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Abstract

This thesis is mainly concerned with the problem of calculating the twist two
matrix elements contributing to deep inelastic scattering structure functions, using
the quark wavefunctions of the bag models of hadron structure. To this end we
review deep inelastic scattering, making extensive use of the operator product ex-
pansion, quantum chromodynamics based phenomenology, and also the theory of
bag models. Along the way we will also examine the so-called EMC effect and the
effects of non-perturbative QCD processes on the structure functions. Finally we
present a novel method of calculating structure functions in the bag model and we

examine the properties of the calculated structure functions.
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Chapter 1

Introduction

K’uei — Opposites

Heaven and earth are separate and apart, but the work they do unites
N

them ...they are related through their actions. The outcome of such

separation is great indeed!

The I Ching or Book of Changes

I Ever since its discovery in the 1930s, there has been a great deal of
effort by physicists to understand the strong interaction. Surely one of the most
useful advances in this field has been the quark model, first introduced in the early
1960s by Gell-Mann, Ne’eman and Zweig [GN 64]. The quark model proposed that
the three ‘flavours’ of quark u, d and s formed the fundamental representation of
the group SU(3). Then all of the low mass hadrons were found to fall into low
dimensional representations of SU(3), the mesons being quark-antiquark pairings
while the baryons required three quarks.

Despite the discovery of the 2-as predicted by SU(3) symmetry for some time
it was not clear whether quarks were real particles or a mathematical artifice. One

problem was that free quarks had never been observed, so they had to be bound very
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tightly inside the hadrons. Another major problem was states like the A*+ which
‘would have to consist of three v quarks in the same spin and spatial state. Since the
quarks should be fermions, this state would violate Fermi statistics. To overcome
this difficulty it was proposed that quarks came in three different ‘colours’. Although
this explanation was rather ad hoc, it became a great strength of the model when it
was realized that a gauge theory of colour interactions (quantum chromodynamics
or QCD) could be constructed, the symmetry group again being SU(3). It was
postulated that only ‘colourless’ states can exist in nature, so free quarks, which
would carry a colour charge, cannot be observed. However hadrons, being colour
singlet states, are allowed. It was (and still is) hoped that QCD would be a complete
theory of strong interactions.

In the late 1960s a series of experiments at SLAC in the U.S. provided another
puzzle. Just as large momentum transfers in scattering experiments between al-
pha particles and gold atoms had led Rutherford to propose a point-like atomic
nucleus, large momentum transfers observed when scattering high energy electrons
from protons and neutrons led to the conclusion that point-like objects existed inside
hadrons. These results were explained by the parton model proposed by Feynman

[Fey 69] and others, however.in this model partons were free particles, so how
could the free partons observed be reconciled with the quark model of tightly bound
quarks? The answer came when Gross and Wilczek [GW 73] and Politzer [Pol 73]
discovered that non—Ab‘elia,n gauge theories ie. QCD had the property of ‘asymptotic

freedom’, that is, at high momentum transfers, or short distances, the interactions



became weaker. Thus in high momentum transfer, or ‘deep inelastic’ experiments,
quarks would appear to be free particles, as was observed. In the following chapter
we will examine deep inelastic scattering (DIS) and the quark parton model (QPM)
using the powerful tool, the operator product expansion.

At around the same time a great deal of evidence was found which supported the
quark model and its sophisticated offspring QCD. The SU(2) x U(1) gauge theory
of electro-weak interactions was developed, which seemed to require three colours
of quark and also predicted a new flavour of quark, ¢. The spectacular discovery of
the J/V (a cc state) in 1974 seems to have demonstrated beyond reasonable doubt
the reality of quarks as particles.

In the early 1970s 't Hooft and others [tHo 71,AL 73] showed that gauge the-
ories like QCD were probably renormalizable, and moreover how calculations in
non-Abelian gauge theories could be made. Adler [Adler 69] used current algebra
methods to calculate the decay rate for 7 — 27, getting an answer which was in
good agreement with experiment when three colours were included, but was wrong
by a factor of nine when colour was excluded. The strongest piece of experimental
evidence for colour is found in e*e~ annihilation, where the ratio of cross sections

olete” — hadrons)

R =

>, e (1.1)

olete = ptu) quarks

is found to agree well with the predictions of QCD, but is out by a factor of three
over a very large range’of energies if colour is left out.
Now that the quark model and QCD are well established, one could be forgiven

for thinking that the problems of the strong interaction are solved. This could not be
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further from the truth! The science of calculating hadronic properties from the QCD
Lagrangian, using a discrete spacetime lattice, is barely in its infancy, yet requires
huge amounts of computer power. It appears that realistic solutions involving light
quarks like u, d and s may be many years away. For this reason phenomenological
quark models have become popular in recent times. These models are éonstructed,
with the properties of QCD in mind, in order to reproduce the properties of hadrons.
They can then be used to make calculations of hadronic scattering or other processes.
In Chapter Five of this thesis I will provide an introduction to the class of bag
models, in particular the successful MIT and cloudy bag (CBM) models.

The plethora of phenomenological models that have sprung up has led to some
cynicism, as there does not appear to be any experimental evidence that allows us
to unambiguously choose one mddel above all others. While this is probably true at
low energies (with the possible exception of charge symmetry breaking) because of
the low resolution of the probes, deep inelastic scattering may yet be able to help us.
Firstly there are some indirect tests we can apply. From measurements of the sea
distributions %, d and 5 in DIS we can infer properties of the pion and kaon meson
clouds about the nucleon and also the size of the quark confinement radius. These
tests are discussed in Chapter Four, particularly in conjunction with the CBM.

We would also like to use DIS to test the valence quark distributions of models.
Unfortunately these calculations are very difficult. The final two chapters of this
thesis will review this problem and propose a novel method of calculating the quark

distributions in the two dimensional MIT bag model. Many properties of these dis-



tributions will be studied, including their behavior in a nuclear environment. This
last point is of some importance because of the EMC effect discovered at CERN in
the early 1980s [Aub+ 83]. The EMC group found that the quark distributions in
a nucleon change with the atomic number of its nucleus, contrary to naive exp;acta-
tions. Since then an industry has grown in explaining the effect, as we will see in
Chapter Three. It has become obvious however that no unambiguous conclusions
can be drawn from analysis of the EMC effect data until the problem of relating the
quark models to the quark distributions observed is solved. Hopefully the methods
and results presented in this thesis mark some progress towards this solution.

We note that the conventions used in this thesis will, as much as possible, be

those of Bjorken and Drell [BD 64 65].



Chapter 2

Operator Product Expansion and
Deep Inelastic Scattering

2.1 Deep Inelastic Scattering Formalism

We want to examine the process [A — I'X, where [ is a lepton, A is a nucleus (the
nucleon being a special case), and X is the final hadronic state which is unobserved.
As most experiments are of the type unpolarized beam on unpolarized target, we
shall ignore polarization effects, though they can be handled in a similar fashion. For
the time being we shall examine only the electromg«xgnetic interaction between lepton
and nucleus, but the extension to the weak interaction is fairly straightforward.

To lowest order in ¢, the process is described by one photon exchange, for which

the invariant amplitude M is given by [BD 64 65]:

1
72

Mo ok )y*u(k)

(X|J.(0)|p) (2.1)

where J,(0) is the hadronic electromagnetic current operator. When X is not ob-

served the differential cross-section do is given by:

do ;(2#)4 §*(p + ¢ — px) M, (2:2)



which can be written as a product of leptonic and hadronic tensors
do o I W, (2.3)
where
Ny
= 2(k™k" + kVk* — ¢*k.k') (ignoring the lepton mass) (2.4)
and
Waw = 3= 20 840 + 4= o) pHOIX (X O)p) (2.
where the states are normalized
(plp') = 26°(27)6° (5 - 7) (26)
If we note that
(2m)*6*(p+ g — px) = [ d'¢ oHePE (2.7

and that we can translate JE(O) to spacetime point £, we can use completeness

(Cx |X){X]| =1) to write W,, in the form:

Wa = 1= [ 4 €4 01ILE L0l S
where the subscript ¢ on the matrix element denotes ‘connected’. We can represent
W, graphically, as in Fig. 2.1, with the intermediate state being the sum over all
hadronic states.

From Fig. 2.1 it would appear that there is some connection between W,, and
forward, virtual Compton scattering. This is indeed the case. The product of
currents in eqn. (2.8) can be replaced by a commutator:

(]



+(0) Jy(8)

=N 4

(

Fig 2.1 Wy, , which measures a current-current correlation
function in the target state.



W = o [ d'¢ v pllI1(E), 20V (29)

because the term that has been subtracted vanishes for ¢® > 0 (it violates energy-

momentum conservation). The amplitude for forward, virtual Compton scattering

is [IZ 80]:
T =i [ &% (T} 0)]p)e (2.10)

from which it can be seen that W,, is the imaginary part of T}, (when ¢° is taken

to have an arbitrarily small positive imaginary part):

1
W#V = Q—;Ime,. (2.11)

This is often referred to as the ‘optical theorem’.

It is important to note the subscript ‘c’ in the expressions for W,, and T,,.
Connected matrix elements include only processes which cannot take place in the
vacuum ie. they exclude vacuum transitions of the form (0]J1(¢)J,(0)[0){p|p), so
that the current interacts with the target nucleus.

We can decompose W, and T, using current conservation (¢*W,, = 0), into a

pair of Lorentz invariant structure functions Wi o(T} 2):

quqy
We = _(guu - ;2 )W1(V, qz)
1 p-q p.q .
+—Mi (Pu — q—zqu)(pu - ?qu)Wz(u,q ). (2.12)

The structure functions Wy (T} ) are functions of the Lorentz invariants ¢* and
p.g = Myv (¢* = —4EFE'sin? %, v = E — E' in the rest frame of the nucleus) where

M, is the mass of the nucleus. Note that in the case of the weak interaction ie.



(anti)neutrino scattering, which does not conserve parity, an extra term is allowed
in the decomposition [LP 82]: —-21"4'—}216“"""p(,q,,W3. Wy and W, are measured exper-

imentally by comparing cross sections at fixed ¢* and v, but different values of E,

E’ and 6:
d’c 4a%E" cos? 0/2 \ , L0
B tan® | . 2.13
dE'dQ pr Wa(v, ¢°) + 2Wi(v, ¢°) tan 5 (2.13)

Since ¢? is space-like, we define Q* = —¢* (Q* > 0), then the squared mass of

the final hadronic state is:
Mx =(p+q)* = Mj +2Muv — Q* > M. (2.14)

Thus the dimensionless ‘scaling’ variable 24 = Q?/2M v must lie in the range
0 < z4 < 1. The term ‘deep inelastic’ refers to the kinetic domain where Q%, v and
Myx are large compared with typical hadron masses and excitation energies. Often
a uniform scaling variable is used: z = zy = Q%/2Mv (M = My the nucleon mass)
0 < z £ A to compare the structure functions of different targets.

It was suggested by Bjorken [Bjor 66 69] that in the limit Q? — co at fixed z4
(called the Bjorken limit), the structure functions would become functions of 24

alone:

1}31}1 Wi(v,¢*) = Fi(za)
. v
lllgrjf.l sz(% ‘12) = Fy(za)
.V
5 el @) = Fy(za) (2.15)
which was subsequently verified by experiment [Pan 68]. This phenomenon is called

‘scaling’.
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It is important to note that for deep inelastic scattering in two spacetime di-
mensions the only changes needed to the expressions in this section are to replace

superscript ‘4’ by superscript ‘2’ in eqns. (2.2) and (2.5-2.10).
2.2 Light-Cone Behaviour

It 1s important to understand the distance scales in deep inelastic scattering (DIS).
To this end we shall work in the rest frame of the target nucleus and make extensive
use of light-cone coordinates. If we choose the incident virtual photon’s direction to

be along the negative z-axis, then the photon’s four momentum is:

¢ = (10,0, —vy/1+Q%/v?). (2.16)

In the Bjorken limit Q2 — oo, T4 = Q?/2M4v fixed, we have Q?/v*> — 0 and

q— (1,0,0,—v — Maz,) (2.17)
so that in light-cone coordinates (¢* = (¢° & ¢%)//2) we have:

g~ — o0 gt = —Myz4/V2 = —z4pt. (2.18)

Note that Maz4 = Q?/2v, so the limiting value of ¢ is independent of the mass of
the nucleus.

Now we want to examine the spacetime separation £. Since ¢ and ¢ appear as
conjugate variables in the definition of W, eqn.(2.9), we require q.§ = qgt¢~ +¢~¢t
to be finite. Thus ¢~ — oo forces ¢+ — 0, but ¢~ does not vanish. The commutator

in eqn. (2.9) is causal because the hadronic currents must be local, hence

=2 — 6 >0 (2.19)

11



But £t — 0 in the Bjorken limit, thus §1 must also vanish. This leaves £~ the only
non-vanishing component of £* in the Bjorken limit, and we have the important
result that £2 — 0 in the Bjorken limit. This means that to examine the current
commutator [J1(£),J,(0)] we must look at its behaviour on the light-cone, as DIS
will be dominated by this light-cone behaviour. This will require us to use the
operator product expansion (OPE).

We can gain some more insight into the separation £ using the results of Fourier
transform theory [Light 58]. Firstly we examine the relation between ¢~ and ¢{*. If

we let
Flq) = / det et et F (et (2.20)

then if f(£%) is everywhere differentiable any number of times and well-behaved as
|¢+] — oo, then f(g~) vanishes faster than any power of ¢~ as ¢~ — co. However
in the case of DIS there is a singularity in the integrand defining W,,: the current
commutator vanishes when ¢% < 0. This corresponds to f(£*) in eqn. (2.20) having a
singularity at ¢+ = 0. Now the behavior of f(g~) in the limit ¢~ — oo is dominated
by the behavior of f({*) near the singularity. Using integration by parts we have,

as ¢ — oo

e il L '
far~ () r0- (&) 1o+ @:2)
Thus in the limit ¢~ — oo, W,, will be dominated by £+ =~ 0.

The relation between ¢t and ¢~ is more subtle. In the Bjorken limit we have

£ — 0, 51 — 0, so W,, is given by a Fourier transform in ¢t = —Mz/v?2,

12



f(g"), of a smooth function of €=, f(£7). However the Fourier transform is found

1

experimentally to diverge [LP 82], at worst like z7%, as ¢ — 0. Inverting the Fourier

transform and integrating by parts we have

_ 1 x
f(€ )NWf($=0)+ (2.22)

from which we deduce that |¢~| < v/2/Mz. Thus for small z the current correlation

may well extend over large distances, |¢3| < 1/Mz, but is always on the light-cone.

2.3 The Operator Product Expansion

There is an immediate problem in considering the products of currents at light-cone
separations. In general the product A(£)B(0) of two local field operators A and B
is singular for both ¢ = 0 and £% =~ 0. The root of the problem lies in the fact that
operators in local quantum field theories should be regarded as distributions, and
the product of such distributions is not well defined at the same spacetime point.
Th‘us the operator product expansion (OPE) has been developed to manage the
singularities of operator products.

The idea behind the OPE is that the product of two local field operators A and
B may be expanded in terms of a complete set of linearly independent local fields
On(€), which are regular in the relevant limit (£, — 0 or £2 — 0), with c-number

coefficients Cy,(¢) which may be singular in the limit:

lim A(€)B(0) = ZZC{(Z)} e, ... 6 gg{\'*l---A"(O) (2.23)
(E120) n=1 {§}

where it is customary and convenient to extract the factors of €) in the coefficients.

{B} are all the labels that might occur in the expansion eg. Lorentz, internal sym-

13



metry etc. The operators are traceless, symmetric and of rank n in their Lorentz
structure ie. they are of spin n. The main difference between the OPE in the limits
£y — 0 and ¢2 — 0 is that only a finite number of the c-number coefficients C’fg)}(f )
are singular or non-vanishing in the ¢, — 0 limit, whereas all the Cf,(£?) may be
singular or non-vanishing in the £ — 0 limit.

The short-distance (£, — 0) OPE was introduced by Wilson [Wil 69]and fur-
ther developed by him and Zimmerman [WZ 72]. Wilson also proposed that the
expansion eqn. (2.23) could be used to find the singularity behavior of the coefli-
cient functions. Frishman, and Brandt and Preparata [Fri 71,BP 71] showed that
the light-cone (¢2 — 0) OPE exists by making use of the short-distance OPE. A sim-
ple example of the short-distance OPE is the time-ordered product of two massless

scalar fields.

T((£)$(0)) = A(EI+ : 4(£)4(0): (2.24)
where
7 " e—ik.E
Al = (271')4/d e
R S - 2.25)
(27)2 €2 — e’ (2

The time-ordered product is expanded as the sum of regular local operators I and

:¢(€)¢(0): with the singularity only occurring in the c-number coefficients A(€).

2.3.1 Scale Invariance

A local operator O(§) is scale invariant if there exists a unitary operator U(s) such

that

14



U (s)O(€)U(s) = s O(s€) (2.26)

where dy is called the dimension of O, in mass units. Applying scale invariance

eqn.(2.26) to both sides of the light-cone OPE eqn.(2.23) we obtain
siatdm A(s¢)B Z CM(ED)s(E)y - - - r,) 58O (0) (2:27)

where d,, is the dimension of O™ and we have dropped the labels {#}. However if

we put £ — s in eqn.(2.23) we have
(Sf Z C(n) 262 (6)\ fA")O(n)'s()‘l"'An)(O)- (228)

Now the operators O are linearly independent, so rearranging we get an expression

for the c-number coefficients C(™):

O (s2¢?) = sin=n=da=dz r(m)(¢2) (2.29)
from which it follows that C(y) is singular as £2 — 0 only if

dy —n < d4+dp. (2.30)

The important quantity d, —n (dimension - spin) of an operator is called its ‘twist’.

The ‘dynamical’ dimension dy of an operator O, defined as in eqn. (2.26), will
coincide with the canonical mass dimension of O, as obtained from the Lagrangian,
for free field theories. This is easily seen in a free fermion theory where the canonical
dimensions of ¥(£) and ¥(¢) are both 2 (in four spacetime dimensions). Now the

invariance of the action under scale transformations such as eqn. (2.26) implies that
[d€HEuerbl€) = [ d e h(s8)Bueyb(st)
= [d*¢sTB(()s0u0 () where ¢ = s (2.31)

15



so that 2dy, =4 —lie. dy = 3.

Now when we renormalize our field theory we expect that scale invariance would
be broken, because we have introduced an arbitrary renormalization scale (usually
an arbitrary mass scale making the coupling dimensionless). However we can still
use scale invariance to look at the behavior of the c-number coefficients C™), but in
general the operator dimensions become non-canonical. The renormalization group
is important here, because it allows scale invariance to be realized, and predicts the

‘anomalous’ dimensions of the renormalized field operators.
2.3.2 Twist Two

From eqns.(2.29) and (2.30) we have that contributions to the OPE of the product
A(€)B(0) in the limit 2 — 0 come from operators O™ with twist < da + dp,
and it is expected that the leading light-cone singularity comes from the coefficient

corresponding to the operator of lowest twist (Tnin)
0(52) 52;’0 (62)(Tmin_dA_dB)/2. (2.32)

It is easy to see that twists are additive, that elementary fields have twist 1,
and hence that the minimum twist of an operator involving j elementary fields is j
[Dunne 86,WZ 72,Ynd 83|. From this it follows that for an operator of given twist 7
there are at most 7 elementary fields involved, and since the number of elementary
flelds is limited then the number of types of operators of twist 7 must also be limited.

In the case of DIS we are concerned with products of the current operators J(¢).

Now from our fundamental theory, QCD, we expect that the current operators will
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be of the form 1y where 1 is a quark field. Thus the product of current operators
-has dimension 6 (in 4 spacetime dimensions). However we expect that higher twist
(7 > 2) terms in the OPE will be suppressed at least by O(1/Q?) compared to twist
2 because of the extra propagators involved. We may think of twist 2 operators as
corresponding to diagrams where there is no interaction between the ‘struck’ quark
and the ‘spectators’. Some examples of twist 2 and twist 4 operators are shown in
Fig. 2.2. We can see that all the twist 4 diagrams are suppressed by O(1/@Q?) or
0(1/Q*) relative to the twist 2 diagram Fig. 2.2a. We will see that Fig. 2.2a will
correspond to the naive quark-parton model.

In QCD we have two types of operators: singlet and non-singlet. Singlet oper-
ators are invariant under a change in flavour labels ie. u <+ d whereas non-singlet
operators are changed under such changes in flavour labels. Obviously gluon oper-

ators are singlet operators. Thus there are three classes of operator to consider:

1. non-singlet quark operators:

ONs™ = i"1Sgrea™ DM ... D™ (1 4 ~s5)q (2.33)
2. singlet quark operators:

O = " 1Sgy D% ... DM (1 % v5)q (2.34)
3. singlet gluon operators:

Oél.../\,. — in—2STrFa)\1D/\2 . D/\n—l Fa)‘n (235)
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where S symmetrizes over the Lorentz indices, and the subtraction of all trace terms
.is understood. D) is the usual covariant derivative Dy = J) — 1gA,, and F,, is the
gauge field strength tensor F,, = 9,A, — 0, A, + g[A,, A)]. The 5 matrices are
only used when considering weak currents ie. (anti)neutrino scattering, or when
polarization is important. It can be seen that ‘non-singlet’ and ‘singlet’ refer to the

presence and absence, respectively, of the flavour generators 2.

2.3.3 Expansion of Structure Functions

To apply the light-cone OPE to the forward, virtual Compton amplitude T, we

first decompose T}, similarly to eqn. (2.12)

quqv
Ty,y e (g/.w - ;2 )TL(:E’ qz)

14 + v
+(Puq MVP Qu + ) Ty(z, qz)_ (2.36)

At this stage we will only consider the non-singlet contribution to T;. Now expanding

T(J.J,) and taking the Fourier transform, we have

Toe = 3 [ 4% OGN, - 6, (BlOFE " O)lp)e. (237

The matrix element in eqn.(2.37) is a problem as we have no information about
the states |p). However the matrix element does have a fairly simple general form

because O*1-** is traceless and symmetric
(p[O%L%Al"'A"(O)Ip)\ = AQL(p* - p*) + trace terms. (2.38)

The A%L.)g are called reduced matrix elements. The integral in eqn.(2.37) is now the

Fourier transform of C](\%(ﬁz)f,\l ...£x, which must be proportional to ¢y, ...qx,:
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[ EHCRUN -6 = (-1 LR, (2.39)

Now contracting the gy, with the terms in eqn.(2.38) will give (¢.p)" = (Mv)" from
the non-trace terms, plus terms O(J;L:) from the trace terms, which we neglect. The
error in neglecting these terms is of order nﬁ’f—:. In the limit ¢> - —oco we have the

leading behavior:

]- "o n n q2
Tons 43 (=) CGMAALS, z=-— (2.40)
—~ \z 2p.q

where factors of 27" are absorbed in CN’](\?;(qz) This looks like a Taylor expansion in
(1/z), but we must remember that it is the first term in an asymptotic expansion
in (1/¢%) as ¢> = —oo.

The form of eqn.(2.40) is quite remarkable because the z and ¢? dependence are
separated from the matrix element dependence, which is solely in the A®. This
behavior follows directly from the form of the OPE, in which the singular light-
cone behavior appears only in the c-number coefficients, while the operators remain
regular. The form of eqn.(2.40) is quite general; the same procedure works for the.
singlet operators and for the other structure functions in the decomposition of T},

[Dunne 86,Ynd 83,Buras 80,Pet 79].

2.4 Dispersion Relations

Eqn.(2.40) defines T, as a function of complex z which is analytic as |z| — oo
and has a cut -1 < z < 1. Unfortunately the physical region corresponds to
0 <z <1 s0 we need to use dispersion relations to find out about the physical

structure functions.

20



For simplicity we drop the Lorentz indices from T}, and consider the analytic
function T'(v,¢?) at fixed ¢*. First we note that T'(v,¢?) is crossing symmetric
ie. T(v,q%) = T(—v,q?), which implies that only even values of n contribute to
eqn.(2.40). Furthermore T'(v, ¢°) has cuts along the real axis from F¢*/2M to + oo.
The right-hand cut corresponds to physical Compton scattering, and the left-hand
cut corresponds to the ‘crossed’ process p — v + X. The discontinuity across the

right-hand cut is:
discT(v, %) = 2ImT (v, ¢*) = 47iW (v, ¢%). (2.41)

Using Cauchy’s theorem on the contour in Fig. 2.3 we obtain

[+ v

T(v,q%) = 4/q dv'

—2/2M V%2 — 2

W', ¢%) (2.42)

where v/ is real, and the physical Compton amplitude is obtained by letting v ap-
proach the positive real axis from above, v — vg+ie. The integral may not converge
if W(v', ¢?) falls too slowly in the limit v’ — oco. In that case we make a subtraction
between two different values of v

o) v

T(,¢") =T(O,¢) +4v [

22 v(v? —v?)

