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ABSTRACT

This thesis considers the effects of quark confinement on the
properties of hadrons. We begin with a brief introductory chapter on
quark models, In chapter two a simple free quark model is used to
calculate the structure functions for deep inelastic lepton nucleon
scattering. Quark confinement is then taken into account by giving
the quarks a distribution in energy-momentum, Various sum rules

are derived, and a comparison is made with other work,

In chapter three we consider the bubble sea, the existence of which is
a consequence of quark confinement. A formula for its contribution to
the structure function is derived, evaluated, and compared with an estimate
of the sea from experimental data, In chapter four a comparison is made
between the spin and flavour dependences of the bubble sea and of the
gluon-induced sea, It is suggested that it may be possible to deduce
which of these is the dominant contribution to the sea from measurements

of antiquark asymmetries,

In chapter five the magnetic moments of the octet baryons are
discussed. It is found that they are best explained in the M.I1.T.Bag
Model of quark confinement, by taking a larger variation in the radius
of the bag, when a light quark in the baryon is replaced by a strange
quark, than was thought previously. We conclude with the comment that
a flexible bag is needed both to make a reasonable prediction of the
bubble sea, and to explain to a fair degree of accuracy the experimental

measurements of the octet baryon magnetic moments,

In the postscript it is shown that serious difficulties are en-
countered in explaining the magnetic moments of leptons in composite

models.
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CHAPTER 1

INTRODUCTION - QUARK MODELS

1.1 Quarks and partons

In 1964, Gell-Mann4 and Zweig5 independently postulated quarks
as the basic constituents of hadrons, Their model in which baryons
are composed of three quarks, and mesons of a quark and an antiquark,
has had many theoretical successes; for example, it gave an understanding
of the hadron spectrum, and led to the prediction - correct to within
a few per cent ~ of 2/3 for the ratio of the g-N total cross-section to

the N-N total cross-section at high energy.

However, experimental searches for quarks proved unsuccessful, and
80 quarks were considered by many theorists merely as a tool for doing
group theory calculations, This state of affairs lasted until the
early 1970's, when deep inelastic scattering experiments on nucleons

gave excellent indirect evidence for the existence of quarks.

—X

Figure 1.1 Deep Inelastic Scattering of electrons on protons ep-—3peX
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The cross section for this process is given by the formula6
2 =Y 2 ) .
Loy - e b (e elar)atd + 2R vt
L (271)%9

. /. .
where @ is the electron scattering angle, E° is the final electron

1.1

energy, q is the photon &4-momentum (all in the proton rest frame), M

is the proton mass, and the dimensionless scaling variable x is defined

by

2 o

X = *a{,o : (Oé < ]) { 16 MAY gy | 1.2
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Fl(x,qz) and Fz(x,qz) are known as structure functions. They are found
2

to be approximately q2 independent, for q2 above 2GeV . This behaviour

is known as approximate Bjorken scaling. In the limit of exact

Bjorken scaling, the structure functions depend on the dimensionless
variable x alone, This led Feynman7 to propose that the scattering
took place off light pointlike objects inside the nucleon, which he
named partons,. Evidence has accumulated that the partons are, in
fact, quarks. Deep Inelastic Scattering, and structure functions, are

considered in much greater detail in Chapter 2,

In the naive parton model, the structure functions are taken as

independent of q2. The Callan-Gross relation, F2 = 2xF1, is obeyed
for spin %»parcons. We write

E(‘I)z %‘euzx jcc(z)- 1.3

where the sum is over the different types of partons, fi(x) is the

probability density function for a parton of type i (See Section 2,4),

Experimentally FZ(X) tends to a constant, 0,32, as x tends to O,

This means that fi(x)nu0¥32 as x=—30, for some i, and thus that the

I
number of partons rises as x-——30, This is explained by describing a
hadron as containing a 'sea' of quark-antiquark pairs as well as valence

quarks, The sea distribution dominates at small =x,

1.2 Quark confinement

The success of the parton model, and the continued lack of any
observation of free quarks led to the formulation of the hypothesis
of quark confinement, and, thence, to models incorporating quark
. . 6,8,9,10
confinement, The most successful of these is the M,I.T. Bag Model,

in which quarks are confined within a bag of radius R by a bag surface

pressure B,



Quantum Chromodynamics11 is a possible theory of the strong inter-
action, It is a non-abelian gauge theory, based on an exact SU (3)
symmetry of the quarks, This symmetry is described by saying that
quarks exist in three different 'colours', usually chosen to be red,
green and blue, Quarks couple to the intermediate vector bosons of the
theory, called gluons, which also couple to themselves, Hadrons have

no overall 'colour',

The theory of quantum chromodynamics is not completely solved,
There is no proof that it predicts colour confinement, though it is
generally assumed to do so. It is worth remarking that recently
fractional changes of + %e have been measured on niobium Spheres12
& possible explanation of this is the presence of free quarks,

DeRujula, Giles and Jaffe13 spontaneously break QCD by giving the gluons
a small mass p. This allows free quarks and gluons to exist with a
large mass of Oﬁﬂ. Whether quarks are, in fact, approximately or
absolutely confined within hadrons, should have little effect on the
calculation of hadronic properties, Thus it is eminently reasonable

to use a model, such as the M.I.T. Bag Model, in which they are absolutely

confined,

Structure functions cannot be directly calculated in QCD - only
, 2 Ce s . . .
their variation with q can be, This is consistent with the experi-
mentally observed deviations fron Bjorken scaling, However, structure

functions can be calculated in the cavity approximation to the M, I, T.

Bag Model,la’ 15, 16 ignoring strong interaction effects such as gluon
emission, There are 3 diagrams to consider (See Figure 1.2)
WN/WQMAMW
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Figure 1,2, Diagrams contributing to the structure function.

Figure 1.2(a) corresponds to scattering off a valence quark. The
bubble diagram of Figure 1.2(c) contributes to the sea of qq pairs
observed in hadrons. The Z-graph of Figure 1.2(b) must be subtracted
to remove the exclusion principle violating part of the bubble diagram.

So F=F =~-F, +F .
a b [d

QCD also gives us a mechanism for generating the sea of qq pairs
(see Figure 1,3), We call this the gluon induced sea, in comparison

with the bubble sea of Figure 1.2(c).
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Figure 1.3 The Gluon~Induced Sea,




CHAPTER 2

FREE QUARK MODEL.

2.1 Cross-section calculation

In the sections2,1 - 2.3 we use a simple free quark model to
calculate the structure functions, We assume that & nucleon is composed
of three free massless valence quarks, and consider electron scattering

off a quark, as shown in figure 2.1.

Figure 2,1 Electron-Quark Scattering

" The difrerential cross sectlon is given by

lo- [SE L8 (n) ST (Foprb-b) e
10 IF4J 2.1
n® SE 28 24° 28

where M is the matrix element for eq#eq scattering,

using k'° =[k| = [k + awe have

(Ll Slga k- Lkl -
405 | Tanl® Eig SO j)' A -

1 ' ' ] 1
We write d3p = P'2 dlp Idil, and takinglR[ = E (we put m, = 0

throughout), find that

!
XZCT E;

I dE' 4(2771 Exp’ Il ‘S(W'&“M“’ff’) >

Now, assuming the spherical symmetry of the proton in its rest



/\
frame, we average over angles; we integrate over z = cos (k, g) and

1
normalise by dividing by Jr dz = 2.
1 \

e use (42 g[qf’w":—(}z“.y lfylz+2&°{3/12)q]
(4 g 28Nl

£ |4
L

£ 19

to obtain

N . VT
S mlr wa g M

Using Quantum Electrodynamics, and assuming point Dirac quarks,
we find that

M = 2 (htep)+ b p)
2 e

where eq is the quark charge in units of e, the proton charge,

We write this in terms of the variables, s, t, and u, defined by

1 '
Zk-p = 2k o P ‘
2 1 1

5 =(k+p)2=(k"+P')2

]
) 2
u =(k - p)

= (k -p) = -2k.p =2k.p 2.7
"2 "2 2
t =(k-%) = (-p) =gq
Using (8 + t + u) = égmiz = 0, we have

(Mll - Q-.Q‘:;eqz (3‘-—1— —1— (QS.}.t)i) 2.8
| N/
L RS
’_,__Q_ngu (2§f+2§'¢+¢)



http://4ltlV2n.fl

where == denotes an average over the azimuthal angle,
In the proton rest frame, in which k is distributed spherically

symmetrically, we write

p = (E, Ecos ®, E sin (¥, 0)
o ]
qg = (a,4q,0, 0) 2.9
k = (k% k°os a«, k° sinat cos g , k° sinel sin p)
l2 L}
The mass-shell conditions p = O, k = 0, give us respectively
® = 20 -d°
cos = 2E -
2Eq "
oo 2 2.10
and cos g = 2k q _+ 4
2kOq "
Now from (2.9) we find
k.p = kOE(l - cos el cos @— sina cosB 8in @) 2.11
We substitute in the values of o and (:) from (2.10), and average
1
over B, The spherical symmetry of the proton gives cos B = O, coszﬁ = 2,

