o account 

by r e p l a c i n g x by log (1-x) ^. Making t h i s s u b s t i t u t i o n i n our 

formula f o r A ( x ) , equation .3.28, r e s u l t s i n A (x) tending to 0, as 

x tends to 1. See Figure 3.7 f o r p r e d i c t i o n s of A^Cx) f o r which t h i s 
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s u b s t i t u t i o n has been made i n equations (3.41) and (3.42). The pion 

s t r u c t u r e f u n c t i o n has been, measured (see the f i g u r e i n reference 33), 

but has not been separated i n t o valence and sea c o n t r i b u t i o n s . 

Figure 3.7 Pion Sea P r e d i c t i o n s i n c l u d i n g r e c o i l e f f e c t s . 

( a ) A*(x) = - ( 1 - l o g ( l - x ) ) (1-x) 
TC 

( b ) A T C(x) = ± (i _ 2 l o g ( l - x ) ) ( l - x ) : 
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CHAPTER 4 

FLAVOUR AND SPIN EFFECTS IN THE SEA 

4.1 Flavour dependence of the bubble sea 

The only dependence of the e x c i t e d s t a t e bubble c o n t r i b u t i o n to the 

sea, A(x),on the spin and f l a v o u r of the quarks i n the sea a r i s e s from the 

quark mass, which leads to the suppression of the strange and charmed 

seas. As the quark and an t i q u a r k i n the sea are both i n e x c i t e d s t a t e s , 

there i s no ex c l u s i o n p r i n c i p l e e f f e c t . So the f l a v o u r dependence of 

the l i g h t quark bubble seas a r i s e s s o l e l y from the ground s t a t e term. 

The ground s t a t e c o n t r i b u t i o n depends on V(-x)(See s e c t i o n 3.1). 

V(-x) = ) dk k P(E,k) M x 4.1 
2Ek 

{E+Mxf<k 

To evaluate t h i s i n t e g r a l we choose 

k P(E,k) = UR q exp (-uRQ |k - E| ) 4.2 
2E~ 

f o r massless quarks. I n the n o r m a l i s a t i o n we have ignored a term 

i n comparison w i t h u n i t y . The e r r o r i n v o l v e d i n t h i s can 
2uR QE 
s a f e l y be neglected. 

S u b s t i t u t i n g (4.2) i n (4.1) gives us 

V(-x) = M 2x 2 exp (-uR Mx) 4.3 
W 

r— -1 1 
2, RQ = 6 GeV , E = - GeV, we estimate t h a t 

V(-x) J± 2x 2 e " 8 x 4.4 

See Figure 4.1. 

We observe t h a t the ground s t a t e c o n t r i b u t i o n to the sea i s zero 

at x = 0. I t s c o n t r i b u t i o n , r e l a t i v e to t h a t of the e x c i t e d s t a t e s , 

r i s e s as x increases from 0 to 1. However, where the sea i s a t i t s 
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20 

12 
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04 

—±j SI 6.7 0.4 a ? a: 

Figure 4.1 P l o t of V(-x) against x. 

l a r g e s t i n the reg i o n x<^0. 1, the ground s t a t e c o n t r i b u t i o n t o i t i s 

small. V(-x) should tend to zero, as x tends to 1. I t does not, as 

the model i s not t r a n s l a t i o n a l l y i n v a r i a n t . 

34 
Now Feynman and F i e l d have estimated from the experimental data 

t h a t 

1 (F„ G p(x) - F 9
G n ( x ) ) ^ 0.27 4.5 

o L 1 x 

From equation ( 3 . 6 ) , we o b t a i n 

f (F„ e p(x) - F , e n ( x ) ) 45 - \ f (V(x) - V ( - x ) ) ^ J Q 2 2 x 3 J Q x 

i i r 1 

= T ~ T I V(-x) d * 4.6 
JO x 
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We f i n d t h a t 

1 1 V(-x) dx = 1 f ( l - e " ^ R o M ( l + uR M)] 
0 x ( 2 E U R Q ) 2 ° 

4. 7 

— (2E UR ) 2 

n e g l e c t i n g the e ~ M R ° M terra, as u R Q M 8 . With u = J T , R q = 6GeV _ 1, 

E = -̂ GeV, t h i s i n t e g r a l takes the value of approximately 0.03. Were 

we to take u = 1, t h i s would double to 0.06. I n order to agree w i t h 

the experimental estimate we need a value of 0.19 f o r V(-x) dx. 
lo x 

I t does not appear t h a t the bubble sea can e n t i r e l y account f o r t h i s . 