W', ¢%). (2.43)
If necessary we can make further subtractions, and the process works if W (', ¢?) is
polynomial bounded as v’ — oo, which we assume. Changing to more convenient

variables w = 1/z = —2Mv/q? we have

fae] /
T(w,¢?) = Pn_1(w, ¢®) + 4wm+1/1 dw'wlm( d W(w', ¢%) (2.44)

w2 — wz)
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Fig 2.3 The complex V plane. The contour shown is used to derive
dispersion relations.



where P,,_; is a polynomial of degree m — 1. Now using the fact that (1 —w?)™! =

3, w?™ we have

o du'!

T(wa q2) = —1 w,q ) +4 E / w’"+1 w ’q2)

n=m+1
n even

= Pm_l( )-{—42( ) / dzz™ W (z, ¢%). (2.45)

Comparing eqn.(2.45) with eqn.(2.40) gives
N 1
(A = / dzz™ W (z, ¢2) (2.46)
' 0

where n is even. Thus the behavior of the c-number coefficients in the light-cone OPE
is related to the moments of the physical structure functions for DIS. At this point
we could go on to discuss the ¢* dependence of the C™(¢?), and of the structure
functions, that is introduced because of renormalization of the theory. However we

shall postpone this and look next at the quark-parton model.

2.5 The Quark-Parton Model

The Quark-Parton Model (QPM) was first introduced in the late 1960’s by Bjorken
and Feynmann [Bjor 66 69,BjP 71,Fey 69]. We may regard it as a free field approx-
imation to the full QCD field theory. The currents J are treated as in a free field
theory, but not the states. Thus we ignore final state interactions and vertex cor-
rections (to the currents). The currents couple only to quarks or antiquarks. The
structure function W), is obtained by putting the intermediate state on-shell, with
the struck quark or antiquark and the remnants of the target appearing as separate,

physical intermediate states as shown in Fig. 2.4. As we have already noted in Sec-
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Fig 2.4 The Quark-Parton model. The struck quark and the target
remains are both on-shell.



tion 2.3.2, terms with twist greater than 2 in the light-cone OPE are expected to be
suppressed at least by O(1/Q?), so they are ignored in the QPM. In fact when QCD
is renormalized we find that terms which vanish like a power of @? in the QPM may
only vanish like a power of log @? in the full theory. It is also important to keep
in mind the fact that quantities which scale in the QPM, ie. become functions of
Bjorken z alone, will be modulated by powers of log @* when QCD interactions are
included.

Of course the QPM cannot be correct: in the intermediate state the quarks
cannot be free, but must be confined by non-perturbative QCD processes. The major
assumption made is that these non-perturbative processes do not affect the dominant
terms at large @2, and this assumption is justified by the idea of ‘asymptotic freedom’

in QCD.

2.5.1 Derivation of the Quark-Parton Model

In a free quark theory the currents are [Jaffe 86]

Ju(€) = $(£) Qv (&) (2.47)

where Q is the quark charge matrix (Q = diag(2/3,—1/3,—1/3...)). The current

commutator in the definition of W,,, eqn. (2.9), reduces to

[75€), o (0)] = D(E)ru{w(€), $(0)}Q71(0)
= (07 {(0), %(§)}Q*vub(€) (2.48)

with [IZ 80]
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H(OIO) = 3z EIE) + 0@ -] (249)

We ignore the terms in the quark masses as they generate only O(m?/Q?) corrections

in the Bjorken limit. To simplify eqn. (2.48) we use the Dirac matrix identity [IZ 80]:

1 o
5(7;4'70’71/ + VYo V) = (GuoGve + Guogvo — gwgpa)"/

= Suwet’s (2.50)
then substituting eqns. (2.48-2.50) into the definition of W,, we have

Wi = oS [ 4644 5 o(€)S(E)

x (pl(€)7° Q% (0) — $(0)y" Q$(E)lp)es  (2:51)

where the limp; reminds us that our QPM assumptions are only valid as Q* -
with fixed z = Q?/2Mv. Integrating by parts, we can drop the term in which
0/0¢, acts on the matrix element, as this will generate factors p® or ¢°, both of
which are negligible with respect to ¢” in the Bjorken limit (the F.T. of £ is ¢*/¢?).
Introducing light-cone coordinates and working in the target rest frame, we then

have
W = I, 8—% sovo @ [ dEFdgmdPE, TEHTE
xe(€ +&7)6(26% ¢ — )
x (plip(€)y” Q%% (0) — $(0)v" Q*p(E)Ip)e-  (2-52)

If we look at the form of S,,,,, we see that the coeflicient of g,, in W, will equal

half the trace of W,,. From our decomposition of W}, in eqn. (2.12) this leads to
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1 v
Wi=3 [3W1 B (1 m QMAzA) W2]

or, using the structure functions defined in eqn. (2.15) and noting that 1 < v/My,

Fg(.’IJA) = 2.’EAF1(:I:A) (2.53)

which is known as the Callen-Gross relation, and follows from the quark spin being

1/2 (see [Close 79] or [LP 82] for details).

We can use the §-function in eqn. (2.52) to do the integral over E_?_ using [ a2 6 (5?_——

2¢+¢-) = 7, and introducing the structure function Fy(z4) we have

iq” by igte=riggt
= / detde e

Fz(.'EA) = 2.’17,4_1_131
x[6(EF)0(67) — O(—=€T)0(—€7))]
x(plB(EVr* @b(0) — PO} QPH(E)P)elgy maere- (2:54)

where the indices p and ¢ must be — and + respectively as g*+ = g7~

= (.
Integrating by parts over £t and keeping only the leading term at large ¢:
= T4 — it e LT =\t O2
Fyza) = 32 [ de™ € (pl(¢ )7+ Q(0)
—’/_"(0)7+Q2¢(5—)|P)CI5+=EJ_=0 (2.55)
\/5:1),4 - igtem t (=2 |
= Y e & (plgl (€)@ (0)
++(67)QBLO)P)eler =z, =0 (2.56)
where we have used the projection operator
— p* +_ 1oz s 1 3
Yy =P, P =377 =§(I:i:a). (2.57)
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To interchange the quark fields in the second term of eqn. (2.56) we have used the
fact that the singularity in the product of the fields is in fact not connected, so it

can’t contribute to the connected matrix element ie.

(Pl (0)9(E)Ip)e = — (Pl (£)b(0)lp). (2.58)

Eqn. (2.56) is very important, and we shall make much use of it. We note first
that Fy(z4) measures light-cone quark correlation functions: the first term measures
the amplitude to remove a quark from the target nucleus and replace it at a point
¢ on the light-cone, and the second measures the amplitude to remove and replace
an antiquark.

To get to the more familiar form of the QPM we introduce a complete set of
states 3, [n){n| = 1, which we insert between the quark fields. Translating the £~

dependence out of the quark fields and integrating over {~ gives

Fi(zs) = uzezz%wﬂ — o) ([l (O)[p)
OB (259
= ‘TAZ fa/A TA +fa/A(xA)) (260)

where we have summed explicitly over quark flavours a, e, being the charge of
a quark of flavour a, and the superscript A on F3 is to remind us of the target
dependence of F;. Remembering that ¢* = —z4p* in the nucleus rest frame, the

distributions f(z,4) are written as

fualzd) = %Zé(f—mp — )l arlp)?
Pl = %ZW—W — )l |p) 2. (261)
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So fuja(z4) is the probability per unit z4 to remove from the target a quark of
flavour a with plus component of momentum z4p*, leaving behind a physical state
|n) with plus component of momentum p} = (1 — z4)p*. Similarly fs/4(z4) is the
probability to remove an antiquark of flavour a, plus component of momentum z 4 pt,
leaving a physical state with p} = (1 — z4)p*. Note that in our target rest frame
formulation of the QPM, p* appears where P, appears in the ‘infinite momentum
frame’ formulation.

We can also note that the distribution function f(z4) is related to the forward

virtual quark-target scattering amplitude A,,(p, k) in the AT = 0 gauge [Jaffe 83],

Ao, k) = [ 4% & (PIT (D) (0)p)e- (2.62)

To obtain f(z4) we take the trace of A, (p, k) with 4 and integrating over k at
fixed k* = z4p™:

d*k
(27)*

F2a) = [ Grab(* = ap)—Telr* Ao, B (263)

The distribution functions f(z4) have several important properties. Firstly, the
state |n) in eqn. (2.61) is physical so pf > 0, thus f(z4) must vanish for x4 > 1.

Secondly, on 0 < 4 < 1 the f(z4) are manifestly positive. For x4 < 0 consider
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Fig 2.5a The quark distribution function f,,4(x,)
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pt = (1-x,)p"

Fig 2.5b The anti-quark distribution function f3,,(xp)



eqn. (2.56)

fuslen) = 2 [de DB Ehar O)eleroz
_ ,.4“75 J 47 6 plpar (L (Ol w0
(using eqn.(2.58))
= _gf de™ € (plabas (€04 (0)1P)eler =g, o

(- — —¢  and translating)
= —faa(—za4). (2.64)

So for negative 4 the quark distribution function is determined by the antiquark
distribution for positive x4, and vice versa. This means that z, is restricted to
—1 < z4 <1, and that measurements in the physical region 0 < z4 < 1 determine
the distribution functions everywhere. We shall discuss this point later.

We can integrate f,/4(z4) over all z4. Using eqn. (2.56) and x4 = —\/§q+/MA

we have

[z dza foja(za) = 273%1 /dq+d€— e
X (P|¢I+ (§)%a+(0) lp)c|5+=§1=o
1
= E(pl¢l+(0)¢a+(0)lp)c- (2.65)

Now 7,Z)Z+¢a+ = —\}—2- Ja+ 18 @ conserved current, and its expectation value is the number
of quarks of flavour a minus the number of antiquarks of flavour a. Combining this

with the relation given in eqn. (2.64) and the physical limits on z4 gives

/01 dza (faja(za) — faja(za)) = Noja — Naja (2.66)
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so we may interpret f,/a(z4) (fza(z4)) as the probability per unit z4 to find a

quark (antiquark) of flavour a with k* = z4p* in the nucleus A:

faja(za) = dPyja/dza. (2.67)

This interpretation is the real power of the QPM. A host of sum rules may be derived
immediately from this result. Probably the most important here is the ‘momentum

sum rule’:

/01 dz s za(fara(za) — fasalza)) = (k:/A + k;/A)/P-I- (2.68)

where k;"/ 4/pT is the fraction of the p* of the nucleus carried by quarks of flavour a.
If hadrons contained only quarks and antiquarks, the sum over flavours of eqn.(2.68)
would be 1. Experimentally, it is typically ~ 50% [LP 82], indicating that a sub-

stantial proportion of the four momentum of the nucleus is carried by glue.

2.5.2 The Operator Rroduct Expansion and the Quark-
Parton Model

We have an expression eqn. (2.40) for the structure function 7 in terms of the
reduced matrix elements A("

. 1\"
%ﬂ(w):llx > (;) O 4m) (2.69)

n even

where we have dropped the dependence on ¢? in accordance with the assumptions
of the QPM. Now if we set all the Lorentz indices to + in eqn. (2.38), which defines

the reduced matrix elements, we have

A = (Z%) (p| O+ [p).. (2.70)
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The trace terms have vanished as gtt = 0. The matrix elements is simply given
by all two particle irreducible insertions of the vertex ¢y*(k*)"" !4 (in the A* =0
gauge, where D, — d,,) in the virtual forward quark scattering amplitude A (p, k),

eqn. (2.62) (see Fig. 2.6). Thus

40 = () [ g (6P ) .11

Comparing with eqn. (2.63) for the quark distribution function we have
1
A = / dz "' f(z). (2.72)
-1

This gives the reduced matrix elements in terms of the moments of the quark distri-
bution functions. Comparing with eqn. (2.46) shows that in the QPM the C™ are
all unity. This is not unexpected. The OPE expansion eqn. (2.40) separated the Q?
dependence from the matrix element dependence, so in the QPM model,where we
assume that there is no Q? dependence as @? — oo, it is no surprise that the c®
are trivial [Pet 79].

Now substituting eqn. (2.72) into the expansion egn. (2.69) with C(™ =1, and

interchanging the sum and the integral we have:

Pine) = 4f a = (%)n f(2)
2z /_11 dz' f(z) (x_l ! ) : (2.73)

z x4+

To get to the physical region we analytically continue T3, substituting 2 — z — ¢

withzrealand 0 < 2z <1

p-q .
gz 2(2) = dmiz[f(z) = f(=z)]. (2.74)
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Finally we take the imaginary part of T to obtain the structure function F3,
Fy(z) = z[f(z) — f(—=)] 0<z<Ll (2.75)

which, when we use the relation between the quark and antiquark distribution func-
tions eqn. (2.64), is the same as obtained earlier.
It is important to note that the QPM emerges by choice. In the expression

eqn. (2.61)

f(z) = %Zé(zﬁ —ap* — g (s [p) (2.76)

the matrix element is not connected. This means that the partially connected terms

shown in Figs. 2.7b—d can contribute to f(z) for z < 0. Similarly for
1
f(@) = =5 28" +ap* —p)l(nlgLIp)P (2.77)

the partially connected terms shown in Figs. 2.8b—d can contribute for > 0. The
QPM follows from choosing Fig. 2.7a for ¢ > 0 and Fig. 2.8a for z < 0 [Jaffe 83].

Making this choice means that we are ignoring diagrams which include strong
interaction vertices, and we are keeping only the diagrams in which the struck quark
or antiquark appears to be free, that is, unaffected by strong interactions. This now

means that we can approximate the current and quark operators by free operators,

which gives the QPM.
2.6 Renormalization and Q? Dependence

In an interacting field theory, as opposed to a free theory such as the QPM, the

measured structure functions F; and F3, and hence the quark distribution functions
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fa, must depend on Q? as well as z. We do not yet know how to rigorously predict
Fy(z,Q?) at fixed @? for a hadronic target, as it must depend strongly on the non-
perturbative processes which confine the quarks. However perturbative QCD will
enable us to predict the Q? dependence of Fy(z,Q?), so that given Fy(z,Q3), where
Q2 is reasonably large, we can predict Fy(z,Q?) for all Q* greater than ~ 1GeVZ,

Intuitively we can see that by increasing @2, the virtual photon (or W or Z boson)
can probe the structure of the hadronic target at smaller distances. This means that
we can resolve a quark into a quark plus a gluon, or quark plus quark-antiquark pair.
This approach was adopted by Altarelli and Parisi [AP 77|, and a similar approach
using Weizsacker-Williams kinetics has been explored by Jaffe [Jaffe 86]. However
with the power of the OPE at our disposal, we shall adopt a more formal approach.

To renormalize our field theory (QCD), we must introduce an arbitrary mass scale
u?, but this will destroy the exact scale invariance we have previously exploited in
section 2.3. However the very arbitrariness of our renormalization scale leads to the
renormalization group equations, which play the rdle of dimensional analysis of the
operators. By introducing the concept of ‘anomalous’ dimensions of the operators
and using the renormalization group equations, we can restore scale invariance, and
find the Q? dependence of the coefficient functions in the OPE.

Using eqn. (2.46) let us define the moments of the structure function Fy:
1
MP@Q) = [ deo™Fa(e, Q) (2.78)
= (@ /K, 9)(plO™ (4)lp)e (2.79)

where we have made explicit the dependence of the operators on the renormalization
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scale 2, and the coefficient functions are calculated as a perturbation series in the
coupling g. We are justified in the use of a perturbation series because at large Q? the
coupling g becomes small—asymptotic freedom. We shall firstly consider non-singlet
operators. These operators are multiplicatively renormalizable ie. O](\?L)g(,remm) =
Z (M)O%L.)g(unrenorm)' Now the moments are physically measurable, so they must be

independent of the renormalization scale y ie.

0 . (n
Hp Mivs(@) =0 (2.80)
or
)1y, 0 A L ) (n)
(pIONslp)ungmﬁCst# P (pIO slp) = 0. (2.81)

We now define the anomalous dimensions of ONS, denoted 7( ")

0 n n n
”aogv.)g(renorm) e 7](V;O](V.)S'(renorm) (282)

and the ‘Callen-Symanzik’ function B(g) = ,u(,ag/ap). Substituting these into
eqn. (2.81) gives us the renormalization group equation for the coefficient functions:
(u—a— o0+ 7](6‘3(9)) O () = 0. (2.83)
ou dg o
But u(0/0u) = —2¢%(9/8¢*), so solving eqn.(2.83) gives:
a(1?) pg)

rg(q® ()
CEL(a* 1, 9) = CSL(a" = . 0(d) e [/ " ag m(g)]. (2.8)

This solution is exact, but to make use of it we require perturbation expansions of

B(g), 7}(,2( ) and C’st( = p?,g). These are available, and to leading order yield
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[Buras 80]:

3

Blg) = —Bol6 =+ 0(g°) (2.85)
)\ — Lm0 9 . .86
ns(9) IS {gnz + 0(¢9%) (2.86)
2
ChL1L9) = CHLLO{L+ D055 +0(s") (2.87)
2 167'('2
= N2z A 2.88
19V = Blee@/) 25
where
Bo = %(33 — 2ny) (ny = number of flavours) (2.89)
mo _ 8|, __2 .51 .
INs 3 1 n(n+1) -!—4;}. (2.90)
A’ =y’ exp[-1677/fog(1”)] (2.91)

and C{" J S(l 0) is the free field value and is a constant.
Combining these leading order expansions, we have the leading order behavior

of the coefficient function

(n) (,2/,2 om 9(p?) ~dies
Cans(4/1#59) = Caye(1, 0)[ ( )] (2.92)
where
(n)(0)
iy =B 2.93
NS 28y (2.93)

We can now derive an expression for the Q? dependence of the moments M2Ns7

remembering that the matrix elements in eqn. (2.79) have no Q* dependence

2/A2y] —9w%
M-)J | (2.94)

(n) 2 (’”')
M3y (Q%) = My, (QF) [In(Qg/Az)
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Comparing this with eqn.(2.72), we see that QCD predicts logarithmic scaling vio-
lations in comparison to the naive expectations of the QPM.
For the singlet operators we have the complication that the fermion (quark) and

gluon operators mix under renormalization ie.

OF

[Os(renorm)] = [ Ou = l Zrr Zpa ] l Or (2.95)

- ZGF ZGG' OG ](un'renorm)

] (renorm)
However the same principles apply as in the non-singlet case, but with more com-

plicated manipulations and notations. We again obtain a logarithmic dependence

of the moments on Q%

2 /2212
M Q)] = (M (@) [M] (2.96)

In(Q3/A?)
33—2n¢ 4(n) 3nt _ n24n42
D(n) — 16 ! 126+ gvs s : 8 n(n+1)('r11+2) L ) (297)
33 — 2ny 2n(n2-1) 16 4ln(n-1) + (n¥1)(n+2) ~ £vi=2j

Scaling violations have been seen experimentally (see Fig. 2.9), and have been
shown to be consistent with leading order QCD fits. We do not yet have complete
predictive power of the structure functions because of the dependence on the QCD
scale parameter A. Most fits to the data use a value of A in the range 100-500 MeV,
with more recent data and fits favoring a value at the lower end of this range.

As mentioned earlier, leading order QCD evolution works fairly well for @2
greater than ~1 GeV?. The reason we cannot go to momentum transfers less than
this is that O(1/Q?) effects, of which there are many,come into play. The OPE
(eqn. (2.40)) we have been using applies only to twist 2 operators, and we have also

ignored terms of O(M?/Q?) which will obviously be important at low Q?. There
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have been numerous calculations of higher twist effects and of mass effects to which

the interested reader may refer [EFP 82 83,5V 81,JS 82,Jaffe 83].

2.7 Sum Rules

As we have noted in Section 2.5, the QPM interpretation of the quark distribution
functions f(z) as a probability function to find a quark with plus component of
momentum k&t = zpt in the target nucleus, leads us to sum rules for the distribution
functions. We would like to carry this successful interpretation over to our more
sophisticated QCD-based model.

The three different types of operator in the light-cone OPE (eqns. (2.31)~(2.33))
can be interpreted as contributions from ‘valence’ and ‘sea’ quarks and from gluons.
The non-singlet operators represent flavour-changing interactions (ie. electro-weak)
because of the presence of the flavour generators 7®. Quarks interacting this way will
carry the (flavour) quantum numbers of the target and are called ‘valence’ quarks.
The singlet operators represent non-flavour changing interactions (ie. strong), the
quark operators representing the strong interactions of all quarks and antiquarks,
while the gluon operators represent the gluon interactions in the QCD theory.

Take the first moment of Fj:
M4 /1 da lFA(:L‘ Q2)
2 0 z 2 I
, 1
— Zea[) dz (faja(za) + faja(za)) in the QPM

= > eX(Noja+ Naa). (2.98)

a

Now for the non-singlet contribution to this moment, the anomalous dimension 71(\}%-
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vanishes (this is an example of the general result that the anomalous dimensions of
a conserved operator vanish), so that the number of valence quarks (antiquarks) is
independent of Q2. So we do have a basis for carrying over the QPM interpretation of
the quark structure functions to our generalized model. This interpretation allows
the number of sea quarks and gluons to vary with @* (as the singlet anomalous
dimension matrix D) does not vanish), but we have a good intuitive understanding
of the mechanisms responsible for this variation: gluon bremmstrahlung and pair
creation (see Fig. 2.10).

Let us now examine the distribution functions for the proton and neutron, and

for the isospin averaged nucleon. By isospin symmetry we have

uP(x)Qz) = fu/p($7Q2)=fd/n($7Q2),
dp(maQ2) = fd/p(xan)zfu/n(m’Qz)v

&
3
~—~
8
O

[
~—r

]

fﬁ/p(:E, Q2) b fJ/n(x7 Qz)

S
PomY
8
O
[ -]
p—
il

fd_/p(ma Q2) = fﬁ/n(xa Qz)
Sp(377 Qz) = fs/p(xv Q2) = fs/n(m, Q2) = f§/p(m7 Q2) = f§/n(a"7 Qz) (2'99)

and for the nucleon we have

fu/N(x7Q2) = fd/N(a:sz) = fV(w’Q2) i fS(l', Qz)
fan(2,Q%) = fyn(2,Q%) = fs(z, Q). (2.100)

For the heavier quarks we typically assume

fs/N(xaQZ) . f§/N($5Q2)§fS(x7Q2)
fc/N(xan) . fa/N(iC,Qz)%O. (2101)
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We can express the measured structure functions in terms of the quark distribution

functions and the quark charges

FP(2,Q) = Sla(us(z, Q) +5(=, Q)

+dy(z, Q%) + dp(z, Q%) + 5p(z, Q%) + 3p(z, Q7)]

T _
F;n(xa Q2) = 5[4(dp($7 Qz) + dp(ma Q2))
+U’P(x7 Q2) &t ﬁp(x7 Qz) + SP(x7 Qz) + gp(x) Qz)]
F*(z, Qz) = an(x’ Qz) = z(dy(z, Q%) + y(z, Q%) + sp(e, Q2)]
FM2,Q%) = F(z,Q%) = 2luy(z, Q%) + dp(z, Q%) + 55(2, Q)]
eF(2,Q%) = aF{"(z,Q%) = oldy(2, Q%) — p(2, Q%))
cFz,QY) = zF3P(z,Q?%) = zluy(z, Q%) — dy(z, Q%)) (2.102)
where for weak interactions we have ignored the Cabbibo angle (sin f¢ ~ 0.05) and
the heavier quarks. Thus we can derive sum rules which are approximately verified

by experiment [LP 82]:—

Baryon number

/01 Az [fupp + fafp + fopp — fape = fapp — fspn] =3, (2.103)

the Adler sum rule

1d 1 vp vp ! ]‘ vn vn
/0 o -[Ff* - F ]=/0 do ~[Ff" - F"] = 1, (2109
and the Gross - Llewellyn-Smith sum rule
: v
/0 dz [F” + F'™| = 3. (2.105)
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A particularly interesting relation is the Nachtmann inequality:

)

(2) oy (2.106)

2 (2)

The experimental data shows that for large z the ratio is close to ; which suggests

<

N
|

that at large = the momentum of the proton is being carried mainly by u quarks ie.
fujp > fajp as ¢ — 1. For small z the ratio is close to unity which suggests that the
valence quarks are of lesser importance, and the symmetric sea dominates. In fact
as ¢ — 0 we find experimentally that fv{z) — ﬁ and fs(z) — L.

Finally we have a relation between the electromagnetic and weak structure func-

tions for the nucleon:
[ 5 12
F¥(2,Q%) = 2 F™(2,Q7) (2.107)

where we have ignored the strange quarks. This relation is well verified in scattering
from deuterium, where only a small nuclear effect is expected. With the aid of this
relation we can compare 2 F¢N and zFyV (see Fig. 2.11). For ¢ > 0.3 they are
approximately equal, implying that valence quarks dominate in this region.

It is possible to summarize the known momentum distributions within the nu-

cleon, at Q% ~ 5GeV? [Eis 82).

> [ delfe) + felo)] ~ 46% (2.108)
;Aldw [fa(z) = fa(z)] ~ 36% (2.109)
2 [ de lale) + fole)] ~ 2% (2.110)

/Old:vfs(:v) ~ 1%. (2.111)
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Fig 2.11 F,(x) from charged and uncharged lepton experiments.