We find, using q2 = -ZMqu,
— . 2 0 (] )
§: 2&-?—“ ,j%-cf/(E-}MJZ—&O-{— 2.___52& 2.12
i v
and TT 2 T 4 LED s 4@
2

&
:_’L 02. 2 4] 0
gay'b' [8% E-{—ZE(HZ-#Z—;-Q_%}

+(Mx-}<°—+— 284" )
?0

+ (LEE +q" ) (L %)

Substituting (2.12) and (2,13) into (2.8) gives



4 3 !
IMf = 2e%e ? (q° + 2q0 (k° + Mx + Ego)
-9 q
q.4
02 2.2 o 02 ' o
+q (3M'x" - 2Mxk 42k + 2EE  (6k -~ Mx))
‘36‘
o 02 ! 02
+ 2q° (-Mxk~ + 6EE k__ )] 2.14
O
q

and substituting (2.14) into (2.5) we have

2 4 2 ! 4 4 !
da _ e e E q qo [1 2 (ko + Mx + EE )
EY, I = Z +5 -
dn' de! EZTE;%YEH EkC“q! q'4 q° q

2
2 1
+1 0 (%% - 2x® + 28 4 2EE (6k° - Mx))
q°? ' q”

A .2
+ 2 (-Mxk® + 6EE k° ):]
3 q° 2.15

el

! 1
We use q2 =—2Mqox = ~4EE sinzg, and q = qo (1 + 2Mx)
0

N
£

to obtain

2 [ S 0
Lo eter LMy e[ +RE) L o
AL'AE (2nl’g* 24

2.16
We compare with the standard formulae, equation (1.1),
. 2 4 12 F,(x O) 2 o 2
i.e, d7o _ _eE [ 22 %4 cos"8 + 2Fy(x,q ) sin’8
dn' dE’ (2m)4q” q° 2 2]
2.17
- 29 ., 20 . .
Writing cos 7 = 1-sin” 3, and then equating the terms independent of

8 in (2.16) and (2.17) gives us



o 2 22
FZ(X,q ) = e  Mx o 1
-iL-T;r——- (1 + 6(k -Mx) + O(Egz)) 2,18
2k q®
2
Equating the coefficients of sin” 6 now yields
2
0. ’ o, 2
ZFl(x,q ) F2\x,q )] e "Mx (2k° - 3Mx) 1
" - qo = 2ko 1 + , + O(—(_IEZ )
2,19
o 2.2
So F.(x,qg ) = e "Mx o
1 2(k - Mx) 1
(1 + =—F— + 0 (=) 2.20
4102 q° q° )
and we find
2xF (x,q°) = Fy(x,9°) (1 -4k - Mx) + O (;i—z)) 2.21
q

Thus the Callan-Gross relation is obtained in the Bjorken limit, i.e,

o c e
as q tends to infinity,

2.2 Hadronic tensor calculation

The Hadronic Tensor for spin-independent processes is given by

W = (- + W, +1 (p - P, Y (P - P, Y
Y gpv qlqv} 1 MZ M —H% q“ v azﬂ 172
q2
2,22
It is symmetric, w1 and w2 are structure functions, P is the
proton 4- momentum, 1t equals (M,0) in the rest frame, So P.q = Mqo.

Now the relation

W W %) 1

00 Ol 11 o 5 -
- = ———— 2 e—— E e (- . 2
q +2Mx q' q° Mx Wyt 1 +§ﬁ;) w2) -23
holds exactly,

J = =
Also k22 w33 w1
2,24

.and le = W23 = W31 = 0
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The modulus squared of the matrix element for quark lepton

scattering can be written in the form

!
¢}
[}

,Mlz - 4 2 x LMY 2.25
9 uv .
q%

where X v and MY are, respectively, the contributions of the quark-
o)

photon vertex, and the electron-photon vertex,

va = é. TTX'YP’ %V‘Y
' ' ' 2,26
= Z{k“k vt k “kv - g“v(k.k )}
Similarly L*Y = % TTFIYH,?)’Y
2.27

' 1 7
2(p P *+ P Py - 8 (PP )
Thus we obtain equation (2.6) by substituting (2.26) and (2.27) into

(2.25).

Now va is directly proportional to w“v. For electron=-proton

scattering the differential cross-section is given by

__,d_z_v_,_ o1 E P
dE " 4L 4(2rn)2 E
2.28
where lMI2 = 64 W va-
;l'z: Hv

Substituting equations (2.22) and (2.27) into (2.28), and writing

-— 0 a—
Mwl = Fl’ and q W2 = F2,

(2.5), (2.25) and (2.28), we find that

gives us equation (2.17),. Comparing equations

W = e X 2,29

Lv 03 : uv

A comparison of the components of these two tensors will give us

formulae for W, and w2, which should be consistent with those obtained

1
for Fl and F2 in the previous section, From the mass-shell condition
on the final quark, K2 = 0, we have q.k = Mqox, Using this, and

equations (2.9), (2.10) and (2.26), we find that



11.

2
Q |
X 2(2%Mx) + Ko
11 q
q° 2.30

(1+-—2M§)

—Ol,-—
=

is obeyed exactly, Comparing with (2,23) and using (2.29) gives us

2 2
(1+q° ) v = upte M [ (2k°-Mx)q +2k°7 ]
2Mx 2k9% q (q°+2Mx)

2,31

02
Now X,, = 2Mq°x+2(k +q (ko-ME))

22
(l+g ]
2Mx

= 2Mqox [1+(2kO—Mx) +O{ 1 )]
B

Comparing with (2.24) and using (2.29) we have

2,32

-3

2 o
€ Mxq o
1 q 2k “-Mx) 1
4k (:1+( ° +O{°2)
d 2.33

2

= e Mx
2(k -Mx) 1l

_g'—r_g‘ko- 1 -P————q -+ O(qoz)

As F. = MW

1 1 this is consistent with equation (2,20),

We substitute for W, in equation (2,31) and obtain

2.2 2
W, = e ‘Mx 1+ 60° - Mx) + O(—>)

- q°
5%0255— q 2,34

Writing F, = q°w vields equation (2.18). So the picture is entirely

2 2

consistent,

A similar calculation with neutrinos replacing electrons gives us,

in the Bjorken limit,

2
M x

- F. (x) = 2F(x) = F,(x) = 2.35
t 2 B
+ 3 1 k_OZ
X
the — sign being for scattering off a quark, and the + sign being

for scattering off an antiquark.
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2.3 Spin-dependent structure functions

The spin-dependent structure functions G, and G, are defined

1 2
from the hadronic tensor bylS’17

-i _ - [A]
> (ww ww) wuv (P, q, 8)

8
= €hivay adegMQ,—# &‘- Ewaﬂ“ [ (P-«y)s@- (s-4)P ]qz

Here s denotes the spin of the proton, Note that s.q = —slql,

We can calculate X“v which is related to W v by equation (2.29),
9

X =+ %Tv(,&'ﬁm) 7”%4 m)(t~)’5ﬂf}7’v 2.37

Y

We have included the quark mass m for reasons which will soon

become apparent, a" is the polarisation 4-vector. We find that
-i o g
L - = 5
> (XHV Xv“) QMEdp,qu’ a 2,38
We use
a = S + k (s.k
= = k (s.k) 2.39
k%+m
mao = k.s

and obtain, averaging over the azimuthal angle B,

-i _ 13 . 2
2 (X = Xyp) 2€53; 98 Ky
"
(o]
-1 R e _ o3 2
Loy, - K, 265, 4% K, 2.40
"
(o]
~i , _ - _ ol 7 0
7 (K3~ X3y 2€0013 %1% Lak =g k)

kO
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in the limit of m—3 O,

We compare with

-i, _ - 13 o

5 (MWop = Wy0) € 213 @ 8 (MG + q°Gy)

-i _ _ ,

5 (W, = Wyy) 61203 q°s (VIG +q Gz’ 2,41
-1 1l o

= - = € -

> (w23 W32) 2301 Ms q (G1 2xG2)

This gives us the following pair of simultaneous equations for G, and

1
G2.
MG, + q G = 2e 2 k 2 1
1 2 q 3 — 5
ko 8k0 q].
2.42
_ 2 o 1 1l o
M(G1 - 2xG2) = Zeq kl (q k qQk )
8q°k°jq1

Solving these we find that, for massless quarks,

gl(x,qo) = quOGl(X.qo)
- e 42, o2
g 9k Mx - 2k - 6M 1
3 [(MX'k)+( = X) + 0(=7
4K° a4 q
2,43
and ’
o] 02 (o]
g,(x,q7) = Mg G,(x,q)

2.2

= & M x 15.2 2
a 2 - 2K (3k°- 12K Mx 42 x s 0(1 )
4K° 2 © a°©

2,44

2.4 Energy-momentum distribution of quarks

Quarks are confined inside hadrons. From the uncertainty principle
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it follows that they have a distribution in momentum, We take this into
account by giving the initial quark an energy-momentum distribution,

described by P(k°,k). The normalisation is such that

fjkzP(ko,k)dkodk - 1 2.45

The final quark, which has been struck by the photon and will.
2
thus be fast, will be 'nearly' on mass-shell, i.e, k' is 0(1). 1In the

