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The Quark Structure of Matter 

Anthony W. THOMAS 

Department of Physics, University of Adelaide, Adelaide, S.A. 5001, Australia 

(Received May 11, 1987) 

We provide an overview of recent work at the University of Adelaide aimed at using 
deep-inelastic scattering to probe the quark-level structure of nucleons and nuclei. 

§ 1. Introduction 

These lectures are primarily based on the research performed with my colleagues 
and students in Adelaide, as well as with a number of overseas colleagues who have 
spent one or more extended periods in Adelaide. I should like to acknowledge in 
particular the insight that I have gained from R. P. Bickerstaff, L. Dodd, G. V. Dunne, 
L. Heller, C. H. Llewellyn Smith, G. A. Miller, A. I. Signal and A. G. Williams. While 
much of the credit for what I say here that is correct is due to them, the responsibility 
for any misconceptions is my own. 

At the Harrogate meeting in August 1986 there was a consensus that the only 
reasonable definition of nuclear physics for the 1990's is the study of the strong 
interactions.1

> Quantum Chromodynamics has passed to us from the hands of particle 
theorists as they march inexorably to doom at the Planck mass. It is uninteresting 
because it is "obviously correct", while at the same time it is unsolvedjust where low 
energy physics needs it most-namely. in the non-perturbative region. 

One approach to the problem of strong interactions in the absence of realistic 
solutions to QCD is to build models. For one school the more mathematically 
beautiful the theory the better. Indeed, the Skyrme model, where the nucleon is 
supposed to be a topological soliton constructed from meson fields is a veritable 
industry as seen in the many contributions to the PANIC Conference. 

On the other hand, in this quest for the modern day holy grail there is a tendency 
to forget that the roots of physics lie in experimental data. We believe in QCD 
primarily because we have "seen" quarks. Deep-inelastic scattering of leptons from 
nucleons and nuclei revealed the presence of quarks almost two decades ago.2>'3> It 
has long been my belief that this same tool can and must be used to distinguish 
between models which purport to approximate QCD. Until a model can be used to 
calculate not only the nucleon mass and charge radius but also its structure function 
we will not have a satisfactory, phenomenological understanding of how QCD is 
realized. 

The plan of these lectures is as follows. In § 2, we review the theory of deep
inelastic lepton scattering and the basic ideas of the parton model. We also briefly 
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The Quark Structure of Matter 205 

review the scaling violations predicted by QCD. Section 3 is devoted to a discussion 
of the structure of the nucleon itself, as tested by DIS. Nuclear DIS, and in particular 
the theoretical understanding of the EMC data, is the topic of § 4. In § 5 we make 
some concluding remarks. 

§ 2. Deep-inelastic scattering 

2.1. Kinematics 

Let us consider a lepton of initial energy E in the laboratory scattering to a final 
energy E', at angle 8. It is usual to define the energy transfer (E- E') to be v, and 
Q2 = -q2(>0), where q is the 4-momentum transferred from the lepton to the target. 
If the lepton scatters elastically from a target of initial momentum P [p=(mt, 0) in the 
laboratory], then 

(2·1) 

and hence 

(2· 2) 

This is the crucial kinematic relation behind all scaling arguments, because if a 
target is elementary, elastic scattering is the only channel available in such a collision. 
It then follows that Q2 and v must be related by Eq. (2 · 2) in scattering from an 
elementary target. 

In an electromagnetic interaction of an electron or muon, the cross-section is (in 
the laboratory frame) : 

(2·3) 

where LfJ.v describes the lepton photon vertex and WfJ.lJ the photon target vertex. (The 
factor a2 then just tells us the charge, and Q-4 comes from the photon propagator.) 
The lepton tensor is simply 

(2·4) 

where k and k' are the initial and final lepton four-momenta ( q = k - k').. The struc
ture of the target is contained in the tensor wfJ.lJ' defined as 

(2·5) 

provided our states are energy normalized (<pJp'>=(27r)32Ep8(p-p')). The most 
general form permitted for WfJ.lJ by parity conservation and gauge invariance is 
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206 A. W. Thomas 

(2 ·6) 

Using Eqs. (2·3), (2·4) and (2·6) one can show that in general 

(2·7) 

The arbitrary functions ~ and Wz, which have dimensions of (energy)- 1 contain 
all the information we can obtain about the structure of the target from such a 
reaction. They are called the structure functions. It is actually more convenient for 
many purposes to consider the dimensionless structure functions 

Fz= vWz. (2·8) 

As a simple example we take the case of electron scattering from a structureless 
target of mass mt. Then from the arguments presented at the beginning of this 
section we know that Fi and Fz cannot depend on Q2 and v independently. In fact, 
reference to your favourite textbook on Quantum Electrodynamics 3)~5 ) reveals that 

2Fl = o(1- Q2 /2mtv), 

Fz= o(1- Q2 /2mtv). (2 ·9) 

That is, Q 2 and v may vary independently, but F1 and Fz are unaltered if the 
dimensionless combination x, 

(2 ·10) 

is the same. This phenomenon is known as scaling. 
Although it is not often stressed, scaling is a fairly common phenomenon. For a 

very beautiful discussion we refer to the text of Close.2
l Here we content ourselves 

with a single example, namely electron proton elastic scattering. Once again by 
referring to standard texts one can find the result 

(2 ·11) 

where mp is the proton mass and GM( Q2
) its magnetic form-factor. This has the 

general structure F1 = F( Q2)/(x ). Clearly if one is in a range of Q2 where F( Q2
) is 

essentially constant, we will see scaling. In the proton example this would corre
spond to 1/Q~ proton radius (i.e., Q2 :S0.01 GeV2

). 

In order to see how DIS can reveal the substructure of a target, let us consider 
electron scattering from 56Fe, which for the present we think of as 56 nucleons. 
Elastic scattering on 56Fe will occur at X56= Q2 /2m(56Fe)v=l. On the other hand, 
elastic scattering on a nucleon in 56Fe (ignoring small binding and Fermi motion 
corrections) would occur at xN= Q2 /2mNv=1, which means X56"' 1/56. 

Following the argument we gave above we would then expect that for 1/Q~ size 
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The Quark Structure of Matter 207 

of 56Fe the structure function of Fe would look like o(l- X56). That is it would 
exhibit scaling in terms of a structureless particle of mass 56mN. On the other hand, 
if we raise Q2 to the region where the elastic scattering from Fe is stnall, but the 
proton form-factor is still near unity, the structure function would exhibit scaling and 
have the form o(l/56-x56). [This is simply quasi-elastic scattering, (e, e'i:>).] Finally, 
if a nucleon consisted of three point-like quarks, we would expect that for 1/Q<f:... size 
of the proton (and JJ~ excitation energy of the proton) the structure would peak at 
X56=1/168 Or XN=1/3. 

2.2. The quark-parton model 

In order to introduce the parton model we shall follow the usual procedure of 
considering the Bjorken limit ( Q2 and v both tend to infinity with x fixed) for a 
collision in the infinite momentum frame. In this frame the nucleon four-momentum 
is simply (P, O_L; P), and each constituent has a momentum (xiP, O_L; XiP), with Xi~O 
and ~ixi=l. At any finite momentum transfer there will be corrections of order p-l 
from the transverse momentum and the mass of the partons. Again we ignore these 
complications in the interest of simplicity. 

In this simple picture all that happens in DIS muon scattering, for example, is that 
the exchanged photon, with definite x, can only be absorbed on a parton with Xi=x 
[because of Eq. (2 · 2) and the assumption that partons are structureless]. Thus DIS 
of muons measures directly the product qi2/i(x), where qi is the charge of the quark, 
and fi(x )dx is the number of quarks of flavour i carrying a momentum between xP 
and (x + dx )P in an infinite momentum frame. It follows that the entire information 
about the structure of a nucleon which is provided by DIS can be summarized by the 
twelve functionS {uP(x), dP(x), ··· sP(x), Un(x), dn(x) ... Sn(x)}- where the SUper
SCript indicates either neutron or proton. 