Also shown are F (x) and q(x) from uncharged lepton
scattering. [Eis 82]



Thus we have that valence quarks carry slightly more than a third of the nucleon’s
momentum, with a little more than a half carried by the gluons and about 10%
carried by the sea. The sea breaks SU(3) flavour symmetry, with about four times
as many non-strange as strange quarks. This is probably because of the higher mass

of the strange quark.
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Chapter 3

The E.M.C. Effect

3.1 Introduction

Prior to 1982 it was generally thought that the structure functions of different nuclei
were more or less the same up to any Fermi motion corrections. That is, the nucleons
in a nucleus were believed to contribute incoherently to the scattering cross-section.
However the first experimental test of this assumption, by the European Muon
Collaboration [Aub+ 83] (EMC), showed it to be quite wrong. The EMC group
compared the structure functions 4 Fy'(z) for deuterium and iron (z = Q?/ 2M NV),
and found that for z < 0.3 the structure function of iron was enhanced relative to
deuterium, and for 0.3 < = < 0.7 it was depleted. As the deuterium nucleus has
a low density, its nucleons are almost free, and so the EMC effect is interpreted as
a marked change in the structure functions of nucleons in nuclei which is brought
about by the nuclear environment. Given the wide range of Q* at which the data in
the various experiments have been taken (3 < @? < 200GeV?), and the absence of
almost any Q? dependence (within experimental errors), the EMC effect is almost

certainly not a higher twist effect.
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The EMC effect has caused much excitement among nuclear and particle physi-
cists. The reason for the excitement is that analysis of the EMC effect may provide
answers to many questions about the properties of nuclear matter and nuclear forces,
and to what degree QCD degrees of freedom are involved in the nucleus. Many peo-
ple believe that the EMC effect stems from quark and gluonic degrees of freedom in
the nucleus, and several explanations and models of the effect have been proposed
along these lines.

We may summarize the experimental information which has been gathered over
the past few years from charged lepton experiments [Aub+ 83,Arn+ 84,Bari+ 85],
[Aub+ 87]. At very low z (z < 0.05) there is a depletion of the structure function of
the nucleus relative to the free nucleon structure function. This depletion is highly
A dependent and is probably due to ‘shadowing’. In the range 0.05 < z < 0.3
the structure function of the nucleus is enhanced, with the maximum enhancement
being ~ 10% at z = 0.1, and the magnitude of the enhancement increasing with
A. For 0.3 < z < 0.8 the structure function of the nucleus is again depleted, the
maximum effect being at z = 0.65 and increasing like log A. Finally at higher z the
structure function of the nucleus is enhanced, at least in part because of the Fermi
motion of the nucleons.This information is summarized in Fig. 3.1.

From the above information we can make a simple parton model analysis. Firstly,
because the ‘sea’ quark distribution is negligible for © > 0.35, the depletion in the
region 0.3 < z < 0.8 means that the valence quark distributions in nuclei are shifted

to lower z. Secondly, the enhancement in the region 0.05 < 2 < 0.3 corresponds to a
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Fig 3.1 The EMC Effect. Experimental data for most nuclei lies
within the hatched area.
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small increase in the number of sea quark pairs. Thus there is an overall shift in the
quark distributions to lower z. QCD tells us that changing the quark distributions
will affect the gluon distribution. This appears to be confirmed by J/¥ production.
The EMC group found that the cross-section per nucleon for J /U production was
much larger for iron than deuterium [Aub+ 85], which implies an enhanced gluon
distribution. Unfortunately the statistics were too low to make any conclusion about
the z and A dependence of this enhancement.

In Section 2.2 we saw that |¢3| < 1/Mz in the lab frame, where £° is the spatial
separation of the quark fields in the correlation function defining W,,. Thus a shiit
of the quark distributions to lower z implies longer range quark correlations in the
ground state of the nucleus. This is the starting point for most explanations of
the EMC effect, that the effect measures an increased quark light-cone correlation
length in nuclei as compared with free nucleons. One reason for this increased
correlation length arises quite naturally if we regard quark/nuclear matter to be at
zero temperature, but having a phase transition at some critical density p.. For
densities below p., quarks are confined in nucleons, but above p. we have a more
or less degenerate quark gas. Support for this picture comes from QCD where it
is known that the theory becomes asymptotically free at large chemical potential
[Ynd 83], which is equivalent to high density. If we take the free nucleon to be the
zero density limit of quark matter, then as we combine nucleons in a nucleus the
mean density will increase, as the surface to volume ratio decreases. This increase

in density will lead to an increase in quark correlation lengths as a prelude to a
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deconfining phase transition, where the correlation lengths will be very large.

3.2 Rescaling

Rescaling models explain the EMC effect by using QCD evolution to change the
momentum transfer scale of the parton distributions in a nucleus. These models
stem from the observation by Close, Roberts and Ross [CRR 83] that, in the range
0.2 < z < 0.7, the structure functions of a nucleus A at a scale @ is similar to that

of a nucleon at a higher scale {yaQ*:

1

Fi(z,Q%) = Fy (z,&naQ%) (Ff = ZFzA)- (3.1)

The authors called this effect ‘dyna_mical rescaling’.

Eqn.(3.1) by itself does not constitute a model, it is merely a phenomenological
observation. A model must be able to predict the rescaling parameter {y 4, using a
method that has a sound physical basis. If dynamical rescaling holds, then there are
immediate implications from QCD. Consider the moments of the structure function

per nucleon
(n)Ar2 . n—2 A 2
M{PAQY) = [ do s 2B (e, Q). (3.2)
Then dynamical rescaling implies

MPAQY) = M4 (¢naQd) (3.3)

which can be trivially satisfied if £x 4 is n-dependent. However the observation that
Enva 1s independent of z in the range 0.2 < z < 0.7 means that {y4 is more or less

independent of n for n in the range 1 to 4.
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If we consider the non-singlet moments of the structure functions for a nucleus

A and a nucleon N, we have, from eqn. (2.94):

21457
M(n)A(Q ) — [Z‘:Egg;] (")A(QO) (34)
where
(QY) = —7 (3.5)
&) = By log(Q2/A7) |

is the QCD running coupling constant. For a nucleon at the two scales &y 4(Q2) and

éna(Q?) we have the relation between the moments:

&)
MW a:(Eva(@*)Q%) MO
(@) =[S M@ 6o

Now we use eqn.(3.3) to eliminate the moments

a(@%)  a(éna(Q?)Q?)
@(QF) ~ ac(éna(Q2)Q3) (3.7)

To lowest order in a.,

o (6Q%) = —logE +e71(Q%), (3.8)

which gives an expression for £y 4(Q?) to lowest order:

Eva(@?) = (&vA(Qé)) (@@, (3.9)

The extension to next order is given by Close, Roberts, Ross and Jaffe [CJRR 85].

For Q? > Q% we have a.(Q2)/:(Q?) > 1 and

1 < &va(Qo) < Eva(@?). (3.10)
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This implies that a small change in the scale at low Q3 can be magnified into a large
change at large Q2.

The use of leading order QCD and leading twist means that this analysis of
dynamical rescaling is valid only over a limited range of z, usually estimated to
be 0.2 < z < 0.7. Also we have only analysed non-singlet moments, whereas the
experimental results are mostly for F5(z) (because of the predominant use of charged
lepton probes), which is dominated by non-singlet (ie. valence) distributions only
for z > 0.3. To test these non-singlet predictions in the low z region requires data
on zF3(x) from (anti)neutrino scattering experiments. However there is very little
of this data available at present.

A particular point to note is that dynamical rescaling models should predict
where the EMC ratio passes through unity in the region of z = 0.3. This is because
(d/d(log Q%)) Fz(z, @?) has a zero [BK 79] near = = 0.2. The various models gener-
ally predict that the EMC ratio is unity somewhere between z = 0.2 and z = 0.3.
Thus if an experiment could find precisely where the EMC ratio is unity it would
help us to choose between the various models.

It is quite natural to interpret dynamical rescaling as originating in the dynamics
at low @?, the regime appropriate to confinement. Then some small change in the
scale at low Q? will lead to the large rescaling effect seen at high Q2. We need to be
careful here. In the confinement regime higher order QCD and higher twists become
very important, and the effects on these operators of a change in scale are poorly

understood. Typically, higher order corrections to eqn.(3.8) contain factors of logn,



which makes perturbation theory worse for large n. This is the reason rescaling fails
at large z, as the large n moments probe the large = region.

At this stage we will confine our attention to two of the successful dynamical
rescaling models: rescaling based on a change of length scales in nuclei, which is the
model of Close, Roberts, Ross and Jaffe (CRRJ) [CJRR 85,JCRR 85}, and rescaling
based on a change of mass scales in nuclei, which is the ‘Off Shell’ model of Dunne

and Thomas (DT) [DT 85,DT 86,Dunne 86].

3.2.1 The CRRJ Model

From Sections 2.7 and 2.8, we can postulate that there exists a mass scale pf
at which, approximately, the nucleon consists only of valence quarks (ie. there is
no gluon bremmstrahlung or pair production). CRRJ estimate this scale to be
u3; ~ 0.7GeV?. The CRRJ hypothesis is that a nucleon in a nucleus has a shifted

mass scale u%

2 #fg\r
= —, 3.11
e Evalpkr) (3.11)

and that these mass scales y? and u% are related to some characteristic length scales

A4 and Ay

2 by 2
£ = (ﬁ) = Ena(pn). (3.12)

Now, from the data we require éxr.(Q? = 20GeV?) ~ 2.0, and using eqn.(3.9) we
find énre(@® = u%) ~ 1.3 or (Are/An) ~ 1.15. Thus an increase of ~ 15% in the

length scale of the twist-two matrix elements for iron can explain the EMC effect.
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This model is rather natural from the point of view of the MIT bag model
[Cho+ 74]. For massless quarks the only dimensionful parameter is B, the bag
constant. When the confinement radius of the bag, A, changes, the momentum
carried by a quark, p, also changes, such that the dimensionless quantity pA is
always constant. The intrinsic scale u? is then proportional to p?, and there is
no other scale in the problem. This heuristically explains why the rescaling 1s n
independent.

There is some concern about these dimensional arguments. The bag model scales
exactly, whereas we must have scaling violations in any QCD based theory. These
scaling violations are a direct consequence of renormalization which entails different
ideas of dimensionality (see Section 2.3), thus the naive dimensional argument we
have used above to connect the bag model to QCD must be used with some caution.
Without a satisfactory QCD theory of confinement we cannot get much closer to a
full understanding of this rescaling model.

To model the A dependence of the EMC effect, CRRJ derived the ratio (As/An)
from a simple model of partial deconfinement. When two nucleons in a nucleus
overlap it was assumed that their quarks were free to propagate over the combined
volume of the two overlapping nucleons. Then from a given two-nucleon correla-
tion function, and from nuclear density functions, it was possible to calculate the
overlapping volume per nucleon and hence the ratio (A4/Ayx). This procedure is
discussed in detail in the papers by CRRJ.

The important parameters in this model are discussed below:-
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1. The choice of correlation function, f(r). CRRJ used three correlation func-
tions: a) no correlation (f(r) = 1); b) Fermi gas correlation; c) Reid soft core
correlation. The last two give similar values of (A4/An), the first gives slightly
larger values. The effect of neglecting 3 (or more) nucleon overlap is small,

especially in the case of the soft core correlation.

2. The rms radius of the nucleon, @;ms. CRRJ used arms = 0.9 fm, which is a
bit larger than some recent determinations. However they based this value on
the measured rms charge radius of the proton, which includes effects from the
pionic cloud of the proton, and is not a reliable estimate of the confinement

radius. Taking this effect into account would lower (Aa/An).

3. The scale, p%4. This scale is determined by examining the ratio of moments

[M(n}A(Q‘Z)l ~1/d$3)

_ Q*
MT(,UE;) =1+ Ylog (—2—) (3.13)

Ha

where, to leading order, Y is independent of » and given by
Y = 1/log(s3/%). (3.14)

Plotting the lefthand side of eqn.(3.13) against log(Q?), we get unity when
Q* = p%. CRRJ do this for n = 4,5,6 and average to obtain g%, = 0.50 £+
0.11GeV?, which corresponds to p% = 0.66 £ 0.14GeV?. We note that this
method depends on the free nucleon moments which have been evaluated by

Jaffe and Ross [JR 80] in an approximation to the MIT bag model. This
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calculation by Jaffe and Ross will be re-examined later in this thesis using a

different method of calculating the nucleon moments from the bag model.

4. The QCD scale parameter, A. CRRJ use A = 250 MeV and point out that
variations in A do not greatly affect the values of Ena(Q?) obtained from
(Aa/AN). However the procedure for finding ¢4 is not independent of the the
value of A, because the combination of A and p? has to give the correct slope.
There is a great deal of uncertainty both in using perturbative QCD and in
determining the bag model moments, probably too much for us to apply a

consistency relation between A and p3.

The CRRJ model has been very successful in its agreement with experimental
data for most A, particularly in the range 0.2 < z < 0.7. For # > 0.7 a naive Fermi
smearing has been attempted [BBM 86], but this leads to an over-correction. This is
a problem but can probably be rectified. The medium z depletion of the structure
functions of nuclei is well reproduced, with the depletion becoming slightly more
pronounced as Q? increases. There is a small enhancement at low z, which actually
diminishes as Q? increases. This is because the sea quark distributions are becoming
more important but they only evolve logarithmically, so that although énva(Q?) is

increasing the ratio of distributions does not.

3.2.2 The ‘Off Shell’ Model

The ‘off shell’ model of Dunne and Thomas (DT) uses a different physical basis to

explain the EMC effect via rescaling. As might be guessed from the name, the off
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shell model rescales the QCD moments on the squared four momentum of the off
mass shell nucleons in a nucleus. The off shell model also includes a modification
of the usual Fermi averaging procedure to take into account off mass shell effects.
This Fermi averaging procedure is similar to that of Akulinichev, Shlomo, Kulagin
and Vagradov [Aku+ 85a,85b].

The hypothesis of DT is that the mass scales u% and p% are the invariant masses
respectively of an off shell nucleon in nucleus A, and a free nucleon. The rescaling

parameter is then given by

2\ @e(p?)/c(Q?) M2 oc(k2)/ae(Q?)
Ena(@?) = (”—N> = ( N) (3.15)

5 A
where k4 is the four momentum of the struck nucleon in nucleus A.
We can obtain the nuclear structure function by integrating the nucleon struc-
ture function times some momentum probability distribution p(k?) over the three

momentum k. However the nucleon structure function is evaluated not at z but at

Q? pg

= & O<zp< A (3.16)

Thus we obtain

Fi(z) = /d3k (k3 EN (k?{f“]’ca) (3.17)

where p(k?) is the momentum probability distribution which may be obtained from

particular nuclear models. Defining

=k‘o+k3
Yy = M,

(3.18)
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eqn.(3.17) becomes

R = [y iR (2). 3.19)

The function f(y) is given for off shell nucleons by

o

fly) =2rMy dz zp(2* + (Mny — ko)?) (3.20)

(MAv*+M%)/2M 4y
where

L M3y? + M + E]"_

3.21
My (3-21)

The form of eqn.(3.19) leads to the interpretation of f(y) as the momentum fraction

distribution of nucleons in the nucleus. The consistency conditions on f(y) are:

/ dy fly) = A (3.22)
/ dyyfly) = 1L | (3.23)

We may now combine the Fermi averaging with the rescaling (eqn.(3.15)), and

summing explicitly over the nucleon states gives

A T
(e, @) = Xm [ dy S0 F () 6val@)Q7) (3:24)
where
Fy) = Ni[dz o + (yMy ~ MiY?) (3.25)
n; = occupation number of state ¢

M; = 1/k? = mass of bound nucleon in state :

and NV; is a normalization constant which imposes the conditions eqns. (3.22, 3.23)

on fi(y).
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DT use the harmonic oscillator shell model to find the momentum distributions
pi(k?) and hence the f;(y). They also use this model to find the masses M; from the
available data on separation energies [BJ 77,Neg 70,JM 73].

Many of the provisos and cautions about rescaling models outlined earlier still
apply to the off shell model. Whilst the effects of rescaling are valid only in the
range 0.2 < z < 0.7, the inclusion of Fermi effects allows us to look at the EMC
effect at even higher . We note also that the rescaling effect is smaller in the off
shell model than in the CRRJ model, firstly because the change in scale between a
free nucleon and a bound nucleon in a nucleus is much smaller (5% vs. 25%), and
also because the change in scale is made at a higher scale (0.9 GeV? vs. 0.5 GeV?).

One important thing to note about the off shell model is DT’s treatment of the
deuteron. Not only is the struck nucleon in the deuteron off shell because of binding,
but there is also a significant effect from the recoil of the spectator nucleon, which
is on shell. This recoil effect is negligible in heavier nuclei, but DT claim that it is
important for light nuclei. The average squared 3-momentum ((E2)) of a nucleon
in deuterium is about 0.01 GeV®. Dividing this by twice the nucleon mass gives
the average kinetic energy, which is 5.3 MeV. This kinetic energy pushes the struck
nucleon further away from the mass shell. Including the binding energy, the total
effect for deutertum is 7.5 MeV.

The important parameters in the off shell model are:-

1. The QCD scale parameter, A. DT used A = 300 MeV, and as in the CRRJ

model, variations in A of up to 100 MeV do not greatly affect the values of
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Ena(Q?). The fact that the off shell model rescales at higher @* than the

CRRJ model also weakens the A dependence.

2. The invariant masses of the bound nucleons, M;, and the harmonic oscillator
well depths fiw. These were fitted using published data for the separation
energies in various nuclei. This data is mostly for protons, which are less
tightly bound than neutrons. DT used the same binding energies for both
neutrons and protons. Later work estimated that the neutrons were bound 5-

10 MeV tighter than protons , but did not give significantly different results.

To find the normalization constants N;, DT applied the first consistency condi-

tion eqn.(3.22). However checking these in the second condition, eqn(3.23) yields

/OA dy yfily) = j‘fN <1 (3.26)

Thus the nucleons do not carry all the momentum of the nucleus. As this results
from binding effects, it is tempting to think that the ‘missing’ momentum is carried
by pions and other hadrons in the nucleus. One might then make a link between a
rescaling model and so-called ‘convolution’ models of the EMC effect [LIS 83,ET 83,
BCW 84] which explicitly include pionic and other degrees of freedom in the nucleus.
However these connections are somewhat speculative at this stage.

The off shell model agrees fairly well with the data in the range 0.2 < = < 0.85,
the upper limit being close to the upper limit of the data. It also reproduces the

A dependence fairly well. It has very similar Q2 dependence to that of the CRRJ

model.
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The off shell Fermi averaging is at least as important as the rescaling in the off
shell model. This is very different to the results of Bodek and Ritchie [BR 81] who
used an on shell treatment. Thus nuclear properties are manifesting themselves in
DIS, contrary to our naive expectations in applying a rescaling model.

We do not observe increased quark correlation lengths in the off shell model.
Dunne, Thomas and Bickerstaff [DT 86,Dunne 86,BT 87a] have criticized the in-
terpretation of the EMC effect as an increase in quark correlation lengths, as this
interpretation is based on an equal-time correlation function rather than a light-
cone correlation function. Instead the softening of the valence quark distribution
at medium x occurs because the scaling variable we have used is not the correct
one. For a bound nucleon the correct scaling variable, ie. the momentum fraction
carried by the struck quark, is approximately z(My/M;) > z. This is easily seen
by approximating f(y) by a sharp distribution peaked about y = M;/My, then we

have

Ffe,@) = B (522, @2) (3.21)

2

Because FJV decreases rapidly at medium to large z, eqn.(3.27) gives rise to a de-
pletion in Fit(z). Detailed discussion of the effects of ‘z-rescaling’ may be found in
a paper by Bickerstaff and Miller [BM 86].

It appears that we may have come full circle here. From the beginning it has been
hoped that the EMC effect would lead to the inclusion of quark degrees of freedom
in the description of the nucleus. However a more detailed study of binding effects

shows that most of the effect may not involve new physics at all. As is often the
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case, more experimental information is needed to decide which of these two views
is correct. There is hope that Drell-Yan experiments of proton-nucleus scattering

[BBM 86] may provide the necessary information in the future.
3.3 Neutrino Experiments

There have been some experiments which have measured Fj'(z) for neutrinos or
antineutrinos scattering on nuclei. In general the results for the ratios of the struc-
ture function of a heavy nucleus to that of deuterium are similar to those obtained
from the scattering of charged leptons. However we can obtain new information as
to whether the EMC effect is the same for neutrons and protons. With incident

antineutrinos we have the two reactions
,+n—ut+ X7, 17u-|-p—>,u++X0, (3.28)

so by summing the charges of the final hadronic state, we can distinguish between
scattering from neutrons or protons. Two experiments have been performed to
measure the cross-sections of neutrons and protons in a nucleus: one using deuterium
at CERN [All+ 81] and a second using neon at Fermilab [Asr+ 85,86].

The two experiments measured the z-dependence of the differential cross- sec-
tions for neutrons and protons. Using the QPM we can write the differential cross-
sections for the reactions (3.28) at high energies (E > M) as [LP 82]

on,0p ]. vn,bp
FE™(a) - aFE™ (@) (3.29)

do™™" G?ME[g
d2 © '3

65



where G is the weak coupling constant. Thus the ratio of neutron to proton cross-

sections will be

doA™ [ doA™”
Ra(z) = 7o /da: (3.30)

_ 25 7(@) 2B () (3.31)
2F{" (z) — 2 F4" (z)

z(fasa(z) + 3fu/,4(w) +3fs/a(2)]
o[ fusa(@) + 3fza(z) + 3f5sa(z)] (3.32)

If we concentrate on the region = > 0.3, then there will be very little enhancement

of the sea, and Fy and F3 will be approximately the same, and the ratio

_ " (z)

(3.33)

will not differ appreciably from R4(z) in this region.
Asratyan et. al. [Asr+ 85,86] computed the ratio of their results from neon with

the earlier results from deuterium,
o(2) = Rnu(2)/Fo () (3.34)

and found that p(z) differed appreciably from unity, indicating that neutrons and
protons are affected differently by the EMC effect.

To test whether the change in R4(z) is a manifestation of the EMC effect, we have
computed R/ (z) using the two rescaling models detailed earlier. We are restricted
to computing R/, (z) because the rescaling analysis is only applicable to non-singlet
moments. We would hope that the off shell model might be able to reproduce
the change in R4(z) because, using the harmonic oscillator shell model, we can

input different separation energies for neutrons and protons. We have used the
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parametrisation of Buras and Gaemers [BG 78] to obtain the parton distributions
for a free nucleon, and we have kept their best fit value of the QCD scale parameter,
A =03 GeV.

Using the CRRJ model and the results of Close et. al., the parameters we used

are
1. Ane/Ay =1.104, Ap/Ay = 1.015.
2. p%, = 0.55 +£0.12 GeV?, pd =0.65+0.14 GeV?.
Using eqns. (3.9) and (3.12) we can determine the rescaling parameters,
Enne(@% = 20GeV?) = 1.69, £np(Q? = 20GeV?) = 1.08. (3.35)

Now using the rescaling ansatz (eqn. (3.1)) we can determine the neutron and
proton structure functions and hence R/(z) and p(z). These are shown in Figs. 3.2
and 3.4. We note that the neutron and proton were taken to have the same radius.
Taking a slightly smaller value for the neutron radius would slightly decrease A4 /Ay
for neutrons, and hence the rescaling effect would be slightly less for neutrons than
protons. The effect on R/(2) and p(z) would only be a few percent.

To use the off shell model we need to find the invariant masses of the bound
nucleons and the well depths. These are summarized in Table 3.1.

The energy split in deuterium comes from the neutron-proton mass difference.
In neon the neutrons are more tightly bound than protons by 5 to 12 MeV. Using
this data we calculated the structure functions and hence R';(z) and p(z). These

are shown in Figs. 3.3 and 3.4.
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Protons | Neutrons
Deuterium
Mo (0s) 1p, In 930.7 932
hw 7 7
Neon
M, (0s) 2p, 2n 897 889
M; (Op) 6p, 6n 912 905
M, (Op) 2p, 2n 927 922
hw 14 16

Table 3.1: Invariant Masses and Oscillator Strengths in MeV

For both models, there was little rescaling effect in deuterium, which is to be
expected, and we obtained reasonable agreement with the experimental data. The
CRRJ model also predicts a small effect in neon, presumably because the changes
in each structure function more or less cancel. The off shell model gives a significant
change in R/ (z) at medium z, but not enough to agree with the data. Finally, both
models give very little change from unity in p(z). The CRRJ model deviates by
about 1%, and the off shell model by about 5% at most. The rise in p(z) at large =
in the off shell model comes from Fermi motion effects in neon.