However, we must bear i n mind th a t we have only roughly estimated t h i s 

i n t e g r a l , and t h a t equation (4.5') i s also only an estimate. For a 

discussion of the c o n t r i b u t i o n of the gluon induced sea to the d i f f e r e n c e 

between the u and d d i s t r i b u t i o n s i n the proton, see s e c t i o n 4.3 

4.2 Spin dependence of the bubble sea 

The spin dependence of the bubble sea also a r i s e s s o l e l y from 

e x c l u s i o n p r i n c i p l e e f f e c t s i n the quark ground s t a t e term. We f i n d , 

assuming SU(6) symmetry, th a t the spin and colour f a c t o r a (which appears 
4 8 i n s e c t i o n 3.1) f o r a spin up proton, equals — f o r q = u?, equals — f o r 

q = uA and d f , and equals — f o r q = di.. For any antiq u a r k i n the 

ground s t a t e a = 3, provided t h a t the corresponding quark i s i n an 

ex c i t e d s t a t e . 

The quark asymmetry a ( x ) i s defined as 

a( x ) = q?(x) - qj-(x) 4.8 
q t ( x ) + qj,(x) 

Now i n e l e c t r o n - e l e c t r o n s c a t t e r i n g the spin non f l i p term dominates 

over the spin f l i p term ( I f we take m = 0 , the l a t t e r i s zero). This 
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means t h a t i n the dominant case the v i r t u a l photon has spin |l,oJ>. 

S i m i l a r l y , i n deep i n e l a s t i c s c a t t e r i n g , the dominant term w i l l a r i s e 

when the v i r t u a l photon has spin | l , 0^. Thus the quark and an t i q u a r k 

i n the bubble sea, produced by such a photon, w i l l have opposite spins. 

So the a n t i q u a r k asymmetry 

a ( x ) r - ^ " - a ( x ) 4.9 

f o r the bubble sea. 

We f i n d t h a t 
4 

u t ( x ) - ui<x) = -jV(-x) 
x 

4. 10 

and d t ( x ) - cU(x) = - - j V(-x) 

So were the ground s t a t e the dominant c o n t r i b u t i o n to the sea, c* u(x) = - j , 

and a^(x) = - •—. On the other hand, were the ground s t a t e c o n t r i b u t i o n 

n e g l i g i b l e , the a n t i q u a r k asymmetry would be zero. 

To make a r e a l i s t i c estimate we use 

qT(x) + q>Kx) = q ( x ) = A(x) 4.11 
x 

where the lower l i m i t of the i n t e g r a t i o n i n equation (3.24) i s now 

taken to be E, the ground s t a t e energy. Thus we hope to include the 

ground s t a t e c o n t r i b u t i o n to the an t i q u a r k sea i n t h i s i n t e g r a l . We obtain 

a ( x ) = -4 a.(x) = | V(-x) 4.12 u d 3 77— 
A(x) 

= - h ( x ) , say. 

Now a ( x ) must be less than or equal to \. This i m p l i e s t h a t 0 ^ h ( x ) u 3 

f o r a l l x between 0 and 1. 

Using equations (3.28) and (4.3) we f i n d t h a t 

h ( x ) = M 2X 2TU.I 2C ( 1 + |acMxE)_1 exp(-uMx(R - cE)) 4.13 
2 2 ° 4EZR * o 
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-2 -1 
P u t t i n g R q = cE, which gives c = 18GeV f o r R = 6GeV , and 

1 2 E = -̂ GeV, and yi = 2, we o b t a i n 

h(x)=£: 6 x 2 ( l + 8 x ) _ 1 4. 14 

Now t h i s i s less than -y, only f o r x^0.43. This discrepancy occurs 
4 

because our estimate of V(-x) (see equation 4.4 and f i g u r e 4,1) does not 

die o f f as f a s t as i t should as x —> 1, as observed i n the previous 

s e c t i o n . However, i f we ' f i d d l e ' the parameters by choosing R q= 7GeV \ 
-2 

E = 0.4GeV, thus g i v i n g c = 17.5GeV , and yi = 1, we o b t a i n 

h ( x ) = 1 . 5 x 2 ( l + 6 . 5 x ) _ 1 4. 15 

This obeys the c o n d i t i o n h ( x ) ^ ^ r f o r O ^ x ^ l . 

0.x o.fc 0-8 M> 'X 
Figure 4.2 Graphs (a) h ( x ) = 6x (l + 8 x ) _ 

(b) h ( x ) - 1.5x 2(l+6. 5 x ) _ 1 
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So we observe how a comparatively small change i n the parameters 

has a considerable e f f e c t on the f u n c t i o n h ( x ) , and stress that our 

other estimates are l i k e w i s e parameter dependent. 