Bjorken limit this gives

o}

kK - Mx =k cos @ 2.46
So | - x| < 2.47

If the initial quark is on mass-shell, as in sections (2.1) to (2.3),

(2.46) gives us 0dx

; . . . o]
As we are now varying k, i.e., no longer imposing k = k, we

must rewrite equation (2,4) thus

L L
fdz 6[qo+ko-(k2+[g]2+2kl_g_l2)2 ] = (%4 [qf P2k gl )F

So equation (2,5) now reads

Lo 1 E :
L@%‘ ® 32(anf m I 2.49

and our formulae for the spin-independent structure functions for valence

quarks are, in the Bjorken limit,

f“/

o

K (x) -2xFE)- € ]Ji&dﬁ@?& k)
l&° Ha| <l 2-30
and F‘;‘)’Q(I) 21 V‘}(x} . —x Y‘}(_)()

22\ {dhdk PlA R 2 51
U & )ZM '
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(- for quarks, + for antiquarks),

The factor 2 outside the integral sign in (2.51) appears as a
result of the weak current being of the form (V-A). The cross-section
is thus of the form (V-A)(V-A), So there are two equal contributions
to the structure functions F1 and.F2 from the VV and the AA terms, and

two equal contributions to F3 from the VA and AV terms.

We now consider sum rules, and find that

(e 520 (' ((agedb g olih) 1'x

e X 25k
VAN yak Z

Ak b plE° P M

({dape PM)L bz

2,52

0

using equation (2,45).
e
Thus F;_ ?(l - JL(I) 2.53
L, X
where f(x) is the quark probability density function, and we obtain
FaN(x ﬁ-@z (} 2. 54
Y ) = 5} @ If} . .

as in the naive parton model (equation 1,3).

G
A
2.5 -— and sum rules for g, and g
(’V 1 2
Ca
In order to find T the ratio of the axial vector coupling constant
\Y

- A
to the vector coupling constant, we need to calculate ‘/@'2)% , where

l(/ is a solution of the Dirac equation for a quark mass m,

We find that

V(2 = VY v F(bram)
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and Jq’ <

This is the contribution of one quark only, Thus we need to
multiply by 3, the number of valence quarks in the nucleon, and also,
assuming SU (6) symmetry, by the SU (6) factor g,

So we obtain

G

A .

A % (% 4 A 2.56
3k°

Inserting the quark energy-momentum distribution P(ko, k) gives us the

formula
Ga - S L 2 ((1s2b b2p/p° ) M
R 1 (T YNTVEY

We can also insert P(ko, k) into the formulae (2.43) and (2.44) for g,

2
and 2,- We replace the eq in these formulae, which give the structure

functions for electron scattering off one quark only, by the SU (6)

factor. This factor takes into account the charges and spins of the
quarks in the nucleon, assuming SU (6) symmetry, For the proton it
Lo 2 co

is 9 and for the neutron it is O,

So, in the Bjorken limit, and now including terms in the quark
mass, which are obtained by retaining terms in m as we go from equations

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

3.P(1) i ﬁEJ A& 4k &IP/“@) M (Mz-;- My + Hizz—ﬂzii‘_f})

2.58
ik LAk (4% m)
and § ( s 5 %o& *ﬁ P{&__) M ?‘g 2y — g — 3 ﬁo
wogw ( boem
We find chat 4Zié . .
' F Y 0 2, /4o MM e Hem < M X _ﬁ Mx
1 . (1) dx 3 jjdk& j Plﬁ'&)v&:é ik Bt

A}

.
g.jjouuu pla° &)( 1
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2
using ko - kz = m2.

Comparing with equation (2.57) we obtain the Bjorken Sum Rule19

50‘9'%‘) b -

2.61

We also find il 3:(1) A&

2.62

. ) . 7,1
as is required by the conservation of angular momentum ’ 5.

2.6 Comparison with other work

Franklin20 also calculates structure functions in the proton rest
frame, However, he gives the initial quark a distribution in mome€ntum
only. He fits the proton structure function with a simple Gaussian
momentum distribution down to x~s0,1, and fits the proton and neutron
structure functions simultaneously, down to xar0,1-0.2, with harmonic
oscillator momentum distributions. The failure for x £ 0.1-0.2 is

because the sea quarks manifest themselves in this region,

Jaffe14 in the cavity approximation to the Bag Model takes the

initial quarks as having fixed energy, and gives them a distribution in

momentum., He obtains reasonable qualitative agreement with experiment,

We now compare in detail our formulae for the structure functions
with those obtained equivalently from a light cone analysis and the
21

operator product expansion by Barbieri, Ellis, Gaillard, and Ross

These are for massless quarks
q s

F(I‘?)'&;{«-ﬂ l+—a—-{j—) 2.63
v \+-%$§ F(;) o

2 Mx* F
(l+ 2Hx ‘/z | + 36(2) o

B (9(.4{) 2
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é' is the Nachtmann scaling variable defined for massless quarks by

2x

- SO

¢ e
= I(l-— ,%:%. +O(zl;‘ﬂ)]

.M 1e'eig] L M Do [ge s
(¢ - Heom [ e+ Lazfxzp(z/

2.66

Now C/F is 0(?}). We now write formulae (2.63) and (2.64) to this

order,

F () - e FlE) (1= 1)+ ”xﬂg e+ o(3=)

2.67

Fz(z"f/o) :2Hx7- F(%) (,_,%’3{)—&—%&0(% F’_ )‘6‘0(?") 2.68

We compare with formulae (2.18) and (2.20), now giving the quark a

distribution in energy k=, described by P(k®), which is normalised

o o]
so that S P(x%) dx° =1 2.69
[e]

The quarks rema2in on mass-shell,

|
The condition k = 0 gives us

k°>g§, working to O(a];ﬁ'). So (2.18) and (2.20) become
2

R (I,zf} = %zf;a&o P(&o/ %’T ( |+ 2_(%—;1_1/) + O(‘;n) 2.70

el o [ o 52 2 o],

Comparing to O h order we find that
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ec,j dp° plpe) M__
gdg;:(z j&f AR pIE b
’%g oUzoP/M Sg Mdé

e«,j e p/ﬁ:’ 2b-1¢)

uz“

U—jzo 2,72

2,73

Substitutlng back in (2.67) and (2.68), and, bearing in mind that

_.Eo- o - + O(Cr} , we obtain equations (2,70) and (2.71). Thus these
¥
two approaches are equivalent to first order for the spin-averaged

structure functions,
22
Bace and Scholz have obtained formulae for the spin-dependent
structure functions, using the operator product expansion. They find

that, for massless quarks,

25,21+ 117 - ﬁ;]— 1 2 [2E (sl 154t

3°
2.74
and 2@,_(1, ( [+ X )[ Hr% H(é)]
M [2 o- [ X5 kg~
-%o [ax+ gazz—} ngﬁ:(&(%) k/%) kz/é)]
2,75
where G(y) - ji %Y.ijl'd)’" F(y'")
K (v) = fl dy H(y') 2.7
y
o - 2 [
y y
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We obtain from equation (2.43) and (2.44), excluding the eq2
factor, and giving the quarks a distribution in energy, the following

equations,

24, (2.4°) 428, (14| - fwwplé")ﬁf% ({zéd.Hz)_;. (2é°‘_gj:nx+z@’)}

+j A4° b Mz (zé"m}—f—c(g;“}

Mx
We observe that j 2&0 ------- is O(‘éﬁ)-

24,(x¢°| = J(mo% P(&"]Mz [(M"_zra)-;— 6&"—1-21»&:1‘1“!;”’17
- 5 wh” 9

¥ i ol 5, (3w ofi]

—

2,78
We find that
[ bl s (13- —1t ) o (]
g e 3 =TT

Writing (2.74) and (2.75) up to and including terms of O(qlo’) , we have

24,(xg° 4+ 29, (v ] = 2 [I- %1-) ( Flx] - %‘2‘; F'(x))

——2/2!— |2 (el = ) )]

2,80

wi 29,00g°) - (1422 [:x - 3He )/ -ﬁi‘?”v")ﬂ

?[-a—;-;-;- ]2[7 G6lx) - k./x}-zit(x))].
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th .
A comparison to O order gives us

Fl) - f:; Ab* W}%}r (26 Mx] 2,52

and 3 X H)f j ou_op(k Hvl ([Léo'-ZHJC). 2.83

@éax
This yields
H(x) = F(x) 2.84
and so from (2,76)
G(x) = K,(x) 2.85
We find that
] [ die ) MAST
1

andi%-:}‘_ 2 k.ll joUl pl4’ ﬁ(:?ﬁ — 34 Ha +H-"j 87

and —3Mz'_ Flx] = [Tk’ plb MY =35 Mx)
’fii‘ 2ﬁ _%g ép& C} ( ) 2,88

Adding (2.87) and (2,88) together gives the scaling violation term

in equation (2,77).