Both models fail to give anything like the value p ~ 0.5 obtained experimentally.
There is a good possibility of systematic error in comparing the two experiments
done at different times and in different places. The lack of agreement between the
data and the models’ predictions for neon points in this direction. One source of error
might be resca,t'tering corrections in the nuclear medium, which can alter the charge
of the observed final state, this would alter the #n and 7p cross-sections. However if
more experiments were done , with the systematic errors carefully controlled, which

confirmed the data, then our ideas about nuclear corrections for DIS would need to
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be re-examined [Rith 86].
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Chapter 4

Non-Perturbative Contributions
to Parton Distributions

We have seen in Chapter 2 that sea, or non-valence, quarks are of a great deal
of importance in DIS. Perturbative QCD processes such as gluon bremmstrahlung
and quark-antiquark pair production generate progressively more sea quarks as Q?
increases. However, it has long been realized that some fraction of the sea may
be generated by non-perturbative processes such as the pion cloud of the nucleon,
which ensures chiral symmetry. This component was first calculated by Sullivan in
1972 [Sull 72]. More recent experimental data has made it possible to put limits
on the size of this pionic contribution — and indirectly on the quark confinement
radius [Tho 83a]. The program has been extended by Signal and Thomas [ST 87a] to
kaonic contributions, which has led to a calculation of the non-perturbative part of
the strange sea. We call the contributions which we shall examine non-perturbative,
because the processes which give rise to them are relatively long range (~ 1 fm)
compared to the distance scales at which perturbative QCD is applicable (~ 0.1

fm), and so the non-perturbative properties of QCD, such as confinement and the
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dressing of the nucleon by meson clouds are of the most importance.

Naively one might not expect that the dressing of the nucleon by mesons, which
is a long range phenomenon compared to the distance scales of DIS, would have
much to do with DIS. However the internal short-distance structure of the mesons,
which is described by their own structure functions (FJ and Ff), can be probed by
the virtual photon (or W or Z boson) which leads to a contribution to the nucleon

structure function.
4.1 The Pion Field of the Nucleon

The pion field of the nucleon arises because of considerations of chiral symmetry.

The Lagrangian density for a free nucleon
L(z) =1 P — My (4.1)

is not invariant under chiral transformations

Y= —i(7 207", (4.2)

though it is well known that SU(2)y x SU(2)g chiral symmetry is a good hadron
symmetry. The problem is the mass term in the Lagrangian, which is ‘chirally odd’.

In order to restore chiral invariance, the so-called ‘c-model’ of Gell-Mann and
Levy [GL 60,IZ 80] introduces new fields (o,7), an isoscalar-scalar field and an
isovector-pseudoscalar field. The most general renormalizable Lagrangian density

involving nucleon, ¢- and 7- fields which is consistent with chiral symmetry is

L(z) = it ﬁzp—i—ggl_)(a-i—iv"’-ir‘fys)@b—}-%(8ua)2+%(auﬁf—i/\2[(02+7‘r’2)—v2]2,(4.3)
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where the second term replaces the nucleon mass term. The final term is the po-
tential energy V(o, ), which is of most interest when A? > 0 and »% > 0. Then the
potential has the famous ‘Mexican hat’ shape, and leads, via a natural transforma-
tion, to a Lagrangian where the chiral symmetry is hidden.

Now Goldstone’s theorem which tells us that when a continuous symmetry of
the Lagrangian is hidden, a massless excitation of the system (Goldstone boson)
appears. We identify this with the pion. To introduce a mass for the pion, we ‘tip’
the Mexican hat (£ — L + co), which gives a preferred direction in (o, ) space.
Thus the pion cloud arises as a consequence of the need to have a Lagrangian density
which is invariant under SU(2)r, x SU(2)g transformations.

The mechanism by which the pion cloud contributes to the nucleon structure

function is shown in Fig. 4.1. The amplitude for this contribution is written as

UptYsU .
A* = g SN o IR (4.4

where k is the four-momentum of the pion, X is the debris of the struck pion, % and
u are Dirac spinors, and ggn. (H = N or A) the appropriate coupling constant.
Now if we square this amplitude, then sum over final states and average over initial

spins, we have

dWil =z ghy, Tel(Pv + Ma)vs(Bu + Mu)ys) L. o
QZV[N_dkzdx' = F 47‘_ (k2 — M"%) ;ImCW (45)
where
ImCy, = > 6¥(q + k + px ) (TL(k)[7,.(0)| X ) (X |5, (0)|TL(k)) (4.6)
X
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Fig 4.1 The contribution of the pion to the structure function
of the nucleon.



and z (z') is the Bjorken scaling variable appropriate to the lepton-nucleon (lepton-
pion) collision.

The spin trace can be easily evaluated:

Tr[(sz + MN)75(])/H + MH)’)’5] e "'QPN-PH +2Mny Mg (47)
= —t— (Mg — My)? (4.8)
where, as usual

The expression in eqn.(4.6) we recognize as the structure function of the struck pion,
which is off mass shell. We shall neglect any dependence of ImC}, on the invariant
mass of the pion, as the effect of any off shell behavior is probably smaller than the
errors in the experimental determination of the structure function of the pion. We

may now write the contribution of Fig. 4.1 to the nucleon structure function as:

F(.) = [ dy fwF Q) (4.10)

where y = z/z’ is the fraction of the plus component of momentum of the nucleon

that that is carried by the pion,

3¢kny [ ,t+(Mg—My)?
~y) = —aa | dt F(t
. H=ZN:,Ay 1672 /tm.-,. (t — M2)? [F ()]
2
Y 9xnNN i t 9
~ 3y o ), o —(t_M£)2|F(t)|. (4.11)

tmin 18 the minimum value of —&?,

2 2
y My
tmin = ) .
= (4.12)
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and F(t) is the high-momentum cut-off (or form factor) at the H N7 vertex. We use
the value of the coupling constant g2y /47 = 13.5. For the form factor we take a

simple analytic form, which is motivated by the cloudy bag model (CBM) [Tho 84]
F(t) = exp[—=A(t + M;)?/ M} (4.13)

where R has the interpretation of a bag radius and A = 0.106 M7 R®.

We have ignored the contribution from the process N — Ar because the larger
mass of the resonance raises the lower limit of the integral and gives only a small
contribution. The calculation by Sullivan shows that the process N — N gives the
dominant contribution to eqn. (4.10) in the region = > 0.05.

The function f,(y) may be interpreted as the probability of finding a kaon carry-
ing fraction y of the plus component of the momentum of the nucleon. The integral
of fx(y) over the interval y = 0 to 1 will give the average fraction of the plus com-
ponent of momentum of the nucleon that is carried by the pion cloud. The essential
features are that f,(y) peaks near z = 0.25, and that the value at the peak increases
rapidly as R decreases, that is as the form factor becomes harder.

Now because the pion is composed primarily of non-strange quarks, the pion
cloud contribution to the nucleon structure function contributes to the breaking of
the SU(3) flavour symmetry of the sea. As we mentioned in Chapter 2, the SU(3)
flavour symmetry is expected to be broken because of the large mass of the strange
quark, so it would not be reasonable to attribute all of the non-strange excess to the
pion cloud. However we can use data on SU(3) flavour breaking to impose a limit

on pionic contributions to the nucleon structure function.
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Integrating eqn. (4.10) over = we have

/ de §F) (2 [ / da' Fr( ')] [ / dy fal y)] (4.14)

The second bracket on the right of eqn. (4.14) is the average fraction of momentum
of the nucleon that is carried by the pions, which we denote (y).. Now the excess of
non-strange quarks in the sea will be given by U 4 D — 28§, so the excess contribution

to the electro-magnetic structure function of the iso-scalar nucleon is
B e = .
Fz,excess = §[U +D — 25]7 (4~15)

and so our bound on (y)r is

(W)r < 210+ D 23]/ [ da' Ff(a'). (4.16)

The pion structure function has been determined experimentally by the NA3 group

at CERN using the Drell-Yan process 7N — X, with the result [Bad+ 83]
) ;
/0 dz' FJ(z') = 0.015 = 0.004. (4.17)

Getting a good estimate of the non-strange excess in the sea is somewhat com-
plicated by the EMC effect. Almost all the data on sea distributions has come from
(anti)neutrino scattering experiments on iron, where the sea is enhanced relative to
the free nucleon. Because of the confusion surrounding the enhancement of the sea,
in the EMC effect (including whether the enhancement is SU(3) symmetric or not),
we use the determination of Field and Feynmann [FF 77} for the non-strange excess
in a free nucleon, 3[U + D —25] = 0.7%. Together with the pion structure function,

this gives an upper bound on (y),:
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(y)r <5+ 1.5%. ' (4.18)

The bound on (y), also implies a bound on the CBM bag radius. Because (Y)r
decreases as the bag radius increases, we find a lower bound for the CBM bag radius

of
R > 0.87 £ 0.10fm. (4.19)

In the context of the bag model, this bound implies that the bag radius is of the
order of 1 fm rather than 0.5 fm or less, and that the pion cloud, necessary to restore
chiral symmetry, is fairly sparse (see [Tho 83a,Tho 84] for more details).

We note that the pion cloud’s contribution to DIS from nucleons (eqn. (4.10))
is the basis for the so-called ‘convolution’ models of the EMC effect [LIS 83,ET 83],
[BCW 84]. In these models the momentum probability function in a nucleus fA(y)
is given by fr(y) for free nucleons modified by a spin-isospin longitudinal response
function per nucleon R(w, |7]|), and the integral over ¢ is replaced by integrating over

the (w,|]) plane:

AN _ o 9rNN [ =2 /m_MNy q° —24 12 -
=3 d dw ————|F R . (4.

The result is an excess distribution of pions contributing to DIS for a nucleon in
a nucleus over that for a free nucleon. Because fA(y) still peaks near y = 0.25,
this excess leads to the low-z enhancement seen in the EMC effect, and, because
of momentum conservation considerations, also leads to the medium-z depletion of
the valence distributions. We note that Berger et. al., using light-cone coordinates,

derive a different f#(y) which is much broader [BCW 84]. However there is an
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inconsistency in their calculation as their NN interaction is written conserving

3-momentum rather than p*.
4.2 Non-Perturbative Strange Sea

The kaon cloud of the nucleon arises out of similar considerations to those that
gave us the pion cloud. In this case the symmetry required in the Lagrangian is
SU(3)r x SU(3)r. However now the symmetry is badly broken, because of the
larger mass of the strange quark. This leads to the kaon having a much larger mass
than the pion, and the kaon cloud being more sparse.

The mechanism by which non-perturbative contributions to the strange sea of
the nucleon arise is shown in Fig. 4.2. For the final hyperon we include only the A
and . Any contributions from excited baryon resonances will be restricted to small
z, as we have pointed out in the pionic case, where the assumption of incoherence
eventually breaks down. By analogy with eqn. (4.10), we may write the contribution

of Fig. 4.2a to the nucleon structure function as:

5P (e, Q%) = [ dy f)FF Q) (4.21)

where y is the fraction of the plus component of momentum of the nucleon that is

carried by the kaon,

2 2
1 9hnk [® , t+ (Mg — My) 2
= dit t .
tmin is the minimum value of —k2,
tmin = y[Mpg — (1 —y) M)/ (1 —y). (4.23)
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Fig 4.2 Non-perturbative contributions to the strange sea of the
nucleon. (a) The incoming photon is absorbed by a virtual
kaon. (b) The incoming photon is absorbed by a virtual

hyperon.



For the coupling constants we use g2y /47 = 3.7 and g2 yx /4™ = 13.7. The factor
f# is an isospin factor, which is 3 for H = ¥ and 1 for H = A. For the form factor
we again use eqn. (4.13), with M, replaced by Mg.

The function fx(y) has similar properties to fr(y) calculated in Section 4.1.
Again it is interpreted as a probability function for finding a kaon carrying fraction
y of the plus component of the momentum of the nucleon. The integral of fx(y)
over the interval y = 0 to 1 will give the average fraction of the plus component of
momentum of the nucleon that is carried by kaons. In Fig. 4.3 we show fx(y) for
three values of R. The essential features are that f(y) peaks near z = 0.1, and that
the value at the peak increases rapidly as R decreases. Because of experimental
uncertainties in the values of the coupling constants g%y /4w, there is an overall
uncertainty of +14% in f(y), however this uncertainty does not affect the shape of

f(y). For R = 0.85 fm we find

/0 “dy Fly) ~ 0.5% (4.24)

so we may conclude that kaons only carry about 0.5% of the four-momentum of the
nucleon, and that the contribution of kaon exchange processes, like Fig. 4.2a, to the
electromagnetic structure function of the nucleon will be very small.

Our main interest in kaon exchange processes is in the non-perturbative strange

sea that is generated. We adopt the usual notation

sp(2) = foyp(2), 5(2) = fip() (4.25)

and denote the non-perturbative parts of these distributions by s3'”(z) and 50 (z)
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Fig 4.3 The probability f(y) of finding & kaon carrying fraction
y of the momentum of the nucleon for three values of the
bag radius R.



respectively. The exchanged kaon contains one valence anti-strange quark, so from

eqn. (4.21) we have
1 T z
70,0 = [ i) () sx (L) (426)
In order to find 3k we make use of the experimental observation that the pion and
kaon structure functions are equal within experimental errors[Bad+ 80,Bad+ 83].

So we approximate 5x by the approximate valence distribution of the pion found

experimentally:
25k ~ N;2'0(1 — 2)°. (4.27)

Small variations in the exponents do not change our results substantially. We show
our results for the non-perturbative anti-strange sea, :L‘§£V P(z), in Fig. 4.4.

It is less obvious how to calculate the non-perturbative strange sea, wsi,v P(z).
The simplest approach, suggested by Berger, Coester and Wiringa [BCW 84] in the
pionic case, is to evaluate Fig. 4.2b using the same fx(y) as above. The primary
source of the non-perturbative strange sea of the nucleon is therefore the valence

strange quarks in the recoiling hyperon. We estimate the valence distribution of the

A and ¥ to be similar to that of valence u-quarks in the nucleon:
sp(z) ~ Nyz™22(1 = 2)°. (4.28)

Again, small variations in these exponents would change none of our conclusions.

Our expression for S;V P is then:

ol @) = [ xto) (125 ) on (1559 (429)

l—y
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The immediate result of calculating s;\’ P and §£’ P is that the two distributions
have quite different shapes (see Fig. 4.5). Whereas 57 has a similar shape to the
usual parameterisations of sea-quark distributions, which die out beyond z ~ 0.3,
sVP is quite different. Because the origins of s¥F are in the valence distributions of
the Aor ¥ hyperoﬁ, it extends to large values of « and also carries more momentum.
If we denote the momentum fraction carried by strange and anti-strange quarks as
S and S respectively, then for bag radius R = 0.8 fm we find SNP = 0.52% and
GNP — 0.28%. With R = 0.6 and 1.0 fm, the results are S¥F = 1.4%, SVF = 1.0%
and SNF = 0.18%, SNP = 0.08% respectively. We may compare these fractions

with the data of the CDHS group (at Q% ~ 5 GeV?), which found [Abr+ 82,83]

(U + D +25) =17%£0.5%, (71_2;8_) = 52 £ 9%. (4.30)

If, as is usually assumed in phenomenology, we set S = S this implies § = 1.2+0.2%,
which clearly restricts the allowed values of R, though this bound is not as good as
that obtained from our earlier considerations of the pion cloud of the nucleon.

We can make further comparisons between our results and the CDHS data. Most
of the relevant data have come from di-muon (u*, u~) coincidence measurements
in (anti)neutrino scattering. The second muon comes from the decay of a charmed
quark. According to the QPM and Cabbibo theory [LP 82], the cross-sections for

di-muon events with an isoscalar target are

doV . 9

o, O sin Oc[zu(z) + zd(z)] + cos® fc[2zs(z)],

do” -

o & sin? c[za(z) + zd(z)] + cos® c[223(x)). (4.31)
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allows. (b) For bag radii R ¢ 0.8 fm there is reasonable
agreement between this calculation and experiment.



Since cos?fc > sin? g the antineutrino data gives a good determination of
:v§(:1c) This is compared with our calculation for the non-perturbative contribution
in Fig. 4.4. Clearly the shapes agree well, and, for reasonable values of R, the
non-perturbative contribution is less than the total distribution.

The situation for neutrino scattering is not as simple. The large valence contri-
butions to u(z) and d(z) counteract the small value of sin” f¢, so that s(z) extracted
from the v data has large errors. We have used the parameterisations of Buras and
Gaemers [BG 78] between 5 and 10 GeV? to subtract zu(z) and zd(z) from the
CDHS data leaving zs(z). If we assume that the perturbative contributions to s(z)

and 3(z) are equal then we have
zsF (z) = 257 (2) = z3(z) — 23" F(z), (4.32)

and we can subtract zs¥(z) from zs(x) to extract the experimental non-perturba-
tive distribution zsVF(z). This is compared with our calculations for sV (z) in
Fig. 4.5. We can see that theory and experiment are in reasonable agreement in
both shape and magnitude for R ~ 0.8 fm . However the large error bars make any
definite conclusions impossible. The lack of support at large = (z > 0.5) rules out
R less than about 0.8 fm, but little else can be said. Clearly an improvement in the
experimental data would enable us to test the theory better. The errors are mainly

statistical in origin, and should be improved by an increase in data.

89



Chapter 5
Bag Mddels

K’an — The Perilous Chasm

He is bound with thick cords and restrained by a thicket of thorns.

While QCD is generally regarded as the correct theory of strong interactions, as yet
the QCD field equations have not been solved. In the absence of exact solutions
we must turn to phenomenological models which incorporate the features expected

from QCD. These features are:
1. confinement—quarks can only exist in colour singlet configurations,
2. asymptotic freedom—the coupling constant . (Q?) decreases with Q?,
3. chiral symmetry— the u and d quarks are very light.

One of the earliest models to be developed was the non-relativistic quark model
(NRQM) [DGG 75,Isgur 80]. In this model the quark masses are of order 300 MeV,
and the quarks must be considered to be dressed by higher order processes. Con-
finement is obtained through a phenomenological potential. The NRQM does not

incorporate asymptotic freedom, nor does chiral symmetry appear naturally. The
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success of the NRQM is that perturbation theory works fairly well, the hyperfine
g—q interaction arising from one gluon exchange being obtained as an expansion in
powers of v/c.

Bag models are more ambitious phenomenological models which attempt to in-
corporate all three‘of the above features. Confinement and asymptotic freedom are
incorporated by letting massless quarks move freely inside, but only inside, a cavity.
While it might appear that having massless quarks would also lead to chiral sym-
'metry being conserved, this is not the case. Interactions between the quarks and
the bag wall badly break chiral symmetry, and in order to restore chiral symmetry
various models along the lines of the non-linear sigma model [GL 60,1Z 80] have
been proposed. In these models the chiral symmetry of the Lagrangian is ‘hidden’

and the pion emerges as a Goldstone boson.

5.1 The MIT Bag Model

The MIT bag [Cho+ 74] was the first of the modern bag models. The MIT bag
confines the quarks to a finite region of space. Now the free quark gas inside the bag
produces a pressure on the bag wall which will expand the bag indefinitely unless
it is opposed. So it is necessary to introduce a bag pressure, or energy per unit
volume, B, which ensures that the bag remains finite in extent. Presumably B is
a universal constant which mimics the non-perturbative QCD processes which lead
to confinement.

To see the 16le of the bag constant B more clearly, let us consider the energy-
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momentum tensor for free quarks inside the bag:

ks = 2@ & (@b (5.1)

quarks

where ¢(z) is a quark field, 5=-5 - 5 and Oy is unity inside the bag and zero outside.
Now the condition for energy-momentum conservation is that the divergence of the
energy-momentum tensor vanishes. But this is not the case; restricting the quarks

to the interior of the bag leads to problems. We have

Oubv = n,Asg (5.2)
where Ag is a surface delta function

Ag = —n-9(bv). (5.3)

If the bag was a static sphere of radius R, then we would have §y = §(R —r) and

Ags = 6(R —r). The divergence of the energy-momentum tensor is

8,0

R~
quarks — 397" 9" qAs. (5.4)

Now the boundary condition imposed on the bag model by the condition that there

be no colour current flowing through the bag surface is

n,gv'qg =0 (5.5)
which is guaranteed by the linear boundary condition (Ibc):

iy-ng=gq (5.6)

so that we obtain
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1
py — =
a“G)quarks )

0"1qq]As = —Ppn”As,
where Pp is the pressure exerted by the Dirac gas

1 _
PD = —En : 0(‘1(1)|surface'

(5.8)

Thus if we add a term involving the phenomenological energy density to the energy-

momentum tensor
jny Y12 v
OMIT = Oquarks T+ B9
then the divergence of the energy-momentum tensor will be
8“ ﬁIT = (—PD + B)n#AS
which vanishes if

B=PFPp= —%n - 0[g(z)q(2)] !surface :

Eqn. (5.11) is referred to as the non-linear boundary condition (nlbc).

For the static spherical case we can solve the free Dirac equation

e o, OV
a-pd)—»zB?

inside the bag, and obtain the solutions

e Ji(wr/R)x*
Py = Ny ( iz (wr/R)x% )

(5.10)

(5.11)

(5.12)

(5.13)

where j; is a spherical Bessel function, X% & spinor, and the subscript x specifies the [

and j quantum numbers (see [Tho 84] for details), in particular x = —1 corresponds

to the sy/; state and x*, is the usual Pauli spinor. The energy of the state is given

by
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E = w/R, (5.14)

the 11/, level corresponding to w = 2.04. The explicit solution for the ground state

(1s1/2) is:

_ N Jo(wr/R) K
"/’131/2(7-") = \/4—71_ ( Sk Fjl(wr/R) ) X1/2 (5.15)

with x4 12 @ Pauli spinor and the normalization given by

3
w
N2

_ _ 5.16
17 2R3(w —1)sin®*w (5.16)

Interestingly the density ¥7%) does not vanish at r = R, but the flow of colour
current normal to the bag surface does vanish,as guaranteed by the lbc (eqn. (5.6)).

The total energy of a bag is given by
P° = / &Pz 0(z) (5.17)

which we label E(R). For a bag containing n quarks in the ground state we find

Wis 4z

E(R)=n—p"+3

R’B. (5.18)

The first term is the kinetic energy of the quarks, while the second is a volume term
which implies that it costs energy BV to make a bag in the vacuum. The virial
theorem for the bag (equivalent to the nlbc, see [Tho 84]) implies that 0E/OR = 0

or

E(R) = (n +1)5 BB, (5.19)

so that for a baryon (n = 3) the volume energy is one quarter of the total energy.
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If we assume that the quarks in the bag are quanta of coloured fields, then
the feature of QCD that only colour singlet states can exist in nature follows. By
construction colour electric fields, like quarks, can only exist in bags. However the
colour analogy of Gauss’ law states that colour electric fields must emanate from
bags with net colc;ur. The only consistent solution is that bags must be colour
singlets. This automatically gives us the mesons and the baryons as ¢g and gqqq
configurations in the bag. In addition exotic states such as ‘glueballs’ [JJ 76] and
¢*3? are allowed in the bag model, although states with more than three quarks are
generally unstable [DeG+ 75].

In order to calculate hadron masses etc. in the bag model we need to extend our
expression for the total energy of the bag state, eqn. (5.18). The N and A masses
are split by the hyperfine spin-spin interaction, which in the bag model is provided
solely by one gluon exchange. The philosophy of the bag model is that the bag itself
provides a suitable phenomenological description of all the non-perturbative gluon
interactions, including gluon self-coupling. Thus all that is left is the first order in
o, gluon exchange, which gives the energy shifts via first order perturbation theory.
The energy term for the one-gluon exchange is:

Ao

M
AE) =~

ZM(mi,mj,R)ﬁi . EJ‘ (520)

1<y

where m; and m; are the quark masses, A = 1 for baryons and 2 for mesons, and M
has a closed form [DeG+ 75].
Other possible contributions to the masses of hadrons are to include massive

quarks, centre of mass motion effects and zero-point energies. The effect of having
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massive quarks (ie. m, ~ 300MeV) is to increases the magnitude of the energy
eigenfrequency w (w ~ 2.5).

Because we have quantized fields in a finite region there will be a finite contribu-
tion to the energy from zero-point terms. There are difficulties in calculating these
terms, and they a,ré usually parametrized as a constant Zy divided by R [DeG+ T75].
Similarly centre of mass effects are parametrized by a 1/R term [Tho 84].

The complete mass formula can be summarized as
w; A4Arm M

where the last term includes correction for both the zero-point energy and centre of

mass effects. The radius of the bag is determined by the stability requirement

oM
5 =0 (5.22)

There are four adjustable parameters: m,, B, a. and Z. The values of these param-
eters are usually determined by fitting eqn. (5.21) to the low lying hadron masses.
The original fit by DeGrand et. al. [DeG+ 75] gives an excellent description of |
the baryon octet and decuplet and the pseudoscalar and vector meson nonets. The
only exception is the pion, which the bag model assigns a large mass. Much of the
problem with the pion may be due to centre of mass effects [DJ 80], as the 1/R

correction is really only applicable for fairly heavy states.
5.2 Chiral Symmetry and Bag Models

Let us consider the Lagrangian density describing the MIT bag model, keeping only

those pieces involving the quark fields:
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£(2) = (52" B a(2) — Bloy — 3a(e)a(@)As (523)

where the final term of eqn. (5.23) is a Lagrange multiplier guaranteeing that gq is
zero at the bag surface ie. the lbc, eqn. (5.6), is satisfied.
Now if chiral symmetry were conserved in the bag model, the Lagrangian eqn. (5.23)

would be invariant under the arbitrary, infinitesimal change in the quark fields
g — ¢~ (7 &/2)7°g (5.24)

where the 7 are the 2 x 2 Pauli matrices and €is constant. Under this transformation

we find:
1 B, 2 o
L—L+ 56(’757“ +9*4°) 8, (7 - €/2)qbv + %(T -7°qAs. (5.25)

The second term vanishes as {y#,7°} = 0, but the last term is definitely non-zero.
It is intuitively simple to see what this lack of invariance means. In Fig. 5.1 we see
that any quark incident on the bag wall must be reflected. But there is no spin-flip
associated with the reflection, so the quark’s helicity or chirality is changed.