4.3 Comparison between f l a v o u r and spin e f f e c t s i n the gluon induced 
and bubble seas 

36 — Ross and Sachrajda have c a l c u l a t e d the d i f f e r e n c e between the u 

and d d i s t r i b u t i o n s i n the gluon induced sea of the proton. They f i n d 

t h a t u ( x ) ^ d ( x ) , but t h a t the d i f f e r e n c e i s not large enough to e x p l a i n 

the value of 0.27 f o r the i n t e g r a l i n equation (4. 5 ) . They suggest 

chat a s i g n i f i c a n t n o n - perturbative e f f e c t i s r e q u i r e d to e x p l a i n t h i s 

discrepancy. The bubble diagram gives r i s e to such an e f f e c t . Adding 

these two c o n t r i b u t i o n s , and t a k i n g i n t o account the u n c e r t a i n t y i n 

both the t h e o r e t i c a l and experimental estimates gives us a r e s u l t not 

i n c o n s i s t e n t w i t h experiment. 
3 7 38 

I t has been shown th a t the gluon sea i s p o l a r i s e d ' . Close 
37 

and Sivers i n p u t a simply parametrized valence quark d i s t r i b u t i o n , 
39 

and c a l c u l a t e , using the method of A l t a r e l l i and P a r i s i , the gluon 

d i s t r i b u t i o n s , and thence the antiquark d i s t r i b u t i o n s i n s i d e a A p a r t i c l e 

From t h i s , working i n the SU(6) l i m i t , where s p i n - s p i n forces are 

neglected, they estimate the antiquark asymmetry f o r a proton (see 

t h e i r f i g u r e ( 2 ( b ) ) . Note t h a t a ( x ) = a d ( x ) , and that a(0) = 0. This 

ignores e x c l u s i o n p r i n c i p l e e f f e c t s . Taking them i n t o account, we 

f i n d t h a t the r e l a t i o n a_ ( x ) = a,(x) holds only approximately, and 

th a t both are non-zero and d i f f e r e n t , although small, at x = 0. 

38 
Davis and Lambourne estimate the spin asymmetries, using the 

c a v i t y approximation to the MIT Bag Model. They f i n d t h a t or ( x ) = a ^ ( x ) , 
and t h a t a ( x ) = a , ( x ) . They also c a l c u l a t e a ( x ) and a ( x ) for s and c u d 
quarks. They f i n d (see t h e i r f i g u r e 2) t h a t a(x)^> 0, and a ( x ) < 0 f o r 

a l l f l a v o u r s . Neither i s near zero at x = 0. Thus t h e i r r e s u l t s 
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d i f f e r much from those of Close and Sivers . This i s presumably 

because they are using bag model wave-functions. Their approach 
40 

i s s i m i l a r to t h a t of Donoghue and Golowich , one of whose p r e d i c t i o n s 

i s t h a t u(x)^>d ( x ) - which seems to be i n c o n s i s t e n t w i t h experiment. 

The a n t i q u a r k asymmetries should be measurable i n p o l a r i s e d 

Drell-Yan production, as i s discussed i n reference 37. Separate 

measurements of a^(x) and ^ ( x ) w°uld serve as a good guide as to which 

i f e i t h e r , of the bubble and gluon induced c o n t r i b u t i o n s to the sea i s 

dominant. I f i t were the bubble, we would f i n d a ( x ) - " — 4 a , ( x ) . 
u '— d 

Were i t the gluon induced sea, or ( x ) would approximately equal cr ( x ) . 
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CHAPTER 5 

MAGNETIC MOMENTS OF THE OCTET BARYONS 

5.1 Magnetic moments i n the naive quark model 

The agreement between t h e o r e t i c a l p r e d i c t i o n s of hadron magnetic 

moments and experiment i s an important t e s t f o r quark models. One of 

the i n i t i a l successes of the n o n - r e l a t i v i s t i c SU(6) model was i t s 

p r e d i c t i o n o f -1.5 f o r the r a t i o of the proton and neutron magnetic 

moments, compared w i t h the experimental value of -1.46. 

The basic assumption r e q u i r e d to p r e d i c t the magnetic moments i s 

th a t the magnetic moment of a hadron i s the sum of the magnetic moments 

of i t s valence quarks, i . e . 

H ^ q <*q q q x - q ' 

where e i s the quark charge i n u n i t s of e. X i s the absolute value 
i 

o f the magnetic moment of the quark q d i v i d e d by e ; 
q 

and | a i s the quark spin operator. Taking the exp e c t a t i o n values 
3 41 of a f o r the various baryons from the SU(6) model gives us 

8 \ 1 \ 
% = 9 K + 9 *d 

Q 9 »V 9 "u 9 ''d 

^A 

Hi •£+ 9 ' u 9 "s 
4 \ l\ 
9 A d 9 A s 5.3 

1\ ^X 
9Au 9ns 

H-

* l n d - §K 

& = " + 9 A s 

a = £_ A - J-
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(j. 0 9 i s the £° —P/\°y t r a n s i t i o n moment. Only LI q has not been 

mea sured. 