On the basis of charge symmetry one usually reduces this to six independent 
distributions 

uP(x)=dn(x)=u(x), 

dP(x)=un(x)=d(x), (2 ·12) 

and so on, through s(x), il(x), d(x) and s(x). Clearly by integrating these distribu
tions weighted by x we can find the total fraction of the momentum of a nucleon (in 
an infinite momentum frame!) carried by each parton. These are labelled by capital 
letters U, D .. · S in an obvious notation 

U= 11

u(x)xdx, D= 11

d(x)xdx, S= 11 

s(x)xdx, etc. (2 ·13) 

If this description is to make sense one would expect these momentum fractions 
to satisfy a sum rule, namely 

U + D+S+ (] + D+ S=1- G, (2·14) 

where 
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208 A. W. Thomas 

(2 ·15) 

is the fraction of the momentum of the nucleon carried by gluons. Of course G 

cannot be measured directly in DIS of leptons for the obvious reason that gluons have 
no charge for electroweak interactions. On the other hand, the measurement of the 
momentum dependence of three independent structure functions, such as Fz(x, Q2

), 

F3(x, Q2
) and q(x, Q2

), using beams of v and v (see below) does allow the determina
tion of g(x, Q2

) through the Altarelli-Parisi equations-see, for example, Bergsma and 
collaborators.6l Alternatively, one could try to extract g(x) from multi-jet events at 
the ISR, or better the SPPS. However, at the moment this game is played the other 
way. That is one takes a g(x), albeit indirectly determined, and uses perturbative 
QCD to try to understand the observations in the colliding beam experiments. 

A second, more direct, sum rule can be derived simply by conserving baryon 
number. Because each quark has B=1/3 the total excess of quarks over anti-quarks 
should be three. In fact we would expect two u-quarks and one d -quark. These are 
usually called valence quarks. Of course in a DIS experiment one cannot tell if a 
given u quark (say) is a valence quark or part of the sea of virtual q- q pairs present 
in any hadron. Operationally one defines the valence distributions uv(x) and dv(x) 
as 

uv(x)=u(x)- ii(x), 

dv(x)=d(x)- d(x). 

Then the sum rule giving the baryon number of the nucleon is 

11

uv(x)dx+ 11

dv(x)dx= 11

{[u(x)- ii(x)]+[d(x)- d(x)]}dx 

=3. 

(2·16) 

(2 ·17) 

In fact, if one allows for QCD corrections to order (as/7r), the theoretical expecta
tion is about 2.8, and the experimental data gives 2.56+0.41 (statistics)+0.10 (system
atics).6l 

In terms of the quark distribution functions, the structure function F1 and Fz 
defined earlier can be written down directly 

(2 ·18) 

For example, for muon scattering on the proton we have 

Ffp(x)= 4:[u(x)+u(x)]+ ~[d(x)+d(x)]+ ~[s(x)+ s(x)], (2·19) 

while for the neutron [see Eq. (2 ·12)] 

X 4x - X -
Fzn(x)=g-[u(x)+ u(x)] +g-[d(x)+ d(x)] +g-[s(x)+ s (x)]. (2·20) 

Clearly one cannot use an electromagnetic probe to separate the quark and antiquark 
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The Quark Structure of Matter 209 

distributions. For that the weak interaction is perfect, because it couples only 
left-handed particles and right-handed antiparticles. 

Consider the reaction 

JJp+d~fJ--+U, (2. 21) 

which involves only left-handed particles. In the c.m. system of the v and d there is 
therefore no angular momentum and the angular distribution is isotropic. On the . 
other hand for a neutrino with an antiquark the angular distribution is proportional 
to ldli(B*)I2 or (1+cos8*)2

- where 8* is the scattering angle in the v-q c.m. system. 
Thus there is a clear experimental signature for the antiquark distribution. What is 
actually measured is conventionally labelled q v(x ), defined as 

qv(x)=[u(x)+ d(x)+2s(x)]. (2. 22) 

This is directly obtained from the isotropic piece of the i7 P ~ 11+ cross-section on an 
isoscalar target. 

In Fig. 1 we show the results for q fJ obtained by the CERN-Dortmund-Heidelberg
Saclay (CDHS) group using the JJp and Vp beams from the SPS at CERN.2

l The shape 
is qualitatively consistent with the form (1-x)I expected on the basis of the Drell
Yang-West relation.2

l,
3
l For a more accurate parametrization we refer to the original 

papers. Notice that the sea distribution essentially vanishes for x > 0.3. In addition, 
the fact that q v(x) does not vanish at x = 0, together with Eq. (2 · 21), implies that the 
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Fig. 1. Results for the structure functions xF3, Fz and q vat 5 GeV2
, measured by the CDHS group, the 

EMC group and a SLAC-MIT collaboration.8l 
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210 A. W. Thomas 

actual number of sea quarks is logarithmically divergent. The momentum carried by 
the sea is however finite. In fact, if we define QfJ [by analogy with Eq. (2·13)] as the 
integral of xqfJwe obtain 5.95+0.4% [at Q2 =5 GeV2

].
8

> 

We also show in Fig. 1 the comparison between the structure function F2 extract
ed from neutrino reactions (on an iron target) 

(2. 23) 

with the electromagnetic structure functions (Ffn+ F.fp). From Eqs. (2·19) and (2·20) 
we find 

(Ffn+ F.fp)-F2PN = ~~ { u+d + u+ d + ~ (s+ s)}. (2·24) 

Thus to within a small correction from the strange part of the sea the quark model 
predicts 

(2. 25) 

As we see from Fig. 1, Eq. (2 · 25) is remarkably well confirmed. 
Finally we observe that unlike the electromagnetic case, where parity conserva

tion restricted us to two structure functions, for weak interactions there is a third, 
called F3(x). For an isoscalar nucleus the sum of F3v and F3fJ denoted F3(x), is 
exactly the distribution of valence quarks [uv(x)+dv(x)]. This is also shown in 
Fig. 1. It is clear that the valence quarks dominate over the sea for x beyond about 
0.1. 

To conclude this subsection we briefly summarize our knowledge of the parton 
distributions at Q2 =5GeV2

. (It is necessary to specify a momentum scale because of 
the scaling violations which we describe below.) The glue which binds the nucleon 
carries a little more than half of the momentum of the nucleon (G~54%). The 
valence quarks (Q- Q) carry about 36% and the sea 10%. As we shall discuss in 
more detail in § 3, there is some breaking of SU(3) flavour symmetry in the sea, with 
S=l.0+0.35 and (U+.D)/2=2.0+0.3%. 

2.3. The scaling violations of QCD 

Because QCD is a field theory the parton model is at best a shadow of the truth. 
What one means by a quark or a gluon actually depends on the momentum scale 
involved. Suppose, for example that one adjusts the quark (and gluon) distributions 
to fit experimental data according to the parton formulas, at some momentum scale 
- q2= Qo2. Then if one repeats the procedure at higher Q2 one will find more virtual 
quarks and gluons inside the target. It has been one of the major triumphs of QCD 
that this behaviour with increasing Q2 can be understood quantitatively. 

It is not possible to derive any of the standard results of perturbative QCD here, 
nor would it be profitable given the excellent texts on the subject.3>.9>-12> Instead we 
shall merely explain the result for the simplest case of an isoscalar, non-singlet 
structure function, like F3(x, Q2

) : 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptps/article/doi/10.1143/PTP.91.204/1910058 by guest on 17 M

ay 2023



The Quark Structure of Matter 211 

(2. 26) 

(Note that now we include a Q2 label on the structure functions and the quark 
distributions-(u(x, Q2

) etc.) Let us define the n'th moment of this non-singlet 
structure function as 

(2. 27) 

Through the operator product expansion (OPE)' these moments can be related to 
the matrix elements of certain operators, renormalized at some scale ti. Provided 
Q2 is high enough that only twist-2 contributions survive, we find that M3n varies with 
Q2 as 

(2. 28) 

where dn are constants known as anomalous dimensions.9>- 12> (The twist is the 
engineering dimension-power of [energy ]-1 of the operator whose matrix element is 
involved, minus its spin. Thus, as an example, the operator 

(2·29) 

has spin (n-1) from derivatives plus 3 from 1}¢ minus n for spin-i.e., twist-2.) 
The evolution of singlet structure functions (like F2) with Q2

, is 1more compli
cated, since this evolution is tied to the evolution of the gluon distribution. Figure 2 
shows the results of a lowest order calculation13

) of the evolution of the second 
moment of the sea, valence, gluon, quark and non-singlet quark distributions versus 
Q2

• We note that the second moment is the fraction of momentum of the hadron 
carried by the corresponding constituents. (All curves are adjusted to the data at 
5 GeV2 quoted earlier.) There can be no doubt about the trends. As Q2 decreases 
the fraction of momentum residing on the valence quarks increases dran1atically (see 
M'Krs), while that associated with the sea quarks and gluons goes away. These 
observations will be recalled later in two connections; in the discussion of dynamical 
rescaling as an explanation of the EMC effect, 14

> and also in our discussion of possible 
constraints on nucleon models. 