The so-called axial current associated with the transformation eqn. (5.24) is
A = gy (7/2)qbv, (5.26)
which is not a conserved current. The divergence of the axial current is
9, A" = —%qy5$qas £ 0. (5.27)

This again emphasizes the fact that the confining bag wall causes the violation of

chiral symmetry, despite the fact that the quarks are massless.
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Fig 5.1 Violation of chiral symmetry at the bag surface.



The solution to the problem of violation of chiral symmetry is along similar lines
to the classical sigma model of Gell-Mann and Levy [GL 60] which was outlined
in Chapter 4. We introduce new fields (o, %) with the appropriate transformation
properties under SU(2)r, x SU(2)g so that the new Lagrangian is invariant. This

new Lagrangian de‘nsity replacing eqn. (5.23) is

. A
L = 320" Bu q() — Blbv ~ 5d(o +i7 - 71°)aAs

1 1
+5(0:0) + 5(8u7)". (5.28)

where ) is a Lagrange multiplier which turns out to be simply (¢% + #%)71/2. We
note that the o and 7 fields must be massless, so the pion is a good candidate for
the pseudoscalar field ¥, but there is no realistic candidate for the o. Thus the
o-field is usually eliminated. We note that f2 = (o? + 72) is invariant under the
transformations of SU(2)r x SU(2)R, so we can eliminate o in a chiral invariant
way. The resulting theory is necessarily non-linear, and there exist a multitude of
possible theories, depending on how & is eliminated. The cloudy bag model (CBM)

arises via the introduction of a new pion field, &, through the definitions [Tho 83b]:

o = fcos(¢/f)
Fésin(8/f). (5.29)

A
I

To first order in the pion field, all the theories lead to a surface coupling of the pion

field to the confined quarks of the form

VA L —
Hine = il $7°qAs. (5.30)
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However in higher order the theories can differ markedly.

Thus, by coupling an elementary pion field to the MIT bag model we can I:estore
chiral symmetry. While it might appear that this is one step further removed from
QCD, this is not the case. One can argue on very general grounds that QCD must
produce light pseudoscalar mesons in order to break the symmetry of the vacuum.
These bosons are not obtained in perturbation theory in terms of the quark fields,
nor can their effects be obtained using the original quark fields and perturbation
theory. It is of course an idealization to treat the pion as point-like. However the
pion is unique amongst hadrons in that its Compton wavelength is much greater than
its spatial extent (measured by the r.m.s. charge radius). So to a first approximation
we can neglect the internal structure of the pion and use what is essentially a long-
wavelength approximation. This approximation remains valid so long as the pion
cloud contains only one or two pions.

We shall omit a full discussion of the various chiral bag models available, and
simply introduce probably the most successful of them, the cloudy bag model (CBM)
[Tho 84]. The CBM keeps.most of the good features of the MIT bag model. Its
Lagrangian can be used to define a renormalizable theory of strong interactions,
which permits systematic calculation of higher order corrections. The CBM stays
well within the bounds of our long-wavelength approximation as the pion cloud con-
tains, on average, about one pion. This means that the CBM has good convergence

properties and that low order perturbation theory works well in the model.
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An alternative version of the CBM may be obtained by a unitary transformation
which couples the pion field to the quark fields throughout the volume of the bag

ie. the quark fields are dressed by pions:

g = qu= Sq

7 — Gu=aS (5.31)
with

S = expli7 - $(v*/2)]. (5.32)

Then to O(¢?) the CBM Lagrangian density becomes [Tho 84]

_ ) N
LeBME) = [38u(@)" u gu(z) = Blfv — 53uguds
0 - - -~ Ov_ . N
0 Tt ($X 8.8) + 52057700 - 0.8
1, = 1 -
+5(0u8)" — gmad? (5.33)

where the last term explicitly breaks SU(2);, x SU(2)r symmetry, so that the par-

tially conserved axial current (PCAC) condition [Col 68,AD 68]
Ou At = ~fmid + O(F) (5.34)

is satisfied, where f is the pion decay constant (f = 93MeV). This Lagrangian den-
sity incorporates the major results of current algebra for low energy pion scattering,

and generalizes to the whole hadron sector.
5.3 The MIT Bag in Two Spacetime Dimensions

In two spacetime dimensions we can solve the bag exactly. In this case we consider

a two component Dirac field confined to a line segment. This is not a field theory
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as it does not allow for the creation or annihilation of bags. Instead of the vacuum
the ground state is an ‘empty’ bag containing no quanta, in which the bag pressure,
B, is balanced by pressure generated by quantum fluctuations of the confined field.

In two-dimensional spacetime it is most convenient to work with light-cone co-

ordinates:
r =zt = L(97:0—}—.%')
V2 |
T = gz~ = %(xo — ') (5.35)

O+ 41 (5.36)

o_ [0 1 1[0 =1
The free Dirac equation is satisfied by any spinor of the form
ig(z :
q(z,7) = ( Jf’((T)) ) ; (5.38)
We choose 7 to be the development parameter for the system. The conjugate vari-
ables to 7 and z are H (= P~) and P (= P%) respectively. At any 7 the bag is a

line segment with endpoints z;(7) and z5(7). The solutions are given in terms of a

parameter o defined implicitly [Cho+ 74]:

do 2

Z = L (¢"(@)e()) (5.9)

o(21(0)) = 0. (5.40)
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The virtue of the parameter o is that although the boundaries of the bag z;(r)

fluctuate in 7, the bag extends over a fixed interval in o:

o(zi(r)) = oi(r)=B7/P

o(z2(r)) = o2(r)=14+Bt/P (5.41)

where B is the bag constant. The Dirac field is then given by:

1/2 o

m=—00

i) = (£)" stato)

1 1/4 oo .
(5) Z / bme—27r1m0' (543)

m=—00

where the prime on the summation indicates that m is summed over half-odd in-

tegers.Now substituting eqn. (5.43) into eqn. (5.39) gives a differential equation for

Im(3"(a)4(e))- ' (5.44)

Integrating this we have:

2T

.’E( ) =Zo+ "P‘Lo(O' - —) + = P 1;) nL —2m'no' (545)
where
L, = Z (m + 2)6* brym (5.46)

and Zo is a constant of integration. The Hamiltonian of the system is given by

B > *
= ——P— ; b, bom) (5.47)

m=—=00
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We may now make the transition to quantum mechanics by replacing Poisson

brackets by commutators or anticommutators as appropriate:

{brm b;} = 6mn

{bm, b} = 0 (5.48)
[Zo,P] = —1
[Zo,bm] = [P,bm] =0, (5.49)

and as usual we define antiparticle creation operators:

dt = b_pm, m > 0. (5.50)

m

The empty bag is defined by

bm|0>B = dm|0)3=0 m >0

Pl0)s = pl0)s, (5.51)

where p is the eigenvalue of P, and

mg

H|0)p = 2P

|0)5 (5.52)

where m2 is a zero-point energy obtained in normal ordering H:

2rB & m2
H="2S "m(bl by + dtdy) + 22, .
i m;/zm(m +dhd) + o (5.53)

We note that the fundamental operators fall into two commuting classes: internal
variables {b,,}, and collective variables Zo and P. We can construct a Lorentz boost
operator:

1
A= —§(EOP + Pz) (5.54)
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[A,P] = iP

AH] = —iH , (5.55)

which transforms the states
e |p{n}) ='|’p{n}) (5.56)

where |p{n}) denotes a general bag state, {n} are the occupation numbers of the
internal modes and p is the eigenvalue of P.

We now want to construct the quark field operator. The quark field defined
implicitly by eqns. (5.42-5.45) describes an infinite chain of linked bags rather than
a single one. To obtain the field for a single bag we multiply by appropriate -
functions, restricting ¢(z, ) to a single bag. We consider first the plus component

of ¢:

I
¢ =37 vtq, (5.57)

and we define

Q)= [ d' bz~ aas(@) (5.58)

z1(7)
so @+(z,7) is equal to gu(z) for z1(r) < ¢ < zy(r) and is zero elsewhere. As
our model has a canonical Hamiltonian form, it will suffice to calculate Q. (z,0) as
@+(z,7) can be obtained for any 7 by evolution with the Hamiltonian. If we change

to the variable o, we have
1 d! ,
Q+(2,0) = [ do 580~ /(0))as(#'(2)). (5.59)
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We now use eqn. (5.43) to insert the field §(o). Multiplying and dividing eqn. (5.59)
by P, and using the exponential representation for §(zP — @’ (0)P) we find

Q.(,0) = % /_ °; dor /O " do explia(Pz + A — T(0)]3(0) (fl—";)lﬂp. (5.60)

We have used eqn. (5.45) to write Pz(c) = —A 4 T'(o) where

1 .
(o) = 2rLo( — 2) +i 3 = Lpe~2mm (5.61)
2 r O

is independent of Z, and P. The ordering of terms in eqn. (5.60) can be shown to
be unique [Jaffe 81].

Using eqn. (5.55) we can derive the identity:
eFehe~F" = A + Pz (5.62)
which can be generalized to

gio(Po+A) _ ,iPz jiah —iPs (5.63)

4

Using this identity we can establish that @.(z,0) is translation invariant ie.

Q+(2,0) = €77Q4(0,0)e™F=. (5.64)

Because P commutes with all the operators except A in eqn. (5.60), we can move the
factors e**F* from the identity to the outside, giving the form required by translation

invariance, and leaving

7

@+(0,0) = B /_o:o /: do expliaA — ial'(0)]g(o) (%P) v (5.65)
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This form also establishes Lorentz covariance, as it is clear that @ (0,0) transforms

like v/P.
We can easily find the minus component of ) by making a parity transformation

on Q., since the parity operator II interchanges the null planes 7 = 0 and z = 0:

Q—(070) = HQ+(0’O)H7 (566)

Pl = H
IIAIl = —-A
ms,II = b, (5.67)
Thus
5 g g1 _ . ) dar \/?
@-(0,0) = ;/—oo/o do exp[—iaA —ial'(0)]g(o) (EH) : (5.68)

Now the operator e~**T'(%) is very poorly understood. This is because the {L,}
do not commute with each other so the operator is highly ambiguous. So we need
now to make approximations to the full quantum theory of the bag in two spacetime

dimensions.

5.3.1 The Cavity Approximation

The simplest approximation to the bag model in two dimensions is a static line-
segment of length 2/, which we centre at the origin. In this case the bag boundaries

z;(7) are given by:
zi(1) = V27 ~1)
zo(r) = \/5(7'—|—l) (5.69)
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which we may compare with the boundaries in terms of the parameter o, given by
eqn. (5.41). Now in the cavity approximation the transformation between z and o

will be linear, so by comparing the boundary equations eqns. (5.41) and (5.69) we

have
do =1
—_—= 5.70
dr — 2/21 (5.70)
Then substituting in eqn. (5.43) gives
. 1 ' —iV/2E
_ b, e~ V2Em(z+9) 5.71
ig(z) 2\/7%; € ( )
where
Tm

and ¢ is an irrelevant phase factor, which we shall ignore. Now using eqns. (5.39)

and (5.42) we obtain

and
1 ' —iV2E
= — be” "V EmT, 3
f(r) Wi %: e (5.74)
If there are j massless quarks in the cavity with energies En, ... En; then
1 J
B==>E., (5.75)
2l k=1
and
J
M = 2Bl+ Z En,
k=1
= 4BI. (5.76)
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We may now write the quark field in terms of the usual time and space variables

t(= z°) and £(= 2'):
1 ) iEmé _
q(t,€) = m; bm ( (—1)(me—1/2)e—iEm£ ) e, (5.77)
5.3.2 The Ly Approximation

The cavity approximation is not translation invariant because the bag’s position is
fixed. In the Loy approximation the bag is a cavity of fixed length, but the centre of
the cavity is not fixed. The operators {L,} in eqn. (5.45) are set to zero for n # 0,
and Lo is replaced by its expectation value (Lg).

Thus in the Lo approximation I'(c), eqn. (5.61) becomes
1
I'(o) =27 (Lo) (o — 5) (5.78)

We can replace o by a new variable z, which measures the distance from the bound-

ary oy in the bag’s rest frame. Using eqn. (5.45) we have:

(Lo)( — 3) (5.19)
where M/+/2 is just P in the rest frame,

()= (%) " s (580)

Substituting these into our expression for @ (0,0), eqn. (5.65) we obtain

) = & [ e T -

M v
- _ to z/ﬂ
gla) = ﬁ'_ﬁldze 9(2), (5.82)

where 21 is the length of the bag (in z’) in its rest frame:
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o = %(Lo), (5.83)

and the subscript 0 indicates that we are using the Lo approximation.

We can obtain g(z) from eqn. (5.43):

1 —iVZEm(2+1/2)
_ b (= 5.84
9(2) 2v/1 ; ‘ (5:8¢)

which is identical with g(z), eqn. (5.71), up to irrelevant phase factors. Thus in the
Lo approximation we take the Fourier transform of a cavity field operator, modulate
by the boost operator e***, and obtain a translation invariant operator.
Unfortunately, because we have no understanding of the operator e~ T it is
difficult to demonstrate the validity of the Ly approximation. In particular it is not
clear whether the Lo approximation is any closer to the full quantum bag theory than
the cavity approximation. There does exist another method of restoring translation
invariance to the cavity appfoximation. This is the Peierls-Yoccoz method [PY 57]
which is well known in nuciear physics. We will discuss the Peierls-Yoccoz procedure

in the next chapter.
5.3.3 The Cavity Approximation with Background Fields

Our ultimate aim is to calculate deep inelastic scattering (DIS) structure functions
using bag model wavefunctions. Because of the greéat amount of interest in nuclear
DIS that has been generated by the discovery of the EMC effect, we would like
not only to calculate structure functions for free bag states, but also for bag states

immersed in some background fields which simulate the nuclear environment. In
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particular we want to solve the two dimensional cavity in the presence of a vector

field and a scalar field.

Following the considerations of Guichon [Gui 88], the Dirac equation inside the

cavity becomes
1740, + Vsp — Vor"th = 0 (5.85)

where Vs corresponds to a attractive scalar potential, arising, say, from the o-field,
and V; is the time component of a repulsive vector potential, which could arise
from the w-field in nuclear matter. Because of the scalar potential Vs, it is no
longer convenient to use light-cone coordinates, so we revert to the usual spacetime

coordinates t = z° and z = z’. We still have the boundary conditions:
winup =
n*0, E(Jnﬁ) = —2B. (5.86)

The solution to eqn. (5.85) is:

p(z,t) = i A l( ! )eiE"u(—l)"("i")e—"Enfl et (5.87)

-
n=-00 i

where n is an integer,

En = lea—Vo)2+ V2 (5.88)
an = [En—(en—V0)]/Vs (5.89)
N, = %[(l+ai)l—i—(—1)";—:sin2Enl]'1/2 (5.90)

and the energy eigenvalues €, are determined by the solutions of the transcendental
equation:
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=2 _nr=0. (5.91)
S

2FE,.l —tan
The bag constant B is found from the nlbc, eqn. (5.86):
J
B =Y (=1)"|Na[*2En, (1 + o2, ) sin2E,,1 (5.92)
k=1

where, as before, we have j quarks in the cavity with quantum numbers n;...n;.

Using the virial theorem we obtain the mass of our cavity state:

3
M =2BI+) én,. (5.93)

k=1
Taking the limit Vs — 0, Vo — 0 we obtain the free cavity wavefunction, eqn. (5.77).
The effect of introducing the scalar potential is to lower the values of the energy
eigenvalues ¢, and the bag constant B, hence lowering the mass of the cavity state.
On the other hand, the vector potential increases the energy eigenvalues but does
not alter the mass of the cavity state (because of Lorentz invariance). If we take a
‘nucleon’ cavity state with three quarks in the ground (n = 0) state, then with no

background fields we have

v 3T 3
Eo = Zl', B = @, M= E (594)

Switching on a scalar potential of strength Vs = %; reduces €y by 6%, B by 10%
and M by 8%. Switching on a vector potential of the same strength, we increase
go by 8% and reduce B by a similar amount, so M stays constant. So we see that
introducing the background fields into the cavity approximation produces changes
in the energies of the cavity state which are of a similar magnitude to the fields

themselves.
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Chapter 6

Deep Inelastic Scattering on Bag
States

Fu — Returning
Freedom and progress lie ahead ... movement in any direction will be of

advantage ... All ... actions are in harmony with the will of heaven.

The calculation of the matrix elements involved in DIS is extremely difficult. This
is because we do not fully understand the non-perturbative QCD processes which
bind quarks and gluons into hadrons. However if we were to adopt some model
of confinement then it should be possible to calculate DIS matrix elements in that
model. This can serve not only to test quark confinement models, but also to enrich
our understanding of the matrix elements and the structure functions that may be
derived from them.

An obvious first choice of model is the MIT bag. As we have already noted in
Chapter 5, the MIT bag model has two of the desired features of QCD: absolute
confinement and asymptotic freedom. The property of asymptotic freedom is crucial

to the calculation of DIS matrix elements, and we expect that Bjorken scaling should
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follow from the asymptotic freedom in the model. The lack of chiral symmetry in
the MIT bag is not too great a concern. In Chapter 4 we calculated what the pionic
contribution to DIS looks like in the CBM. The effect was of the order of 5% of
the total structure function Fy(z) integrated over all z, and was mostly at small
z. So we expect that at medium to large values of = the effects of breaking chiral
symmetry will be small.

Most of this chapter will be concerned with DIS in two spacetime dimensions.
As we have seen in Chapter 2, DIS is primarily a light-cone process, so in doing
calculations in two rather than four dimensions we will not be discarding any of the
important light-cone physics. The two dimensional model has been an important
laboratory for the calculation of DIS matrix elements because of the relative ease
with which ideas can be tested.

At first sight, DIS in two dimensions appears impossible as the Compton am-
plitude for a vector current scattering off a Dirac particle in two dimensions in
fact vanishes [Jaffe 75]. However using a hypothetical scalar current of the form
J(€) = ¥(£)1h(€) leads to non-vanishing matrix elements which are very similar to
the matrix elements in four dimensions. This similarity between the two and four
dimensional cases further reassures us that we are not discarding any of the essential
physics of DIS by doing calculations in two dimensions.

We will look first at the original calculations of DIS matrix elements by Jaffe
in the cavity approximation [Jaffe 75], and in the translation invariant Lo approx-

imation [Jaffe 81]. We will then turn to a second method of restoring translation
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invariance to the cavity approximation, the Peierls-Yoccoz projection [PY 57], and
calculate the quark distribution functions. These distributions are an improvement
on the original cavity calculations. In Section 6.3 we will examine the importance
of momentum conservation to these calculations, and we will see the important role
of the intermediate state. The final section brings together the Peierls-Yoccoz pro-
jection and the ideas concerning momentum conservation in the intermediate state,
to give us a new calculation of the quark distribution functions, which appears to
satisfy the physical constraints better than any previous calculation.

We note that our calculations of DIS matrix elements using bag states may well
break down at small z. In Chapter 2 we derived the relation [£*| < 1/Mz, from

which it follows that we require
z>——~0.1

in the static cavity approximation and z > 0.05 in the case of the Peierls-Yoccoz

projected cavity. This is a fairly cautious lower limit [Tho 88].
6.1 DIS in the Cavity Approximation

The first calculation of bag model matrix elements in DIS was done by Jaffe [Jaffe 75].
We repeat that calculation here in order to set the stage for our later work, and to
introduce the problems associated with the calculations. Jaffe computed the struc-
ture functions using the cavity approximation of Chapter 5 in both two and four
dimensions. As was expected, scaling emerged quite naturally, however the structure

functions extended into the non-physical region (z > 1). It was noted immediately
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that the problem of bad support for the structure functions arose from the break-
ing of translation invariance in the cavity approximation. A second problem was
that the calculation implied that the antiquark distributions were negative, which
violates the positivity restrictions on the distribution functions which we derived in
Chapter 2.

However a major success of this calculation was that it showed that an analysis
similar to that we used in the QPM in Chapter 2 can be applied to the calculation of
DIS matrix elements in the cavity approximation. This simplification of the problem
results from the interior of the bag having essentially no binding interactions.

The general structure function for DIS is conventionally given by:

W = o [ @' 4ILI(6), O, (61)

where the states have the covariant normalization

(plp') = (2m)°2p°6P) (5 — p). (6.2)

Of course in two dimensions we drop the Lorentz indices as we are considering a
scalar current, and we alter the superscripts in an obvious way. Unfortunately the
bag states are not covariantly normalized, but normalized to unity. Also, because
the cavity approximation breaks translation invariance, Jaffe centred the cavity at

the origin and had the currents act at the two spacetime points & and £;. Thus he

obtained

_ pO 4 4 1g.(é1—€2
Wi = Grrzgey ] S €O TIE), LENIT). (6.3)
where he defined
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IT) = [(27)°2p°6)(0)]7*/*|p) (6.4)

which is normalized to unity. We may integrate over the average time (£9 4 £2)/2

in eqn. (6.3) which will cancel the delta function leaving
M r 357 37 igdt—idi(61-63) - -
W= 2 [y [ 06 06 -6 TIL0E). LOBIT).  (65)

where M is the mass of the target state. For bag states the space integrals are re-
stricted to the interior of the bag, however in a fully translation invariant theory they
would have to be evaluated over all space. Thus for our cavity in two dimensions,

where we drop the Lorentz indices, we have the structure function:

M ! ! :q0 >l
=5 [t [ de [ de iy T| (12, 6), 70, EIT).. (6.6)

The commutator in eqn. (6.6) can be expanded in terms of the fields in the

cavity:

[J(t,61),J(0,&)] = 4q(t,&)Scav(t,&1,62)q(0,&2)

—4(0,&2)Scav(—t, &2, &1)q(t, &) (6.7)
where Scav 1s the anticommutator function for the fields:

SC&.V(taflaf?) = {Q(t, 61)7@(0162)} (68)

The quark field in the two dimensional cavity was found in the previous chapter:

etEmé

1 . T™m
. _ ’ ) —iEmt i
q( ’E) 2\/2 %: bm ( (_1)(m-—1/2)€—1Em§ ) € 1) Em 2[ (6.9)
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where the prime on the summation indicates that m is summed over half-odd inte-
gers. Using the usual anticommutation relations between the destruction and cre-
ation operators for fermions, the anticommutator function Scav can be calculated
explicitly:

' 1 1)(n—%)eiEn(.§1+Ez) eiBn(é1-62) Bt
Scav(t,€1,¢2) =4—; ( e~iEn(ei=€)  (—1)(n-})giBn(er+2) g =(0.10)

where the sum ranges over positive and negative n. The first term in the commuta-

tor, eqn. (6.7), is given by:

1 1 —i(Em~En)t mdn=1 (i(Em+En)€1+&) | p~i(Em+En)(f1+E2)

o T (e () )

+ (ei(Em+E'n)(E1—52) + e-a(Em+En)(51—£z))}’ (6.11)

where the first two terms are from the diagonal terms in the anticommutator func-
tion, and the final two terms are from the off-diagonal terms.

Now the integral over ¢ in eqn. (6.6) will give an energy conserving delta function

which tells us that ¢° must be the energy difference of two cavity modes. The Bjorken

limit is defined:
' 0 0
g >q¢ +Mz, ¢ — o0 (6.12)

and we see that the diagonal and off-diagonal terms in the anticommutator give
vastly different results. Using the delta function to eliminate E,, we have for the
integrals over the off-diagonal terms:

.sin(2E,, — Mz)l - sin(Mz — 2E,,)!
2E, — Mz Mz —2E, '’

but for the diagonal terms we have
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sin(2E,, — M)l o 2sin(2q° + Mz +2E,)! _,
2F,., — Mz 2¢° + Mz + 2E,,

Thus in the Bjorken limit the structure function becomes

sin® m z
. . M 6(¢° + Em — Ey) (2EZ:5—5W;\:)I2
BmW (%) = 3 sin? (2l M) ey
J m,n —6(q0 - Em + En)ﬂ?zEml'-:Mla:):

where the matrix elements (7|5}, b,,|T) are taken to be unity.

Realistically we ‘smear’ the delta functions by averaging the structure function
W over a Gaussian distribution, where the spread of the Gaussian is much larger
than the energy gap 7/2l. This will take into account the finite lifetimes of the

intermediate states. The final result then is:

B sin?(2E,l — Mlz) sin’(2E,,0 + Mlx)
llcha,v(III Z { GE - M)~ (2Bl + M) (6.14)
where the cavity state’s mass is given by
M=2>'E, (6.15)

{m}

with the set {m} labelling the quantum numbers of the state. Wecay is shown in
Fig. 6.1 for n quarks in the ground state.