I f we neglect SU(3) breaking e f f e c t s , we have )\ = }\ = }\ . This 

y i e l d s the aforementioned p r e d i c t i o n f o r the r a t i o of y. to but 

gives poor p r e d i c t i o n s f o r the hyperon moments. I n the n o n - r e l a t i v i s t i c 

c o n s t i t u e n t quark model, which takes account of SU(3) breaking, }\ i s 

given by the formula f o r Dirac moments f o r p o i n t l i k e p a r t i c l e s of mass 

m thus ; 
q K = ^- 5.4 

2m c 
q 

I t i s independent of the hadron i n which the quark i s confined. The 
42 42 experimental values of 2M u = 2.793 , 2M u = -1.913 , and 2M u = r p'p p*n pw\ 

43 
-0.6138+0.0047 , determine the magnetic moments of the three quarks. 
I t i s f o u n d 4 1 t h a t 2M A = 2 . 778, 2M V = 2.913, and 2M }\ = 1.84+17.. 

p u p ' d p' s — 
Now, averaging ^ and X j , equation (5.4) y i e l d s m̂  = m̂  = 0.331GeV, and 

m =0.510GeV. These values are i n good agreement w i t h the masses 
44 45 

obtained i n n o n - r e l a t i v i s t i c c o n s t i t u e n t quark models ' ; so the 

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

The p r e d i c t i o n s f o r the other o c t e t baryon moments are 
46 

2M u , = 2.68 (2.33+0.13) 
42 

2M u = -1.09 (-1.48+0. 37) PS" 
,47 2M q = -1.44 (-1.20+0.06) 5.5 

pHn O — 

2M u = -0.495 (-1.85+0.75) 4 2 

P r> - -

2M u - -1.63 (-1.82+°-^) 4 8 

P K £ V " ° - 2 5 

where the experimental r e s u l t s are given j.n brackets. The unmeasured j£° 

nrment should be the average of the ^ + and ^ moments ( i . e . 0.80). 



47. 

We note t h a t the g+ and3° moments d i f f e r r e s p e c t i v e l y by 2.7 

and 4 standard d e v i a t i o n s from the p r e d i c t i o n s . The experimental 

value f o r the ̂  r e s u l t d i f f e r s by n e a r l y 2 standard d e v i a t i o n s , but 

the e r r o r here i s very large. We o b t a i n from (5.3) t h a t 

2 V M Q - ~ W = 2 M
P * u ^ = ° - 9 5.6 

r ~ 

I t would be s u r p r i s i n g i f t h i s were not approximately c o r r e c t . An 

accurate measurement of u would be very i n t e r e s t i n g . 

5.2 Magnetic moments i n the M.I.T.Bag Model 

I n order to c a l c u l a t e the magnetic moment of a r e l a t i v i s t i c quark, 

we use the formula 

1 f 3 

i i = 2 J ( £A_j. ) d x 5 - 7 

We work i n momentum space, so r = iV. The c u r r e n t operator j _ equals 
e
c^rY.ir f° r s p i - n "J quarks, where ̂  i s a plane-wave s o l u t i o n of the 

r e l a t i v i s t i c Dirac equation. We f i n d , working i n u n i t s where "fe = c = 1, 

t h a t 

H q = e ^ > 5.8 
2W 

where OJ i s the quark energy. Thus we see, comparing equations (5.1) 

and (5.4) w i t h equation (5.8) t h a t the quark mass i n n o n - r e l a t i v i s t i c 

models i s replaced by the quark energy i n a simple r e l a t i v i s t i c model. 

Now the quark energy v a r i e s from hadron to hadron, w i t h the r e s u l t 

t h a t the assumption t h a t }\ i s independent of the hadron, i n which the 

quark i s confined, i s no longer c o r r e c t . We work i n the M.I.T. Bag 

Model, which i s r e l a t i v i s t i c , and confines quarks w i t h i n hadrons. The 

e f f e c t s of quark confinement were ignored i n the previous s e c t i o n , and 
1 i „• * c O N _ , ,9,10,49,50,51,52 i n the c a l c u l a t i o n of equation ( x 8 ) . Previous work 

on magnetic moments has been c a r r i e d out using t h i s model, but t h i s was 
* Such e f f e c t s can be taken i n t o account by i n s e r t i n g an energy-momentum 

d i s t r i b u t i o n i n t o the equation, as was done i n s e c t i o n 2.4 f o r s t r u c t u r e 
f u n c t i o n s . 
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before the new measurements of the/\°, a n d ^ moments were made. 

The quark energy i s given i n the bag model by 

6J(mR) = ^ (x 2(mR) + m 2R 2) 5.9 R 

where x(tnR) i s the eigenfrequency of the lowest quark mode w i t h mass 

m i n a s p h e r i c a l c a v i t y of radius R (see f i g u r e 2 of reference 10). 

I f gluon e f f e c t s are ignored, the quark magnetic moment i s given by the 

formula 

\ = f (2«(a-2l) ) 5 - 1 0 

where R i s the hadron r a d i u s , ^ = mR, and a = RW(mR). P u t t i n g ra = 0 

i n equation (5.10), and using a(o)= 2.04, we f i n d t h a t }\ = 0.41. 
Q CjJ 

Comparing w i t h equation (5.8) we see t h a t confinement has the e f f e c t of 

reducing the quark magnetic moment. For a given quark, the v a r i a t i o n 

of ^ from hadron to hadron depends on the v a r i a t i o n of the hadron radius. 