§ 3. Nucleon structure 

Although we have a theory of strong interactions in which most people believe, 
namely QCD, one cannot yet use it to draw reliable conclusions about the structure of 
the nucleon. After a tremendous world-wide effort on lattice calculations/5

>'
16

> the 
state of the art still involves a nucleon constrained to a small space-time grid, 
typically 16 X 16 X 16 X 20 and less than 2 fm on a side. The creation and annihilation 
of virtual qq pairs (e.g., the long-range pionic tail of the nucleon 17>-19>) is usually 
neglected. Furthermore the dependence of the results on the box boundary condi
tions suggests that, for baryons at least, the box is not yet large enough. This lack 
of constraint has led to a number of QCD inspired models of the nucleon.. We briefly 
review some of the main models in § 3.1, while in § § 3.2, 3.3 and 3.4 we examine various 
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212 A. W. Thomas 

tests of these models which involve deep inelastic scattering (DIS). 

3.1. Nucleon models 

3.1.1. The constituent quark model 
This approach assigns each of the non-strange quarks a mass of order 1/3mN, and 

assumes that they move non-relativistically. While having little in the way of a 
demonstrable connection to QCD (it arose almost a decade before QCD), it gives 
surprisingly good results for f-Lp and f-Ln. By assigning a strange quark mass several 
hundred MeV higher than that of u and d, the elementary quark model mass formulas 
were given flesh and bones. However, the real power of this approach did not 
become clear until the mid-70's when Isgur and Karf0

l made a serious numerical study 
of the ideas of De Rujula, Georgi and Glashow.2

ll As well as obtaining a remarkable 
overall description of baryon and meson spectroscopy, their calculations provided the 
first respectable explanation of why so many multiplets expected in the naive quark 
model have not yet been found.22

l 

Apart from the arguments of De Rujula et al., the main theoretical support for this 
model as a consequence of QCD has come from Shuryak.23

l Briefly he suggests that 
QCD sum rules indicate quite a different scale for chiral symmetry breaking (short 
range) as opposed to confinement. He identifies the constituent quarks as compli
cated clusters (radius of order 0.3 fm) formed around a current quark. Pions would 
move essentially freely between these clusters, in a way which is formally at least 
strikingly similar to the volume coupling version of the CBM.17

),Is). In the constituent 
quark m·odel it was always necessary to assign a charge radius to the quark itself in 
order to reproduce the charge radius of the proton. Similarly the valon model 
assigns each quark a structure function in order to confront DIS data.24

l Overall 
perhaps the least satisfactory aspect of the constituent quark models is the large 
number of ad hoc parameters and adjustable assumptions. 

From the point of view of phenomenological treatments of nuclear systems 
however, the non-relativistic quark model is ideal. With non-relativistic kinematics, 
harmonic oscillator wave functions and quark-quark interactions, all the familiar 
apparatus of nuclear many body theory can be used. 

3.1.2. Relativistic models 
The pre-QCD origins of the bag model are well known, but its popularity dates 

from the realization that both confinement and asymptotic freedom are expected 
consequences of QCD which the MIT bag incorporates. That the model necessarily 
violates chiral symmetry at the bag surface, and that this can be restored by coupling 
pions to the confined quarks at the bag surface has already been described at length 
elsewhere.17

),Is) One of these so-called hybrid chiral bag models, the Cloudy Bag 
Model (CBM),26

l has enjoyed significant phenomenological success. (For comprehen
sive reviews of the CBM and the very closely related work on relativistic potential 
models with chiral symmetry see Refs. 17), 18) and 27).) 

Much of the sharpest fighting in the early days of the debate about quarks in 
nuclear physics came out of this work on chiral bag models. The Stonybrook group 
argued that the non-linear coupling of the pion field to the nucleon bag would 
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The Quark Structure of Matter 213 

compress it to insignificance on the scale of typical internucleon distances (hence the 
little bag model).28

> On the other side, the West-coast argument was that the pion 
coupling should be treated in low order perturbation theory and should complement, 
not destroy, the phenomenological successes of the MIT bag model. Clearly in the 
absence of theoretical guidance from QCD itself, the only way of choosing between 
alternative models such as these is to test them against the widest variety of exper
imental phenomena. 

Non-topological solitons like those discussed by Friedberg and Lee,29
> and 

examined numerically by Wilets and collaborators,30
> replace the bag boundary 

conditions by a coupling to a self-consistent scalar field. Such a model is more 
attractive for applications to the nuclear many-body problem,3

1) but unfortunately the 
quarks are not strictly confined-unless complicated corrections associated with the 
gluon fields are added. This problem was overcome by a proposal of Chanfray and 
collaborators,32

> with detailed numerical solutions by two groups.33
>'

34
> As yet this 

model has not been solved for the many nucleon system-even on a regular lattice. 
In practice none of these relativistic quark models differ in a major way from the 

MIT or Cloudy bags in their distribution of valence quarks. On the other hand the 
non-topological solitons,are quite different, and we turn to those next. 

3.1.3. Topological solitons 
The discovery of classical, solitary waves is over one hundred years old, and the 

remarkable idea that baryons could be solitary waves generated by interacting bose 
fields was first published by Skyrme about twenty years ago.35

> However, it is only 
in the past few years that Witten and others have claimed that these soliton solutions 
might have some relationship to QCD. These claims are based on results for QCD in 
the formal limit where the number of colours (Nc) becomes large. In that limit QCD 
is supposed to look like a weakly coupled field theory of mesons which would allow 
soliton like solutions.36

> 

Under the assumption that there is a good approximation to infinity, the idea is 
to start with the Lagrangian density of the non-linear o--model (! =93 MeV is the pion 
decay constant) 

(3·1) 

U =exp(iz-· ,P(x)/!), (3·2) 

(here ,P-is the pion field) and look for soliton-like solutions. In order to satisfy 
Derrick's Theorem,37

> one must add a purely ad hoc higher order term 

where the dimensionless parameter e was introduced by Skyrme. The crucial 
observation now is that even though the Wess-Zumino term vanishes for SU(2) 
X SU(2), the anomalous baryon number current which can be obtained from it does 
not vanish. Thus one has a topological charge which can be identified with baryon 
number,35

> and the nucleon is then a soliton made of weakly interacting pions! It is 
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214 A. W. Thomas 

remarkable that this extreme model has proven capable of giving a semi-quantitative 
description of the static properties of the nucleon. 

The final proposal which we mention is a non-linear combination of the chiral bag 
and soliton ideas.38

l There the pions couple to the surface of a relatively small bag, 
and carry an appreciable fraction of the baryon number (all of it in the limit R~O). 
This approach is really just a refinement of the little bag model described earlier. 

3.2. Testing models of nucleon structure 

By construction, and by a judicious choice of a certain number of parameters, all 
of the models described above can reproduce the usual low-energy hadronic properties 
-masses, magnetic moments and so on. This is not very satisfying to those who 
would like to choose the model which best represents QCD. Of course, QCD is a field 
theory with operators which must be renormalized before any comparison with 
experiment is possible. In such a theory it is usually not sensible to talk about the 
structure of a composite object without specifying the scale of resolution at which it 
is to be probed. Thus we are left with the fundamental question of how any of the 
models described can ever be related to the structure of real hadrons in QCD. 