As we stated earlier, eqn. (6.14) displays explicit Bjorken scaling and is non-zero
for £ > 1. About 7% of the quark distribution function is in the kinematically
forbidden region. The second term in eqn. (6.14) would correspond, in the QPM,
to antipartons with negative distribution functions, so it is clearly a problem.

In Fig. 6.2 we show the three possible graphs for Compton scattering in the
cavity. The first term in eqn. (6.14) corresponds to the usual Compton diagram

Fig. 6.2a. The second term corresponds to the so-called ‘z-graph’, Fig. 6.2b. Usually
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Fig. 6.1. The structure functions W,y for n quarks in the ground state of the
cavity. The dashed lines are for n = 1, 2, 3 and the dot-dash line is for n = 4.

We can see that as n gets larger, the structure function tends to §(z — 1/n).



(a) (b)

(c)

Fig 6.2 Diagrams for Compton scattering in the cavity
approximation to the bag.



this graph is excluded for spacelike ¢* because of momentum gonserva,tion. However
we have not guaranteed momentum conservation in the cavity so we must keep this
negative term. The third graph, Fig. 6.2c, is the so-called ‘bubble graph’ which
can only contribute to singlet operators eg. F> (to the extent that we ignore the
exclusion principleb for quarks in the cavity — see the final section of this chapter
for more). Jaffe’s original calculation excluded these because they are disconnected
in free space, however Bell and co-workers [Bell+ 78] calculated this contribution
on the basis that the interior of the cavity is different from free space as the pair
must have energies equal to one of the eigenenergies of the cavity. The result for
the contribution of the bubble graph is:

sin®(2E,! + Mlz)
2E ol + Mlz)?

lim Whybble(®) = 2 Z (6.16)

p=0
Note that half of the first term of Wy 1p]e cancels the z-graph term. The sum is
finite, and is a special case of the generalized Riemann zeta function or trigamma
function. In Fig. 6.3 we show the three contributions to the quark distribution
function arising from Compton scattering in the cavity for three quarks in the ground
state of the cavity.

Unfortunately in four dimensions the bubble graph gives a sum which is un-
bounded, which led Bell et.al. to conclude that Bjorken scaling did not apply in
the cavity approximation. However again we also have a problem with momentum
conservation in bubble graphs, so it may be somewhat rash to write off the cavity
approximation all together, as a proper treatment of momentum conservation in the

cavity may well rectify the infinite contribution of the bubble term.
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Fig. 6.3. The quark distribution functions for three quarks in the cavity
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below the z axis is the ‘antiquark’ distribution arising from ‘z graphs’.



Tt is useful to check the momentum sum rule. Recalling our result from Chapter

2 we have

k?iuarks/p-l- = [) dx 2$Wca,v($). (617)

For three quarks in the ground state of the two dimensional cavity the contribution
from eqn. (6.14) is 3 x (0.35 — 0.02) = 1.0, and for three colours and two flavours of
light quarks, the contribution from the bubble term eqn. (6.16) is 3x2x0.08 = 0.48.
Thus the momentum sum rule is oversaturated when we include the bubble graphs.
However even if the bubble graphs are excluded, we know that in the two dimensional
cavity the valence quark fields do not carry all of pt, some is carried by the cavity
walls, which means that we have overestimated the momentum carried by the valence
quarks in our calculation of the DIS matrix element. In four dimensions we have
a similar problem: the momentum sum rule gives 100% of p* being carried by the
valence quarks. We would expect our DIS calculations to put less than 100% of the
momentum of the cavity on the valence quarks, and to put the remainder on ‘sea’
distributions, somewhat similar to the ‘bubble’ terms, but not oversaturating the
momentum sum rule.

We can examine the anticommutator function Scayv more closely. As we have
already seen, in the Bjorken limit only the off-diagonal terms contribute to the

propagator. Thus we have

. 2 3 ,
hBI? Scav(t, £, 62) — % Z/[,Y+e—zEn(t+§1—E2) + 7—6“2En(t—51+52)] (618)
1
= ‘2‘[’7+5P(€+) +776p(67)] (6.19)
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where £ = £, — £, is the spacetime separation of the currents, and dp is the periodic

(cavity) delta function

§p(€) = e m/HNT §(€ + 4nl). (6.20)

Now for free fields the anticommutator function is [IZ 80]

Stree = % / &k Ke(K°)8(k*)e™*¢ (6.21)

= ShrEEn) o) (622

Using eqn. (6.19) we obtain a structure function which is the sum over discrete delta
functions. ‘Smearing’ these delta functions gives a continuous structure function,
which is the same as that which would have been obtained if we had used eqn. (6.22)
directly. Thus Scav and Sfreé yield the same structure function in the Bjorken
limit. This means that we can apply QPM-like analysis to our calculations of matrix
elements using bag states because the struck quark is essentially free, as in the QPM,
and so travels along the light-cone unaffected by the bag boundaries or other quarks
in the bag. In two dimensions the equivalence of Scav and Sf.qe in the Bjorken limit
is completely general, so we can use it in our later calculations. This equivalence
also holds in four dimensions, as was shown by Jaffe and Patriscioiu [JP 75] using a

proof that imitated Huygen’s principle for the propagation of light.
6.2 Translation Invariance

The lack of translation invariance in the cavity approximation is a very serious

handicap in our calculations of DIS matrix elements using bag states. We cannot,
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for instance, calculate the moments of the structure functions beyond the second or
Ithird moment, as for large n the high z contributions to the structure functions lead
to infinities. We would like to be able to use translation invariant states in order to
get the correct support for the structure functions. In Chapter 5 we introduced the
Lo approximation to the full quantum bag theory in two dimensions, which avoided
ordering ambiguities yet retained translation invariance. We shall soon make use
of the Lo approximation and also a method commonly used in nuclear physics, the
Peierls-Yoccoz (PY) approximation, to calculate DIS structure functions. Firstly
we need to find an expression for the quark distribution function for translation
invariant states in two dimensions.

The structure function in two dimensions will be given by

W= [ de (), IO (6.23)

Now expanding the current commutator in terms of the quark fields, and using

eqn. (6.22) for the anticommutator function in the Bjorken limit, we obtain

W = lim o [ derde e QRO B(EY) +SE O

—P(0)[r*6(€7) +v76(¢7)1b(E)Ip)e (6.24)

_ o L { [det &7 (plh (e )y~ 1(0) = B(0)7~ B (EF)|P)ele-=o }

b
7= 8T | 4 [ dg T (pl(E7)rT(0) — P(O)YF (€7 Ipdele=o
(6.25)

Now the integral over £ in eqn. (6.25) may be evaluated by parts, and is seen to
vanish as ¢~ — oco. Thus we have the same expression in two dimensions as we
had in four dimensions, eqn. (2.56), for the structure function, except that in two
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dimensions we have dropped any reference to the transverse components E 1. This
is exactly what we expect from the light-cone nature of DIS and the fact that we

can use the free propagator inside the bag. Thus as in four dimensions, we obtain

Fa(z) = 23 ea(fal@) + fa(2)) (6.26)

where e, is the charge on a quark of flavour a, and

f0) = 2 [de e ol War Ol (627
fe) = =22 [ dem e plyl, Opur (e (6:25)
= —fu(~2). (6.29)

Translation invariance limits the support of the distribution functions to z < 1.
6.2.1 The Ly Approximation

In Chapter 5 we found the full translation invariant two dimensional bag quark field
operator, eqn. (5.65). In the Lo approximation the bag becomes a cavity of fixed

length, which is free to move, and the field operator becomes [Jaffe 81]

i . 2p*
Quil0) = = [ dacerglan/ 22 (6.30)
gla) = M 2 dz e~ *M=1V2g( ) (6.31)

V2 J-va
where g(z) is the plus component of the cavity approximation wavefunction, 2/ is the

length of the cavity in its rest frame, and A is the Lorentz boost operator. Substi-

tuting eqn. (6.30) into our expression for the quark distribution function eqn. (6.27)



and dropping the flavour indices we obtain

_ / - / dordo’ i _gypte-
fol#) = 537/ % [ 5750 ®

x (plg'(e)e* M~ Pee A g(a)p).. (6.32)

where the subscript 0 indicates that f(z) is calculated using the Lo approximation.
Now the boost operator and the energy-momentum operator do not commute, but

from the commutation relation eqn. (5.55), we can derive the identity

eTteA peirh — Pe* (6.33)
from which it follows that

gTiahgmiPLoiah — oxp(—iP.Le%). (6.34)

We now have a boost acting on our momentum eigenstate |p)
!

e—i(a'_a)Alp) . lea—a p), ‘ (635)

and since the matrix element is now diagonal in momentum we may take the states

to be at rest and extract a factor
Arpb(p — %' p) = 4r6(a — o). (6.36)

This leaves

fole) = s [dE [ da 0P = gl @)g@)ly =) (630)

1
2/2m?

Now the integral over £~ yields a delta function

27 _2v2r 1

U1 _x5(a—ln(l—w)) (6.38)
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which means that f(z) only has support for z < 1,

1

fo@) = 7= 7' = 015! (@)3(@IF' = O)clomtati—sy (6.39)

Now evaluating g(a), eqn. (6.31) gives

sin( QEMZ + Mla)

6.40
Z o+ Mo (6.40)
and so we have
Ml 1 ,sin?(2E,1 + Mla)
= — . 6.41
fole) =73 — (2E, 1+ Mla)? lasin(1-2) (6.41)

Comparing eqn. (6.41) with the first term of eqn. (6.14) we have the result
[Jaffe 81]

fo(z) = 1 _1_ wfcav(—ln(l —)) (6.42)

where fcav is the quark distribution function calculated in the cavity approximation.
The factor (1 — z)~! can be thought of as a Jacobian factor for the transformation,
eqn. (6.42), which ensures that the integral of fo(x) over all z is unity.

Now fo(z) is positive for £ < 0. This implies that we still have z graphs per-
sisting in the Lo approximation which lead to negative antiquark distributions. In
Fig. 6.4 we show the positive quark and negative quark distributions calculated us-
ing eqn. (6.42). We see that the Ly approximation has not overcome the problems
associated with z graphs or bubble graphs.

If we take the £ — 1 limit we have

. 2 _
}}E} folz) = Jim e > sin®(2E,,l — Mla)

. TRE— Miay )
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Fig. 6.4. The quark and antiquark distribution functions in the Lo approxi-
mation for a two dimensional bag with three quarks in the ground state.



In fact the structure function oscillates wildly as ¢ — 1. This behavior would
probably not be detectable experimentally because of experimental acceptances,
but it is worrying to have this strange behavior in the theoretical structure function
where it is certainly not expected.

We can again check the momentum sum rule. We find that for three quarks
in the ground state the sum rule is nearly saturated, that is the quark fields are
carrying close to 100% of the plus component of momentum of the bag state.

Unfortunately the Ly approximation is not directly generalizable to four dimen-
sions because there are no solutions to the four dimensional bag which respect trans-
lation invariance, and hence nothing like the Lo approximation is available to us.
However Jaffe [Jaffe 81] and Jaffe and Ross [JR 80] hypothesized that the transfor-
mation eqn. (6.42) holds in four dimensions, and they then used the quark distribu-
tion functions in four dimensions to calculate the moments of F; and F3 in the bag.
Using QCD moment analysis (see Chapter 2) and the experimental values of the
moments at large Q?, they extrapolated the twist two results until they agreed with
their calculated moments, which happened around Q? ~ 0.7GeV?. We note that
this calculation is of some importance to the CRRJ model of dynamical rescaling

which we reviewed in Chapter 3.

6.2.2 The Peierls-Yoccoz Method

In order to remove the effects of centre of mass motion from the dynamics of a
collective body of particles eg. a nucleus of nucleons or a bag of quarks, Peierls

and Yoccoz (PY) proposed a superposition of the particle wavefunctions [PY 57].
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That is, the lack of translation invariance in the particle wavefunctions leads to a
degeneracy since 1(Z—7) has the same energy eigenvalue as ¥(Z). So we can remove
the degeneracy by forming a new wavefunction which is some linear combination of

the old wavefunctions
(@) = [ 7 xPwE - ). (6.44)

The state 3’ is now a momentum eigenstate. The function x(7) can be determined
by variational principles to be proportional to exp(+iE.7"') where k is the momentum
of the state. The constant of proportionality, ¢~*, which may be dependent on E, is

found from the normalization of the states
PR (k) = (2r)°2k06@) (k; — F»)
= [Erdn EBARDE)FE)]TUFRL(R).  (6.49)

In our case we want to form a momentum eigenstate |p) from our solutions to

the two dimensional cavity approximation [Wong 81]

1 ipr
Ip) = 5 [ dr ™ 1Ba(r)) (6.46)

where |By(r)) is our cavity state with the quantum numbers labelled by n. Using

the normalization (p|p') = 47p°6(p — p') we find

8.0) = 5.5 / dr €7 (B, (—r/2)| Ba(r/2)). (6.47)

The matrix element in eqn. (6.47) is called the Hill-Wheeler overlap function [HW 53],
denoted I,(r), and the normalization ¢(p) is proportional to the square root of its

Fourier transform.
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We note that our momentum eigenstates |p) are not in fact exact eigenstates of
energy. PY showed that for an harmonic oscillator potential the projected wave-
function v’'(z) gives the correct centre of mass kinetic energy e /2M but in general
the kinetic energy differs from this by a factor close to unity. Also the PY approxi-
mation is only good for small 75, if the velocity of the centre of mass approaches that
of the internal particles, then the approximation, which is based on a stationary
potential, is expected to fail.

For DIS from bag states we shall form an eigenstate at rest using the PY method.
The mass of the eigenstate will be slightly lower than the mass of the cavity state.

To see this we evaluate

(p' = 0|Hcav|p' = 0)
(p' =0[p’ = 0)

B {(p' = OJv|p’ = 0)
_ {%Em +B o= =1 (6.48)

M) =

where the energy eigenvalues E,, are the same as those of the cavity approximation
(because kinetic energy is translation invariant): E, = 7m/2l, and v is the cavity’s
‘volume’ operator. The matrix element in eqn. (6.48) just gives 2/ in the cavity
approximation where the two states must overlap completely, but with the PY
projection the states do not overlap completely, which lowers the value of the matrix

element to 0.87 x 2I. Taking dM/3! = 0 fixes the mass

MI=2% Byl (6.49)
{m}

as before, but because the bag constant B in eqn. (6.48) is also the same, the length

[ must increase which means M decreases by about 6%.
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We may now insert our states |p’ = 0) projected from cavity states with three
quarks in the ground state into the expression for the quark distribution function in

two dimensions eqn. (6.27) to obtain

\/i 1 — —izpt¢™
/(=) = Z;|¢3(o)|2/ de™ &= [dridrs

x (Ba(ry) |91 (€7)14+(0)| Bs(rs))cle+=o (6.50)

where ¢3(0) is the normalization appropriate to the three quark state at rest:

i, < pdl AN
2 _ _ I 3
[6s(0)* = 577 /_ dr (1 2l> cos® Er. (6.51)

The operator 1 removes a quark from the ground state, and changing coordinates
to R = (r1 +12)/2, 7 = (ry — o) gives

. ﬁ__l_ - —izpté~
flo) = 3 |¢3(0)|2/d§ /dere

xuby(~6 = R = 2)eB oy (=R + 3)(Ba(5) | Ba 5 er=o (6.52)

where the matrix element has no dependence on R and ug(r) is the ground state

eigenfunction in the cavity at time zero:

1 T
uo4(r) = me’E‘", Ey = it (6.53)

Now the matrix element in eqn. (6.52) is Ir(—r), so it is convenient to work with its

Fourier transform |$2(p)|?, and with the Fourier transforms of the eigenfunctions

sin(k + Eo)l

U4 (k) = /dr e*ug,(r) = Vi TESAT

(6.54)
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Then eqn. (6.52) becomes

V2 1 il

= X2 —_——— _ [d¢ [ dRdr [ dkydkydks e B0
1) = 4 (27r)3|¢3(0)|2/d£ [ aRr [ dkdkadis o7

=k (€ +R+7/2) yika(R—1/2) , =ik

xiid 4 (ky )iios (kz) (2K3| f2(ks)[?). (6.55)

Now the integrals over the space coordinates R and r yield delta functions relating

ki, ko and k3. Thus we have

. \/5 1 dk - —izpte— i(Eo—k)Eo
@) = mor) /e

xh, (~k)ior (~k) R4 (R)P)  (6.56)

_ Ml sin*(2E,l — Mlz) 2k°|¢5(Eo — Mz)|? (6.57)
= T QBI-MI)y  2M&O)) |

Thus we obtain the same quark distribution as in the unprojected case, modified by
the Fourier transforms of the Hill-Wheeler overlap functions for two and three quark
states. Unfortunately the kinematic region = > 1 is still allowable in this calculation
because we do not ensure that the intermediate state is on the mass-shell after the
struck quark has been removed, and because our states are not eigenstates of pt.
However the contributions in the region z > 1 are greatly damped (see Fig. 6.5).
We find [ST 88b] that over 99.5% of f(z) is in the region 0 < z < 1, so this is a
good improvement on the unprojected cavity approximation calculation of Section
6.1. We note that this method has been used by Bickerstaff and Thomas [BT 87b]
in four dimensions using Gaussian wavefunctions, and independently by Benesh and

Miller [BM 87] in two and four dimensions using cavity wavefunctions.
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Fig 6.5 The quark distribution function f(x) of a bag containing
three valence quarks for the cavity approximation and
the cavity with the Peierls-Yoccoz correction.



To improve this calculation, we could use the Peierls-Thouless projection [PT 62],
which would project our momentum eigenstates on to an energy eigenstate, and so
ensure that we stay in the kinematically allowed region. Unfortunately it is very
difficult to determine the function x(l_é, ) which would multiply our wavefunctions
under the integral..

Checking the sum rules on our two dimensional calculation we find

/0°°da; fz) = 092 (6.58)

3 /0 “dref(z) = 092, (6.59)

which again indicates that the valence quarks are carrying all of the p* of the target.
We also note that the negative z graph term still persists in this calculation, being
given, as in the unprojected case, by changing the minus signs in eqn. (6.57) to plus,

and with an overall minus sign.
6.3 Momentum Conservation

We noted in the previous section that unphysical contributions to the structure
functions can arise if the spectator quarks do not form an on mass-shell state. This
is true both in the cavity approximation and in the PY projected version of the
cavity. We would like to see if imposing momentum conservation constraints on the
intermediate state can improve the support and other properties of the structure
functions.

The quark distribution function in two dimensions is given by eqn. (6.27). As in

the QPM in Chapter 2 we may insert a complete set of states 3, [n}{n| = 1 between
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the quark field operators. Then assuming translation invariance of the operators we

can translate the £~ dependence out of 1[;1, and integrate over {~ to obtain

(&) = 75 T 8(p* = 5t = p)l(nlbes Ol (6.60)
where p,, is the momentum of the intermediate state |n), which is the same as we
obtained in the QPM, eqn. (2.61). The delta function fixes p} = (1 — z)p*, and if
the state |n) is on-shell then p} > 0, which implies that z <1.

Taking the double Fourier transform of the cavity quark field in light-cone coor-

dinates, we obtain the momentum space representation

So(k_’ k+)

27’\/% 5 b(R)B(E™ + Kt — V2E,)

o(v/2k*T — 2E,.1)
x(J i e ) (6.61)

= 27 b 8(k” + kt — V2En)p(kY) (6.62)
m
where jo is the circular Bessel function jo(z) = sin(z)/z.

Now to a first approximation we treat the intermediate state as two quarks both‘
on the mass-shell ie. with k¥ > 0. This ignores the binding of the quarks in the
intermediate state as bound quarks can have k¥ < 0 in a state with p¥ > 0. Thus
this is a ‘quasi-free’ approximation. The matrix element in eqn. (6.60) can then be

written

(nlbas ) = [ bkt dit (kD )Pleo () P oGP
x8(kt — ap)o(pt — K — B — k) (6.63)
where the delta functions remind us that the struck quark carries momentum fraction

z, and that we have put all of the momentum of the target onto the valence quarks.

138



Before we can insert the matrix element in to eqn. (6.60) we need to multiply
by pt to account for the fact that the normalization of the states ¢ is 27 not 4w M.

The quark distribution function thus becomes

(1-z)pt -k

il (1-z)p* N
fol@) = Zolgaos(zph)) dk} " dkF (k) Plo (kD))
\/i 0 0

x6((1—z)pt — ki — k)  (6.64)

Ml sin?(2E! — Mlz)
©  (2Eol — Mlix)?

. /0(1—z)p+ dk* (k) Ple((1 — 2)p* — &) (6.65)

We recognize the cavity quark distribution function which, as in the case of the
PY projection, is multiplied by a damping function, the integral over the momenta
of the spectators. This integral cuts off the distribution function at ¢ = 1 and so
enforces momentum conservation.

We see in Fig. 6.6 that this structure function is similar in shape to that of the
Lo approximation, and also the PY projected cavity approximation. We again note
that the momentum sum rule is saturated [ST 88b] as in our previous calculations.
However this time we expected this to be the case as we ignored binding and put
all of the plus component of momentum of the target on to the valence quarks.
This now suggests that in our previous calculations we have unconsciously done
the same: ignored the réle of binding in the target and intermediate states. It is
possible that this has come about through an attitude to the QPM which is too
slavish, however given the success of the QPM and the encouraging fact that our
bag model calculations all show scaling behavior indicative of asymptotic freedom,

we will perservere within the current framework. However we need to examine more
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closely our assumptions about the QPM and the bag model.
6.4 DIS From a Bound System of Quarks

We want to find a prescription to calculate, using bag model states, the quark

distribution function:

Fla) = L2 [ dem & L (€ ) O)lphelero (6.66)

and other similar distribution functions. We have seen that if we use a bag field
operator at this stage we break translation invariance. We need to retain translation
invariance and hence guarantee momentum conservation at the quark- target vertex.

Where we have translation invariance we may write
p1(€) = eP4 1 (0) e (6.67)

where p is the full energy-momentum operator for the strongly interacting system.
Now, as in the QPM in Chapter 2, we may introduce a complete set of states,
> |n)(n] = 1 with momentum p, and rest mass M,, into eqn. (6.66). Because both

the states |p) and |n) are eigenstates of p, we have

f2) = ﬁz / ;f; / d¢= TP (g (0)p)el ler=0  (6.68)

= % [ 3250t - (- s Ol (689

4rpn
At this stage we can now use bag states, provided that the state is translation

invariant. Thus we use the Peierls-Yoccoz (PY) procedure to construct our initial

state, at rest, from bag states containing three quarks in the ground state:
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Ip) = [¢a(0)]™* [ dr |Bs(r)) (6.70)

where | Bs(r)) is a MIT bag state centred at r containing three ground state quarks.
The choice of the intermediate states |n) is crucial. Obviously |n) must be the result
of acting on the initial state |p) with the operator ¢,. We choose the intermediate
states to be MIT bag states with the same radius as the initial state, but with a
different number of quarks. That is, the result of the operator ¥, acting on lp) is
to add or subtract quanta from the bag. The bag radius is taken to be constant
because, on the typical time scales of DIS, the change in bag radius caused by
the addition or subtraction of quanta takes a long time. Again we apply the PY

procedure to construct an approximate momentum eigenstate:

In) = [gs(81 [ dr €#71B;(r) (6.71)
where j labels the quanta in the intermediate state.

We need now to consider the delta function in eqn. (6.69). This delta function

fixes pt to be (1 — z)p*, but we need to convert this to a delta function which fixes

p! the momentum of the intermediate state. We have

ﬁ=%%+ﬂﬁHM% (6.72)

where M, is the rest mass of the intermediate state. Manipulating the delta function

we obtain

500t~ (1219 = 2 [+ S s (5, - LO=T o) o1

It may seem surprising that as = — 1, p7 — 0 but p,, — —oo. However in this limit

we are removing a very fast quark from the initial state, which is at rest. Thus the
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intermediate state will have a large recoil in order to conserve momentum. We note
that we must expect the PY projection to break down in the z — 1 limit, as it is
based on a static approximation, as was discussed in Section 6.2.2.

The first term in our sum over the states [n) will use the most obvious intermedi-
ate state, which contains two quarks in the ground state. Using our PY projections,

eqns. (6.70) and (6.71), the matrix element in eqn. (6.69) becomes

(nl4(0)|p) = [¢3(PL)¢3(0)]—1/dT1dr2 e~ "1 (By(r1)|94(0)| Ba(r2))  (6.74)
= [¢§(Pﬁ)¢3(0)]_1/deT e~ uor (—r)e P (B,(R)| B(0))
= [20%65(,)/ $3(0)] fior(p,) (6.75)

where @io(p) is the Fourier transform of the ground state eigenfunction.