Our purpose i s to see whether the e f f e c t of changing radius on the quark 

moments can be seen i n the data. 

We take m = m, = 0 (s m a l l d e v i a t i o n s from t h i s w i l l not g r e a t l y u d 
a f f e c t our r e s u l t s ) . The experimental value of u. then r e q u i r e s a 

proton radius of 7.35 GeV This i s much l a r g e r than the value of 

5 GeV \ obtained by Degrand et a l * ^ from t h e i r f i t to the proton mass, 

i n which gluon e f f e c t s are included. This i s not c o n s i s t e n t w i t h t h e i r 

neglect of such e f f e c t s i n formula (5.10) f o r the quark magnetic moment. 

They also include the dubious zero-point energy term i n t h e i r expression 

f o r the hadron masses. This term i s not included i n an e a r l i e r bag 

paper , i n which gluon exchange i s also neglected. There, a value of 

R =6.9 GeV~̂ " i s obtained from a f i t to the average mass of the N-A 
P 

system. This leads to the r e s u l t ^M^u^ = 2 . 6 , to be compared w i t h the 

1.9 obtained i n reference 10. 

53 
Donoghue and Johnson introduce c o r r e c t i o n s t o the bag model due 
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to momentum f l u c t u a t i o n s of the quarks i n the bag, and p r e d i c t t h a t 

2M u equals 2 5 They include the same terms as Degrand et a l ^ , but • p*p 

take somewhat d i f f e r e n t values f o r the parameters (see t h e i r table 2 ) . 

They use a l a r g e r proton radius of 5.5 GeV \ This accounts f o r about 

one t h i r d of the increase i n the magnetic moment from 1.9. The r e s t 

of the increase comes from the f l u c t u a t i o n c o r r e c t i o n . 

54 

Kobzarev et a l do not include the zero p o i n t energy term; i n s t e a d 

they allow the bag constant B to take d i f f e r e n t values, f o r mesons, 

and B^ f o r baryons. They f i n d from a f i t to the masses to the f i r s t 

order i n the gluon coupling constant, t h a t = 6.00 GeV \ leading to 
2M U = 2.28. I f gluon c o r r e c t i o n s are included i n the magnetic moment 

P P 
formula, t h i s value i s reduced to 1.95, but the r a t i o of n to n does 

*p ^n 

not change. Thus i t seems, i n the very l e a s t , possible t h a t gluon 

c o r r e c t i o n s have l i t t l e e f f e c t on the r a t i o s of the other baryon moments 

to I f t h i s i s so, they cannot e x p l a i n the observed discrepancies 

from the p r e d i c t i o n s of naive quark models. 

The conventional bag model p r e d i c t i o n s ^ f o r the r a t i o s of the 

other o c t e t baryon magnetic moments to• d i f f e r l i t t l e from those of 

naive quark models, as the v a r i a t i o n i n radius over the baryon o c t e t i s 

found, from the f i t to the masses, to be such t h a t _^ _A. 0. 99 (see 
R 

52 P 

reference 10. Table 3 ) . Hackman et a l choose the bag parameters 
so as to give the c o r r e c t values f o r u^(and f o r several masses). They 

c a l c u l a t e —^— f o r the o c t e t baryons, and o b t a i n r a t i o s l i t t l e d i f f e r e n t 
UP 

from those i n reference 10 (see reference 52. Table I V ) . 

5.3 The e f f e c t of the v a r i a t i o n of baryon radius on magnetic moments 
i n the Bag Model 

I n order to be able to form some idea as to how the bag radius should 

vary from hadron to hadron, we proceed as f o l l o w s . I g n o r i n g gluon 
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e f f e c t s and excluding the zero-point energy terra, we w r i t e the masses 
9,49 as ' 

„ ^ 4 T, D 3 3xJo) M ( R ) = r i B R + — - — -p 3 R 

V R ) . M f ( R ) . | , B R 3 + M 0 ) + (A-R) + m s 2 ^ 

M ^ R ) = ^ B R 3 ^ ^ ^ ^ ^ 5.11 

Minimising the proton mass w i t h respect to the radius gives 

c. M _ 4x(0) 
So M = —-— 5. 13 

P RP 
We now w r i t e R A = R + & R , where UR|^ 1, 

P R 
and P 

M ( R ) = M ( R ) + A ( R ) 5. 14 A p 

' ' " x ( 0 ) 
R where A ( R ) =(•"• +

 m g 2 j 

Working to f i r s t order, we f i n d t h a t 

5. 15 

M (R) = M(R ) £ R + A(R ) 5. 16 A p p 

So f o r M (R) to be a minimum, 

£ R = -A(R ) 
M(R ) P 

-R 2„ 2 _ j . —(1 P r i • -i m c R̂  \ * , — = ~ l t [ 1 ~ ( 1 + s P ) ] 5.17 

i g n o r i n g the v a r i a t i o n of x w i t h mR. (The o v e r a l l e f f e c t of t h i s i s 

small.) P u t t i n g m s R p ^ 1, we o b t a i n i_R - _1_. So i n t h i s model, 
x R 40 