An important attempt to answer this key question was made first by Parisi and 
Petronzio about ten years ago.39

l This has been followed by a number of other 
groups40

l'
41

l including our own. It is based upon the observation that in ·Fig. 2 the 
fraction of the momentum of the nucleon residing on the valence quarks (M'frs) rises 
dramatically as Q2 goes down-i.e., as the spatial resolution of quark structure is 
made less precise. Furthermore the momentum residing on sea quarks (MiEA) also 
drops as Q2 decreases. Thus if the bag type of picture of nucleon structure (3/ 4 of the 
energy on valence quarks and no explicit ocean) is to agree with data anywhere it 
must be at low-Q2

• 

With this in mind, Jaffe and Ross41
l examined in detail the possibility that the 

- 0 

I 
- 036 

0 
I I I I II 

100 0·1 0·15 5 

Fig. 2. The fraction of the momentum of the nucleon carried by quarks (MF2
), valence quarks (M'fvs), 

gluons (Mc2
) and sea quarks (MlEA), as function of Q 2

• The curves have been fitted to data at Q
2 

=5 GeV2
, and the asymptotic limits are shown for three flavours. 
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The Quark Structure of Matter 215 

MIT bag model might represent the structure of the nucleon at some relatively low 
value of the momentum transfer, /A.t The comparison with the observed quark 
momentum distributions at higher Q2 (e.g., 5 GeV2

) where higher-twist contributions 
to the data should be small, was made by evolving upwards using perturbative QCD 
-e.g., using (2 · 28) for the moments of the non-singlet, valence distribution. The 
Jaffe-Ross calculation could be disputed on technical grounds (§ 3.4, below). In 
addition, the value of flo2

( 0. 75 + 0.12 Ge V2
) was too low to believe that the perturbative 

QCD calculation was totally reliable. Nevertheless, good agreement with experi
ment was obtained for the moments of Fs(x, Q2)-the valence distribution. Thus not 
only does the bag model make rather sensible predictions for the static properties of 
the ground state baryons, but it also seems to describe the twist-two component of 
lepton-nucleon DIS at a momentum scale a little below 1 GeV2

• 

We shall discuss how one might go beyond the J affe-Ross calculation in § 3.4. 
For the present we are content to make some more general remarks. The sort of test 
we have just described is ideal. There is no doubt that DIS probes quark distribu
tions, and F3 in particular probes the valence quark distributions. If any model of 
hadron structure is going to provide a useful framework for interpreting data from 
the next generation of laboratories like those at SLAC, Newport News, Saclay and 
Bonn its region of validity must extend into the deep-inelastic regime. Thus it must 
adequately describe the valence distribution F3(x, Q2

) as well as low energy prop
erties. We shall refer to tests of this kind, which directly probe the quark distribu
tions, as "direct tests" and deal with them in § 3.4. 

On the other hand, there are a number of other tests which one could apply which 
are less direct. For example, even with a DIS probe one may be sensitive to the 
meson cloud of a hadron. We shall examine this type of test, labelled "indirect" in 
the next section. While any model should also pass this sort of test we emphasize 
that it will necessarily be less discriminating. 

3.3. Indirect tests 

As we discussed earlier, it is one of the most successful predictions of perturbative 
QCD that the sea should grow rapidly as Q2 rises. Nevertheless, it is also clear that 
there is almost certainly some component of the nucleon sea which is generated 
non-perturbatively. To see this, we recall that in any model where valence quarks 
are confined by a scalar potential (or by coupling to a scalar field), chiral symmetry 
is broken. The only way to restore chiral symmetry, and thus retain the symmetry 
properties of QCD, is to introduce an appropriate coupling of the valence quarks to the 
Goldstone bosons-namely the pions (and kaons in SU(3) X SU(3)). This is the 
essence of the cloudy bag model (CBM).l7),ls) Since a pion contains a valence quark
anti-quark pair, this non-perturbative meson cloud necessarily constitutes some part 
of the nucleon sea. 

The first calculation of the pionic contribution of the nucleon sea was performed 
by Sullivan.42

> This calculation was later used by Thomas43
> to put a constraint on 

the 7rNN form-factor, which in the CBM is directly related to the bag size. We shall 
briefly describe this calculation and the theoretical uncertainty in :it. Then we 
describe a more recent application to the non-perturbative strange sea of the 
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Fig. 3. The simplest process whereby the nucleon's 
pion cloud contributes to the sea-note that 

nucleon.44
l 

3.3.1. The pionic contribution to the 
nucleon sea 

This contribution is illustrated in 
Fig. 3. Using pseudoscalar coupling at 
the 7rNN vertex, and treating it as a 
Feynman diagram, the amplitude for the 
process shown in Fig. 3 ( TcP, where c is 
the charge of the pion with 4-momentum 
k) is written 

_,. 
TcfJ.=gncN'N k~ zr5u2<XjjfJ.i7rc(k)>. 

-mn 
(3·4) 

both the initial final nucleons are on-shell. Here u and u' are the Dirac spinors for 
the initial and final nucleons, jfJ. the quark level current operator and X the debris of 
the smashed pion. We wish to calculate the contribution to the nucleon structure 
function (oWJv) from only those processes where there is a final, recoiling nucleon 
and a virtual pion has been smashed. Therefore we sum the square of the scattering 
amplitude over the final states, X, the pion charge, c, and integrate over the 
momentum of the final nucleon. In addition, using the same normalization given 
below Eq. (2 · 5) we define the structure function of the pion to be 

with 

(3· 6) 

Putting this together we find that 

(3· 7) 

where the "trace factor" includes an average over the initial nucleon spins: 

(3· 8) 

Next we carry out the integration over the azimuthal angle of PN' and change 
variables to t and y, where 

(3·9) 

Finally, if we note that the electromagnetic structure function of the pion is indepen
dent of its charge, we can equate the coefficients of gw on the left and right of 
Eq. (3 · 7) to obtain 

O'FlN(x, Q2 )= 11

dy(j(y)/y)Fl7r( ~' Q2
), (3 ·10) 
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where 

f(y) (3 ·11) 

Finally, using the Callan-Gross relationship for both pion and nucleon we find from 
Eq. (3 ·10) that 

oFZN(X, Q2 )= 11

dyf(y)Fzn( ~' Q2
). (3 ·12) 

The interpretation of this result in the language of the infinite momentum frame 
is that the virtual photon ( r*) finds a quark in the pion with fraction x of the 
momentum of the original nucleon. Naively, at Q2 of order 10 GeV2 one would expect 
to probe distances of order 1/20th of a Fermi or less. Thus the dressing of the 
nucleon by the pions, which is a relatively long range effect, would not be expected to 
play a role. The resolution of this apparent contradiction is that one is probing the 
short distance structure of the pion which is described by the pion's own structure 
function (Fzn).- the latter evaluated at x/y withy the fraction of the mom.entum of the 
nucleon carried by the pion in the infinite momentum frame. Thus the function f(y) 

• 
" .... 
y 

20.-------------------------------~ 
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Fig. 4. The average fraction of the momentum of the nucleon carried by the pion, as a function of ;\ 
(cf., Eq. (3·13)) orR (the equivalent bag radius). The shaded area is the upper limit obtained in 

Ref. 43). 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptps/article/doi/10.1143/PTP.91.204/1910058 by guest on 17 M

ay 2023



218 A. W. Thomas 

is the pumber density of pions carrying fraction y of the momentum of the nucleon. 
In practice we know that in a model like the CBM where the nucleon is composite 

there is no need for the artificial high momentum cut-off in Eq. (3 ·11). The integral 
is cut off naturally by the square of a form-factor F(t), related to the quark distribu
tion of the nucleon. For simplicity we took 

(3·13) 

which is an excellent approximation to the form-factor found in the CBM provided 
A=0.106 m/R2-where R is the bag radius. Clearly f(y) is determined by F(t), and 
our calculations43

> revealed two key features. First, f(y) has its maximum value at 
y ~ 0.25 for all reasonable values of A. Second, the value of the peak increases rapidly 
as A decreases-that is, as the form-factor becomes harder. If we now return to Eq. 
(3·12) we see that the pion structure function is evaluated at x/y. As usual we expect 
that the valence component of the pion should dominate for x/y > 0.1. Since y is 
typically 0.25, this implies that the pionic contribution to the nucleon structure 
function for x > 0.03 involves only non-strange quarks. Thus, if the pion is an impor
tant component of nucleon structure, it should contribute to breaking the SU(3) 
flavour symmetry of the sea. 