oo (14x) (388 el 2 1)

2$°
jp.{xdﬁ;/;f )[sz (J’Hzlzi;‘i&oﬂx)] ,___ g% P(%—-) 2 89

2 2 i o 10 0 a2 ot o 2
Sl i) (o)) 2 (it :)90

Summing equations (2.89) and (2.90) gives a contribution of O(éu> to
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2g2(x,q°) of

@ Ab°plp Mfz(éyi.zl&"m + 13 Hlll)

|
X
-
T~
X
|
\_/

2.91
This differs from the corresponding term in equation (2.78) by
32
Mx” (3k° - 2Mx) )
o3 o .92
4k

Considering that the two methods give the same result for (2g1+2g2),
we find this discrepancy most surprising, and can find no explanation
for ic, Excepting this, the mass-shell quark model gives us formulae
for the structure functions, which are equivalent to those obtained from

the operator product expansion, at least up to O(ls)
q

2.7 The momentum Sum rule

The fraction of momentum of a nucleon, held by one quark, is given
by jl xf(x)dx, Multiplying by 3, we obtain the momentum fraction of a
nuClZon, held by the valence quarks. The contribution of the sea quarks
to this sum rule will be small, as the sea is large only for x small,

Using equations (2.50) and (2.53) we find that

1
3 5 xf(x)dx = jdk" dk K2P(k°,k) (3k° + K2 ) 2.93
o M kM

For free massless quarks this equals 4k° - which oversaturates the sum
M
rule unless k0.235 Gev.

In the cavity approximatioﬁ to the bag model, this sum rule is
saturated by the valence quarks alone, However experimentally the
fraction of the nucleon momentum, held by quarks, is found to be about

1
5 - Cluons presumably account for the rest of the momentum,




CHAPTER 3

THE BUBBLE SEA,

3.1 Quark distributions and structure functions

(4'9)

(£+9) & 4/

( %d_ E 5,-

(a) (b)

Figure 3,1(a) Valence Quark Scattering

(b) The Bubble Diagram,

In this Chapter and the next, we write, for convenience, the quark
energy as E, rather than as k° as in Chapter 2 (where E denoted the
initial electron energy). We assume that the 'slow' initial valence
quark in Figure 3,1(a) is in the ground state with fixed energy E, and
thus has a distribution in momentum only,. So the contribution of
Figure 3.1(a) to the structure function is given in the Bjorken limit

by (see Equation 2.50).

erq(x) = e zf dk K2P(E, k) M x’ 3.1
q 2EK
|E-Mx| <k
Wwe define
Vix) = jdk K2P(E k) Mox’ 3.2
2EK
|E-Mx|< k

The difference between figures 3.1(a) and 3.1(b) is that the slow
initial valence quark in (a) has 'swung round' to become an antiquark.
Kinematically this means that x— -x. Clearly, in the Bjorken limit,

at least one of the quark and antiquark in the sea must be fast, Our
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convention is that the lower quark (or antiquark) in the bubble is the
s lower, We split the bubble sea into a contribution, in which the
lower quark,is in its ground state, and one in which it is in an excited
state, These contributions may overlap, depending on our choice of the
lower limit for the excited quark energy.

The ground state bubble contribution to the structure function is
given by av(-x). The factor a, which is due to spin and colour,
varies with the flavour of the quark in the ground state, If the quark

is strange, charmed, etc, (or is an antiquark of any flavour), then for

a proton (or neutron) a 6. However for a proton we find a = 4 for
qQ = u, and for q = d, a = 5, as certain states are not allowed by the
exclusion principle, This is equivalent to subtracting off the z-graph
of Figure 1,2(b).

We write the excited state bubble contribution to the structure
function as A(x). It is evaluated in the next section. We now obtain
formulae for various structure functions in terms of these contributions,

We ignore the strange and charmed seas,

We find, using (2.54), that

GS. () + xu

ep 24
Fy '(x) =g (xu SEA S

L(x) + 28(x) + xu A (x)) '

VA

+ %(xdvAL(x) + 2A(x) + xdGSA(x) + xaggA(x)) 303

SE
Assuming that the u and d valence quark distributions are the same,

this gives

erp(x) = %(ZV(X) + 2a(x) + 1ov(-x)) + %(V(x) + 2A(x) + 11v(-x))
3.4
Similarly we have

F,"" (x) = g( V&) + 2a(x) + 11V(-x)) + %(ZV(x) + 2a(x) + 10V(-x))
3.5

So we find that

1 3.6
erp(x) _ an(x) = %V(x) - EV(-X)



We now consider charged-current neutrino structure functions,

WAl “
w*

(<)

(b) (d)
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Figure 3.2(a) and (b). Valence Quark Scattering with W as probe,

(c) and (d). Bubble Diagrams produced by wi.

Considering the diagrams in Figure 3.2, we obtain

vp _ 3
Fy (x) = dvAL(x) + USEA(x) + dSEA(x)
= %(V(x) + 2Aa(x) + 10V(-x))
F ;P<x> = u (%) 4+ dog, (x) + U, (%)
1 VAL SEA SEA
- %(2V(x) + 2A(x) + 11Véx))
1o vp = - ..
2 F3 (x) = dvAL(x) + USEA(X) + dSEA(x)
= i(-V(x) + 2a(x) + 10v(-x))
1. ve - . 4
and 5 Fyi(x) = mug () 4 dgp, () 4 g, (%)

- i(—ZV(x) + 2A(x) + 11V(-%))

Thus we obtain

1 ve Gp 1 VP vp
E(FI(X) - Fi (x)) + Z(F3(X) - F3 (x)) = -V(;x)

3.8

3.9

3.11
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In the naive parton model

en

-1
* 2

(F,P(x) - F,%"(x)) 20 + W) - dx) -30) 312"
and %(FlvP(x) - F PG + %(F;P(x) - FyP()) = ulx) - d(x) 3.13

These are consistent with equations (3.6) and (3.11) for

u(x) -d(x) = V(x) 3.14
X
and culx) -dix) = -V(-x) 3.15
x
3.2 Formula for A(x)
Let us first suppose that the quark and antiquark in the bubble
are both on mass shell, Then the condition ‘
2 2

(e -E)¥ - (g-’=m 3.16
yields in the Bjorken limit

kcose = E + Mx 3.17
This only allows contributions in the unphysical x{0 region. However,

off mass-shell effects will ensure a contribution in the small positive

X region,

We effectively take the 'fast' quark to be on mass shell, and
describe the deviation of the slower quark from mass shell by the
distribution P(E k). We have to sum over all allowed energy states of
this quark. We do this by replacing the sum by an integral, jhE/O(E),
where/D(E) is the density 6£ quark states with energy E, So we obtain

the following formula for A(x) in the Bjorken limit, (c.f equation 3,2)

* u(x) means the distribution of the u quark inside a proton, etc.,

lsospin symmetry gives vP(x) = dn(x), W (x) = dp(x), etc.
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Q0
dk kZP(E,k) szz 3,18

e8]
ax) =6 dEQ(E)
El E+Mx 2Ek
El’ the lower limit of integration over E, should be greater than the
quark ground state enexrgy. There is a factor 6 outside the integral,

as there are 3 colour and 2 spin states of the quark,

!

For ease of integration we take kzP(E,k) to be an exponential

distribution:

P
a

pR exp(-pRBk-(Ez - u?) 3.19
2

k2P (E,k)

where R is the effective radius of the confining region, and m is the

*

quark mass, In the normalisation we have ignored a term % 6xp[-pR(E2-m2) ]

compared with unity,. The error is unimportant,

The average momentum associated with (3.19) is given by

%
R? [k - (E? - m®) 1% = %Z 3.20
. . C . 2
The uncertainty principle requires pu'g 2.
The effective radius need not be the proton radius, Indeed, we

expect it to increase with E, so that faster quarks will have less

momeéntum uncertainty, i,e, will be closer to the mass shell, So we
write
-
R(E) = c¢Z 3.21
where n will be determined in the next section, The constant of

proportionality ¢ is then fixed from knowledge of the proton radius

and the quark energy inside the proton,

The density of states factor is given by

\
‘E = -———] E
F\ ) 4y [(Zn)3] k 3.22
where V is the volume of the proton, We take this as
= & 2
vV = 3mRj R(E) 3.23
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where RO is the proton radius. This allows for an increase in effective

radius in the longitudinal direction,

3.3 Evaluation of the formula

We now perform the integration over k in equation (3,18) to

obtain
fod +
a{x) = szzRozc \(. dE E" exp{-chn(E + Mx - (E2 - mz) 1 3.24
T El
23
For n = 0, there is a linear divergence, Bell, Davis and Rafelski

use the cavity approximation to the M.I.T. Bag Model to calculate the

sea contribution to the structure function, and also obtain a linear
. 24 . )

divergence, Hughes remarks that the fixed radius bag does not

provide an adequate description of deep inelastic scattering at small

X. This indicates that a flexible bag is needed,

Note that we can write for large E in equation (3.19)
N
k + E

2 _ .2
A~ Kk —E)

°F 3.25

So if R is independent of E, i.e, n = O, the effective mass spread
increases linearly with E, In calculations of the valence distribution

14, 16, 20, 21, 24, 25 it has been assumed

in the simple quark model
that the effective mass of the struck quark after the collision remains
finite in the scaling limit, thereby implicitly requiring ny1. On
the other hand, if we take n;>1, the integral in (3.24) converges for

2
all x, in such a way that Fz(x)rvx , as x tends to zero, unless m = 0,

-
when Fz(x)A,xl - as x — 0.