P 
r e p l a c i n g a massless u quark i n a baryon by a massive strange quark 

(m -j\0.3 GeV) reduces the radius by about ~ . s J 40 
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Taking = 7.35 GeV \ chosen to f i t the experimental proton 

magnetic moment, and t h i s r a t i o , we f i n d R =7.17 GeV - 1, and R^ = 6.99 

GeV 1. We o b t a i n a value of 0.295 GeV f o r the strange quark mass by 
43 

f i t t i n g the experimental value of . Then, assuming R̂  = R̂  , the 

other o c t e t baryon moments can be pre d i c t e d (see Table 5.1, column 2). 

The e f f e c t of the v a r i a b l e radius i s i n the r i g h t d i r e c t i o n to 

remove the p r i n c i p l e discrepancies, noted i n Section 5.1, but i t i s 
£R 

too small i n magnitude, I t i s possible, by m u l t i p l y i n g — by a f a c t o r 

of f o u r , to f i t a l l the magnetic moments w i t h i n two standard d e v i a t i o n s 

(see Table 5.1, column 3). Here we take m = 0.252 Gev, R„ = 5.98 GeV"1, 
S —• R„ = 6.63 GeV - 1, and R =7.35 Gev"1. Note t h a t the r e l a t i o n u equals * p g o 

(u. + + (i ) s t i l l holds i n the bag model. I t i s a consequence of 

i s o s p i n i n v a r i a n c e , and the assumption t h a t the three ;<T p a r t i c l e s have 

the same radius. 
Baryon 2M ^ - - ^ ) % ^ = " ^ 

P P 

p 2.79 - ( i n p u t ) - 2.79 

n -1.86 =1.86 

A ° -0.61 - ( i n p u t ) - -0.61 

£ + 2.62 2.44 

£ " -1.00 -0.92 

3 ° -1.40 -1.28 

O' -0.51 -0.52 

£ ° 0.81 0.76 

£°- A° -1.57 -1.46 

Table 5.1 P r e d i c t i o n s of Octet Baryon Magnetic Moments 

Isgur and K a r l ^ ^ also f i t the o c t e t baryon magnetic moments w i t h i n 

two utandard d e v i a t i o n s . They also take the magnetic moment of a given 

quark to decrease by 107O) when a u or d quark i s replaced i n the baryon 
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by an s quark. They do not work i n the M.I.T.Bag Model. Their 

argument f o r the 10% decrease i s somewhat 'ad hoc'. They note t h a t 

the hadron radius decreases by 4% and 13% per a d d i t i o n a l s quark i n 

harmonic and coulombic p o t e n t i a l models r e s p e c t i v e l y , and choose 

2 — — — as they expect a combination of these two p o t e n t i a l s . 
P 

They quote the f a c t t h a t i n the bag model the quark magnetic moment i s 

p r o p o r t i o n a l to the bag radius to j u s t i f y t h e i r t a k i n g a 10% decrease 

i n the quark moment. They consider c o n f i g u r a t i o n mixing and i s o s p i n 

v i o l a t i n g e f f e c t s , and r e l a t i v i s t i c c o r r e c t i o n s to the a d d i t i v i t y r u l e , 

i n making t h e i r p r e d i c t i o n s . We have ignored such e f f e c t s . 

I n the n o n - r e l a t i v i s t i c quark model somewhat b e t t e r p r e d i c t i o n s 

f o r the magnetic moments than those given i n equation (5.5) are obtained 

i f the mass scale f a c t o r depends on the baryon mass"^' ~* ̂ ' This means 
M 

t h a t the p r e d i c t i o n s of (5.5) must be reduced by a f a c t o r __P . This 
MB 

e f f e c t i s s i m i l a r to ours, f o r we are reducing the baryon r a d i u s , and 

thus i t s magnetic moment, when the baryon mass i s increased by r e p l a c i n g 

a l i g h t quark w i t h a strange quark. 

We now c a l c u l a t e the baryon masses, obtained by s u b s t i t u t i n g the 

two sets of parameters f o r R , R , R̂ , and m , i n t o equations (5.11) 
P o 

49 
and compare w i t h the experimental masses (see Table 5.2). 