We take the pion structure function measured using the Dr ell-Yang reaction. It 
is then straightforward to use the data on the SU(3) flavour breaking of the sea, 
discussed in § 2, to put limits on the permitted range of values of A-and hence R, 
within the CBM. This limit is shown in Fig. 4. In fact the bag radius in the CBM 
is restricted to be greater than 0.87 + 0.10 fm. We are sure that a similar limit would 
apply in any model where valence quarks play a dominant role. On the other hand, 
no calculations have yet been made for the topological soliton models. 

3.3.2. The strange sea of the nucleon 
We have recently extended the ideas of the last section to calculate the strange 

sea of the nucleon (s(x) and s(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 components of s(x) and s(x). For reasonable ANK and INK 
form-factors (i.e., of similar range to the nucleon axial form-factor), the predictions 

N 

Fig. 5. N on-perturbative contribution to the 
strange sea of the nucleon arising when a 
virtual kaon absorbs the exchanged photon. 

are consistent with data: within its very 
large errors. With a not unreasonable 
improvement in precision the theory 
could be tested in a meaningful way. 

The key process which can lead to a 
non-perturbative component of the 
strange quark sea is shown in Fig. 5. 
The nucleon dissociates into a kaon and 
a strange baryon and the kaon is smash
ed by the exchanged photon. (In practice 
we include H =A or 2.7). It is easy to 
check that the spin-trace which appeared 
in Eq. (3·7) becomes {t+(mH-mN)2} in 
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Fig. 6. An additional non-perturbative contribu
tion in which the strange baryon (accompany
ing the kaon) absorbs the photon. 

this case. The only other changes are 
in the coupling constants, and the lower 
cut-off on the !-integration in Eq. (3 ·11): 

fmin=[mH 2 -(1- y)mN 2]y/(1- y). 
(3·14) 

Given the experimental fact that the 
charged pion and kaon structure func
tions are equal within experimental 
errors, 46

> we use the (better determined) 
pion structure function. Actually the 
kaon case is different fro:m the pion, 
because the electromagnetic structure 

functions of K+ and K 0 are different, whereas those of the Jr
0 and Jr+ should be the 

same. However, our interest is not so much in the contribution of Fig. 5 to the 
electromagnetic structure function of the proton (which would be very small), but 
rather in the non-perturbative, anti-strange sea spNP(x), which it generates. In terms 
of the f(y) already defined, and given that both K 0 and K+ contain one valence 
anti-strange quark (so that the values of fi given are appropriate) we find 

(3 ·15) 

It is less obvious how to calculate the non-perturbative, strange sea, SpNP. The 
simplest idea, suggested by Berger, Coester and collaborators in the pionic case,47

> is 
simply to evaluate Fig. 6 using the same f(y ). In our case the source of the strange 
sea of the proton is therefore primarily the valence strange quarks in the recoiling A 
or 1:. Since we know no better, we take the valence distribution of the A and 1: to 
be of the form sH(x)=Nsx-112(1-x)3-as for the valence u-quarks in the proton. 
Small variations in the exponents would change none of our conclusions. Our final 
expression for SpNP(x, Q2

) is then: 

(3 ·16) 

The first, dramatic result of this calculation is that s PNP(x) and SpNP(x) have quite 
different shapes. Whereas sNP has a very similar shape to the usual parameteriza
tions of sea-quark distributions, which die out beyond x""' 0.3, sNP is quite different. 
Because of its origins in the valence distribution of the A or 1: hyperon, sNP extends 
to quite large values of x and also carries more momentum. For example, with 
R=0.8 fm in Eq. (3·13), the fraction of the nucleon's momentum carried by non
perturbative strange quarks is S=0.52%, while S =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 Q2 ::::::5GeV2

), which found (0+15+2,$')=7+0.5% 
and 2S/ ( U + 15) =52+ 9%. If, as assumed in almost all phenomenology, one stets 
S = S this implies S = 1.2 + 0.2%, which clearly restricts the allowed values of R. 

A more thorough analysis of the data requires more effort-includiing a proper 
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220 A. W. Thomas 

consideration of the errors involved. Most of the relevant data has come from 
di-muon. (t-t+ tF) coincidence measurements taken by CDHS. According to the usual 
quark-parton model and Cabibbo theory, the (v, D") di-muon cross-sections for an 
isoscalar target are7

> 

(3·17a) 

(3·17b) 

Since cos2 Bc~sin2 Bc the D" data gives a good determination of xs(x). When this is 
compared with our calculated, non-perturbative contribution, 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 simple. The size of the valence 
contributions to u(x) and d(x) in Eq. (3·17a) counteracts the small value of sin2 8c so 

0·04 "DATA": R= 0·8 fm 

0·03 

X 

§E 0·02 
1/) 
X 

0·01 
xsNP(x) : R= 0·8 fm 

xsNP(x) : R=1-0 fm 

0 Q-1 0·2 0-3 0·4 0·5 0·6 

X 

Fig. 7. A comparison of xsNP(x) from the calculation of Signal and Thomas.44) There is agreement 
with the data, albeit with very large errors, for R < 0.8 fm. 
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that s(x) extracted from the v-data has large errors. We have used the parameteriza
tions of Buras and Gaemers9

> between 5 and 10 GeV2 to extract xs(x) from the CDHS 
data. If we assume the perturbative components of s(x) and s(x) are identical we 
can then extract the experimental non-perturb~tive piece of xs(x) by subtracting 
(xs(x)-xsNP(x)) from the data for xs(x). This is compared with our calculations 
for xsNP(x) in Fig. 7. 

The first conclusion for Fig. 7 is that theory and experiment are iln reasonable 
agreement in shape and magnitude for R "'0.80 fm-the same region found in earlier 
work on the pion. However, any strength of conviction is lost in the face of the 
typical error bar$, which are also shown in Fig. 7. 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 (Jv(-U+D+2S), and of 17% on 
2S/ ((]+D). 

3.3.3. Cautions 
The calculations of the non-perturbative contributions to the nucleon sea, which 

we have just described, are quite compelling. They strongly suggest a bag radius of 
the order of 0.8 fm or larger, consistent with much other information on nucleon 
structure.l7)'18

> Nevertheless, there are some unanswered questions concerning the 
calculations which need further work. We simply mention them here. 

First we have ignored the fact that the pion and kaon structure functions are 
required for off-mass shell mesons. We have no knowledge of this off-shell behav
iour, so we have simply used the values measured at k 2 = m./ (or mx2 as appropriate). 
This question will arise again in § 4 in connection with nuclear binding corrections 
and the EMC effect. We postpone further discussion until then. 

Secondly, our calculation (and of course that of Sullivan) differs significantly 
from the calculation of Berger et al.47

> These authors formulate· the problem entirely 
in light-front co-ordinates. The pion momentum distribution /(y), which they obtain, 
is much broader than ours and extends beyond y = 1 even for a free nuclleon. There 
is no doubt that the calculation they have performed is inconsistent, because they 
derive formulas in front co-ordinates but write their 7rNN interaction conserving 
3-momentum. Nevertheless, the extreme difference in shape is disturbing and a 
consistent calculation in front co-ordinates is urgently needed. Finally we note that 
in both the pion and kaon cases we only included the lowest mass (octet) baryons in 
the final state. This is the essence of our response to general criticis1n of folding 
models.48

> It is true that it would be inconsistent to add incoherently the contribu
tions from all possible baryon excited states-there should be some interference. 
However, it is easy to see that as the final baryon mass (mH in Eq. (3·14)) grows, f(y) 
is forced to small y. This in turn forces the contribution to 8F2N to small values of 
Bjorken x. (This argument was made very clearly by Sullivan in his original paper). 
Thus the situation at small x (say inside 0.05) cannot be reliably calculated using a 
folding model. On the other hand, the N ~ N7r process is dominated by small four
momentum transfer and its contribution extends as far as x "'0.3. We believe that 
there is not likely to be much error in neglecting interference above 0.05, where 
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222 A. W. Thomas 

N ~ N7r and N ~ (1: or A)K give the dominant non-strange and strange contributions to 
the nucleon's non-perturbative sea. 