So we are uniquely led to require n = 1, which leads to Fz(x)

*k
constant as x — 0 , in agreement with experiment, Thus the confining

26
*% Baacke formally shows that the parton distribution for a static fermion
bag is logarithmically divergent even for finite (non-confining) and
smooth potentials, We do not obtain such a divergence; however, we are
not using a formal bag model,
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radius of the proton increases linearly with quark energy. This is

compatible with the idea of a linear potential, used in charmonium models.

In order to evaluate the integral in equation (3,24) we make the

approximation
2'& m2

(€% - ') A B - % 3.26

This is obviously valid for all x for m((El_

Now as x — 0, A(x) diverges, We split the integral over E thus;
x
T o5}
—_— Eeeemm
Aif) ~ dE + d 3.27
E E
1 T

Clearly the divergence occurs in the integral from E_ to ay; this

T
is true for any choice of ET' So, for sufficiently small x, the approx-

imation (3.26) is valid for m{E,, i.e. for all m,

Now substituting (3.26) into (3,24) and integrating, we obtain

Alx) = R02 (1 + pc Mx El) exp(- pc Mx El) exp(- %pcmz) 3.28

e

3.4 Comparison with data

Barger and Phillips27 obtained values for the sea distribution of

non-strange quarks at several values of x from fits to pﬂ production,

The data are taken at values of Q2 ranging from 47 to 131 GeV2. Ignoring

the relatively small effect of scaling violations, we compare with our
formula for A(x), equation (3.28) in Figure 3.3. We fit the data with

parameters uc MEl = 16, R 2 - 1, The u and d quarks are taken to be

i

massless, although, in fact, giving them'a mass of up to 150 MeV will

have little effect on the results,.
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Figure 3.3 Sea of Light Quarks, and comparison with the values
27

extracted from the data by Barger and Phillips

At x = 1, A(X)f\/66-16, which is tiny, However, A(x) should tend
to 0, as x tends to 1. The reason it does not is that the model is
not tramslationally invariant, The condition x£1 arises because the

invariant mass squared of the final particle in electron proton
scattering (see Figure 1,1) must be greater than or equal to M2. The
case (P + q)2 = Mz, which yields x = 1, corresponds to elastic scattering,

In the uncertainty principle limit of HZ = 2, taking RO = 6 GeV-l,

we require ¢ to be 18 Gev-z, and El = 0,6 GeV - a value in between the

energy of the ground state and the first excited state of the proton in

the MIT Bag Model, So it is a reasonable choice as the lower limit
of our continuum approximation, Putting R equal to the proton radius,
RO, in equation (3.,21)(with n = 1), we find E = % GeV, which is probably

a fair estimate of the ground state quark energy in the proton,
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It is unlikely that we are in fact close to the uncertainty principle
limit, as the quark and antiquark produced are in excited states. If
we take pz = 1, we find Elﬁ&O,SGev, again taking a proton radius of
6 Gevnl. It is clear that, however we choose to 'fiddle' with the

parameters, reasonable agreement is obtained with data,

2

SIHEMT 4 equation (3,28) shows that the heavier quark

The factor
seas are suppressed for all x. Taking the values of the parameters
from our fit with “2 = 2, we find that the suppression factor is given
by

exp| - 9J7T(m§ - n° )] 3.29

2
yd

For a strange quark with mass 0.3 GeV and massless u,d quarks, this

factor is about %, This compares well with the experimental value28
of
is = _IXS(x)dx = 0.35 3.30
fxd(x)dx
for s and d in the sea,
Of course, our suppression factor is highly dependent on the
values chosen for the quark masses, For example, if we take
m = 0.4 GevV, and mogq = 0.14 Gev, we obtain a suppression factor of
about -é— l
. 29 . :
Tittel gives details of measurements of quark and antiquark
distributions, He defines
q(x) = ulx) + d(x) + s(x)
3.31
Q¢ = [xaq(x) ax
S = '

jx g (x) dx, etc

Averaging the various experimental results, he obtains

Q. = 0.13 4+ 0.02 3.32
QQ
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and S = 0.02 + 0.01 3.33
Q+Q
and concludes that
- 1 1, ~ -
g == ‘2 E(U+D)— 3.34
Q + @ Q+Q

For details of the CDHS results, see reference 30,

The mean chargeof a quark in the sea at high energy has been
measured as 0,13 + 0.0331. If the sea were SU(3) symmetric, n wogld
be 0, and were it SU(2) symmetric, n would be %. This indicates that
the strange sea is fairly small compared to the sea of light quarks,

Taking the charmed quark mass as 1,5 GeV, ‘equation (3.29) gives
us @ suppression factor for the charmed sea of less than e-283 So
there is little chance of itsever being observed, This is in agree-
ment with the currently accepted view that the charmed sea does not

'
play a significant role in the observed{/and W production.  Other

heavier quark seas, viz, the b sea, will be even more suppressed.

3.5 <kT2>

2
The expected value of kT for a quark in the sea is given in our

model by
Qo 10 0]
2
<kT2>A(x) - 6J @F(E)j dk k2 P(E,k) M’x> oy 3.35
E, E E+Mx 2k '
Now kr2 = kz(l - cosze)

3.36

k2 - (E + Mx)2

using equation (3.17).

Proceeding, as in section 3.2, we obtain, for massless u and d
quarks,

2 22 2 (*®
A(x) <k d = aM%x Ro vf dE (E + Mx 1 ) e-chMx 3.37
E E
1

+
T V8 p‘{C
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We approximate by replacing % in the last term of the bracket by its

RSO S
upper limit E This leads to

1
a(x) <kT2>—-—G:BQ§ -2 (1 + ucE Mx) (1 + -M—x~)ex (-ucE_Mx) 3.38
e uc Heh El PRTRER

Mx
= (kTZ)J\_ %E (1 + El) 3.39

using equation (3,28).

So using the parameters from the fit with pz = 2 in section (3.4),
we have

<kT2) A- 0.08 + 0.1llx 3.40

>

7
GeV
0 b
03 4

ol ¢

LY

o o5 10 4

L
2
Figure 3.4  Average transverse momentum <<?T%;> as a function of x,

The experimental value of (kT> at x = 0 is about 0.5 Gev32.

This gives a value for <k %> at x = 0 of 0.5 0,35 Gev., (kT>
T jr? -

. . 32
rises with x at a rate faster than is predicted by our model,
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3.6 Approach to the scaling limit

We show in Figure 3.5 the approach to the scaling limit for mass-

less quarks obtained by replacing the upper limit of the E integration

o :
in equation (3.18) by 9?2- We have not included the kinematic nonl-’-
scaling terms of order k° and Mx , calculated in sections 2.1 and 2.2,
o °
q q

03 N9 -

0:3 GeV

N

<

-

¢ ¢ 5,

0-1 0.2 0-3 z

Figure 3.5 Showing the non-uniform approach to scaling,
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This illustrates the non-uniformity of the limit as x — 0, and
should be observed in quark and antiquark distributions. However, the

effect is not important in the region where data are available (see

Figure 3.3).

3.7 The pion sea

Equation (3,28) can be used to calculate the quark sea in any hadron,
The variable parameters are M, Ro and El' We now attempt to estimate
the pion sea, The mass of the pion is just under 0,14 GeV. The pion
is an enigmatic particle, Its properties are not well predicted by
the M.1.T. Bag Modello_ So it is difficult to know what values to
take for R_and E_,
o 1
. -1 .9, 10
First we put R0 = 5 GeV ~, and use the Bag Model relation
that the energy of a massless quark in its lowest mode multiplied by
the radius of the hadron equals 2.04, to estimate E1 as 0.4 Gev.
btai = 12 -2 = cE =02
We obtain C = 12.5 GeV ~ from R, = cE,, and for p ={ 2, we have
AT(x) e 2(1 4w 3.41

Squires33 suggests that RE»1.7Rp. For R1r = 10 Gev_l, E, = 0.2Gev,

and p =2, we find

2x

An(x)_—/\_—% (1 + 2x) e~ 3.42.

See Figure 3.6.