&R 1 SR 1 Baryon Experimental Mass/MeV M a s s ( — = - — ) Mass(^— = - — ) R HO R 1 0 P P 

N/A 1180 1110 1110 

Ajifit ^OO 12 78 
1 !—,<> 

Table 5.2 C a l c u l a t i o n of Baryon Masses 

O 1462 1485 1466 

The p r e d i c t e d proton mass i s 70 MeV less than the experimental 

value. This i s a simple consequence of equation (5.13). We have 

chosen R so as to f i t n , and the value of the radius so obtained i s P HP' 
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greater than t h a t needed to f i t M . I n other words, i t i s impossible 

to f i t both Mp and (j. e x a c t l y i n the bag model of reference 9. However, 

as the e r r o r i s only about 6%, there i s l i t t l e cause f o r anxiety. 

The p r e d i c t i o n s f o r M. and M a are remarkably good. We note t h a t 

there i s l i t t l e d i f f e r e n c e between the two sets of r e s u l t s , even though 

£ R has changed by a f a c t o r of four. So i n c r e a s i n g the d i f f e r e n c e 

between the o c t e t baryon r a d i i leads to a much b e t t e r f i t to the e x p e r i ­

mental magnetic moments, and has l i t t l e e f f e c t on the p r e d i c t e d masses. 

More accurate measurements of the •£ and £ moments would be very 

h e l p f u l i n determining i f the p i c t u r e i s c o n s i s t e n t , and, i f so, what 
£ R 

value of — best f i t s the data. R 
P 

5.4 Quark mass, a x i a l vector c o u p l i n g constants, and charge r a d i i i n 
the bag model 

Giving the u quark some mass, or i n c r e a s i n g the mass of the s quark 

means t h a t a l a r g e r v a l u e of the baryon radius i s needed to f i t the 

experimental magnetic moments. The a x i a l vector coupling constant g 

also increases w i t h m - from 1.09 f o r m = 0 to the experimental value 
u u 59 of 1.25 f o r m = 122 MeV . See Table 1 of reference 49 f o r the u 

j> 2 \k 

v a r i a t i o n of g^, 2M^ and ^ r y w i t h m . Note th a t the experimental 

N/A mass average i s f i t t e d , and t h a t the proton magnetic moment v a r i e s 

very l i t t l e over the range of quark masses shown. A value of 44.1 MeV 

f o r i s chosen as g i v i n g the best r e s u l t s o v e r a l l . 
60 2 J a f f e determines m , m, and m as f u n c t i o n s of scale (q ) f o r a l l u d s 

2 2 2 -q <C"M-D > where -u. i s the scale f o r baryon m a t r i x elements of qq i n 

the bag model. 'Constituent' and 'current' quark masses correspond to 
2 2 2 2 2 m(q ) a t q = -u. , and as q —& - oo r e s p e c t i v e l y . m(q ) decreases w i t h 

2 1 q . He f i n d s t h a t the c o n s t i t u e n t quark masses are —(m + m,) = 43 MeV, 
2 u d 

(m, - m ) = 6.7 MeV, and m = 330 MeV. d u s 
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53 1 Donoghue and Johnson take —(m + m,) to be 33 MeV to f i t the 2 u d 
pion mass i n t h e i r improved bag model. They ob t a i n a value of 1.27 

fo r g i n c l u d i n g t h e i r f l u c t u a t i o n c o r r e c t i o n . However, they do not 

include gluon c o r r e c t i o n s i n t h e i r formula f o r g , although they have 

taken gluon exchange i n t o account i n t h e i r c a l c u l a t i o n of the bag 
54 

parameters. Kobzarev et a l . f i n d t h a t i n c l u d i n g gluon c o r r e c t i o n s 

reduces the value of g from 1.09 to 0.93. Reducing the above value 
A 

of 1.27 by t h i s r a t i o , we o b t a i n g A = 1.08. I n general, there does 

seem to be some d i f f i c u l t y i n i n c o r p o r a t i n g gluons s u c c e s s f u l l y i n t o 

the M.I.T. Bag Model. We have not attempted to do so. 

g can also be c a l c u l a t e d f o r A, ^ and S (3-decays i n the bag model 1^'"^. 

For a s p e c i f i c decay one adds up the c o n t r i b u t i o n s of the various quarks, 

as c a l c u l a t e d from the formula given i n table 1 of reference 10. The 

c o n t r i b u t i o n of each quark i s reduced from t h a t i n the SU(6) model by 

a f a c t o r , which increases slowly w i t h mR - from 0.653 f o r mR = 0 to 

0.707 f o r mR = 1.41 1 0. Thus t a k i n g higher values f o r the baryon r a d i i 

w i l l lead to a s l i g h t increase i n the p r e d i c t i o n s f o r jg | , e.g. from 0.87 to 0.895 f o r the decay A° —* Pe~^e' t a k i n 8 m
s \ ~ 2- T h i s i n ~ 

crease i s not s i g n i f i c a n t . I t does not , f o r example, e x p l a i n the 

experimental r e s u l t o f g = 0.435+0.035 f o r the decay g—J> ne V , i n 

comparison w i t h bag model p r e d i c t i o n s of about 0.24"^. 