3.4. A direct test 

As we remarked in § 3.2, the most convincing test of a quark model would be to 
test its predictions for the valence quark distributions (uv(x) and dv(x)), measured in 
DIS. We have already seen that Jaffe and Ross41

l had some success in comparing bag 
model moments with data. In this section we wish to briefly explain the main 
ambiguity in their calculation and describe some preliminary results from our 
group,49

l using an approach which we believe will be a significant improvement. 
For an excellent introduction to the calculation of structure functions in the 

Bjorken limit we refer to earlier work by J affe.50
l'

50 He shows that one can evaluate, 
for example, the electromagnetic structure function Fz(x) in the proton's rest frame. 

His result is 

Fz(x)=xmloo 2dz e-ixmze/ ~ <PI¢+ t(~)¢+(0)- ¢+ t(O)¢+(~)JP>cl~=(z,o,o-z), (3·18) 
-co 7[ quark 

spins 

where x is the usual Bjorken variable (or momentum fraction), eq is the quark charge 
(with flavour symmetry assumed), m is the target (nucleon) mass and ¢+ is the 
light-cone projection 

(3·19) 

of the quark field. The subscript "c" in Eq. (3 ·18) denotes connected matrix ele
ments, and in order to be consistent with Jaffe's notation50

l we choose the normaliza
tion 

<P'IP>=(27r)3o(p-p'). (3. 20) 

Now a major difficulty in applying Eq. (3 ·18) to a bag model proton is that the 
MIT bag does not satisfy (3·20). As a consequence, in his pioneering work Jaffe52

l 

found that Fz(x) was non-zero for xE(O, oo) instead of (0, 1). A great deal of effort 
went into attempts to solve this problem of bad support, and the 2-dimensional bag 
served as a theoretical laboratory. Using an approximation to the exact formulas 
for the 2-D bag, known as the Lo approximation, 53

) it was shown 54
) that one obtained 

a structure function on (0, 1) which was just given by mapping the uncorrected 
structure function on x'E(O, oo), onto xE(O, 1), through x'=lln(1-x)J. This recipe 
was simply taken over to the physical 4-D bag by Jaffe and Ross,41l without 
justification. One's suspicions about this procedure come from two observations. 
First, on a purely practical level, the bag model structure function one obtains this 
way has some nasty oscillations above x ""0.6 which do not look very physical. 
Second, the Lo-approximation has never had any physically sensible motivation. It 
is simply a mathematical convenience. 

Our approach is based on the observation that the situation with respect to the 
structure function is simpler than in the calculation of the elastic form factor, because 
the matrix element here is diagonal in momentum and no recoil correction is neces
sary. Hence we may try using the popular Peierls-Y occoz procedure. 55

) We find this 
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gives exact results in the limit of infinite confinement volume· (i.e., unconfined free 
quarks). While it does break down (in a sense to be explained below) for very small 
confinement volumes, for physical volumes the errors are minor and the qualitative 
results should be reliable. 

Taking the quark field to be of standard Dirac form 

¢(~)= ~ Na -ll2{ba¢a(~) + da t ¢-a(~)}, 
modes 

a 

(3·21) 

and populating the lowest mode only with n (valence) quarks, the contribution (per 
quark) of the first term in Eq. (3 ·18) is 

j +oo dz · Fz(x)=e/xm -
2 

e-z(xm-£a)zE(z). 
00 J[ 

(3. 22) 

The second term in Eq. (3 ·18) is related by crossing symmetry. In a free field 
theory the quark contribution to it identically vanishes for x > 0. In the case that 
interests us there it does seem to give a small contribution at x > 0. Although this 
deserves much deeper study it is irrelevant for our present purpose. Thus we retain 
only the quark contribution from the first term in Eq. (3 ·18). For simplicity we shall 
not include the contributions from the lower components of the bound quark wavefunc
tions either. These could easily be included, but constitute a small correction which 
would distract us from the main point. 

With these simplifications the equal-time correlation function E(z), appearing in 
Eq. (3 · 22) is 

E(z) =I ¢n(P=O)I-2 jd3Yln-I(Y )JI(Y- ~)l~=(o,o,-z) , (3. 23) 

where In is a spin-averaged Hill-Wheeler overlap function56
) for n independent quarks, 

and I <Pnl 2 is its Fourier transform. (In this approximation any contribution by valence 
antiquarks, coming from the second term of Eq. (3 ·18), would give the same result.) 
E(z) is purely real and even under z--;- z. Including lower components adds another 
term to Eq. (3 · 23), similar in form to the first but purely imaginary and odd under 
z~- z. For infinite volume it vanishes. The two factors appearing inside the 
integrals in (3·23) correspond to the requirement that the struck quark is taken out of 
the bag at 0 and put back at ~ and the spectators must go together with it to make 
a nucleon both initially and finally. In the MIT bag model the spectator overlap 
would be unity. 

One may immediately verify our claim that the method is exact for large 
confinement volumes. In that case the vector ~ is negligible in Eq. (3·23) and we 
trivially obtain E(z)=l. Thus (for x >0): 

Fz(x)=ne/xo( x- ~), (3·24) 

as expected for free quarks. For finite target size we consider the Gaussian form: 

(3. 25) 
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with b a size parameter. Then 

and 

l¢n(O)I2 =8b3(n/n)312
• 

Thus (for x >O) 

Flx)=neq2Xqv(x), 

A. W. Thomas 

where the (valence) quark distribution is 

with 

( ) - C -[c(X-£a/m)]2 qv X - /i[e 

c=mb rn. vn: 
The expectation value of x is 

x J: dxxq(x) = Ea/m 

and the peak in F2 is at 

xp=x+[2c2 x]- 1
• 

We emphasize that m is the physical (target) mass. 

(3. 26) 

(3·27) 

(3. 28) 

(3. 29) 

(3. 30) 

(3·31) 

(3·32) 

Because the Hill-Wheeler overlap functions, In(r), are always similar, the shape 
of F2 is not particularly sensitive to the choice of wavefunction. (Although in bag 
models with a sharp cut-off at r=R, E(z) vanishes beyond z=4R, it is essentially 
zero there anyway). Inclusion of lower components has the effect of multiplying Eq. 
(3·29) by a polynomial in (x- x). The major change is a decrease of about 10% in 
the region of the peak in F2. 

There are several noteworthy features of Eq. (3·29). First the explicit appear
ance of n and ns is in disagreement with the scaling formula for n-quark bags 
proposed earlier by J affe.52

> Secondly, in contrast to scattering by a fixed cavity, not 
all of the momentum resides on the quarks. Bag virial theorems in four dimensions 
give the bag mass as 4/3nEa so nxm is only 3/4 of the bag mass (which is similar but 
not equal to the physical mass after c.m. corrections). The remaining momentum is 
presumably carried by the binding field gluons and qq pairs, including the non
perturbative contributions discussed above. The differences which we find in com
parison with Jaffe's calculation 52

> reveal the importance of restoring translational 
invariance and suggest that scattering by quarks in a fixed cavity is not a good 
approximation to scattering by a physical state. 

The most disturbing feature of the result (3·29) is that it still does not vanish 
beyond x = 1. There can be no doubt that our results for x > 1 are spurious and until 
this problem is solved one must retain a healthy skepticism about our procedure. 
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Fig. 8. The valence quark momentum distribution xqv(x) calculated by Bickerstaff and Thomas49
) by 

evolving Eq. (3·29) (O<x<l) using leading order QCD. It is compared with the CDHS isoscalar 
valence distribution at 15 Ge V2

•
7

) 

Nevertheless it is encouraging that for physically sensible values of b there is no more 
than a few percent of the nucleon's momentum beyond x = 1. 

This result is encouraging enough that we have taken the logical step of compar
ing our results with data. In order to do so, we postulate (as discussed in § 3.1) that 
the quark model matrix elements are those of field operators renormalized at a low 
momentum scale (of the order of hadronic masses). In that case the calculation of the 
last section becomes a calculation of the leading twist part of F2 only. QCD evolution 
may then be used to obtain the physical structure function at a Q2 large enough that 
higher-twist and target mass corrections are unimportant. We shall take as our 
quark model scale, tL<l, the momentum transfer at which 3/4 of the nucleon momentum 
resides on the valence quarks. (This actually occurs at only a few tiJmes Azo, so 
leading order QCD may not be completely accurate. However, it is sufficient for our 
purposes.) Figure 8 shows the comparison between our calculation and experiment 
at 15 GeV2

• We have fixed c/m at 0.25, (which is the MIT bag value), and we have set 
mb = 2.0 which gives the best fit. Clearly the agreement is not too bad for such a 
simple model. 