So we expect the pion sea distribution to be of similar magnitude
to the nucleon sea distribution near x = 0, but to be very much flatter,
This flatness occurs predominantly because the mass of the pion is
much smaller than that of the nucleon, A“(x) is still fairly large
at x = 1 for both values of R, shown in figure 3.6, - unlike AP(x),

which 1is tiny at x = 1, The reason for this is that recoil effects,
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—- ¢ N
(749 1-0 X

Figure 3.6 Pion Sea Predictions ignoring recoil effects,

which we have ignored, are much more important for the light pion than
for the proton, In reference 33, recoil effects are taken into account
by replacing x by log (1-x)_l. .Making tgis substitution in our

formula for A(x), equation 3,28, results in A(x) tending to O, as

x tends to 1, See Figure 3,7 for predictiomsof AT (x) for which this



37.

substitution has been made in equations (3.41)and (3.42), The pion
structure function has been measured (see the figure in reference 33),

but has not been separated into valence and sea contributions,

04

Figure 3,7 Pion Sea Predictions including recoil effects.

fr—

]

(a) AT (%) (1 - log(l-x)) (1-x)

(b) AT (x)

[}
Al—iAa

(1 -~ 2 log(l-x)) (1-x)2
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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 excited state bubble contributicn to the
sea, A(x),on the spin and flavour of the quarks in the sea arises from the
quark mass, which leads to the suppression of the strange and charmed
seas, As the quark and antiquark in the sea are both in excited states,
there is no exclusion principle effect, So the flavour dependence of

the light quark Bubble seas arises solely from the ground state term,

The ground state contribution depends on V(-x)(See section 3,1),

v(-x) = fdk K’ P(E,k) i 4,1
2Ek
JE+Mxf {k
To evaluate this integral we choose
k P(E,k) = R exp (-pR_|k - E|) 4.2
2E
for massless quarks, In the normalisation we have ignored a term
e—“ROE in comparison with unity, The error involved in this can
2uR E

safely be neglected,

Substituting (4.2) in (4.1) gives us

V(-x) = MPx exp (-pR_Mx) 4.3
4E

Taking = 2, RO =6 Gev-l, E = % GeV, we egrimate that

v(-x) L 2x2 e—8x 4.4
See Figure 4,1,

We observe that the ground state contribution to the sea is zero
at x = 0, Its contribution, relative to that of the excited states,

rises as x increases from O to 1, However, where the sea is at its
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o 0.2 0% Y 4 b8 ko

RY

Figure 4.1 Plot of V(-x) against x,

largest in the region x££ 0,1, the ground state contribution to it is
small, V(~x) should tend to zero, as x tendsto 1, It does not, as

the model is not translationally invariant,

Now Feynman and Field34 have estimated from the experimental data35
that
1 e en dx
(F.°P(x) - F,"N(x)) = A 0.27 4.5
2 2 X
0
From equation (3.6), we obtain
1 1
d
_( (F %P0 - ) =2 b wiw) - vy X
0 2 2 X 3 X
0
1
O | Vv(-x) dx 4.6
3 3 —
0 x
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We find that

1
.j V(-x) dx = 1 [((1 - e_“RoM(l + pROM)]
0 x (2E,R )2
4.7
1

= 2
(ZEp,RO)

neglecting the e.“ROM term, as pROM-gE 8. With py = Jﬁf, RO = 6Gev-1,
E = %Gev, this integral takes the value of approximately 0,03, Were
we to take y = 1, this would double to 0,06. In order to agree with

the experimental estimate we need a value of 0.19 for le V(-x) dx.
(e} X

It does not appear that the bubble sea can entirely account for this,
However, we must bear in mind that we have only roughly estimated this
integral, and that equation (4.5) is also only an estimate, For a
discussion of the contribution of the gluon induced sea to the difference

between the u and d distributions in the proton, see section 4.3

4.2 Spin dependence of the bubble sea

The spin dependence of the bubble sea also arises solely from
exclusion principle effects in the quark ground state term, We find,
assuming SU(6) symmetry, that the spin and colour factor a (which appears

in section 3.1) for a spin up proton, equals 4 for q = ug, equals & for

3 3
q = u} and dt, and equals % for q = di. For any antiquark in the
ground state a = 3, provided that the corfeSponding quark is in an
excited state,
The quark asvmmetry o(x) is defined as
alx) = gt(x) - qi(x) 4.8

qr(x) + qu(x)
Now in electron-electron scattering the spin non flip term dominates

over the spin flip term (If we take m, = O, the latcter is zero), This
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means that in the dominant case the wvirtual photon has spin ﬂl,é),
Similarly, in deep inelastic scattering, the dominant term will arise
when the virtual photon has spin Rl, q>, Thus the quark and antiquark
in the bubble sea, produced by such a photon, will have opposite spins,
So the antiquark asymmetry

a(x) =R= - alx) 4.9

for the bubble sea,

We find that

- ~ 4
ur(x) = wdx) = 3V(-x)
X
4.10

- ~ 1

and d1(x) -~ dilx) = -3 V(-x)
X

So were the ground state the dominant contribution to the sea, &u(x = %,
and &d(x) =~ T%' On the other hand, were the ground state contribution

negligible, the antiquark asymmetry would be zero,

To make a realistic estimate we use

aT(x) + a¢(x) = q(x) = A(x) 4,11

where the lower limit of the integration in equation (3.24) is now

taken to be E, tue ground state energy. Thus we hope to include the
ground state contribution to the antiquark sea in this integral. We obtain
- _ - 4
a (x) = -4 ax) = 3 Y(=x) 4,12
alx)

% h(x), say.
Now a (x) must be less than or equal to % This implies that Oﬁh(x)
u

S;% for all x between O and 1.

Using equations (3.28) and (4.3) we find that

2 -
h(x) = sz"ngzc (14 pcMxE) 1 exp(-pr(RO - cE)) 4,13
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Putting R_ = cE, which gives ¢ = 18Gev 2 for R = 6Gev'1, and

E = lGeV, and p,z = 2, we obtain

3
2 -1
h(x)=®A 6x"(1 + 8x) 4. 14
Now this is less than %, only for x<:O.43. This discrepancy occurs

because our estimate of V(-x) (see equation 4.4 and figure 4.1) does not

die off as fast as it should as x — 1, as observed in the previous

1

H

section, However, if we 'fiddle' the parameters by choosing RO= 7GevV

E = 0.4GevV, thus giving ¢ = 17.5GeV-2, and p = 1, we obtain
2 -1
h({x) = 1,5x (1+ 6.5x) 4.15

This obeys the condition h(x)é% for 0¢ x{1.

- O . N

0.2 0L, 0.4 6-8 X)) 5 l".z
Figure 4,2 Graphs (a) h(x) = 6x (1+8x)

(b)  h(x) = 1.5%°(146,5x) "
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So we observe how a comparatively small change in the parameters
has a considerable effect on the function h(x), and stress that our

other estimates are likewise parameter dependent,

4,3 Comparison petween flavour and spin effects in the gluon induced
and bubble seas

Ross and Sachrajda36 have calculated the difference between the u
and d distributions in the gluon induced sea of the proton, They find
that u(x){ d(x), but that the difference is not large enough to explain
the value of 0.27 for the integral in equation (4,5). They suggest
that a significant non-perturbative effect is required to explain this
discrepancy. The bubble diagram gives rise to such an effect, Adding
these two contributions, and taking into account the uncertainty in
both the theoretical and experimental estimates gives us a result not
inconsistent with experiment.

37’38. Close

It has been shown that the gluon sea is polarised
and Sivers37 input a simply parametrized valence quark distribution,
and calculate, using the method of Altarelli and Parisi39, the gluon
distributions, and thence the antiquark distributions inside a A particle,
From this, working in the SU(6) limic, where spin-spin forces are
neglected, they estimate the antiquark asymmetry for a proton (see
their figure (2(b)). Note that &U(x) = &d(x), and that o(0) = 0.  This
ignores exclusion principle effects, Taking them into account, we

find that the relation au(x) = &d(x) holds only approximately, and

that both are non-zero and different, although small, at x = O,

Davis and LambOUrne38 estimate the spin asymmetries, using the
cavity approximation to the MIT Bag Model, They find that au(x) = ad(x),
and that au(x) = &d(x). They also calculate o(x) and a(x) for s and ¢
quarks, They find (see their figure 2) that a(x)» 0, and a(x){0 for

all flavours. Neither is near zero at x = O. Thus their results
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differ much from those of Close and Siver537_ This is presumably
because they are using bag model wave-functions, Their approach

4
is similar to that of Donoghue and Golowich O, one of whose predictions

is that u(x)>>d (x) - which seems to be inconsistent with experiment,

The antiquark asymmetries should be measurable in polarised
Drell-Yan production, as is discussed in reference 37, Separate
measurements of &u(x) and &d(x) would serve as a good guide as to which
if either, of the bubble and gluon induced contributions to the sea is

dominant, If it were the bubble, we would find &u(x):ﬂ;-éad(x).