Thus the first term in the quark distribution function, denoted fi(z), is given by

|04+ (05)|” [pp=n12(1-2)2 - M3)/2(1-2) 0 (6.76)

(1—=)?] 2M|¢3(0)[?
We can see by inspection that f(z) is only defined for < 1, hence we have the
correct support for the structure functions. We also see that for negative z, the quark
distribution function is again positive, implying a negative antiquark distribution.
It is now time to address the problem of the negative antiquark distribution
functions. In Section 2.5.2 we saw that the QPM emerged when we made a choice
of the kinematic region ie. range of z, and of the diagrams we wished to consider.
For quark distribution functions the QPM is only applicable in the region z > 0, so
the formalism we have thus far been using only applies for positive z. For negative =

the quark distribution function is a sum of the connected diagram plus the partially

e
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connected diagrams, as were shown in Fig. 2.7, and we have not yet attempted to
take these partially connected graphs into account. However when z is negative
it is possible to define a quark distribution function in the QPM in terms of the
antiquark distribution function at positive z. using the results of Section 2.5.1 we

have

ful—2) = ~fi(a) (677)
= —Q/ de= e ¢ (plapay (€7 )4 (0)IP)ecler=o (6.78)
= o5 [ s - ot DO, @ >0 (679

47rp
Thus all the structure functions in the QPM are defined in terms of distribution
functions at positive z and using the QPM analysis in the bag model will not lead
to negative antiquark distributions. Instead we must calculate different matrix ele-
ments to those we have thus far calculated. On inspection we see that only ‘bubble-
like’ contributions to the antiquark distributions can occur, at least when we only
include valence quarks in our model.

Now the operator ¥, (1/)]_) involves two types of terms: those in b (d) which
destroy a quark (antiquark), and those in df (b') which create an antiquark (quark).
Thus we also expect a term in the quark distribution function in which the interme-
diate state |n) contains three ground state quarks plus an antiquark. Since the mass
of this intermediate state M’ is greater than that of the target state, this term will
peak near z = (M — M!)/M, which is less than zero. Thus in the physical region
(z > 0) this new term will contribute mainly at small z. We note that this behavior

is similar to that expected from the ¢g ‘sea’.
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We need to have this new term contributing to the connected matrix element in
eqn. (6.66). Now the operator product 1/)1(6')11)4_(0) involves four types of terms:
btdb, ddt, btdt and db. The b'b term simply corresponds to the first term in the quark
distribution function where a quark is removed from the target and later inserted
back. The terms in btd' and db vanish as we cannot form any physical intermediate
states. The term in dd! is usually assumed to vanish, as in a free field theory it
can only contribute to a disconnected matrix element. However the bag model is
certainly not a free theory, and it is possible for an antiquark to be inserted into
the target bag, interact inside the bag, and then be removed. That is, similar
to the bubble contributions and the z graphs, a pair is created and one of the pair
interacts with the bag while the other travels along the light-cone where it eventually
annihilates with its partner. We must consider the intermediate state carefully.

We are inserting an antiquark into the cavity, where it will be in an eigenstate.
Now it can occupy any of the antiquark levels in the bag, and to find the total
contribution to the quark distribution function we need to sum over all these levels ie.
sum over all the possible intermediate states. However by far the largest contribution
comes when the antiquark is inserted into the ground state of the cavity. The reason
for this is simply that this intermediate state will have the smallest mass M, of any
of the intermediate states, which will mean that the peak of this contribution is
the closest to z = 0, and so is the largest contribution for positive z. The next
contribution (from inserting the antiquark in the first excited state) gives less than

10% of the first, and if we insert the antiquark in the mth level, then its contribution
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goes asymptotically like 1/m?, so the series is dominated by the first term.

For the new term, the matrix element in eqn. (6.69) becomes

(n]14(0)|p) oc [$a(pl,)/ b3(0)]iidy (pl,) (6.80)

and the new term in the quark distribution function is

[ (7)1

_ M MR/MP 200 (P,
R =5 ll T —m>2] 2M|45(0) P

p=M2(1-2)?-M2)/2(1-c)M (6.81)

We note that this term is positive.

Now the btb contributions to f(z) have three components, one for each quark in
the initial bag state. However the new dd' contributions of eqn. (6.81)will have six
components in two dimensions, two flavours and three colours, and in four dimen-
sions the addition of spin will allow twelve components

In a similar fashion we may use eqn. (6.79) to calculate the antiquark distribution.
As we mentioned earlier, our target contains no valence antiquarks, so the only
contribution to the antiquark distribution comes from terms in b in %, (67)%1(0).
This will correspond to a quark being inserted into the target, interacting inside
the bag, and then being removed. It will have the same shape and sign as f;(z),
eqn. (6.81). However there are only three components instead of the six above, as
three of the available levels for a ground state quark are already occupied in the
intermediate state.

Thus we identify half of the six ddf terms in fa(z) with valence quark contri-

butions, and the remaining half is identified with the flavour symmetric sea. In

four dimensions the sea contribution is larger because there are more energy levels
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available to the sea quarks because of spin. The sea distribution is intrinsic to the
bag, and it is positive. This sea arises from the fact that matrix elements which
may be disconnected in a free field theory are connected in bag theory. This points
to a fundamental difference between the vacuum inside the bag, which has discrete
energy levels, and free space, where energy levels are continuous.

Obviously the value of the mass of the recoiling intermediate state is crucial to
our determination of fy(z) and fy(z). As we mentioned earlier, we have taken for
our intermediate states cavity states with one less, or one more, quark than the
initial state, and the same binding energy as the initial state. We now appear to
have a problem in that the intermediate state will have a net colour charge, and
so should have infinite mass. However we must remember though that the ‘free’
struck quark travelling along the light-cone (which also has a net colour charge)
and the intermediate state do not travel ‘far’ from one another. That is to say
that if we were able to separate the struck quark and the intermediate state, there
would be an infinite energy associated with an infinite string between them, but
asymptotic freedom tells us that this is not the case and that the colour flux line
between the struck quark and the intermediate state only has a finite (and small)
energy associated with it. A possible reason for this is that on the short time scales
of DIS a large flux string (with infinite energy) does not have time to grow.

Using the mass formula for the cavity, we can calculate the masses of the inter-
mediate states M, and M/ in terms of the mass of the initial state M, where the

initial state contains as usual three quarks in the ground state
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M, = gM, M = EM. (6.82)

Using these masses we are able to calculate the distribution functions fi2(z), see

Fig. 6.7. We find

/01 dz fi(z) = 91% /01 dz fi(z) = 5.2% (6.83)

3/01 dz z fi(z)

81% /0 " do folz) = 0.6% (6.84)

so now the valence quarks are clearly not carrying all of the four momentum of the
target but around 80% of it. We note that decreasing My to 2 M leads to the valence
quarks saturating the momentum sum rule, as we saw in our earlier calculations.
So the choice of intermediate mass is indeed crucial. This again highlights the
importance of the binding of the quarks and the nature of the interior of the bag.
The total area under fi(z) and fo(z) is about 96%. We presume that the missing
4% of the valence quark distribution is lost because the Peierls-Yoccoz projection
for the intermediate states breaks down at large z.

We also note the presence of unphysical zeroes in the distribution functions
fi(z) and fi(z). These zeroes occur because in the two dimensional bag there are
no transverse components in the momenta of the bag or its constituent quarks. We
do not expect to see these zeroes in four dimensional calculations. In practice we
can avoid any bad side effects of the zeroes by averaging the distributions around

the zeroes.
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Fig. 6.7. The quark distribution functions fi(z) (dotted line) and fy(z)
(dashed line) for a cavity containing three quarks in the ground state.



Chapter 7

Properties of the Quark
Distribution Functions

Kén — Stillness
When all movement and resting take place at the appropriate times, one’s

progress is brilliant.
7.1 Structure Functions

In the final section of the previous chapter we presented a novel method of calculating
quark distribution functions using the wave functions of a two dimensional bag
model. We now wish to use these distributions to calculate the structure functions
measured by experiments, and to compare with experimental determinations.

We have calculated two different distribution functions:

fi(z) = contributions to ¢(z) from b'b terms,
fa(z) = contributions to g(z) from dd' terms

= contributions to §(z) from 55! terms.

We saw that in addition to the valence quark distribution qv(z) = fi(z) + fa(z)
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there is an unavoidable sea quark distribution gs(z) = 3f2(z) (the factor of three

arises from colour). Now we can calculate the experimentally observed neutrino

structure functions Fy(z) = FYN(z) + FyN(z) and zF3(z) = cFYN(z) 4+ zFIN ()

Fa(z) = > a(q(z) + ga(@))

a

= 3z(fi(z) + 3f2(z)) as there is no flavour dependence (7.1)

eF3(z) = ) z(ga(z) — ga(2))

a

= 3z(fi(z) + fa(2))- (7.2)
These are shown in Fig. 7.1 along with the antiquark distribution zg”. We can
compare this directly with the experimental measurements plotted in Fig. 2.11.
We note that the shapes of the structure function zF3(z) agree qualitatively,
which tells us that our calculations of the valence quark distribution compare well
with the experimental determinations. However our calculated F(z) is not at all
like the experimental structure function in the range 0 < = < 0.3. The reason for
this is that the sea distributions differ greatly, as is seen by comparing the curves
denoted g7 in Fig. 2.11 and z§” in Fig. 7.1, both of which show the momentum
distribution of the sea. Experimentally we see that at low z the sea carries a sig-
nificant proportion of the momentum of the nucleon, whereas our calculations put
very little momentum on the sea quarks. Recalling the results of Section 2.6, as the
momentum transfer of the lepton probe Q2 increases, we observe more sea quarks.
This implies that our calculations must correspond to a low value of Q? as we only
calculate a small sea. This agrees qualitatively with the conclusions of Jaffe and

Ross [JR 80], who calculated that the Q? appropriate for twist two matrix elements
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Fig. 7.1. The structure functions Fy(z) (dotted line), zF3(z) (dashed line)
and zg(z) (long dashed line) for a cavity containing three quarks in the ground
state (cf Fig. 2.11).




in the Ly approximation was around 0.7 GeV2.

We also note that in the limit z — 0 our calculated sea distribution gives a
finite number of sea quarks, whereas the experimental sea distribution shows an
infinite number of sea quarks. This behavior of the experimental sea distribution
agrees with the predictions of Regge theory [LP 82,AGT 69] where an SU(2) singlet
‘Pomeron’ is exchanged between the nucleon and the lepton probe. In our bag model
calculations we have not included any Regge effects, so we do not expect to calculate
an infinite number of sea quarks at low z. Finally we should remind ourselves of
the argument at the beginning of Chapter Six that our calculations of DIS structure
functions in the bag model are probably only applicable for z greater than ~ 0.05,
so we do not expect to be able to accurately predict the low z behavior of the sea
(or valence) distributions.

Having calculated the structure functions Fy(z) and zF3(z), we should check
that they satisfy the sum rules given in Section 2.7. For the Adler sum rule we

obtain
SN
/0 do ~[F}"(a) = F{"(a)] = 0.96 (7.3)

which is in good agreement with the QPM expected value of 1. For the Gross -

Llewellyn-Smith sum rule we have
1
/0 dz [FYP(z) + F] = 2.89 (7.4)

which also agrees reasonably well with the results of the QPM. In fact next-to-

leading order QCD gives the value of this integral as 3(1 — g?(@?)/47?), where g¢* is
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given by éqn. (2.88), and Q? is the scale at which the measurements (or calculations)

are taken.

We also have the results that
1
/ dz FN(z) = 0.85 (7.5)
0
and
1
/ dz FY(z) = 0.83 (7.6)
0

which show that about 85% of the plus component of momentum of the bag is carried
by quarks and antiquarks, and that only a small part of this is carried by the sea,
83% is on the valence quarks. Presumably the remaining 15% or so is carried by the
binding field of the bag. Experimentally (in the four dimensional world) the integral
over Fy(z) is around 50%, indicating that the binding glue carries about half of the
momentum of the nucleon. Again the difference between the experimental results

and our calculation implies that our calculations are appropriate for a low value of

Q>
7.2 One Gluon Exchange

In our calculations of the quark distribution functions and other structure func-
tions, we have so far neglected the effect of one gluon exchange (OGE) in the bag
model. As we saw in Chapter Five, one gluon exchange leads to a hyperfine split-
ting between the nucleon and the delta. Thus the mass of the ‘proton’ bag state

is lowered by about 150 MeV, this lowering being shared equally between the two
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quark flavours u and d (we ignore the strange component of the sea as this is small).
More importantly for our calculations, the recoiling states will have different flavour
content and hence different masses. As the two dimensional bag model neglects spin
(which is important in the OGE, see eqn. (5.20)), our philosophy in this section is to
avoid the actual mechanics of the OGQE, and to treat our model as a two dimensional
analogue of the four dimensional model.

We consider first the contribution of di-quark intermediate states. In the case of
the u distribution the appropriate recoil state has flavour content ud, whereas for
the the d distribution the recoil state will be uu. The OGE lowers the mass of the uu
state relative to the ud state. This will have the effect of shifting the d distribution
to lower z, and the u distribution to higher z, as was discussed in the final section of
Chapter Six. In the case of four quark intermediate states, the differences between
the masses of the differently flavoured recoil states will be small (from the form of
eqn. (5.20)), and we shall ignore it for the time being. If we think of adding a quark
or an antiquark to a colourless three quark state, the OGE will have little effect on
the inserted quark or antiquark.

The effects of introducing the OGE can be seen in Fig. 7.2. The valence u
distribution is moved to higher «, while the valence d distribution moves to lower z,
thus proportionally more of the momentum of the proton is being ca;‘ried by the u
quarks.

There will also be a difference between the sea distributions us(z) = @s(z) and

ds(z) = ds(z). It is easiest to see how the difference in sea distributions in the
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proton arises in the case of the antiquark distributions #(z) and d(z). In each case
the appropriate intermediate state is formed by inserting a quark into the ground
state of the three quark cavity. But only one u quark can be inserted into the
ground state of the proton (two of the three states are occupied by the valence
quarks), whereas two d quarks can be inserted into the ground state. Thus we
have ds(z) = 2@is(x). In the four dimensional model, where we have spin, the ratio
d(z)/a(z) = 5/4, a value close to that obtained by Feynmann and Field [FF 77]. So
we conclude that SU(2) symmetry is broken by the sea, and quite badly in the case
of our two dimensional model. In Fig. 7.3 we show our calculated sea distributions
us(z) and dg(z).

We also note that the OGE affects slightly our normalizations of the quark

distributions. We obtain the integrals:

] dz uy(z) = 1.86, dz zuy(z) = 0.56 (7.7)
0
1 1
: dz dy(z) = 0.88, dz zdy(z) = 0.23 (7.8)
0
1 1
A dz us(z) = 0.054, dz zus(z) = 0.008. (7.9)
0

So for the Adler and Gross - Llewellyn-Smith sum rules we obtain 0.98 and 2.74
respectively.

In Section 2.7 we saw that use of the Nachtmann relation 1/4 < F§*/F,? < 4
led to the conclusion that at high z, d(z) < u(z) in the proton. However our calcu-
lations do not reproduce this. In Fig. 7.4 we have plotted the ratio F§"(z)/F;*(z).
Unfortunately the oscillatory behavior of the quark distribution functions at large

r makes it difficult to calculate the Nachtmann ratio in this region. We note that
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0-4 0-6 0-8 1

Fig. 7.3. The sea quark distributions for a ‘proton’, ug(z) (solid line), and
ds(z) = 2ug(z) (dashed line).



Fig. 7.4. The Nachtmann ratio Fy3(z)/Fy%(z). The spike near z = 0.7
occurs because of the zero in up(z).



at medium z the ratio falls well below unity in agreement with experimental data
[LP 82]. However in the z — 1 limit the two distributions u(z) and d(z) that we
have calculated have similar behavior, leading to a ratio close to one. This may
well be due to the breakdown of our approximation for the recoil state in the high

T region.
7.3 Effects of Background Fields

A nucleon in a nucleus is affected by the nuclear scalar and vector fields (o and
w meson fields). It would seem reasonable then that a first step in modeling the
EMC effect would be to take a successful nucleon model, namely the MIT bag, then
introduce background scalar and vector potentials into the model, as we did in the
final section of Chapter Five, and then attempt to calculate the quark distribution
functions in this augmented nucleon model. This approach will consider the effects
of fields on a static nucleon, and so neglect Fermi motion which is important for
z > 0.7. An extension of this approach to modelling the EMC effect would be to
do a convolution of the structure function of a nucleon in a nucleus and to add in
Fermi motion in a similar manner to the ‘off shell’ model [DT 86,Dunne 86].

There is an immediate problem as, except at very low z where the distance
travelled by the struck quark can be larger than typical nuclear diameters, the
struck quark has to travel in the nucleus, and can be affected by the background
fields. In particular the struck quark will not necessarily travel along the light-cone.

In the case of the scalar potential Vg there will be corrections of order VZ/@? which
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arise in the same manner as quark mass corrections to DIS discussed in Chapter
Two. This effect can be quite large at the low values of @ appropriate to our
DIS calculations using the bag model. In the case of a vector potential with time
component Vp, effects of the order V/eo may be present, where € is the ground state
energy eigenvalue. However we should also keep in mind that we are trying to model
QCD, which means that we should keep using the idea of asymptotic freedom. Thus,
in the first instance, these calculations are made using the free quark propagator (as
earlier) without any corrections introduced by the background fields. However we
should keep in mind the approximation made, and in the future attempt to look at
the corrections to the propagator.

In this work we take small values of Vs and Vo, typically less than one tenth
of the quark eigenenergy. Using the cavity eigenfunctions eqns. (5.87-93) in the
distribution calculations eqns. (6.76, 6.81) we can then obtain the quark distribution
functions for a cavity in the presence of background fields. Now in nuclear physics
the mean scalar and vector fields have strengths that are typically of the order of
hundreds of MeV. However the potential felt by the quarks is given in terms of the

quark-meson couplings as well as the mean field strengths [Gui 88]
Vs = 9407, Vo = ggu@, (7.10)

so Vs and V; will be small as long as the quark-meson coupling constants g,, and
Jqw are also small.
In Figs. 7.5-7.7 we compare the valence and sea quark distribution functions

of the ‘free’ cavity, without any background fields, with those of a cavity in some
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background field(s) (weak potential). The potentials are given in units of 1/1, where
20 is the length of the static cavity, so V = x/50 corresponds to a potential of
~ 15 MeV. We see that at low z the difference brought about by the presence
of the background field can be quite large, on the order of 10%. The scalar field
enhances both the valence and sea distribution functions at low z, and also slightly
(few %) at medium z (see Fig. 7.5). Around z = 0.3 the scalar field slightly depletes
the distribution functions. The vector potential appears to have the opposite effect
to the scalar potential, depleting both the distribution functions at low and medium
z (see Fig. 7.6). In both cases the potentials have little effect at high z, and we
would be most surprised to see any EMC-type effects there. Fig. 7.7 shows the effect
on the distribution functions of having both scalar and vector potentials, giving an
overall binding of the nucleon of a few MeV. The results qualitatively mimic the
effect of a scalar potential on its own. We note that the magnitude of the changes
in the structure functions apppears to increase with the size of the potentials (for
small potentials).

In Fig. 7.8 we plot the ratio of Fy(z) calculated for the cavity in the presence
of background scalar and vector potentials divided by F3(z) calculated for the free
cavity. The ratio is only plotted over the range 0 < z < 0.6 as the zeroes in
the distribution functions beyond z = 0.6 make the comparison of the structure
functions meaningless. We do see some structure in this ratio up to z = 0.6. At low
= the structure function is enhanced by the background fields — similar to the first

EMC results. In the region 0.2 < z < 0.3 the ratio dips slightly below unity, but
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qx)

Fig. 7.5. The valence and sea quark distributions for the free cavity (solid
lines) and the cavity in a scalar potential Vs = /50 (dashed lines).
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Fig. 7.6. The valence and sea quark distributions for the free cavity (solid
lines) and the cavity in a vector potential Vy = x/50 (dashed lines).
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q(x)

Fig. 7.7. The valence and sea quark distributions for the free cavity (solid
lines) and the cavity in scalar and vector potentials Vs = 7/50, Vo = 7/100
(dashed lines).
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Fig. 7.8. The ‘EMC’ ratio F;’v(w)/F{(:v) where sz(:z;) is the structure func-
tion for the free cavity, and F;""(z) is the structure function for the cavity in
background scalar and vector potentials Vg = x/50, Vo = 7/100.



then it rises again, contrary to the experimental data. This is not a Fermi motion
effect as there is no Fermi motion of the nucleon in this model. Even though we do
not reproduce the experimental data on the EMC effect very well, it is encouraging
to see that small background potentials can produce an effect on the cavity structure
functions that is of the same order as the EMC effect. It is also encouraging to see
some structure in our ‘EMC’ ratio, which gives us hope of further improvement in

our results.
7.4 Lengthening the Cavity

In Chapter Three we examined the CRRJ hypothesis that an increase in the charac-
teristic length scale of nucleons in nuclei could lead to a QCD rescaling that would
explain the EMC effect. In this section we will examine the effect that stretching or
lengthening the cavity has on the quark distribution function we have calculated.
We can lengthen the cavity by relaxing the non-linear boundary condition that

constrains the bag constant B. The mass of the cavity state is determined by
Ml =2BI’+> E;l (7.11)

where E; are the energies of the quarks in the cavity. Now we require that M be
constant, and we know that the energy eigenvalues multiplied by [ are constant, so
we can see that a change in B brings about an inverse change in [, that is Bl is
constant also.

In Fig. 7.9 we compare the quark distribution functions for a cavity stretched by

10% with those of the unmodified cavity. The distributions from the stretched cavity
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2:5

f(x)

Fig. 7.9. The valence and sea quark distributions for the unstretched cavity
(solid lines) and the cavity stretched by 10% (dashed lines).



are slightly sharper than those of the unmodified cavity. This is to be expected on
general grounds [BT 87b]. The Heisenberg uncertainty principle tells us that in the
larger cavity the spread in momentum of the quarks is less than in the usual size
cavity. As z is the proportion of the plus component of the momentum of the cavity
that is carried by the struck quark we should expect the distributions in z of the
larger cavity to be sharper than those of the unstretched cavity.

In Fig. 7.10 we calculate the ‘EMC’ ratio of the structure functions in the
stretched and unstretched cavities. We see that at low z the ratio is below unity,
but then rises above unity for 0.2 < z < 0.3, and then falls again, getting below one
half as z nears 0.6. This behavior is qualitatively not unlike the experimental data
on the EMC effect, and again the presence of some structure in our results is most
encouraging.

We note the similarity between Fig. 7.9 and Fig. 7.6 which compared the usual
quark distribution functions with those of a cavity in a background vector potential.
We may also note that in the presence of the vector potential the bag constant
B decreases while the mass M of the cavity remains constant. This implies that
the length scale B! of the cavity vacuum has increased. So a background vector
potential may have similar effects on the cavity as a deliberate lengthening. This
means it would be very difficult to separate the effects of a change in length scale of
a nucleon in a nucleus from the effects of the nuclear vector field on the nucleon. On
the other hand we could argue that the nuclear vector field produces a change in the

length scale of a nucleon in a nucleus, which leads to the changes in nucleon structure
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Fig. 7.10. The ‘EMC’ ratio Fj (z)/Fz(z) where Fy(z) is the structure function
of the unstretched cavity, and Fif(z) is the structure function for the cavity

stretched by 10%.



functions that we have calculated at some low value of @?. Then via the QCD
evolution equations we obtain the EMC effect at high values of @* in accordance
with rescaling. We can also note that the presence of the nuclear scalar field has
the opposite effect on the cavity, that is B/M increases, leading to a shortening of
the cavity, and a widening of the distribution functions as seen in Figs. 7.5 and 7.7.
However it is not beyond belief that the right combination of V5 and Vs along with

rescaling could reproduce well the experimental data on the EMC effect.

7.5 Analysis of the Moments of the Distribution
Functions

We have repeatedly stated throughout the last two chapters of this thesis that the
quark distribution functions we have been calculating are the twist two matrix ele-
ments for deep inelastic scattering calculated at some low value of the momentum
transfer Q%. We would not expect to see these distributions experimentally, because
as @? becomes smaller, higher twist effects become more predominant in the exper-
imentally measured structure functions. However we would hope that if we were to
evolve our calculated distributions to some high value of @% using the QCD evolu-
tion equations of Chapter Two, we would obtain distributions somewhat like those
seen experimentally. The major proviso in this is that leading order QCD remains
valid for low @2, which has not yet been established (although we are on less shaky
ground in examining non-singlet rather than singlet moments [PR 81]).

The necessary first step is to determine the value of Q? at which our twist two

calculations are valid. Following Jaffe and Ross [JR 80] we shall call this value of
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n | M (u2) | M2y | MED(QY)

1 3.0 3.0 —

2 0.86 0.85 0.38 = 0.07

3 0.31 0.31 0.097 £+ 0.004
4 0.13 0.13 | 0.0386 £ 0.0014
5 0.056 0.059 | 0.0184 4 0.0004
6 0.026 0.028 | 0.0097 £ 0.0002
7 0.013 0.014 | 0.0055 & 0.0002
8 0.0068 0.0078 | 0.0035 &+ 0.0001

Table 7.1: The moments of zF3 determined using the bag distribution functions and
experimentally.

the momentum transfer 2. In order to find g2 using QCD perturbation theory,
we need to calculate the moments of the non-singlet structure function zF¥¥(z)
using our quark distributions and compare these moments with those determined
experimentally. In Table 7.1 we list the bag model predictions for the moments
of zFy, MY (p) with (denoted by an asterisk) and without magnetic (one gluon

3Ns

exchange) effects, and the experimentally determined moments at Q* = 13 GeV?,

M(l) (u

3ns\H

’Mg(,z)s(Qz) [PR 81]. The bag moments are normalized so that 2y =3, in
accordance with the Gross - Llewellyn-Smith sum rule (the difference between using
normalized and non-normalized moments is slight).