It would be tempting to convert the harmonic oscillator parameter, h:, to an r.m.s. 
radius and hence to an equivalent bag radius. Because of the theoretical uncer
tainties which remain we do not feel confident to this yet. However the day is not far 
off when we shall be able to draw reliable conclusions from the vallence quark 
distribution. This is a very strong incentive to resolve the remaining problems! 

§ 4. Nuclear deep inelastic sea ttering 

The European Muon Collaboration (EMC) announced a significant change in the 
structure function of a nucleon (strictly of a nucleus per nucleon) in Fe, cornpared with 
that in D, about four years ago.57

> Their data showed a significant rise in the small
x region (where the sea quarks are very important), and a dip at intermediate-x 
(x ~ 0.5-0.6, where only the valence quarks contribute). Subsequent data from SLAC58

> 

confirmed the latter feature but cast doubt on the former-albeit at much lower Q2
• 
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Very recently the BCDMS group59
) has confirmed a rise at small-x, although not as big 

as suggested in the original EMC data. Everyone agrees that at very large x(~0.8) 
the effects of Fermi motion dominate, and the ratio of the structure function of any 
heavier nucleus to that of D rises rapidly above unity. 

Since its discovery the so-called EMC effect has generated tremendous theoretical 
interest, notably among the nuclear physics community. Much of this interest has 
been engendered by explanations which involve some dramatic change in the quark 
structure of the nucleon inside a nucleus. We might, for example, mention the idea 
that the bound nucleon might be bigger, that there may be exotic, 6-quark components 
in the nuclear wave function, or even that quarks might percolate through the whole 
nucleus. To be fair, it must be said that a number of such ideas were in the air60

) even 
before the EMC effect was discovered, so that the audience was well prepared. 
Indeed, if models like the MIT or cloudy bag are even remotely correct, nearest 
neighbour nucleons are on average about 2R apart where (R is the confinement 
radius) at nuclear matter density. It would be surprising if their structure were not 
altered to some extent. 

It is not our purpose to spend more time on either the data or these speculative 
explanations. There are many reviews available in which these models have been 
discussed and compared.50

)'
61

)'
62

) (Although the pionic model,47
)'

63
)'

64
) which is a natural 

extension of the discussion in § 3.3 will be briefly mentioned below.) Instead we shall 
concentrate on the more mundane, but nevertheless essential task of calculating the 
consequences of nuclear binding.65)~Bs) It is obvious that until this correction can be 
reliably calculated one will never be sure of whether there is even the remotest proof
of something exotic happening. We shall see that at present the effects of binding 
cannot be reliably calculated. 

4.1. Binding corrections-a first look 

We wish to take account of the fact that nucleons inside a nucleus are not at rest. 
Thus, we average the structure function for a collision between a photon of 
momentum q~ v(1; 0, 0, -1), and a nucleon of momentum p=(P0

, p), FzN(p2
, XN, Q2

) 

(with Q2=-q2 and xN=Q2 /2P·q), weighted by the probability p(p2
): 

With our choice of q, 

and hence 

2(Po+ Pz)v 

with 

X 

y 

(4 ·1) 

(4 ·2) 

(4 ·3) 

(4 ·4) 
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y 

If the dependence of F2 on P2 is negligible we find66
l 

AFl(x, Q2)= LA dyf(y)F2N(x/y, Q2
), 

where F2N is now the structure function of a free nucleon, and 

Using the shell model we have 

p(p2) = ~ nipi(P2) , 
i 

227 

(4 ·5) 

(4 ·6) 

(4. 7) 

(4 ·8) 

where ni is an occupation number for the shell model state i, with single particle 
energy Ei( < 0). 

Then 

(4 ·9) 

(4·10) 

Here Pi0 is strictly mN + Ei- p2 /2MA-I, with MA-l the mass of recoiling (A -1)-body 
system. Inclusion of this dependence on Pz2 would make the calculation very compli
cated, and unnecessarily so, because for any nucleus beyond deuterium, P2 /2MA-I is 
typically less than 2 or 3 MeV. Hence for all nuclei with A>2 we let Pi0 =mN+Ei, 
while for deuterium, where the recoil can be significant, we use an average value, 
Pi=mN+Ed-<P2>d/2mN. From now on Pi0 will be replaced by a constant mi, with 

mi=mN+ Ed-<P2>d/2mN, A=2. (4 ·11) 

Finally, the function fi(y) in this approximation becomes 

fi(y)=2JrmN ;:co dzzpi[z2+(mNy- mi)2], ( 4 ·12) 

subject to the normalization condition 

(4 ·13) 

The harmonic oscillator model is particularly useful, because the function fi(Y) 
can be calculated analytically. Explicit expressions are given in the Appendix of 
Ref. 66), but for example,. for the Os state 

(4·14) 

where /3 = mNhm. This simple model leads to two key conclusions which are prob-
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ably more generally valid. First the most probable value of y is usually very close 
to yi=mdmN<l. (This is exactly true for Eq. (4·14).) Thus the Fermi motion 
correction, including binding, tends through the convolution (4 ·6), to mean that FzN 
is evaluated around mNx/mi > x, which is in the right direction to produce an EMC
like effect on the valence quarks. Secondly, from the explicit forms of fi(y) one finds 

( 4 ·15) 

Therefore, because of binding, the nucleons alone cannot carry all of the momentum 
of the nucleus. (We shall return to his point later in connection with the pionic model 
of Llewellyn Smith, Ericson and Thomas.63 >·64>) 

Although we have so far followed the presentation of Dunne and Thomas,66
> this 

binding correction was first realized by Akulinichev et al.65
> Unfortunately these 

authors omitted the effect of recoil (cf., Eq. (4 ·11)) in the deuteron. As a result their 
ratios of FzA/Fzd show a deeper dip near x=0.6 than they should and, incidentally, 
agree with the data better. In addition, rather than using observed removal energies, 
Akulinichev et al. used (larger) average binding energies, which were supposed to 
include the effects of configuration mixing. This too had the effect of improving the 
agreement with experiment. While it is a matter of taste, we would prefer to stick 
with observed removal energies and to include configuration mixing explicitly, with 
realistic spectroscopic factors. 

It might seem natural to show the theoretical results versus experiment at this 
stage. However, we feel it is important to first make explicit the possible ambiguities 
associated with the neglect of the off-mass shell variation of the structure function of 
the nucleon. 

4.2. The off-mass shell ambiguity 

All explicit treatments of binding corrections, except that of Dunne and 
Thomas13>'66> have ignored the ambiguity in passing from Eqs. (4·1) to (4·6). These 
authors tried to estimate the possible variation in the following way. 

The origin of Eq. (2 · 28) for a non-singlet structure function is that renormaliza
tion group arguments, based on the operator product expansion, imply that the Q2 

dependence of the n'th non-singlet moment for a target, T, satisfies 

(4·16) 

where f-l2 is the renormalization scale. No physical quantity can depend on f-l2 , and en 
is target independent. In the leading-log approximation en behaves as 

(4 ·17) 

The true structure information resides in the target matrix elements < T I on(f-l2) I T>' 
which are renormalized at the scale f-l 2 • 

Since the states IT> can only be determined by non-perturbative QCD, there is no 
a priori way to relate the structure functions of two nuclei. In this light the EMC 
effect is not at all surprising. It is only when one takes seriously nuclear models 
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which suggest that a nucleus is a collection of nucleons whose structure is undisturbed 
by binding that the effect becomes interesting. In that case, apart from the "trivial" 
Fermi motion correction (see § 2.2), whatever the target nucleus the matrix element 
< Tl on(,u2)1 T>, would be proportiona"I to <PI on(,u2)IP>, where p is a nucleon of 4-
momentum p. 