Were it the gluon induced sea, &u(x) would approximately equal &d(x).
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CHAPTER 5

MAGNETIC MOMENTS OF THE OCTET BARYONS

5.1 Magnetic moments in the naive quark model

The agreement between theoretical predictions of hadron magnetic
moments and experiment is an impértant test for quark models, One of
the initial successes of the non-relativistic SU(6) model was its
prediction of -1.5 for the ratio of the proton and neutron magnetic

moments, compared with the experimental value of -1.46,

The basic assumption required to predict the magnetic moments is
that the magnetic moment of a hadron is the sum of the magnetic moments

of its valence quarks, i.e,
= = e )\ o ‘ 5_1
TR TR AR, |

where eq is the quark charge in units of e, kq is the absolute value
of the magnetic moment of the quark q divided by e |

Aq = ‘Eﬂl 5.2
[<al

and 5 % is the gquark spin operator, Taking the expectation values

of oq3 for the various baryons from the SU(6) model gives usal

Hp T %7\;*% Ny

o 7 %Au '% M

L _%hs

Hi+ - %'hu * % hs

Lo - 2Nyt AN, 5.3
bae T T3A, - 3h

M- 7 _é')‘d B %ks

o T %Au ) %hd * %hs
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, o o s
Hio-l\e is the £~ —>A Yy transition moment, Only pio has not been

measured.
I1f we neglect SU(3) breaking effects, we have ;\‘==)% = ?g. This
yields the aforementioned prediction for the ratio of pp to Ky but

gives poor predictions for the hyperon moments. In the non-relativistic
constituent quark model, which takes account of SU(3) breaking, Aq is
2iven by the formula for Dirac moments for pointlike particles of mass

mq thus;

A - T 5.4
a

It is independent of the hadron in which the quark is confined, The

experimental values of 2M = 2.79342, 2M p = —1.91342, and 2M p =
PP p'n P A

—O_6138i0.004743, determine the magnetic moments of the three quarks,

. 41 - - - o
It is found '~ that ZMP)\u = 2,778, 2Mp?\d = 2.913, and 2Mp?\s = 1.84+1%.
Now, averaging Zu and ?%, equation (5.,4) yields m,o=my = 0.331Gev, and
ms=0.510GeV. These values are in good agreement with the masses
44,45

obtained in non-relativistic constituent quark models ; so the

picture is consistent.

The predictions for the other octet baryon moments are

2M u = 2.68 (2.33+0.13)46
pgt =
2M p = -1.09 (-1.48+O.37)42
P g- -
47
M u = -1.44 (=-1.20+0.06) 5.5
pge : -
sl = - 42
2M u =  -0.495 (~1.85+0.75)
Pg-
0.18.,48
ZMP%fo = ~1.63 (‘1~82i0.25)
where the experimental results are given in brackets. The unmeasured go

moment should be the average of the iﬁ and g- moments (i.e., 0,80),
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We note that the gﬁ andggo moments differ respectively by 2.7
and 4 standard deviations from the predictions, The experimental

value for thesg— result differs by nearly 2 standard deviations, but

the error here is very large. We obtain from (5.3) that
- ) = A 0.9 :
2 G o) MM, A 0.9 5.6
< ot —_—
3
It would be surprising if this were not approximately correct, An

accurate measurement of .  would be very interesting.

(o

5.2 Magnetic moments in the M. I.T.Bag Model

In order to calculate the magnetic moment of a relativistic quark,

we use the formula

1
We work in momentum space, so r = iV. The current operator j equals

eq# x\l' for spin % quarks, where\{f is a plane-wave solution of the

relativistic Dirac equation, We find, working in units whgre'ﬁ =c¢c =1,

that
: = elo 5.8
Eq _8
2w
where &) is the quark energy. Thus we see, comparing equations (5.1)

and (5.4) with equation (5.8) that the quark mass in non-relativistic

models is replaced by the quark energy in a simple relativistic model,

Now the quark energy varies from hadron to hadron, with the result
that the assumption that.hq is independent of the hadron, in which the
quark is confined, is no longer correct, We work in the M, I.T. Bag
Model, which is relativistic, and confines quarks within hadrons. The
effects of quark confinement were ignored in the previous section, and
9,10,49,50,51,52

*
in the calculation of equation (5.8). Previous work

on magnetic moments has been carried out using this model, but this was

* Such effects can be taken into account by inserting an energy-momentum
distribution into the equation, as was done in section 2.4 for structure

functions.
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8] + hO
before the new measurements of the A", § , andS moments were made,
The quark energy is given in the bag model by
¥
2R2

W(mR) = %(xz(mR) + m2r?) 5.9

where x(mR) is the eigenfrequency of the lowest quark mode with mass
m in & spherical cavity of radius R (see figure 2 of reference 10),

If gluon effects are ignored, the quark magnetic moment is given by the

formulalo
N - K 4o + 2N - 3 5 10
q 6 \2a(a-1) +p :
where R is the hadron radius, A==nmq and o = R&(mR). Putting m = O

in equation (5.10), and using a{0)= 2.04, we find that )\q = 0,41,
w

Comparing with equation (5.8) we see that confinement has the effect of
reducing the quark magnetic moment, For a given quark, the variation

of )2 from hadron to hadron depends on the variation of the hadroa radius,
Qur purpose is to see whether the effect of changing radius on the quark

moments can be seen in the data,

We take mo=m, = O (small deviations from this will not greatly
affect our results). The experimental value of Hy then requires a
proton radius of 7.35 GeV_l. This is much larger than the value of

5 GeV—l, obtained by Degrand et allo from their fit to the proton mass,
in which gluon effects are included, This is not consistent with their
neglect of such effects in formula (5.10) for the quark magnetic moment.
They also include the dubious zgro—point energy term in their expression
for the hadron masses, This term is not included in an earlier bag
paperg, in which gluon exchange is also neglected, There, a value of

R =6.9 GeV-1 is obtained from a fit to the average mass of the N-A
system, This leads to the result 2M u ='2.6, to be compared with the

PP

1.9 obtained in reference 10.

Donoghue and Johnson53 introduce corrections to the bag model due
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to momentum fluctuations of the quarks in the bag, and predict that
2Mppp equals 2.5, They include the same terms as Degrand et allo, but
take somewhat different values for the parameters (see their table 2).
They use a larger proton radius of 5.5 GeV-l_ This accounts for about

one third of the increase in the magnetic moment from 1.9, The rest

of the increase comes from the fluctuation correction, '

4 , )
Kobzarev et 315 do not include the zero point energy term; instead

they allow the bag constant B to take different values, B, for mesons,

2
and B3 for baryons, They find from a fit to the masses to the first
order in the gluon coupling constant, that Rp = 6.00 GeV-l, leading to
2Mppp = 2,28. I1f gluon corrections are included in the magnetic moment
formula, this value is reduced to 1,95, but the ratio of Hy Lo p does
not change, Thus it seems, in the very least, possible that gluon
corrections have little effect on the ratios of the other baryon moments

to pp. If this is so, they cannot explain the observed discrepancies

from the predictions of naive quark models,

R 10 .
The conventional bag model predictions for the ratios of the
other octet baryon magnetic moments tovpp differ little from those of
naive quark models, as the variation in radius over the baryon octet is

found, from the fit to the masses, to be such that Eﬁ.d1_0.99 (see

R
p

reference 10, Table 3). Hackman et a152 choose the bag parameters

so as to give the correct values for y (and for several masses), They
p

calculate -~ for the octet baryons, and obtain ratios little different

.
P
from those in reference 10 (see reference 52. Table 1V).

5.3 The effect of the variation of baryon radius on magnetic moments
in the Bag Model

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

vary from hadron to hadron, we proceed as follows, Ignoring gluon
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effects and excluding the zero-point energy term, we write the masses

a9
4 3 3x(0)
MAR) = SR BR o+ o
= - 4 3 2x(0)
M(R) = M_(R) = JmBR 4
- & x(0) X (mR)
qE<R) 3 % B RS + =+ 2 (B2

Minimising the proton mass with respect to the radius gives

_ 3x(0)
Rp 4nB }
so u = 2x(0)
P Rp

We now write R, = R+ R, where |§Rlg 1,
R

and P
M (R) = Mp(R) + A(R)
: x
where A(R) =(5—%§32 + msz) - xéO)

K

Working to first order,

M R
p( ).

M (R) = M'(Rp) frR + A(Rp)

So for MA(R) to be a minimum,

R =

-A(R.)
M(Rp)

igroring the variation of x with mR.

mSRP ~ 1,
X R
p

small.) Putting

we obtain §R _A_ -

(mR) 2. %
RZ T Mg )
t
%) 5.
5
5
3
5
5

5.

.12

.13

.14

.15

.16

17

(The overall effect of this is

So in this model,

replacing a massless u quark in @ baryon by a massive strange quark

(msqx 0.3 GeV) reduces the radius by about
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Taking Rp = 7.35 GeV-l, chosen to fit the experimental proton

1

magnetic moment, and this ratio, we find RA = 7.17 GeV °, and R, = 6.99
=
Gev-l. We obtain a value of 0,295 GeV for the strange quark mass by
S . 43 . .
fitting the experimental value of B Then, assuming RA = RI’ the

other octet baryon moments can be predicted (see Table 5.1, column 2),

The effect of the variable radius is in the right direction to
remove the principle discrepancies, noted in Section 5.1, but it is
too small in magnitude, It is possible, by multiplying é% by a factor

of four, to fit all the magnetic moments within two standard deviations

1

)

(see Table 5.1, column 3). Here we take m = 0,252 Gev, R, = 5.98 Gev~

St

R = 6.63 GeV_l, and Rp 7.35 Gev_l. Note that the relation y o equals
2 .