Now the moment evolution equation of QCD (eqn. (2.94)) gives us the relation-

ship (to leading order) between non-singlet moments evaluated at y3 and @*:

)
M(”) /Az)] NS

n(@
3w (H0) [ In(Q?/A7) (7.12)

Now the ratios @?/A% and u2/A? are independent of n, so rearranging eqn. (7.12)

and taking logarithms leads to the relation
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divh é’;)s(Qz) did [ MNQY

We can test eqn. (7.13) by plotting the logarithm of the nth non-singlet moment of
¢ F3 versus the logarithm of the mth non-singlet moment. According to eqn. (7.13)
the data should be on a straight line of slope d$s/d{7d. In Fig. 7.11 we have
reproduced the experimental results from the BEBC collaboration [LP 82,Bos+ 78],
with our bag model predictions and lines with the slopes predicted by leading order
QCD (with four flavours). We see that our bag model predictions lie slightly to the
right of the data and the theoretical QCD line, and appear to be consistent with 7%
having a fairly low value.

From eqn. (7.13) we also have that the ratio

(n)
DO = — m[ o (“0)] (7.14)
dNS MSNs(QZ)

should be independent of n, that is a plot of D™ versus n should be a straight
line of slope zero (higher order QCD predicts a line with a small positive slope). In
Fig. 7.12 the ratios D™ are plotted, and they are certainly not constant with n, in
fact they decrease with n.

It would appear then that analysis of the moments of our calculated distribution
functions is inappropriate. The reason for this is that moment analysis depends
very critically upon the large = behavior of our distributions, but this is the regime
where our approximation for the recoil state breaks down, as was pointed out in
the previous chapter. Hence we do not expect that the results of analyzing the

moments of the calculated distributions in two dimensions should be taken too
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Fig. 7.12. Plot of D™ = [d7L~1 In[M{™_(u2)/MS™_(Q?)] where M) (u2) are the

3ns 3ns 3Ns
moments of £ F3 calculated in the 2-d cavity (with an arbitrary uncertainty of 10%),

and 1\/[3(:;)5(@2) are the experimentally determined moments at Q% = 13 GeV?2.



seriously. It would certainly not make s ense for us to take the moments, evolve
them to large 2, then perform an inverse Mellin transform to obtain distribution
functions ‘appropriate’ to this large value of Q2.

To point this out, we may attempt to estimate the scale 2 in a manner similar

to that of Jaffe and Ross [JR 80]. Leading order QCD gives the relation [PR 81]:
exp[-D™] = 1 4+ B™ In(u2/Q?) (7.15)

where the B(™ are determined by a fit to the high Q? data. Using the third
moment of zFs we obtain y2 = 0.8 £ 0.1 GeV?, but for n = 4, 5, 6 we obtain
p? = 1.1, 1.8, 2.5 GeV? respectively, indicating that the unreliability of our distri-
butions at large z leads to large unreliability in their moments. Looking again at
Table 7.1 and Fig. 7.11 we see that our cavity approximation predictions for the
moments of zF; fall too quickly with n, which leads us to the expectation that our
predicted moments might be good for small n, and that a value of 2 ~ 0.8 Gev®,
is a good estimate of the scale appropriate for our bag and cavity calculations, in

accordance with our earlier expectations and the calculation of Jaffe and Ross.
7.6 Summary

In Chapters Six and Seven of this thesis we have presented a new method of calculat-
ing the twist two matrix elements of DIS using the two-dimensional MIT bag model.
We have then used this method to examine the flavour symmetry-breaking effects
introduced by the hyperfine one gluon interaction in the proton. We also examined

the EMC effect, looking at the changes in quark distribution functions that the
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background nuclear fields can induce, and also changes induced by changing the nu-
cleon length scale (d la CRRJ [CJRR 85]). In both cases we found effects similar in
magnitude to the EMC effect, though not necessarily reproducing the z-dependence
of the EMC effect. We also noted that in the bag model changes in length scale and
changes in the background scalar and vector potentials were intimately related.

It was unfortunate that we could not determine the momentum transfer scale
appropriate to our calculations, though this failure probably comes from uncertain-
ties in the distribution functions at high z, which become magnified when moments
of the distributions are taken, and also from the breakdown of our model for the
intermediate state at high . However we persist in our belief that the calculated
distribution functions are appropriate to a low value of Q?, probably in the region
of 0.8 GeV?, as was determined by Jaffe and Ross for the Ly Approximation.

Our method of calculation is generalizable to four dimensions [BST 88], though
the calculations of the quark overlap functions are somewhat tedious. However the
slightly different wave functions, plus (more importantly) the presence of transverse
components of quark momenta in the four dimensional model should do away with
the unphysical zeroes at high z that appear in the calculations in two dimensions.
The use of the four dimensional model may well enable us to estimate better the
appropriate momentum scale for the calculations, and hopefully ﬁne tune our cal-
culations with regard to possible causes of the EMC effect. Also we would be able
to introduce spin into our calculations and examine the important spin structure

functions and asymmetries [ST 88a]. However the basis for this future work will be
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the methods developed and presented in this thesis.
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We examine the experimental constraints on the size of a possible non-perturbative component of the strange-quark sea in the
nucleon. It is found to be consistent with theoretical expectations within errors which are quite large and should be reduced.

One of the most comforting confirmations of the
predictions of QCD is the observation of logarithmic
scaling violations in the structure functions meas-
ured by deep inelastic scattering (DIS) [1]. In par-
ticular, there can be no doubt that an increasing
fraction of the sea-quark distribution is generated
perturbatively as Q? rises [ 1,2]. Nevertheless, it has
long been recognised that some fraction of the sea
may be associated with non-perturbative processes —
like the pion cloud of the nucleon (itself necessary
to ensure chiral symmetry). This component was first
calculated by Sullivan as long ago as 1972 [3]. More
recently, with the advent of modern data (particu-
larly from neutrino experiments) [4], it has proven
possible to put limits on the size of this pionic con-
tribution - and indirectly on the quark confinement
radius [5]. This question has become even more
topical since the discovery of the EMC effect [6,7].
Amongst the multitude of explanations put forward,
one of the least exotic involves possible enhance-
ment of the virtual pion field of the nucleus (beyond
that of a collection of free nucleons) [8-10].

It is our purpose to describe the extensions of this
work to the strange sea of the nucleon [s(x) and
§(x)], and to investigate the limits which recent data
place on it. We shall see that a dramatic difference
in shape is predicted for the non-perturbative com-
ponents of s(x) and §(x). For reasonable ANK (and
INK) form-factors (i.e., of similar range to the
nucleon axial form-factor), the predictions are con-
sistent with data: within its very large errors. With

0370-2693/87/$ 03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)

a not unreasonable improvement in precision the
theory could be severely tested.

The mechanism which we have calculated is shown
in fig. 1. For the final hyperon we include only the
A and . As already pointed out in the pionic case,
the contribution from excited baryon resonances
would be restricted to small x, where the assumption
of incoherence eventually breaks down. By analogy
with Sullivan the amplitude for fig. la is written as

Uy 1Y sUn

A* =gnnk N (X]#j1K(k)) , (1)

2
K
where k is the four-momentum of the ¢xchanged
meson, « and # the appropriate Dirac spinors, X the
debris of the struck kaon, and gynk (H=A or X) the
appropriate coupling constant. If we now square the
amplitude, sum over all final states and average over
initial spins we find

& &

(a) (b

Fig. 1. Non-perturbative contributions to the strange sea of the
nucleon. (a) The incoming photon is abosrbed by a virtual kaon.
(b) The incoming photon is absorbed by a virtual hyperon.
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2my AW S
dk? dx’

X giink Trl(Bn +mn)ys(B+my)ys]

T X'? 4n (kK —mi)?

X (n~"' Im C¥), (2)
where
7' Im C¥

= ; CKK) 7(0)1 X5 <X 17*(0) K (k) >

X (g+k+px) . (3)

In eqs. (2) and (3) x (x') is the Bjorken variable
appropriate to the lepton-nucleon (lepton—kaon col-
lision) - x=1/w in the notation of ref. [3].

The spin trace is easily shown to be k?— (my
—my )2 We also recognise the expression in eq. (3)
as the structure function of the (off-shell) kaon.
Given the experimental observation that the pion and
kaon structure functions are equal within experi-
mental errors [11] we shall use the (better deter-
mined) pion structure function for Im C{¥ [12].
Finally, we neglect the possible dependence of Im C*
on the invariant mass of the kaon - an approxima-
tion that deserves further work in another context
too [13]. With this approximation we find the fol-
lowing result for 8 F»(x, Q2), which is the contri-
bution to the structure function of the nucleon from
the process shown in fig. la:

BFx 0% = [ dy f) Faxxty, 02, (4)

where

ngKN
f(y):yH:Z/:\):f}—' 167[2

co

(+ (mp —my)? 2
t————————F*(¢) . 5
8 f Yy O (5)
fmin
In eq. (5) we have as usual set t=—k? (>0), F(¢)
is the high-momentum cut-off (or form-factor) at the

HNK vertex, and t,,;, is the minimum value of — k2
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for the process shown in fig. la at this value of y
(y=x/x"):

tmin =Y[mis — (1 —y) mA1/(1-p) . (6)

For the coupling constants we use g2y /47 =3.7 and
gink/4m=13.7 [6]. As in earlier work we take the
form-factor to have a simple analytic form moti-

the interpretation of a bag radius):
F(t)y=exp[—0.106mg R*(t+my)?/mi] . (7)

The factor f}; is an isospin factor, which is 3 for H=X,
and | for H=A.

Actually the kaon case is different from the pion,
because the electromagnetic structure functions of
K* and K? are different, whereas those of the ° and
n ™ should be the same. This would lead to different
values of f},. However, our interest is not so much
in the contribution of fig. 1a to the electromagnetic
structure function of the proton (which would be very
small), but rather in the non-perturbative, anti-
strange sea, S§)F(x), which it generates.

In terms of the f(y) already defined, and given that
both K° and K™ contain one valence anti-strange
quark (so that the values of f}, given are appropri-
ate) we find

x50 0= [ sy 0. (8)

v

It is less obvious how to calculate the non-pertur-
bative, strange sea, s)'". The simplest idea, suggested
by Berger, Coester and collaborators in the pionic
case [ 10] is simply to evaluate fig. 1b using the same
J(»). In our case the source of the strange sea of the
proton is therefore primarily the valence strange
quarks in the recoiling A or . Since we know no bet-
ter, we take the valence distribution of the A and I
to be of the form sy (x)=N,x~'2(1—x)* - as for
valence u-quarks in the proton. Small variations in
the exponents would change none of our conclu-
sions. Our final expression for s)*(x, Q?) is then:

I —x

x5y @)= [ ay sl a-y)

0

Xsu(x/(1-y), @) . (9)
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The first, dramatic result of this calculation is that
sNP(x) and spP(x) have quite different shapes.
Whereas §NF has a very similar shape to the usual
parameterisations of sea-quark distributions, which
die out beyond x~ 0.3, s™" is quite different. Because
of its origins in the valence distribution of the A or
¥ hyperon s"* extends to quite large values of x and
also carries more momentum. For example, with
R—=0.8 fm in eq. (7), the fraction of the nucleon’s
momentum carried by non-perturbative strange
quarks is $§=0.52%, while 5$=0.28%. With R=0.6
and 1.0 fm the results are (1.4%, 1.0%) and (0.18%,
0.08%), respectively. This may be compared with the
data of CDHS group (at @°~5 GeV?), which found
(U+D+28)=710.5% and 28/(U+D)=5219%.
If, as assumed in almost all phenomenology, one sets
S—35 this implies S=1.2+0.2%, which clearly
restricts the allowed values of R.

A more thorough analysis of the data requires more

I I T T

(b}
l
T
0-04 - | ‘ "DATA' : R=08 fm
|
R
omf | ||
||
= ||
s 00 B
x /*‘-\-‘
\L |

m
001y )

000t

| |
L l | | | 1 |
0

01 02 03 04 05 06

Fig. 3. Comparison of xs""(x) between this calculation and experiment. (a) For bag radius R=0.6 fm the calculated non-perturbative
contribution is larger than experiment allows. (b) For bag radii R<0.8 fm there is reasonable agreement between this calculation and

experiment.
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effort - including a proper consideration of the errors
involved. Most of the relevant data has come from
di-muon (u*p~) coincidence measurements taken
by CDHS. According to the usual quark-proton
model and Cabibbo theory, the (v, V) dimuon cross
sections for an isoscalar target are [1,4]

v

dci ocsin® @, [xu(x) +xd(x)]

+cos?f. [2xs(x)], (10a)

v

d‘)’c ocsin2f, [xi(x) +xd(x)]

+cos?6. [2x5(x)] . (10b)

Since cos?d.> sin®@, the v data gives a good deter-
mination of xs(x). This is compared with our cal-
culated, non-perturbative contribution in fig. 2.
Clearly the shapes agree and the magnitude of the
non-perturbative contribution is less than the total
observed for reasonable values of R.

Unfortunately the situation for s(x) is not so sim-
ple. The size of the valence contribution to u(x) and
d(x) in eq. (10a) counteracts the small value of sin?6,
so that s(x) extracted from the v-data has large errors.
We have used the parameterisations of Buras and
Gaemers between 5 and 10 GeV? to extract xs(x)
from the CDHS data. If we assume the perturbative
components of s(x) and §(x) are identical we can
then extract the experimental non-perturbative piece
of xs(x) by subtracting [x5(x) — x5 (x)] from the
data for xs(x). This is compared with our calcula-
tions for xs™(x) in fig. 3.
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The first conclusion for fig. 3 is that theory and
experiment are in reasonable agreement in shape and
magnitude for R~0.80 fm - the same region found
in earlier work on the pion [5]. However, any
strength of conviction is lost in the face of the typical
error bars, which are also shown in fig. 3. The lack
of support at large values of x (=0.5) rules out R
less than about 0.8 fm, but little else can be said,
Clearly we would be delighted to have better data. In
order to obtain it the worst errors to be overcome are
the error of 7% on Q° (= U+ D+25), and of 17% on
28/(U+ D).

This work was supported by the ARGS.
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1. INTRODUCTION

Historically the bag model in two spacetime dimensions has been important in discussion of
the deep inelastic nucleon structure functions. (Jaffe 1975, Bell and Hey 1978, Jaffe
1981). 1In two dimensions the light core nature of deep inelastic processes is apparent,
and the existence of simple wave functions in the bag enables one to explicitly calculate
structure functions. This program is not without its problems. In particular the cavity
approximation to the bag model, which is frequently used, badly violates translation
invariance. This leads to support for the structure ctions in the non-physical region
x > 1, where x is the Bjorken scaling variable. To overcome this problem one might attempt
to restore translation invariance using the Peierls-Yoccoz projection (Peierls and Yoccoz
1957). Altermatively one might explicitly ensure momentum conservation throughout the
scattering process. In this paper we apply both of these methods and compare the resulting
structure functions and their support.

2. BASIC THEORY

To leading order in Q?, the structure function of a quark, flavour a, in a target at rest
is given by (Jaffe 1985):

G

. b
£ (x) = ﬁ M J.df- 18 <oy ¥ (0 1 p >, |€+ = 2.1)

where we have ignored the quark’s charge and where we have used light cone co-ordinates

+ 3
at - (a® t al)/2 * ana
10
p,=H (I+a)y e - [0_1] (2.2)
2
x =2 /5 P-q (2.3)
with ¢ = - xp* in the Bjorken Limit (Q® = =, g~ = @), and M the mass of the target. We
use the norzalization < p’ | p > = 2x5(p-p'). The subscript ¢ denotes that only connected

diagrams are incluged. Note thar this structure function does not include any anti-quark
contributions as we will be considering only target states consisting of valence quarks.
We row insert a complete set of states between the quark field operators in eq. (2.1), and
translaze ¢~ cdependence out of ¥},. Integrating over ¢ now gives

+ 2
f (X)-Ezs(P -3 -n) | <n e [ I (2.4)
a8 2 a+

n

vwhich is familiar from the parton model.

Now we turn to the description of the target state. The quark field operator in a cavity
of length 22 centered in light-core co—co-ordinates at the origin is

+ - 1 -die ¢
¢a( .60 = -2—17_ z bl.a € -‘ - e _+ (2:5)
m>0 (-1) e n’

with ¢ = ’r(mm + h)/2 (2.

and colour is suppressed. The mass of the cavity plus quarks is given by the relation

M- J2 x ZN_(nwr‘a) < 2.7
.}

vhere Nm is the number of quarks in the mth mode.

Taking the double Fourier transform of w(x*, x”) gives the momentum space representation of
the operator.

- £ - +
s T [EY b s et gy

m=>0

stn ((p7 - €2 )/(" - ¢ ))
(2. 83
sin (272 )/(072)

-2be s +p -E) ¢ ») (2.9
m,a n ®
m=0

In the following sections we will consider scattering from a cavity at rest populated by
three valence quarks in the ground (m = 0) state with separable wave functions.

3. PEIERLS-YOTCOZ PROJECTION

The Peierls-Yoccoz projection approximates a translation invariant momentum eigenstate by :
wveighted integral over cavity states in all positions (Wong 1981)

-1 -1
| 2> = [$(e)] Jde BRANE TGN (3.0,
in one space dimension where | B({) > is a cavity centered at ¢ and ¢(p) is the Fourier

transform of the Hill-Wheeler overlap function (Hill and Wheeler 1953) denoted by I_(£) fo
m independent quarks.

We now put this state into equ. (2.1) for the quark structure function and for a quark in
the ground state we obtain

<ot -
£,(x) = {_—i M st‘ TP - eI gy (3.1

vhers E(§ ) is a light-cone correlation function given in terms of Hill-Wheeler
overlap functioms

B0 =14 -0 17 a1, )16 -0 (3.2
The two factors in the integral of equ. (3.3) come from the requirement that the two

spectator gquarks and the struck quark are all found in both the initial and final state of
the virtual Compton process.



After doing the {ntegrations in equs. (3.3) and (3.2) we arrive at the result

sinz{: E+‘ - x/2 )

+
f (x)x p2
@ (= p‘! - !/2}2

N +
202 x P+1 < xye [1 , cos (2+x i 2E3) ]
2xp 4t - ns2

+ +
r@xpTre T 2R D | b2y — (3.3)
2xpd+x/2 2xp 2+ x/2
which is shown in fig. 1. The term outside the braces is the same as obtained by Jaffe
(Jaffe 1975) and by Bell and Hey (Bell and Hey 1978). The term in the braces damps the
structure function for X > 1 and arises from the Peierls-Yoccoz projection and oru

requirements that the two spectators be found in both the initial and final states. We
find that the ratio

1
J dx fa(x) / J dx fa(x) > 99.5% (3.4)

‘o o

which 1s an improvement on the value of = 92% obtained by Jaffe (Jaffe 1975). The fact
that £, (x) » 0 for x > 1 arises because we do not ensure that the spectators form an on-
mass-shell state after the struck quark i{s removed. We can examine the number and momentum

sum rules. We find
J dx £_(x) = 0.92 3.9
(]
and -
3 J ax x £ (x) = 0.92 (3.6
o
2.5
= == Cavity approximation
2.0 Peierls—Yoccoz correction
to cavity approximation
1.5
f(x)
1.0
0.5
1 el -~
0 0.25 8.50 0.75% 1.00 1.25
X
Figure 1

The quark structure function f(x) of a bag containing three valence
quarks for the caviry approximation and for che cavity with the
Peierls-Yoccoz correction eq. (3.4).

which shows that all the pomentum is carried by the quark fields. as expected from
cavity approximation. The first sum rule should give unity, but is less than ane because
we have ignored any contributions from negative x. The contributions from the region x < 0

arise because the struck quark is in a bound system and has a saall probability of hav
pT < 0.

the

ing

4

4. STRUCTURE FUNCTION WITH MOMENTUM CONSERVATION ENFORCED

Ve noted above that umphysical contributions to the structure function f,(x)
beyond x = 1) arise if the spectator quarks do not form an on-mass-shell srat
address this problem by examining the intermediate states
appropriate constraints.

\netably
e. Ve can
| n>in eq. (2.5 aund applying

As | n > is formed by the removal of a quark with Plus component of momentum xp*
from the state | p >, conservation of two-momentum implies that the plus component of
momentur of the state | n >, n* is equal to (1-x)p*. Also for the state ] n > to be on-
mass-shell n+ must be greater than or equal to zero. These two constraints on | n > imply
that the only possible values that x can take are the physical values 0 < x < 1. To a first
approximation we may treat | n > as a state made of two quarks both on the mass shell with
wavefunctions which are the projections of eq. (2.9) onto free spinors:

+
BT P 2w Y b s aptop, | Sm{PTEID v
éa(P.p)-w S (p +p -E) 3 s U, (4.1)
(p -E)¢
- 2n }: b8 BT+ E) 36N 4.2)

m20
Where the U, are two-component spinors. This approximation neglects on-shell intermediate
states where cne spectator quark has P* < 0 i.e. we have neglected binding in the
intermediate state and treated the spectator quarks as "quasi-free"
The structure function eq. (2.5) may now be written

+ + +
+ (1-x)p (1-x)p -q
£ -2 +. 2 aq’ aqt 1 T ., + 2 = o+ 2
A I e a) a, I #,a) 151 8 ey |
o o
X 6 ((1-x)p'-q) - q;)] “.3)

where q, and g, are the momenta of the two spectator quarks and the delta function ensures
that the two spectators conserve momentum. Substituting in the wave functions (2.10) and
(4.2) and using the delta function to evaluate one integral gives:

+

£ (23131 .2
fa(x) -1 [‘-] (g)

. +
: sin_(xp 2 - %/2) .

(xp*t - /)2

sin?((1-x)pte - qI I x/2)

(4.4)

-xp” sinz(qII - x/2)

(q £ -2/2%  (a-0p'e - ajt - w/2)?

o
which is shown in fig. 2.

As with the Peierls-Yoccoz projection, we obtain the same structure function as Jaffe,
modified by a term which damps the contributions at large x and sifcs shifts the structure
function to lower x. In this case the contributions for x > 1 disappear as a consequence
of mementum conservation. If we examine the sum rules again we find:

1

[ dx f (x) = 0.87 L)
a
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Figure 2

The quark structure function f(x) of a bag containing three valence
quarks for the L, approximation and for the cavity aproximation with
the correction for momentum conservation eq. (4.4).

1
3 dx x fa(x) = 0.87 {4.6)

vhich again indicates that all the mOmentum of the cavity appears to be carried by the
quark fields. The first integral should be unity if our normalization is corr®eX. The
difference gives an indication that, by dropping intermediate states with one spectator
quark having p* < 0, we have substracted out about 10% of the possible intermediate states.

5. DISCUSSION

We have presented two procedures for restoring translation invariance to the cavity
approximation in the context of deep inelastic scattering. Both procedures yield
reasonable structure functions which improve on earlier cavity approximation calculations
(Jaffe 1975). Ve may also compare our results with those of the translation invariant *L,
approximation® (Jaffe and Ross 1980, Jaffe 1981), see fig. 2. The L, approximation gives
structure functions with the correct support, however at large x the structure function has

zeroes vhich are not seen, nor expected, physically and the structure function diverges as
x » 1 rather than going to zero.

In both of the procedures we have used, the spectator quarks have an important role, in
limiting the momentvm of the struck quark. In contrast the spectators are of no importance
in the naive cavity or L, approximations. The importance of the spectators comes from the
physical constraints or the forward virtual Compton process, that the intermediate state be
on shell and that the final state is formed, and from translation invariance (or momentum
conservation) imposed on the cavity.

It has been pointed out earlier (Thomas 1987, Jaffe and Ross 1980) that quark models such
as the bag do not really apply in the Bjorken limit (QQ ~ o, v~ o) However it is
postulated that quark model matrix elements are those of a full field theory renormalized
at a low momentum scale. That is, we have calculated the leading twist two part of the
structure function at a value of Q? somevhat less than 1 GeVZ?, which is well out of the
range of experimental data. However we could connect our calculations with experiments,
which also measure the leading twist two part of the structure at large Q%, by taking
moments of our distributions and evolving to higher Q? using the Alteralli-Parisi equations
(see Bickerstaff and Thomas 1987, and Jaffe and Ross 1980 for details).

In conclusions, restoring translation invariance to the cavity or enforcing momentum
conservation in deep inelastic scattering leads to structure functions with good

qualitative properties including the damping, and even complete suppression, of the
unphysical contributions for x > 1.

This work was supported by the Commonwealth Department of Education and Youth Affairs and
the ARGS.
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