Since Mrn( Q2
) is observable, it cannot depend on ,u2

• It is clear that the target 
matrix element <PI on(,u2)IP> must depend on ,u2 (in the leading-log approximation) in 
such a way that the ,u2-dependence of en( Q2

, ,u2
, g( Q2

)) given in Eq. (4 ·17) is cancelled. 
Since< Tl on(,u2)1 T> is independent of Q2

, < Tl on(,u2)1 T> must depend on another mass 
scale ,Ltr

2
, characteristic of the target, in the manner: 

(4·18) 

(It is easy to show that the product of the r.h.s. of (4 ·17) and (4 ·18) is independent of 
,u2

, in the leading-log approximation.) Consistent with § 4.1 we would like to exhaust 
the possibilities of the conventional model in which a nucleus is made of nucleons. 
The targets we wish to compare are nucleons which are off-shell by various amounts. 
The ansatz suggested by Dunne and Thomas was that the special scale, ,Ltr

2 above, be 
taken to be the nucleon's 'invariant mass, P2 

: 

If we now use the relationship 

a( Qz) = a(,uz) [ 1 + Eo~~z) In( Qz / ,uz) J -I , 

Eqs. (4·18) and (4·19) imply that 

(4·19) 

(4. 20) 

(4. 21) 

where Mxn now denotes the structure function .of a nucleon of invariant mass x 112
• 

From the expression for a( Q2
) it is easy to see that, for any value of Q2

: 

(4. 22) 

with 

(4. 23) 

Together with Eq. (4·21) this implies a rescaling formula exactly like that of Close 
and others14

> 

(4. 24) 

except that here there is a change of mass scale, not confinement scale. Within the 
shell model the inclusion of this ansatz requires no further parameters, since Pi 
=(mi, p) (where mi, given in Eq. (4 ·11), is known). Combining this with the 
kinematic correction of § 4.1 we obtain finally 
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Fig. 9. Comparison of the results of Dunne and Thomas,66
l with (dashed) and without ·(solid) the 

off-mass-shell ansatz, for the ratio of Fz on Fe and D.58l 

(4. 25) 

(4. 26) 

In the actual calculations we used the Q2-dependent quark distributions of Buras 
and Gaemers.69

) The nuclear parameters were taken from data wherever possible.70
) 

The results for 56Fe are shown in Fig. 9. It is clear that as for the data there is little 
dependence on Q2 in the predicted EMC ratio. By comparing the dashed lines, which 
include the off-shell corrections according to the Dunne-Thomas ansatz, with the solid 
curves (which do not) it is obvious that this effect cannot be ignored. Without it there 
is little agreement with the data. Until one has control over this off-mass-shell 
behaviour of the structure function of the nucleon one obviously cannot draw con
clusions about whether nuclear binding is able to explain the effect without any more 
exotic theoretical input. 

4.3. Avoiding the off-mass-shell ambiguity 

One suggestion for avoiding this problem is to use light-front dynamics.47) In 
that formalism all the nuclear constituents are on-mass-shell, but p- is not conserved 
in intermediate states. This approach has the problem that we have little or no 
experience of solving the nuclear many-body problem this way. Thus the wave
functions used are little more than reasonable guesses. 

An alternative approach, taken recently by Heller and Thomas71
) and by Johnson 

and Speth,72
) is to work with the instant version of relativistic dynamics.73

) Once 
again one deals with on-mass-shell nucleons, but 3-momentum (rather than (p+, pj_)) is 
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The Quark Structure of Matter 231 

conserved in all intermediate states. The wave functions might reasonably be 
expected to look like the usual non-relativistic ones. For simplicity we make three 
key assumptions : (i) that the nuclea.r current operator consists of the sum of the 
currents of the constituent nucleons ; (ii) that final state interactions between the 
debris of the constituent nucleon which is struck, and the rest of the nucleus, can be 
neglected; (iii) that the Callan-Gross relation holds for the nucleon. (Condition (iii) is 
not essential, but simplifies the formulas-for details see Ref. 71).) Then, by project
ing FzA out of ww for the nucleus, we find: 71 >.n> 

with 

and 

x 
X 

(4 ° 27) 

(4. 28) 

(4 ° 29) 

(4 ° 30) 

In Eq. (4o30), MA is the mass of the initial nucleus and Ei the total energy of the 
recoiling, (A -I)-body, spectator nucleus. 

The key trick in obtaining Eq. ( 4 o 27) is the realization that in the formal current
current matrix element one has a choice of either shifting P0

, so that the nucleon goes 
off -shell, or of shifting q0 to ij 0 so that the effective momentum of the photon hitting 
an on-mass-shell nucleon is altered. Equation (4 o 27) is amenable to calculation as it 
stands, but it is perhaps instructive to write it in the more familiar form of a 
convolution by the approximation of replacing k 2 whenever it appears (e.g., Lli 
becomes <Lli>) by its average value. Then Eq. (4o27) becomes (cf., Eq .. (4·25)) 

AFzA(x, Q2)=~nl1 +<Lli>/mNx)-1/dyfi(y) 

(4. 31) 

with 

fi(y) <~::> Y jdzkj_pi(k),lkz=mNY-(ENi) . ( 4 ° 32) 

(The extra factor of yin Eq. (4o32) is the kinematic correction emphas:1zed by Levin 
et al.74>) In this case f(y) peaks just beyond y=l, but this cannot compensate for the 
shift of x to (x+<Lli>/mN) in Eq. (4o3l). Again binding leads to some depletion at 
large x if Fz is monotonically decreasing there. 

We shall not show the numerical results of Ref. 71) because although they produce 
an EMC-like effect atlarge-x (albeit not big enough) the results at smlall-x are not 
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good. The factor of (1 +<Lli>/mNx)-1 in front of Eq. (4·31) leads to too much suppres
sion in the EMC ratio. On a less technical level, whereas in the work of Dunne and 
Thomas66

> and Akulinichev et al.15
> the baryon number was preserved, in this case it 

is not. It may be that one needs to include the particles responsible for binding (e.g., 
pions47>'63>'64>) not only to balance momentum, but also (through processes analogous to 
Fig. 6) to guarantee the nuclear baryon number. We are actively pursueing this 
matter. 

For inspiration on a possible third way of avoiding this ambiguity let us return 
to § 3, and in particular the appearance of the off-mass-shell meson structure function 
in Eq. (3·5). Actually the appearance of k 0 =1=(k2 +mrl)112 is a mathematical trick for 
summing both possible time orderings of the 7rNN and y* 7f interactions. One could 
keep the meson on-shell by considering the two time orderings separately. Prelimi
nary results indicate that the diagram with a forward-going pion is numerically very 
close to our previous result.75

> Thus it may be that the off-shell variation is small in 
the pionic case, but more work is necessary before we can be certain. Similar 
considerations may also be useful for the analogous nucleon exchange occurring in 
the estimates of binding corrections. 

4.4. Summary 

There can be little doubt that a major part of the EMC effect can be explained in 
terms of simple kinematic corrections associated with nuclear binding. Within the 
pionic models there is a very beautiful connection between the loss of momentum by 
the valence quarks because of binding, and the gain in momentum by the extra pions 
(in the nuclear sea) responsible for binding.47>'63 >'64>'66> The major problem with this 
interpretation is the ambiguity concerning the off-mass-shell behaviour of the nucleon 
structure function. This uncertainty may be as big as half of the EMC effect. Until 
this question is resolved, and we have made some tentative progress in this direction, 
we cannot know whether anything more exotic is happening inside the nucleus. 
Finally, for a discussion of the change of confinement scale in regard to rescaling14

> 

and binding corrections we refer to Refs. 67) and 76). 

§ 5. Conclusion 

The areas we have discussed include some very important, fundamental physics. 
We need lots more theoretical work on the links between models of hadron structure 
and DIS, as well as on nuclear DIS. There is a real need for experimental help in 
sorting out various models. We need good data on the strange quark distributions 
(s(x) and s(x)) as discussed in§ 3.3.2. Although we did not discuss it here, we recall 
that there is also a need for good )) and fJ data on hydrogen,77l in order to extract an 
accurate d/u ratio. Together with electron DIS on H and D this should put limits on 
exotic (6-quark) components in the deuteron. Of course, good nuclear DIS data in the 
scaling region, but beyond x=1, would be most valuable too. With regard to EMC 
we still need to know whether the sea is enhanced, and if so whether this happens only 
fo-r the non-strange sea. One should look for the predicted EMC-type nuclear correc
tion in deuterium.66

> The whole x and Q2 picture for nuclear DIS must be mapped 
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out. Finally we need more theoretical and experimental cooperation in deciding 
which coincidence measurements could be best test features of the various explana
tions of the EMC effect. 
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