%(H£+ + “g') still holds in the bag model, It is a consequence of

isospin invariance, and the assumption that the three ¥ particles have

the same radius.

R _ 1 R _ 1

Baryon ZMPH_(Rp 40) ZMPpKRp 10)
) 2.79 -(input)- 2.79

n -1.86 -1.86

N° -0.61 -(input)- -0.61
g* 2.62 2.44

€ -1.00 -0.92

(o]
(=] -1.40 -1.28
(i -0.51 -0.52
=4
g © 0.81 0,76

Q 0

£°-A -1.57 -1.46

Table 5,1 Predictions of Octet Baryon Magnetic Moments

55 . oy
Isgur and Karl also fit the octet baryon magnetic moments within
two standard deviations, They also take the magnetic moment of a given

quark to decrease by 10%, when a u or d quark is replaced in the baryon
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by an s quark. They do not work in the M.I.T.Bag Model. Their
argument for the 107 decrease is somewhat 'ad hoc', They note that
the hadron radius decreases by 4% and 137% per additional s quark in
harmonic and coulombic potential models respectively, and choose
%Bzg.- %5 as they expect a combination of these two potentials,

TEEy quote the fact that in the bag model the quark magnetic moment is
proportional to the bag radius to justify their taking a 10% decrease
in the quark moment, They consider configuration mixing and isospin

violating effects, and relativistic corrections to the additivity rule,

in making their predictions, We have ignored such effects,

In the non-relativistic quark model somewhat better predictions

for the magnetic moments than those given in equation (5,5) are obtained

if the mass scale factor depends on the baryon mass56’57’58, This means
that the predictions of (5.5) must be reduced by a factor fg . This
M
B

effect is similar to ours, for we are reducing the baryon radius, and
thus its magnetic moment, when the baryon mass is increased by replacing

a light quark with a strange quark,

We now calculate the baryon masses, obtained by substituting the

two sets of parameters for Rp’ RA’ Rg: and m, into equations (5.11)

and compare with the experimental masses49 (see Table 5.2).

- SR _ _ 1 R _ 1
Baryon Experimental Mass/MeV Mass(R = - 40) Mass(Rp = lO)
N/A 1180 1110 1110
AE [, 1300 1300 1278
&
g‘IE 1462 1485 1466

Table 5.2 Calculation of Baryon Masses

The predicted proton mass is 70 MeV less than the experimental
value, This is a simple consequence of equation (5.13). We have

chosen RP so as to fit Mo and the value of the radius so obtained is
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greater than that needed to fit Mp. In other words, it is impossible
to fit both Mp and Ko exactly in the bag model of reference 9, However,

as the error is only about 6%, there is little cause for anxiety,

The predictions for M

A

there is little difference between the two sets of results, even though

and Mg are remarkably good. We note that

§R has changed by a factor of four. So increasing the difference
between the octet baryon radii leads to a much better fit to the experi=-
mental magnetic moments, and has little effect on the predicted masses,
More accurate measurements of the gf and Ef moments would be very
helpful in determining if the picture is consistent, and, if so, what

value of %3 best fits the data,

p

5.4 Quark mass, axial vector coupling constants, and charge radii in
the bag model

Giving the u quark some mass, or increasing the mass of the s quark
means that a largervalue of the baryon radius is needed to fit the

experimental magnetic moments, The axial vector coupling constant =N

also increases with mo- from 1.09 for m, = 0 to the experimental value
of 1.25 for m, = 122 Mev 59, See Table 1 of reference 49 for the
_— ' 2\X . .
variation of g,, 2M_ u_ and <? '> with m . Note that the experimental
A "pTp P u
N/A mass average is fitted, and that the proton magnetic moment varies

very little over the range of quark masses shown. A value of 44,1 Mev

for m, is chosen as giving the best results overall,

Jaffe60 determines m, m and m, as functions of scale (qz) for all

d

q2<:°p02, where —poz is the scale for baryon matrix elements of aq'in
the bag model, 'Constituent' and 'current' quark masses correspond to

m(qz) at q2 = -poz, and as qz—% - © respectively, m(qz) decreases with

q2. He finds that the constituent quark masses are -;:(mu + md) = 43 Mev,

(m, - mu) = 6.7 MeV, and m, = 330 Mev,

d
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Donoghue and Johnson53 take —21-(mu + md) to be 33 MeV to fit the
pion mass in their improved bag model, They obtain a value of 1,27
for 8y including their fluctuation correction, However, they do not

include gluon corrections in their formula for 8y although they have

taken gluon exchange into account in their calculation of the bag

parameters, Kobzarev et al.Sa find that including gluon corrections
reduces the value of 8, from 1,09 to 0.93, Reducing the above value
of 1.27 by this ratio, we obtain 8y = 1.08, In general, there does

seem to be some difficulty in incorporating gluons successfully into
the M.I.T. Bag Model. We have not attempted to do so,

g, can also be calculated for A, € andZ p-decays in the bag modello’so.

For a specific decay one adds up the contributions of the various quarks,
as calculated from the formula given in table 1 of reference 10, The
contribution of each quark is reduced from that in the SU(6) model by

a factor, which increases slowly with mR - from 0,653 for mR = 0 to
0.707 for mR = 1.4110. Thus taking higher values for the baryon radii

will lead to a slight increase in the predictions for |gAl, e.g. from

0.87 to 0.8Y5 for the decay A° — pe ¥, taking m R, = 2.  This in-
crease is not significant, It does not , for example, explain the

experimental result of = 0.435+0,035 for the deca jf—% neﬂV , in
g4 + y e

comparison with bag model predictions of about 0,2450,

The bag model formula for the charge radius (see table 1 of
4
i - -
reference 10) predicts <V'“p>aL = 5,35 GeV 1, for Rp = 7.35 GeV 1. The
experimental value is 4,4040.15 Gev-l. This requires a value of Rp of

-1
about 6.2 Gev However, there is some doubt about the static bag model

formula for the charge radius. This doubt arises because one actually

John_son53 overcome this difficulty by considering a moving bag as a

|
measures a4 form factor,which is a non-static quantity. Donoghue and
wave packet with non zero net momentum (see the appendix of reference



55.

. rE
53). They find, excluding gluon corrections, that <}p:>== 4.10

Gev L.

5.5 A concluding comment

The work of this chapter suggests that the difference between
the octet baryon radii in the M,I.T.Bag Model should be a good deal
larger than previously thought. This indicates that a flexible bag
is needed. We first formed this idea in Chapter 3, where, in evaluating
the bubble contribution to the quark sea, we took the radius of the
proton in the longitudinal direction to be proportional to the energy
of the quark in the sea, So we conclude that a model which considers
hadrons as bags with soft walls is closer to physical reality than one

in which the bags have rigid boundaries,
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POSTSCRIPT

MAGNETIC MOMENTS OF LEPTONS IN COMPOSITE MODELS.

Recently there has been interest in composite models of quarks

and 1epton356’61’62.

An important test of such models is their ability
to predict correctly the magnetic moments of observable particles, In

this postscript we apply the ideas used in chapter 5 to this problem for

leptons,

The magnetic moments of the electron and muon are excellently pre-
dicted on the assumption that they are pointlike particles obeying the

. . L 61
Dirac equation, Furthermore it is known that the electron and muon

show no structure down to distances of order 10-16 cm (N 10-2 GeV—l).

1
If a spin 3 lepton is composed of three spin % constituents, which,
in the simplest case, have equal charges and magnetic moments, it is

easy to see that56

B = Mg (P1)
and thus
IR T =
AL LT %AC (P2)
L e
C

where 1 denotes the lepton, and ¢ one of its components,
- Now if the lepton is a Dirac particlé, i.e. an electron or muon,
M A =1 (P3)
and so from (P2)
mM A= 3. (P4)

In the M,I.T. Bag Model ‘Ac is given by an analogous equation to
that for hq - equation (5, 10). Assuming that the lepton components

are confined within leptons by & similar mechanism, we find that

2, A, Lo.s MR
< ux 1073y (P5)
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using RL\< 1072 cev™t.  as MA 5 X 1074 Gev, and MpﬁlO-l GeV, this

is totally inconsistent with equation (P4), the discrepancy being of the
order of 106 for the electron. This is not a particular result of

our using the M,I.T,Bag Model, . For if we use a model for leptons

and their components, analogous to the relativistic quark model,
described in the first parégraph of section 5,2, we obtain

2, 7\C = M__LQMLRL (P6)

wC

using the uncertainty principle. GJC is the energy of a lepton component.

The discrepancy between equations P4 and P5 (or P6) is so large
that i1t cannot be explained by changing the assumption that the lepton
constituents have equal charges and magnetic moments, This contradiction
arises because the known maximum values for the radii of the electron
and muon are so small, As far as experiments can discern, they afe
pointlike particles, Any model, which tries to explain them as

composite, will encounter serious difficulties,
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