The bag model formula f o r the charge radius (see table 1 of 

reference 10) p r e d i c t s (y2 V = 5.35 GeV - 1, f o r R = 7.35 GeV_1. The 
P P 

experimental value i s 4.40+0.15 GeV 1. Thi9 requires a value of R̂  of 
_ i 

about 6.2 GeV However, there i s some doubt about the s t a t i c bag model 
formula f o r the charge ra d i u s . This doubt a r i s e s because one a c t u a l l y 

measures a form f a c t o r , w h i c h i s a n o n - s t a t i c q u a n t i t y . Donoghue and 
53 

Johnson overcome t h i s d i f f i c u l t y by consi d e r i n g a moving bag as a 

wave packet w i t h non zero net momentum (see the appendix of reference 
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53). They f i n d , e xcluding gluon c o r r e c t i o n s , t h a t \ r
p / = 4.10 

Gev" 1. 

5.5 A concluding comment 

The work of t h i s chapter suggests t h a t the d i f f e r e n c e between 

the o c t e t baryon r a d i i i n the M.I.T.Bag Model should be a good deal 

lar g e r than p r e v i o u s l y thought. This i n d i c a t e s t h a t a f l e x i b l e bag 

i s needed. We f i r s t formed t h i s idea i n Chapter 3, where, in e v a l u a t i n g 

the bubble c o n t r i b u t i o n to the quark sea, we took the radius of the 

proton i n the l o n g i t u d i n a l d i r e c t i o n to be p r o p o r t i o n a l to the energy 

of the quark i n the sea. So we conclude t h a t a model which considers 

hadrons as bags w i t h s o f t w a l l s i s clo s e r to p h y s i c a l r e a l i t y than one 

i n which the bags have r i g i d boundaries. 
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POSTSCRIPT 

MAGNETIC MOMENTS OF LEPTONS IN COMPOSITE MODELS. 

Recently there has been i n t e r e s t i n composite models of quarks 

and l e p t o n s " ^ ' ^ ^ > ^ # An important t e s t of such models i s t h e i r a b i l i t y 

to p r e d i c t c o r r e c t l y the magnetic moments of observable p a r t i c l e s . I n 

t h i s p o s t s c r i p t we apply the ideas used i n chapter 5 to t h i s problem f o r 

leptons. 

The magnetic moments of the e l e c t r o n and muon are e x c e l l e n t l y pre­

d i c t e d on the assumption t h a t they are p o i n t l i k e p a r t i c l e s obeying the 

Dirac equation. Furthermore i t i s known^ t h a t the e l e c t r o n and muon 
—16 —2 — 1 

show no s t r u c t u r e down t o distances of order 10 cm (/V 10 GeV ). 

I f a spin lepton i s composed of three spin c o n s t i t u e n t s , which, 

i n the simplest case, have equal charges and magnetic moments, i t i s 
u 56 easy to see t h a t 

u L = n c ( P I ) 

and thus 

\ = ^ = u = 1 > (P2) 
e 3 L 3e c 

where L denotes the l e p t o n , and c one of i t s components. 

Now i f the lepton i s a Dirac p a r t i c l e , i . e . an e l e c t r o n or muon, 

2 M L \ = 1 ( P 3 ) 

and so from (P2) 

2MT A = 3. (P4) L c 

I n the M.I.T. Bag Model h i s given by an analogous equation to 

th a t f o r |̂ - equation (5.10). Assuming t h a t the lepton components 

are confined w i t h i n leptons by a s i m i l a r mechanism, we f i n d t h a t 

2MIA^°-4 w 
£ 4 x 1 0 * ^ (P5) 



57. 

using R ^ 1 0 ~ GeV_ . As H ^ r 5 x lO" GeV, and M 10~ GeV, t h i s L e u — 
i s t o t a l l y i n c o n s i s t e n t w i t h equation (P4), the discrepancy being of the 

order of 10^ f o r the e l e c t r o n . This i s not a p a r t i c u l a r r e s u l t of 

our using the M.I.T.Bag Model. For i f we use a model f o r leptons 

and t h e i r components, analogous to the r e l a t i v i s t i c quark model, 

described i n the f i r s t paragraph of s e c t i o n 5.2, we o b t a i n 

2M_ h M 
6J 

(P6) 

using the u n c e r t a i n t y p r i n c i p l e . Cd i s the energy of a lepton component. 

The discrepancy between equations P4 and P5 ( o r P6) i s so large 

t h a t i t cannot be explained by changing the assumption t h a t the lepton 

c o n s t i t u e n t s have equal charges and magnetic moments. This c o n t r a d i c t i o n 

a r i s e s because the known maximum values f o r the r a d i i of the e l e c t r o n 

and muon are so small. As f a r as experiments can d i s c e r n , they are 

p o i n t l i k e p a r t i c l e s . Any model, which t r i e s to e x p l a i n them as 

composite, w i l l encounter serious d i f f i c u l t i e s . 
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